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Structure and thermal evolution of mullite 
aerogels 

F. CLUZEL, G. LARNAC, J. PHALIPPOU 
Laboratoire de Science des Mat#riaux Vitreux (U.A. 1119), Universite de Montpellier II, 
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Gels with mullite composition have been prepared from pseudo-boehmite sol and tetra- 
methoxysilane. They are then converted to aerogels using methanol or CO2 supercritical 
drying. The structure of the aerogels depends on the nature of the solvent used to perform the 
hypercritical solvent evacuation. Infrared spectroscopy shows that an esterification reaction 
occurs during the methanol supercritical drying. The samples prepared by C02 supercritical 
drying retain some isoamylacetate, which is used to exchange solvent. Small angle neutron 
scattering experiments lead to the conclusion that aerogels prepared with either supercritical 
drying technique are constituted by primary particles of equal size, and are characterized by 
the same volume fractal dimension. The thermal evolution of a monolithic methanol evacuated 
sample leads to cracks free ceramic having an apparent density of 1.1 and which does not 
evolve when heat treated below 1200 ~ 

1. Introduction 
Mullite (3A1203-2SIO2) is a high temperature binary 
oxide. For many applications mullite is often preferred 
to alumina because of its lower thermal expansion 
coefficient and density [1, 21. 

This type of material is used as a thermal insulator 
because of its refractoriness. In that case, thermal 
insulation properties can be enhanced by porosity [3]. 
Apart from the usual foam ceramics a new class of 
insulator materials is now being studied. These mater- 
ials are prepared from gels and called aerogels in 
respect to the manner to dry them. 

Aerogels are mostly amorphous and crystallization 
occurs in competition with sintering. If crystallization 
happens before the aerogel has been dcnsified, the 
stresses induced by the dimensional changes due to 
crystallization may cause cracks. In this respect it may 
be useful to partially densify the aerogel at low tem- 
perature in order to reinforce its backbone. 

It was previously demonstrated that densification of 
mullite gel occurs at lower temperature when the 
starting gel is not homogeneous but consists of small 
heterogeneous particles of 10 nm size [4-9]. 

In that case, however, the starting microstructure 
should be carefully controlled in such a way to avoid a 
final heterogeneous microstructure consisting of 
mullite, silica (amorphous or cristobalite) and 
alumina. 

Pure mullite compound seems to be obtained from 
a mixture of pseudo-boehmite s01 and an organo- 
silicon compound. 

We report here the study of the structure of two 
different kinds of mullite aerogels obtained from CO2 
or methanol evacuation. Their morphology is ana- 
lysed in terms of fractal concepts. The thermal evolu- 
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tion of these aerogels is followed using dilatometric 
measurements. 

2. Experimental procedure 
Mullite gels were prepared from a pseudo-boehmite 
sol [10] and from tetramethoxysilane (TMOS) diluted 
in methanol. The alumina sol is aged for ten days to 
allow the setting of the largest aggregates. The upper 
solution is then removed and can be concentrated 
by a gentle solvent evaporation. The maximum 
alumina content of the solution corresponds to 1 
A120 3 mol l -1 .  TMOS was used because of its higher 
solubility in water as compared to tetramethoxysilane. 

The starting solution is poured into a container 
which is then hermetically closed and heat-treated at 
40~ In such conditions gelation occurs in a few 
hours. Ageing of the gel is carried out at the same 
temperature for one week. A crack-free gel is obtained. 
The liquid part of the gel is mainly constituted by 
water, thus a washing of the gel is necessary to remove 
this solvent. Obviously, when the gel is submitted to 
high temperature and high pressure treatments, water 
acts as a mineralizer and leads to crystallization of 
silica. The gel is washed with methanol. During the 
ageing treatment no shrinkage occurs and the gel is 
difficult to remove from its container. Washing is 
carried out continuously after removing the bottom 
part of the glass container (Fig. 1). 

Due to the low permeability of gels [11] the solvent 
exchange takes two days. Such gels are supercritically 
dried using methanol as a solvent [12]. Another series 
of samples was submitted to a solvent exchange by 
amylacetate for one week by changing the bath 
every day. The last step of this solvent exchange was 
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Figure 1 Washing mode of gel. 
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performed in the autoclave and consists of exchanging 
amylacetate with liquid CO/. The exchange is per- 
formed for two days before the onset of the CO2 
supercritical drying. 

Gels that are subjected to a lot of solvent exchanges 
are chemically analysed in respect to their expected 
chemical composition. On the other hand the silica 
content (compared to that of mullite) can have a 
significant influence on sintering temperature if it 
exceeds that of stoichiometric mullite. 

Chemical analysis of mullite aerogel is performed 
using flame spectroscopy. Standard curves were estab- 
lished from solutions of given amounts of silica dis- 
solved in a HF-HNO3 mixture and from A1NO3 
solutions. The measurement is carried out as pre- 
viously reported [13]. 

The apparent density of aerogels is measured by 
weighting monolithic samples having a perfectly de- 
fined geometry. 

The structural analysis of aerogels is realized by IR 
spectroscopy on thin slice of monolithic aerogels. 
Textural properties of aerogels are measured using 
nitrogen adsorption-desorption isotherm curves. The 
specific surface area is measured byBET [14] and the 
pore size distribution by BJH [15]. 

Small angle neutron scattering (SANS) experiments 
were performed on the spectrometer PACE at the 
'Laboratoire Leon Brillouin' in Saclay. Scattering 
vectors Q ranging from 0.018 to 3 nm- 1 were covered 
(Q = 4n sin 0/~.; 20 is the scattering angle ). A standard 
analysis of data including detector efficiency 
correction, background substraction and relative 
amplitude calibration allows a determination of the 
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density-density correlation function in the range 0.3 
to 50 nm. 

X-ray diffraction allows the structural evolution to 
be followed. The linear change of samples as a func- 
tion of temperature is recorded with a dilatometer. 
This technique only applies, however, to samples 
strong enough to withstand the stress induced by the 
push-rod. 

3. Results and discussion 
3.1. Structural properties 
Fig. 2 shows the aspect of al monolithic mullite aerogel. 
The main macroscopic characteristics do not depend 
on the solvent used to carry out the supercritical 
drying. In both cases the linear shrinkage experienced 
by gels during the supercritical drying is very low 
(1%). A syneresis phenomenon is never observed. In 
this respect we expect that a further polycondensation 
reaction after the gelation point does not occur. 

Such a behaviour was previously observed on base 
catalysed silica aerogels having a low solid content 
[16]. The low shrinkage was attributed to the mor- 
phology of the solid part of the material which was 
constituted by an assembly of large size primary units 
strongly linked together. 

The aerogel density is very low and mainly depends 
on the alumina sol concentration (Table I). Lighter 
monolithic aerogels can be obtained. They do not, 
however, withstand their own weight due to their low 
strength. 

Chemical analyses of aerogels M (methanol evacu- 
ated) and aerogels C (COz evacuated) have been 
performed on 1300°C treated samples. The deduced 
chemical composition approximately corresponds to 
stoichiometric mullite (Table II). Consequently the 
different solvent exchanges do not induce any dissolu- 
tion of the chemical elements constituting the solid 
part of the gel. 

X-ray diffraction patterns demonstrate that the 
structure of aerogels M and C is identical. Aerogels 
consist of pseudo-boehmite [17] and amorphous 
silica. Some difference in the structure can, however, 
be seen from IR spectroscopy (Fig. 3). 

Figure 2 Methanol evacuated mullite aerogel. 



TABLE I Density of methanol (M) evacuated and CO2 (C) 
evacuated mullite aerogels 

Code Boehmite sol (cm 3) Apparent density 
(mole A12031) (gcm -2) 

M 1 0.61 0.07 
M 2 0.78 0.086 
M 3 0.83 0.097 
C 0.83 0.089 

TABLE II Chemical analysis of mullite aerogels 

Silica Alumina 
(wt %) (wt %) 

Mullite crystal 28.17 71.83 
Aerogel M I 29.19 70.81 
Aerogel M 2 29.2 70.8 
Aerogel C 29.8 70.2 

The two sharp bands located at 3295 and 
3090 cm- 1 (Fig. 3a) are assigned to OH vibrations of 
boehmite [18]. They emerge from a broad band which 
is attributed to the different hydroxyl groups usually 
found in silica gels. The bending vibration associated 
with stretching OH of boehmite can not be observed 
(1060cm -1) because it appears in a spectral range 
corresponding to the Si-O-Si stretching vibration. 
The IR bands located around 775, 610 cm-~ are due 
to stretching vibrations of (A106) units. The 482 cm-1 
band is assigned to Si-O-Si bending vibration [19]. 
The bending vibration of (A106) units is located at 
360 era-1. 

The IR spectrum of the mullite aerogel M is similar 
to that of a pseudo-boehmite xerogel [20]. The 
appearance of a well defined band located around 
2850 cm- ~ indicates, however, the presence of OCH 3 
group linked to silicon atom. In respect to this absorp- 
tion band two main hypotheses can be proposed: the 
hydrolysis of TMOS is not fully achieved or an esteri- 
fication reaction takes place during the hypercritical 
drying process. 

3s'oo zs )o 20'00 ' 14'oo ' 4.6o 
{cm -1 ) 

Figure 3 IR spectra of (a) aerogel M, (b) C and (c) isoamylacetate 
compound. 

Due to the large amount of water contained in the 
alumina sol, the hydrolysis of TMOS is likely to be 
complete. On the other hand, it was previously dem- 
onstrated that hydroxyl groups linked to aluminium 
atoms do not undergo an esterification reaction when 
reacted with an alcohol [21]. Consequently the ex- 
pected esterification reaction only takes place on sur- 
face silanols. The respective IR bands of these species 
are located at 2940, 2840 and 1455 cm -1. In our 
samples only the 2840 cm-1 band is observed, thus 
the extent of the esterification reaction of the aerogel 
surface is very low and does not induce an hydro- 
phobicity of the material. This is confirmed by the 
presence of the 1620 cm- 1 assigned to bending vibra- 
tion of water molecules. 

The IR spectrum of the aerogel C (Fig. 3b) does not 
show the previous band located at 2840 cm-1. As 
expected, this other way of performing supercritical 
drying does not induce a chemical reaction of surface 
esterification. This kind of aerogel is thus particularly 
hydrophilic as demonstrated by IR bands located 
around 3500 and 1620 cm-1. Moreover new absorp- 
tion bands, which are most intense at 2940,2880, 1710, 
1470, 1375 and 1290 c m - t  are observed. The location 
of these bands approximately corresponds to an amyl- 
acetate compound (Fig. 3c). Nevertheless the absorp- 
tion bands located at 1740 and 1240 cm- 1 are shifted 
comparatively to pure amylacetate. This feature con- 
firms that an association occurs between the solvent 
and the aerogel backbone. 

The exchange of amylacetate by liquid C O / c a n  not 
be totally achieved. Even if the exchange takes longer 
than two days the IR spectrum of the aerogel reveals 
the presence of isoamylacetate. This phenomenon is 
probably linked to a strong tendency of isoamylacet- 
ate to adsorb on mullite aerogels. It is noteworthy that 
this phenomenon was not observed on previously 
prepared pure silica CO 2 evacuated aerogels [22, 23]. 

The adsorption-desorption curves (Fig. 4a and b) 
allow the specific surface area to be evaluated. The 
obtained values are close to those of pure boehmite 
aerogels [24]. The type of curve where the isotherm 
does not reach a well defined limit when P/Ps ap- 
proaches 1, is usually observed for materials showing 
a simple surface adsorption; the total filling of the 
pores never occurs. The desorption curve exhibits a 
very low hysteresis effect (type 2 according to the BET 
nomenclature). 

The analysis of these curves brings information on 
the cumulated porous volume in the pore radius range 
between 2 and 13 nm. The cumulated porous volume 
of aerogels is a lot smaller than the total porous 
volume evaluated from the apparent density. Con- 
sequently the macroporous volume of the aerogel is 
rather large. 

The comparison between the cumulated porous 
volume of C (Fig. 5a) and M (Fig. 5b) aerogels shows a 
few differences. The cumulated porous volume reaches 
40% for aerogel C while it is about 80% for aerogel 
M. This feature is probably linked to the initial pre- 
sence of isoamylacetate in the pores of the aerogel 
which develops stresses high enough to induce cracks 
of mesopores. The adsorption desorption isotherms 
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Figure 4 Nitrogen adsorpt ion-desorpt ion isotherms. (a) aerogel C; 
(b) aerogel M. 
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Figure 5 Cumulated pore volume as a function of pore radius. 
(a) aerogel C; (b) aerogel M. 

are, however, performed on 9utgassed materials, thus 
isoamylacetate does play a direct role on textural 
properties. 

Small angle neutron scattering curves have been 
studied in terms of fractal analysis. The aerogel is 
considered to be made up of dense small particles 
spatially distributed in a fractal manner. Small angle 
neutron scattering experiments were carried out on 
samples maintained at a temperature of 90 ~ to avoid 
water and to remove most adsorbed species. 

The pair correlation function and the probability of 
finding a particle at a distance R from a reference 
particle have previously been reported [25]. The 
authors introduced a cut-off to take into account the 
limited fractal range of a real material. The material is 
no more fractal for a scale length higher than the 
correlation length ~. The Fourier transform of the pair 
correlation permits the variation of the scattered in- 
tensity I(Q) as a function of the vector wave Q to be 
calculated. 

For a fractal object I(Q) ~Q-~ when 1/~ < Q < 1/r o 
where D is the volume fractal dimension and ro the size 
of the primary particle. On the other hand for Q < 1/{ 
the scattered intensity obeys the classical Guinier's 
equation [26]. 

On the high Q side the log-log plot of intensity as a 
function of vector wave shows a slope equal to - 4 for 
aerogel C (Fig. 6a). In this Q domain the slope is 
related to a hypothetical fractal surface dimension Ds 
by the relation 

s l o p e = D s -  6 

For a non-surface fractal material D~ is equal to 2 
and the Porod's law is relevant. Consequently the 
particles constituting the aerogel C are not rough and 
the interface between particles and air is smooth. 

Conversely the aerogel M (Fig. 6b) shows a fractal 
surface (D~---3) coming from the esterification 
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Figure 6 Small angle neutron scattering curves for aerogels C ( O )  
and M ( A ) (curves are shifted for clarity). 
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reaction induced by the autoclave treatment. An 
analogous behaviour has been found on pure silica 
aerogels [27]. 

Using fractal analysis an assumption is often made 
to evaluate the gyration radius, a, of particles. It is 
expected to correspond to the cross-over between the 
regimes: volume fractality-surface fractality or 
Porod's behaviour. With this assumption the gyration 
radius is identical for the two sorts of aerogels and 
evaluated to 2,5 nm. 

As indicated above, the slope of the curves, in the 
domain Q < l/a, gives the volume fractal dimension. 
For both materials the fractal dimension is 2.3. A 
correlation of the obtained fractal dimension with that 
evaluated using fractal models of aggregation is not 
straightforward because of the structural evolution 
from the gel to the aerogel. The observed fractal 
dimension is, however, in good agreement with the 
reaction limited cluster aggregation model [28]. 

Results of SANS experiments lead to the conclusion 
that the volume fractal dimension which is related to 
the volume occupied by the solid part is not depend- 
ent on the way the aerogels are obtained. 

3.2. Thermal  evo lu t i on  of aerogels 
X-ray diffraction experiments have been carried out to 
follow the structural evolution of aerogels as a func- 
tion of temperature. To perform this study the samples 
were heat treated for 1 h at a given temperature. 
Because of their hydrophilic property they were main- 
tained at 90 ~ until their analysis. 

Aerogel M is a diphasic material constituted by 
pseudo-boehmite and amorphous silica (Fig. 7). At 
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Figure 7 XR diffraction of aerogel M as a function of temperature. 
The duration of heat-treatment is 1 h. (a 1000~ b 1225~ 
c 1250~ d 1275 ~ �9 refers to cristobalite; x to ~ AlzO3. ) 

550~ pseudo-boehmite transforms into 7-A1203. 
Cristobalite appears at a temperature of about 
1000~ Between 1175 and 1225~ the XR pattern 
corresponds to 6-Al103, cristobalite and a residual 
amorphous silica compound which causes a diffuse 
halo. Mullite appears at 1250 ~ while cristobalite is 
still present. The crystallization sequency of aerogel M 
is in good agreement with other reported studies [29, 
30]. ~-A120 3 is never formed because y-alumina reacts 
with silica to make mullite. For temperatures higher 
than 1300~ the X-ray diffraction pattern indicates 
the presence of a small amount of cristobalite. 

The thermal evolution of aerogel C is identical to 
that observed on aerogel M. When heat treated at 
1300~ the aerogel C is, however, fully transformed 
into pure mullite (Fig. 8). This difference is not pre- 
sently well understood. Small deviations from the 
stoichiometric composition can not account for the 
observed effect. This difference would be linked to the 
drying mode experienced by the gels. 

The most dense sample of aerogel M has been 
studied using dilatometric measurement. A shrinkage 
of a small extent first appears at about 400 ~ (Fig. 9). 
It is located in a temperature range corresponding to 
the pseudo-boehmite-7-alumina transformation. At 
higher temperature, the sintering is very fast and is 
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Figure 8 XR diffraction pattern of fully crystallized aerogel C. 
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Figure 9 Linear shrinkage of monolithic aerogel M. 
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probably due to a viscous flow phenomenon provoked 
by amorphous silica. 

Densification suddenly stops, however, as soon as 
mullite appears. The end of the rapid densification 
occurs at about 1300~ Above this temperature 
sintering slightly continues by a diffusion phenom- 
enon whose rate is very low. 

It is important to note that during the whole run 
(heating up and cooling down) the material retains its 
monolithic shape. The aerogel whose initial apparent 
density is 0.097 is converted to ceramic material hav- 
ing an apparent density of 1.2. The porosity is totally 
open. The mean pore size is probably lower than 1 ~tm 
as found in other usual aerogel. 

4. Conclusions 
Microheterogeneous aerogels with a composition 
close to mullite were prepared. The supercritical 
drying was carried out using two different liquids. The 
structure of aerogels as characterized by IR spectro- 
scopy depends on the supercritical drying process. 
Methanol evacuated samples have undergone an es- 
terification reaction. This reaction which only takes 
place on surface silanol groups does not, however, 
result in a hydrophobic material. CO2 evacuated sam- 
ples retain in their pores a small amount of isoamyla- 
cetate which is the liquid used to carry out the solvent 
exchange before CO2 drying. 

SANS experiments lead to the conclusion that both 
aerogels are constituted by identical elementary par- 
ticles linked together in the same manner. The volume 
fractal dimension is identical. Nevertheless the esteri- 
fication reaction occurring in aerogel M causes a 
surface roughness inducing a deviation from Porod 
law. 

Both aerogels are very fragile and lightweight. The 
most dense are able to sustain their own weight 
without strain. They were heat treated and trans- 
formed into highly porous ceramic materials which 
can be used as monolithic insulator at temperature 
lower than 1300 ~ 
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