ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 36 (2010) 231-239

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Elaboration of porous mullite-based materials via SHS reaction

A. Esharghawi, C. Penot, F. Nardou *

SPCTS, CNRS, UMR 6638, Université de Limoges, 123 Avenue Albert Thomas, 87060 Limoges Cedex, France

Received 14 June 2009; received in revised form 30 June 2009; accepted 23 July 2009
Available online 25 August 2009

Abstract

In order to produce cheaper mullite from kaolinitic clays we worked on the opportunity to use self-propagating high-temperature synthesis
(SHS) reaction to obtain this phase. Two ways were explored during the combustion of metals mixed with the clay. The first one concerns the nature
of the combustion gas (air or pure oxygen) which was tested on mixtures of clay and metal powders. The second one showed the influence of
magnesium addition in clay/Al mixture. Results conclude that to obtain porous mullite at low-cost by SHS process the best conditions are the
addition of magnesium powder and combustion in oxygen gas. Because a SHS reaction is always quicker, we compared this process with the
traditional reactive sintering in order to explain the structure and the microstructure of the SHS products.

© 2009 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

Due to its good physical properties [1-4] (low thermal
expansion coefficient, low conductivity, good thermal stability,
high creep resistance, etc.), mullite (3A1,05-2S5i0,) is a
material of great significance in traditional as well as in
advanced ceramics. It can be elaborated either by sol—gel
methods [5-9] that are generally expensive or by combustion
synthesis [10,11] or more classically from raw materials such as
clays, kaolin and alumina which are abundant and low-cost.
Kaolinite (Al,03-2Si0,-2H,0) is a very advantageous mineral
for mullite synthesis. Because of a higher silica content in
kaolinite than in mullite, an addition of alumina is theoretically
enough to make stoichiometric mullite. This enrichment is
generally done by alumina [12-18] or aluminum hydroxide
[19-23] additions. Although raw materials are not very
expensive, the synthesis of mullite from these minerals requires
high temperatures (15001600 °C) and a long heat treatment.
The synthesis processes use a lot of energy which increases the
cost of products.

The SHS synthesis, of which Merzhanov [24] was a
precursor, has the advantage of saving energy and producing
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porous bodies. Indeed, after a local ignition of the synthesis
reaction at low temperature, the reaction becomes self-
propagating thanks to the heat released by its own exothermi-
city. This kind of synthesis is largely used for production of
intermetallic compounds [25,26], carbides [27] and oxides [28].
To our knowledge this has not yet been used for mullite
synthesis.

Porous refractory materials with high-temperature applica-
tion are of great interest today (insulators, catalyst supports,
filters and so on). They can be produced by various techniques
as stated in a previous paper [29] in which we showed that
porosity was created by aluminum oxidation, as Ebadzadeh
[30] observed before us in mullite—zirconia composites.

In order to produce mullite, several authors [31-34] have
successfully used aluminum powder additions. We have
chosen this synthesis method to produce porous mullite
bodies starting from kaolinitic clay. The exothermicity of
aluminum oxidation reaction in an oxygen atmosphere could
be used to ignite a self-propagating high-temperature synthesis
(SHS). Moreover, because MgO is well-known for stimulating
both the formation and sintering of mullite [4,17,35,36] and
since the aluminum powder is generally superficially oxidized,
magnesium metal powder will be mixed with a clay/aluminum
mixture in order to test its effect on the ignition of SHS
reaction, the generation of mullite and the consolidation of
bodies at the same time.
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2. Experimental procedure

The characteristics of the kaolinitic clay powder were already
given in a previous work [29] and its chemical composition can
be seen in Table 1. SHS treatments need exothermic reactions
with a very high energy release; the dehydroxylation of kaolinite
that occurs near 600 °C is an endothermic effect as opposed to the
exothermic oxidation of the Al and Mg metal powders. In order to
prevent this effect, the kaolin powders were subjected to a first
low temperature calcination. A batch of kaolinite is prepared by
dry ball-milling the clay for 3 h using alumina balls. The powder
obtained in this way was then heat treated at 650 °C for 1 h so as
to provoke the dehydroxylation.

Aluminum powder (purity 99%, average grain size <45 pm)
is provided by CERAC and magnesium powder (purity 98%,
average grain size <250 wm) by VWR International.

Three 50 g batches named A, B, and C were prepared by
mixing 89.5 wt.% of clay pre-treated at 650 °C and 10.5 wt.%
of aluminum powder with various small amounts of magnesium
powder (A:0, B:0.5, and C:1.5 g) in order to obtain O or about 1
or 3 wt.% of magnesium. The different batches were ground for
I13h in ethanol using a FRITSCH planetary ball-mill
(pulverisette 6) at 280 rpm. The powders were then dried at
100 °C for 24 h.

Cylindrical samples were processed using both uniaxial and
isostatic pressing at about 200 MPa (average green density:
1.50 g/cm?). These green compacts were then heated either as
in a traditional reaction sintering or as in a SHS sintering. For
reactive sintering we used a NABERTHERM LHT 04/17
furnace. The firing was carried out in air with a heating rate of
5 °C/min up to 1100 °C and then of 10 °C/min to the dwell
temperature (1400-1550 °C) that was maintained for 5 h before
cooling to room temperature. For the SHS method the synthesis
reaction occurred in an oxygen atmosphere inside a special
device described elsewhere [37]. In this last method the
reaction was locally ignited at about 600 °C on the upper
surface of pellets by an electric oven.

The thermal behavior of various mixtures of clay and metallic
powders were tested either in air or under flowing oxygen at a
heating rate of 10 °C/min using differential thermal analysis
(DTA) on a SETARAM type Labsys™ device. The thermal
expansion of square section bar (0.5 cm x 0.5 cm X 2 cm)
samples shaped by uniaxial pressing (100 MPa) was carried out
in air on a LINSEIS, type L75 dilatometer. The identification of
crystalline phases was done on a X-ray diffraction device
(SIEMENS D 5000) using Cu Ka radiation. The morphology of
both powders and sintered bodies, polished and thermally etched,
was investigated by scanning electron microscopy (SEM) with a
PHILIPS X130 equipment working at 20 kV.

The bulk densities of the sintered pellets were evaluated by
geometrical measurements. Archimedes’ method was only

Table 1
Chemical composition of raw clay used (wt.%).

L.oi. Si0, Al,O4 Fe, 05 TiO, CaO MgO K,O

12.23 51.32 30.77 1.93 1.76 0.06 0.03 0.10

used for the samples shaped by isostatic pressing. The
percentage of porosity for samples sintered at 1550 °C for
5 h was determined using the following equation:

Vp—Vu

% porosity = x 100

P

where Vp was the volume of pellets obtained by geometrical
measurements and V,, the volume of mullite deduced from the
weight of pellets (mp) and the theoretical density of mullite
(dy=3.17):

mp

Vy = —
M dy

3. Results and discussion
3.1. Thermal evolution of the different mixtures

3.1.1. In static air

In a preceding work [29] we studied, both the thermal
behavior of raw kaolinitic clay and a mixture of raw clay/
aluminum powder in static air. In the latter case we noted a shift
of the thermal phenomena towards low temperatures as
dehydroxylation occurred at 560 °C instead of 602 °C for pure
kaolinite. The exothermic transformation which is controver-
sially attributed to the formation of mullite 2:1 nuclei and/or
spinel (y-Al,O5 solid solution) from metakaolin by different
authors [2,15,18,19] appeared at 959 °C instead of 974 °C.

In this work, a low temperature pre-fired kaolinite is used
(Fig. 1A) and the endothermic peak of dehydroxylation is not
visible of course. So, the pre-treated clay will be considered as
metakaolin.

3.1.1.1. Mixture without Mg. When the batch A is heated
(Fig. 1A), the first observed reaction is aluminum oxidation
(around 570 °C) then followed by aluminum melting (660 °C).
Simultaneously aluminum can reduce SiO, according to the
reaction:

2Al + 38i0, — 3Si + ALO; (1)

The transformation of metakaolin between 900 and 1000 °C
is less defined and appears as a broad peak including probable
oxidation of liquid aluminum which continues in the same
temperature range. At higher temperature (960 °C) we can
observe another exothermic effect that can be attributed to the
transformation of metakaolin.

3.1.1.2. Mixtures with Mg. When magnesium powder is
present in the mixture (batches B and C) the exothermic effect
occurring near 600 °C (Fig. 1B and C) is enhanced compared to
batch A. It increases and extends with Mg content.

Several reactions can occur at this temperature but,
henceforth, formation of an Al-Mg alloy can be excluded
because of the oxidizing operating in which all magnesium
powder reacted explosively.
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Fig. 1. DTA curves recorded in air on calcined clay/aluminum powder mixtures containing various amounts of magnesium powder.

The first two reactions to be considered concern the direct
oxidation of metallic powders:

Mg + 10, — MgO (2)
2A1 + 30, — AL O;. 3)

Nevertheless aluminum/oxygen and magnesium/oxygen are
two very different systems because:

- Al develops a protective layer of Al,O3; not only before its
melting point (7}, = 660 °C) but also over T,, when Al is in the
liquid state,

- in the opposite Mg oxidizes in a very short time (like an
explosive reaction) and transforms into a non-protective MgO
phase because the Pilling and Bedworth coefficient of Mg/
MgO is lower than 1. Thus the complete oxidation of Mg
takes place before the melting point of Mg (7, = 651 °C).

So the addition of Mg brings a high heat flux to the B and C
mixtures and involves an interaction between the two metallic
oxidations. As it can be shown in Fig. 1, the temperatures of Mg
and Al oxidation are shifted. Nevertheless the Al melting point
always appears at 660 = 1 °C while the exothermic reaction of
magnesium oxidation occurs between 580 and 610 °C
according to the experimental conditions.

The other reactions due to the presence of Mg in batches B
and C are relative to the interaction of these same metallic
powders with free silica or with silica component part of
kaolinite:

2Mg + SiO; — Si + 2MgO @)
2Al + 3Si0, — 3Si + AL O3 ()

as it had been observed by Tsunekawa et al. for metal matrix
composites [38] and by Smith et al. for Al/Mg alloys [39].
Metallic Mg can also react with alumina [39,40] as

3Mg + ALO; — 3MgO + 2Al (©6)

In order to confirm the occurrence of all these reactions
(from (1) to (6)), a pelletized sample containing 3% of Mg was
heat treated at 800 °C then quenched in air at room
temperature. Fig. 2 shows the presence of metallic Al and
Si, SiO; (quartz), TiO; (anatase) initially contained in the clay,
MgO and even a-Al,O3 which is surprising because the
crystallization of o«-alumina regularly occurs at higher
temperature (>1000 °C). Moreover the composition of
thermal evolution (Fig. 3) of pure aluminum powder on the
one hand and of pre-heated clay with 3 wt.% of Mg on the other
hand suggests that the oxidation of Al naturally coated with
amorphous Al,O3 starts about 550 °C. Mg oxidation also
occurs near 600 °C (Fig. 3) with a strong exothermicity which
increases the temperature of the sample and must enhance Al
oxidation. Because of the low thermal conductivity of the
ceramic and of the small diffusivity of oxygen through pores,
the sample core very quickly shows the highest temperature
and the lowest oxygen pressure such that Al and Mg can reduce
silica contained in the kaolinite as

xAl/yMg + A120325102 — (1 +X)A1203
+ (x+y)Si+yMgO + 2 — (x+y)SiO, @)

This reaction leads to the formation of the corundum phase
and could explain how a-Al,O3; may begin to crystallize about
700 °C whereas it is known to crystallize only over 1100—
1200 °C.

At higher temperature (960 °C) we observed an exothermic
effect (Fig. 1A) corresponding to the transformation of
metakaolin. When magnesium is present (Fig. 1 B and C) a
second exothermic peak clearly appears at 935 °C. It could be
allotted either to liquid aluminum oxidation or to the formation
of spinel [38,39] following the reaction:

This hypothesis should result in an exothermic effect as
observed by Tsunekawa et al. [38] at 775 °C for a mixture of
Si0,/Al/Mg powder, but in our work no spinel phase was
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Fig. 2. X-ray pattern of a mixture calcined clay/10.5% Al/3% Mg heat treated at 800 °C and rapidly quenched in air to room temperature showing the presence of

MgO. Al = aluminum, Si =silicon, C = corundum, Q = quartz, and A = anatase.

confirmed by XRD analysis on pellets quenched at 800, 900, or
1000 °C. Mg-spinel was only detected at higher temperature on
quenched samples heat treated at 1200 °C (Fig. 4).

Undoubtedly due to its very low magnitude, the thermal
peak of DTA analysis (Fig. 1) related to the crystallization of
mullite and approximately localized at 1240 °C for pure clay
disappears completely on DTA plots when the sample contains
Mg. Nevertheless, this reaction is well visible by dilatometry as
we will see further (Section 3.2), and, at the very most, one can
guess it about 1230 °C.

3.1.2. In flowing oxygen

For batch A (without Mg), the oxidation of aluminum still
begins about 600 °C in solid state even if the thermal
phenomenon is smaller and extended (Fig. 5A, batch A).
Beyond 660 °C, the aluminum in liquid state oxidizes very
strongly at 944 °C. Contrary to that observed in static air the
latter peak can offer the opportunity to ignite an SHS reaction
on batch A in flowing oxygen.

For batches B and C (containing Mg) only one well-defined
peak appears about 600 °C but the peak temperature moves
from 605 °C for B to 586 °C for batch C (Fig. 5B and C). This

609°C

Exo

660°C

evolution reminds us of what is observed in static air (Section
3.1.1). In flowing oxygen, magnesium oxidation is complete
at 586 °C (Fig. 5C) and is marked by a very sharp and
significant exothermic effect, specific of an SHS reaction.
Thus the exothermic peak of aluminum oxidation is masked.
In Fig. 5C relative to batch C, we can see that this thermal
effect is so intense that it interacts with the furnace
temperature regulation and gives a loop shaped peak. In
spite of this very strong exothermicity Al is not entirely
oxidized since the peak corresponding to its melting always
appears at 660 °C. At 955 °C one can note a last exothermic
effect corresponding either to Al oxidation or/and to spinel
formation (batches B and C).

3.2. Traditional reactive sintering in air

When magnesium is present, dilatometric analysis shows a
swelling occurring at about 600 °C (Fig. 6B and C) which is not
visible when there is no magnesium (Fig. 6A). In fact the origin
of this swelling is the exothermicity of the magnesium
oxidation which enhances the dilatation of Al and allows it to
expand by cracking the alumina layer. This swelling is

985°C
| 1007°C

(a)
(b)

e
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Fig. 3. DTA curves recorded in air of: (a) pure aluminum powder, (b) calcined clay with 3 wt.% of Mg.
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Fig. 4. X-ray pattern of a mixture calcined clay/10.5% Al/3% Mg heat treated at 1200 °C and rapidly quenched in air to room temperature showing the presence of
MgAl0O,. Si =silicon, C = corundum, Q = quartz, and M = mullite.

maximum when the melting point of aluminum is attained. e MM W% IR b  tw
Because of the low thermal dilatation coefficient of the clay, T (°C)
this swelling cannot be also attributed to the expansion of 01
kaolin. Then, a first shrinkage appears between 900 and -1
1000 °C and can be allotted to the formation of mullite 2:1 or 2]
spinel from metakaolin. The beginning of the crystallization of 4
mullite phase occurs at about 1200 °C while a second
shrinkage develops. So, the two transformations provoke a "’f
shrinkage when they take place. Thus, it can be assumed that 53
the kinetics of sintering will be dependent on the rate of the e
transformation. .1
After sintering at 1550 °C for 5 h, mullite is found to be the 9
only phase constituent of the samples that are characterized by: R
919
) a y?llOWISh color due to the presence of iron oxide in the Fig. 6. Dilatometric analysis, taken in air, of square section bars shaped from
initial Clay (T%ble _1)’ . ) ) the tree mixtures of powders (A: Mg 0%, B: Mg 1%, C: Mg 3%).
- a macroporosity increasing with the magnesium content
(Fig. 7a).
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Fig. 5. DTA curves taken under flowing oxygen of calcined clay/aluminum powder mixtures containing various amounts of magnesium powder.
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Fig. 7. Evolution of porosity with magnesium content after traditional sintering in air 5 h at 1550 °C. (a) Macrographs of cross-sections of different samples from
mixtures A, B and C. (b) SEM micrographs of cross-sections showing: (1) and (2) a sample obtained from mixture A (Mg =0 wt.%) (3) and (4), a sample obtained

from mixture C (Mg =3 wt.%).

In fact there are two types of porosity in the samples:

- a macroporosity visible without magnification (Fig. 7a),
- a microporosity shown by scanning electron microscopy
observations (Fig. 7b).

The dimensions of this microporosity seem to be related to
the particle sizes of the initial metallic powders. When there is
no magnesium in the batch, microporosity sizes ~45 pwm which
is of the order of aluminum particles. On the contrary samples
containing magnesium present a binodal pore distribution with
two dimensions close respectively to those of aluminum
(~45 pm) and magnesium grains (~250 pm).

Moreover, needle shape crystallites of mullite have been
revealed at higher magnification on SEM micrographs
(Fig. 7b4). This aspect of needles is all the more marked than
the magnesium content is higher.

Whatever the method of shaping used (uniaxial or isostatic
pressing), the densities of the samples obtained after sintering
(1550 °C, 5h) are low and decrease with the magnesium
content (Table 2). With addition of 3 wt.% of magnesium,
porosity reaches a maximum value of 56% in volume.
Nevertheless, in spite of their low density, the sintered bodies
have a good mechanical cohesion.

Table 2
Densities of the different sintered bodies for 5 h at 1550 °C, shaped both by
uniaxial and isostatic pressing.

Shaping Density Porosity (%)

Shaping Uniaxial Isostatic Uniaxial Isostatic
Mixture A 221 2.36 30 25
Mixture B 1.76 1.95 45 38
Mixture C 1.64 1.36 48 56

3.3. Innovative SHS process in oxygen

The best experimental conditions to elaborate mullite by the
innovative SHS process can be deduced from the thermal
evolution of powders mixtures (cf. Section 3.1). From
these results the SHS process can be ignited in oxygen
atmosphere:

- either at relatively high-temperature (950 °C) with mixtures
containing fired clay and aluminum powder (10.5 wt.%),

- or at lower temperature (~600 °C) by adding magnesium
powder (1-3%) to clay/aluminum 10.5 wt.% mixtures.

We choose to test the SHS process in flowing oxygen
atmosphere and to study the behavior of the three batches A
(without Mg), and B (1% Mg), and C (3% Mg). The SHS
reactions were locally ignited at about 600 °C by heating up the
upper surface of the pellet thanks to an electric furnace whose
lower part is taken down close to the upper surface of the pellet.
As soon as the reaction is initiated the furnace is withdrawn and
the reaction front propagates quickly to the bottom of the
sample.

After cooling the samples take on a black color (Fig. 8a)
which can be explained by their structure as we will see later.
Fig. 8a also shows some large cracks on the two samples. These
cracks are due to the very high-temperature gradient which
occurs during the SHS process whose cooling down step can be
equivalent to a real quenching. Besides these large cracking
Zones more compact areas present a porosity which increases
with Mg ratio as for the reactive sintering. SEM observations of
cross-sections (Fig. 8b) show a vitreous aspect with inter-
connected porosities. The sizes of pores increase with the
magnesium content but because of the thermal cycle of the
SHS process (rise in temperature in a very short time) the
microstructure is finer than that obtained with reactive
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(a) (b)

Fig. 8. Observations of samples from mixtures A (Mg = 0 wt.%) and C (3 wt.% Mg) after SHS reaction. (a) Macrographs of samples surfaces and cross-sections. (b)
SEM micrographs of cross-sections showing: (1) and (2) a sample obtained from mixture A, (3) and (4) a sample obtained from mixture C.
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Fig. 9. XRD patterns of samples from mixtures A (0 wt.% Mg) and C (3 wt.%
Mg) just after SHS treatment (Q = quartz, C = corundum, M = mullite, Spi = s-
pinel, Al = aluminum, and Si = silicon).

sintering for example needles of mullite are very thin
(Fig. 8b4).

The XRD analysis of powders coming from crushed samples
containing respectively 0 and 3 wt.% of Mg (Fig. 9) enabled to

identify mullite, quartz, a-alumina, and silicon metal (which
blackened the sample) as significant phases with traces of
aluminum metal. The presence of silicon shows that silica was
partially reduced by aluminum and this in spite of the fact that
the reaction takes place in flowing oxygen. This is the
consequence of the formation of a vitreous phase on the
periphery of the sample which constitutes a barrier to the
diffusion of oxygen towards the core.

When the samples contain magnesium (Fig. 9, batch C)
another additional phase appears which correspond to spinel
(MgAl,O,4). Moreover, the presence of magnesium in initial
samples increases the ratio of mullite contained in the sample
after SHS treatment. If one refers to bibliography [17,35,36]
MgO is well known to stimulate the mullite formation and
consequently MgO interacts with other phases during SHS
process. The spinel phase (MgAl,O,), identified after SHS
reaction in samples containing magnesium, comes from the
following reaction:

MgO + A1203 — MgA1204 (9)

and thus probably reacts with metakaolin to form mullite.
Thus, after SHS heat treatment, the A, B and C pellets are
composed of:

- metallic phases (Si and traces of Al),

- quartz,

- a-alumina,

- and spinel (MgAl,0O,) when there is Mg,

in addition to mullite.

It means that all the reactions leading to the formation of
mullite are not complete since the rest phases correspond to
reactive phases not yet transformed into mullite.

This can be confirmed by applying a post-heat treatment to
SHS treated samples (in air for 5 h at 1550 °C) identical to
traditional reactive sintering (Section 3.2).
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Fig. 10. Macrographs of cross-section of samples from mixture C with 3 wt.% of Mg: (a) just after SHS reaction, (b) after SHS reaction and post-heat treatment of 5 h

at 1550 °C.
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Fig. 11. XRD pattern of sample from mixture C (3 wt.% Mg) after SHS reaction and post-heat treatment of 5 h at 1550 °C. Only mullite is visible.

Indeed, after this post-treatment, SHS samples become
yellow (Fig. 10) and mullite is now the only observed phase
even when they contain 3 wt.% of Mg (Fig. 11).

It can be concluded that the highest temperature reached in
the sample core during SHS process carried out in oxygen is not
sufficient to obtain a total conversion of reactive and transitive
phases in mullite even when the initial mixture contains 3 wt.%
of magnesium.

4. Conclusion

The elaboration of pure porous mullite bodies can be
effective with reactive sintering at 1550 °C from pressed
mixtures of fired kaolinite with addition of aluminum and
magnesium metallic powders.

The production of the same bodies with a more simple and
economic SHS process has been explored. Production of pure
mullite has not been obtained: some other phases (like Si and Al
metallic phases, quartz, a-alumina and spinel) are present in
addition to mullite phase.

An optimization of the process is planned, like the
modification of grain size in reactive phases, in order to obtain
only mullite phase.

Whatever the process applied to kaolinite and metallic
mixtures, the porosity size of the pressed bodies after heat
treatment seems to be in relation with the grain size of the initial
metal powders and the porosity volume with the magnesium

content. Then, the metal powders granulometry and content can
probably monitor the porosity.
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