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Crystallisation of amorphous spray-dried precursors
in the Al2O3–SiO2 system
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Abstract

The crystallisation of amorphous precursors has been studied in the whole range of composition in the Al2O3–SiO2 system. The amorphous
precursors have been obtained by hydrolysing TEOS directly in a diluted aqueous solution of aluminium nitrate, spray drying the clear
solution and heating the resulting powder. Up to 70 mol % Al2O3, only mullite crystallises around 980–1000◦C; between 70 and 80 mol %
Al2O3 mullite and spinel crystallise together; and for more than 80 mol % Al2O3 only spinel is formed. In the 70–80 mol % Al2O3 range of
composition, when both mullite and spinel crystallise, low heating favours the crystallisation of mullite and it is nearly possible to crystallise
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nly mullite from a 75 mol % Al2O3 sample. By rapid heating it is also possible to crystallise only spinel from the same 75 mol %2O3

recursor. The enthalpy and the activation energy for crystallisation are maximum for 60–80 mol % Al2O3. Heating the samples up to 1700◦C
or 1 h, the phase equilibrium is not reached, particularly when both mullite and spinel crystallise together, and�-Al 2O3 is still present.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Mullite is the only thermodynamically stable phase in the
l2O3–SiO2 system at ambient pressure. Its excellent high-

emperature properties such as good mechanical strength, low
hermal expansion coefficient and high creep resistance make
t an attractive ceramic material for high-temperature me-
hanical applications. Because of its low dielectric constant
ullite is also a good candidate as electronic packaging sub-

trate in substitution for alumina.1,2

Its formation, from amorphous precursors, glasses and
lso kaolin, has been extensively studied. For amorphous pre-
ursors having the bulk composition close to 3Al2O3·2SiO2,
he crystallisation path depends on the scale of homogeneity
n the amorphous phase. For the more homogeneous speci-

ens, when the aluminium and silicon polyhedra are the most
ntimately mixed, crystallisation occurs at about 980◦C with

∗ Tel.: +33 2 38 25 55 26; fax: +33 2 38 63 81 03.
E-mail address: douy@cnrs-orleans.fr.

a sharp exothermic peak on DTA experiments, and mull
the only crystallised phase. When the chemical homoge
in the precursor decreases, mullite and a spinel phase th
solid solution of defect transition alumina can crystallise
gether at the same temperature (∼980◦C) and by∼1250◦C
this spinel has transformed to mullite. Going on increa
the scale of heterogeneity only the spinel phase may
tallise at 980◦C and transforms into mullite through a seco
exotherm around 1250◦C. And for the more heterogeneo
specimens, no exotherm is observed at 980◦C, but a broa
exotherm at about 1300◦C may traduce the formation of mu
lite from a transitional alumina phase and a siliceous ph

Mullite exists as a solid solution with the general f
mula Al4 + 2xSi2− 2xO10− x wherex represents the numb
of oxygen vacancies per unit cell ranging from ca 0.1
0.59.3 The compositional variation is based on the excha
of O2− + 2Si4+ → 2Al3+ +� which introduces one oxyge
vacancy. Mullite derives from sillimanite Al2SiO5 (x = 0) by
replacing silicon atoms by aluminium atoms in tetrahe
environment. Mullite formed at 980◦C is always richer in
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.02.017
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alumina than the bulk precursor. It has been called “tetrag-
onal mullite” but in fact has an orthorhombic structure with
the cell parametersa and b being very close. By increas-
ing temperature a progressive contraction of thea-parameter
indicating a decrease of the alumina content, is generally
observed, and a composition very close to 3Al2O3·2SiO2 is
reached after firing to about 1400◦C. This implies that the low
temperature mullite coexists with an amorphous silica-rich
phase. The phase separation has been shown to occur before
crystallisation by Huling and Messing.4 They reported that
all quenched aluminosilicate glasses are phase separated and
that phase separation proceeds more rapidly than crystallisa-
tion for amorphous mullite composition gels and glasses. For
glasses, phase separation has been explained by immiscibil-
ity in the liquid state, and even several mullites of different
compositions have been evidenced in the same sample after
crystallisation of a glass.5

Considerable work has been devoted to the crystallisation
of mullite from amorphous precursors processed by various
syntheses or from kaolin or glasses. Among these synthe-
ses, spray pyrolysis at 350–650◦C of aluminium nitrate and
TEOS in a water–methanol solution led to crystallisation of
mullite at∼ 980◦C.6 The nebulisation at 150◦C of an aerosol
of hydrolysed Al-sec-butoxide and TMOS solution led to the
formation of both spinel and mullite.7 Spinel was the first
crystalline phase from high temperature (≥ 900◦C) decom-
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5 g of final oxide from 200–250 mL of solution. For structural
characterisation samples were heated under air atmosphere
in an electric furnace at 10◦C/min to a determined tempera-
ture (1000–1700◦C) and annealed for 1 h at this temperature
before cooling at 20◦C/min.

2.2. Characterisation

The thermogravimetric analyses (TGA) of the spray-dried
powders were carried out on a TAG 24 Setaram apparatus at
5◦C/min in air atmosphere.

The DSC experiments (Setaram MultiHTC apparatus)
were performed at different heating rates under air atmo-
sphere on powders annealed at 800◦C. 100–200 mg of sam-
ple were used for each experiment, in alumina crucibles. The
DSC temperature calibration was carried out for different
heating rates melting high purity metals. The enthalpy accu-
racy measurement was within±10%. The activation energy
of crystallisation was calculated from the exothermic peak
using the Kissinger equation:12

ln

(
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T 2
p

)
= − Ea

RTp
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whereα is the heating rate (K/min),Ea is the activation energy
for crystallisation (J/mol),R is the gas constant,Tp is the
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osition of an aerosol of Al nitrate and fumed silica8 or from
ltrasonic spray pyrolysis at 900◦C of aqueous solutions
l nitrate and silicic acid.9 In the present work we have stu

ed the crystallisation of amorphous spray-dried powde
he whole range of compositions in the Al2O3–SiO2 system
pray-drying aqueous solutions being a less usual an
nown process for mullite synthesis,10,11the kinetics of crys
allisation have been determined for comparison with u
rocesses. Mullite being the only stable binary oxide in
ystem, we have been interested by the structural evo
f the crystallised phases with temperature up to reachin
hase equilibria.

. Experimental procedure

.1. Samples preparation

The amorphous precursors were prepared by a s
rying and calcination process. For this, tetraethoxys
TEOS), Si(OC2H5)4 (Fluka, ≥ 99%) was hydrolysed int

carefully titrated aqueous solution of aluminium nit
∼1 M). The resulting clear solution was spray-dried
ng a laboratory apparatus (Büchi 190 mini spray-drie
quipped with a 0.5 mm nozzle). The drying air was he

o 200–210◦C. A part of the powder was used for the th
ogravimetric study of its decomposition and the rest
eated in a ventilated furnace at 5◦C/min to 800◦C for 5 h in
rder to completely decompose the nitrate ions, resultin
n amorphous powder. Each preparation was made for a
xothermic peak temperature (K) andC is a constant.Tp was
etermined at the top of the peak and a same weight of po
as used for each experiment for a given composition.
eating rates were 0.4, 1, 2.5, 6 and 12◦C/min.

The XRD powder patterns were collected at room tem
ture on a Philips PW1729 diffractometer (Cu K� radiation)

n a flat plate geometry. Data were recorded in the 2θ range
0–70◦ by steps of 0.02◦ with a scan time of 1 or 10 s p
tep.

. Results and discussion

.1. Synthesis

The process of synthesis is very simple and has pr
o be efficient in the preparation of chemically homo
eous powders crystallising directly into mullite for
Al2O3·2SiO2 composition10,11 as it was also the ca

or spray pyrolysis of aluminium nitrate and TEOS
ater–methanol solution.6 TEOS is not miscible with aqu
us solutions, but mixed under stirring with a diluted s

ion of aluminium nitrate, the acidity of the latter solut
pH∼ 2) catalyses its hydrolysis into soluble silicic ac
he transformation of the starting mixture into a perfe
lear solution is a direct visualisation of its hydrolysis. T
s achieved within half an hour. At acidic pH, low concen
ion and room temperature, the polycondensation of s
cid into silica gel is very low.13 This molecular solution i

hen abruptly transformed into a powder by spray drying
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Fig. 1. Scanning electron micrograph of a spray-dried powder (50 mol %
Al2O3).

suring a good dispersion of Al and Si elements inside the
resulting solid.

The spray-dried powder is then heated in order to com-
pletely decompose the nitrate ions and create SiO Al
bonds.14 The morphology of spray-dried powders is typi-
cal of such a process.15 The powders are made of hollow
spheres, with sizes ranging around 0.5–5�m as determined
by scanning electron microscopy (Fig. 1).

In Fig. 2a and b are reported the thermal analysis curves
of the spray-dried powders with 50 and 90 mol % Al2O3 con-
tents as typical examples. Under the same experimental con-
ditions, aluminium nitrate alone is partially decomposed into
an oxynitrate after spray drying.16 On the TG trace the ma-
jor part of the weight loss of the spray-dried sample corre-
sponds to the decomposition of this oxynitrate in two steps
(140 and 260◦C on the derivative curve DTG for the 90 mol %
Al2O3, Fig. 2b). The weight loss is practically ended at about
400◦C. The total weight loss depends upon the composition.
It increases with the Al2O3 content (Fig. 2a and b) since the
aluminium oxynitrate has to be decomposed while for the
silica part only water molecules have to be released from
the condensation of silanol groups. There is a supplementary
weight loss around 980◦C, at the same temperature that a
sharp exothermic peak corresponding to the crystallisation is
observed on the DSC trace. This weight loss is due to the re-
lease of the last residues, hydroxyl groups and products of de-
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at 800◦C. The importance of the weight loss at high temper-
ature increases with the alumina content, being higher than
5% for 75–95 mol % Al2O3, with a maximum of 7.4% for
85 mol % Al2O3, relative to the weight of samples calcined
at 800◦C. It occurs at a temperature closely related to that of
the crystallisation studied by DSC at the same heating rate, at
the exception of the pure alumina sample. For the latter one
there is no specific weight loss accompanying the crystallisa-
tion but there is also a rather important release of matter at a
higher temperature. It is obvious that the weight loss going on
with the crystallisation is related to the presence of intimately
dispersed silica in the aluminous amorphous matrix.

3.2. Crystallisation

Whatever the composition, only one exothermic peak
corresponding to the crystallisation was observed on the
DSC analyses. Takei et al.,17 studying the crystallisation
of ultra-quenched glasses of different compositions, noted
a splitting of the exothermic peak for 25, 30 and 36 mol %
Al2O3 compositions. For their 25 mol % Al2O3 sample, two
exothermic peaks were separated by 15◦C (986 and 1001◦C)
at a heating rate of 5◦C/min. They assigned these two peaks
to crystallisations from two separated phases, due to spinodal
decomposition of the liquid. Okada and Otsuka18 reported
s e

Fig. 2. (a) DSC and TG analyses of the 50 mol % Al2O3 spray-dried powder;
heating rate: 5◦C/min. (b) DSC and TG analyses of the 90 mol % Al2O3

spray-dried powder; heating rate 5◦C/min.
omposition of nitrate ions entrapped inside the spheres
pecific surface areas of these spray-dried powders is u
ow10 suggesting that the spheres are rather tight and
esidues can escape only during the structural reorganis
ccurring at crystallisation or under the preceding visc
ow conditions. This behaviour around crystallisation va
trongly with the composition of the samples. The spe
eight loss going with the crystallisation is not percept

or the silica-rich samples. It is well marked on the deriva
urve (DTG) for the 50 mol % Al2O3 sample (Fig. 2a). It has
een measured to 0.93% of the mass of the sample ann
imilar splitting for Al2O3–SiO2 gels with similar rang
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Fig. 3. DSC analyses of the 25 mol % Al2O3 powder: (a) normal DSC of
the sample annealed at 800◦C; (b) DSC of the sample quenched after being
heated to 950◦C.

of compositions. We did not observe a similar behaviour
for spray-dried samples in the same range of compositions.
Only a weak exothermic bump could be observed on the
DSC traces before the crystallisation peak for the silica-rich
compositions. InFig. 3are reported the DSC analyses of the
spray-dried sample with 25 mol % Al2O3. For the sample just
annealed at 800◦C (a) there is a little bump at 900–950◦C be-
fore the sharp peak of crystallisation. The XRD diagram of the
specimen quenched after heating to 950◦C revealed no crys-
tallised phase. If this sample, quenched just after being heated
to 950◦C, is heated again (b) the bump is replaced by a weak
thermal effect that resembles more to the glass transition
phenomenon for glasses. Moreover this thermal effect is
reproducible for samples quenched just after, as far as crys-
tallisation has not occurred. Since no particular weight loss
is observed by TG analysis, the exothermic bump at the first
heating step is attributed to a structural reorganisation in the
sample, a relaxation of the network. At the second heating
ramp, the weak thermal effect traduces the glass transition
(Tg) of the sample and is followed by the strong exothermic
peak of crystallisation. This thermal effect has been observed
in our laboratory for many spray-dried aluminosilicate com-
positions, sometimes associated with a slight weight loss.
The gel to glass transition has also been reported in the
literature.19–21
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Fig. 4. Temperatures of crystallisation at 5◦C/min, domains of composi-
tion where mullite, mullite and spinel, or spinel crystallise, and enthalpy of
crystallisation.

and spinel both crystallise. The presence of both mullite and
spinel for samples in the 70–80 mol % Al2O3 range of com-
position traduces the chemical heterogeneity of the precursor
at the nanoscopic scale. For ideally homogeneous precursors
the limit composition leading to the crystallisation of only
mullite for silica-richer samples or only spinel for alumina-
richer samples may be estimated around 75 mol % Al2O3.
When mullite and spinel crystallise together, the heating rate
may favour the formation of mullite or spinel, as they have dif-
ferent kinetics of crystallisation. This is illustrated onFig. 5
for the same precursor having a content of 75 mol % Al2O3
crystallised by (a) putting directly at 1100◦C, (b) heating
at 5◦C/min and (c) slow heating at 1◦C/min up to 950◦C
for 10 h. By very rapid heating (a) only a trace of mullite
is detected on the XRD diagram, showing that, unless an
appreciable part of silica is present in the amorphous state,
practically 25 mol % SiO2 can be inserted in the�-Al2O3
solid solution. On the other hand by slow heating only a little
amount of spinel is crystallised (c) showing that by lowering
the heating rate only mullite can be crystallised from alumina-
richer samples. However a very slow heating rate is unable to

F n
a
0

.2.1. Crystallisation of mullite or spinel
The variation of the temperature of crystallisation with

omposition, determined at a heating rate of 5◦C/min, is re-
orted inFig. 4. After just heating to 1000◦C, with increasing

he alumina content in the sample, only mullite can be
ected as crystallised phase up to compositions approa
0 mol % Al2O3. For the silica-rich samples a bump arou
0–25◦ on the XRD diagrams traduces the presence o
morphous phase, which should be amorphous silica
ompositions with 80 mol % or higher Al2O3 content only
he broad lines of the traditional spinel phase are pre
n the patterns. For the intermediate compositions m
ig. 5. XRD patterns of the 75 mol % Al2O3 sample after crystallisatio
t different heating rates: (a) putting directly at 1100◦C; (b) 5◦C/min; (c)
.1◦C/min to 950◦C for 10 h.
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crystallise mullite for higher alumina content specimens for
which only spinel normally crystallises. For example, in the
case of 80 mol % Al2O3 no trace of mullite is detected after
heating at 0.1◦C/min. Crystallisation into mullite or spinel is
governed by the local structure in the amorphous phase and
particularly the local environment of the aluminium atoms.14

3.2.2. Crystallization temperature
The crystallisation temperature (Fig. 4) slightly decreases

for the silica-rich precursors when the alumina content in-
creases, then slightly increases for the compositions corre-
sponding to the crystallisation of both mullite and spinel and
then sharply decreases when only spinel crystallises. This
trend for variation of the temperature of crystallisation with
the composition has been already reported.11,17,18,22,23Start-
ing from pure alumina sample that crystallises into�-Al2O3,
the incorporation of silicon atoms in the network leads to
an increase of the crystallisation temperature of the�-Al2O3
solid solution, and this temperature regularly increases with
the silica content. Many cations are known to delay the crys-
tallisation of alumina and stabilise the temperature domain of
transition aluminas. It is the case for example with alkaline-
earth cations Ca2+, Sr2+ and Ba2+.24 The two effects, increase
of the crystallisation temperature and increase of the stabil-
ity domain of the�-Al2O3 solid solution, increase with the
ionic radius of the cation, Ba2+ being the most efficient. In the
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Fig. 6. Variation of the activation energy for crystallisation with the compo-
sition of the powder.

xerogels,27 diphasic xerogels,28 hybrid xerogels29 or mi-
crocomposites particles.30 Okada et al.27 reported that
energy for nucleation-growth of spinel from a 80 mol %
Al2O3 xerogel (1092 kJ/mol) was similar to the energy for
nucleation-growth of mullite from a 60 mol % Al2O3 xero-
gel (1202 kJ/mol). Our study agrees with their conclusion.
The maximum value is found for 60 mol % Al2O3 (Fig. 6),
1394 kJ/mol, the activation energy for nucleation-growth re-
mains high as long as mullite and spinel crystallize to-
gether, and even when only spinel crystallize (1250 kJ/mol
for 80 mol % Al2O3). The activation energy decreases sig-
nificantly only for higher alumina content.

The amorphous precursors were made of hollow spheres,
and just before crystallisation, when the powder should nor-
mally sinter by a viscous flow, the spheres blow up to release
the entrapped gases. The inflation of the powders varies with
the composition, the maximum of swelling being observed in
the 70–90 mol % Al2O3 range of composition corresponding
also to the maximum of weight loss observed on TG analyses.
As this inflation increases also with increasing the heating
rate, at the higher heating rate of the study, 12◦C/min, the
powders within this composition range blow up and partially
get out of the crucible. The DSC results were not valuable in
this case and the energies of activation were deduced from
heating rates up to 6◦C/min using smaller amounts of powder.
T aled at
8 na-
t me
p
W n
o ated
b

3

-
p in
a -rich
ase of calcium up to almost 33 mol % CaO can be inco
ated into the�-Al2O3 solid solution.16 In the present stud
ore than 20 mol % SiO2, possibly 25 mol % SiO2, can be

ncorporated into the�-Al2O3 solid solution.

.2.3. Enthalpy of crystallisation
The enthalpies of crystallisation were determined f

he DSC experiments and corrected for the weight loss
erved during the experiments. The variation of the enth
ith the global composition of the sample is represente
ig. 4. With increasing the alumina content, the entha

ncreases regularly in the domain of crystallisation of m
ite and decreases in the domain of crystallisation of sp
he maximum values are found in the 60–70 mol % Al2O3

ange of composition, where a maximum amount of m
ite crystallises. The value−290 J/g for 60 mol % Al2O3
−124 kJ/mol if the formula were 3Al2O3.2SiO2) is close to
ther reported values in the literature for the crystallisatio
omogeneous gels of the same composition:−112 kJ/mol,25

105 kJ/mol.26 It can be noted that there is no sign
ant difference in enthalpy between crystallisation of mu
60–70 mol % Al2O3) and crystallisation of spinel (80 mol
l2O3).

.2.4. Activation energy
The activation energies for crystallisation (Fig. 6) were

etermined varying the heating rate from 0.4 to 12◦C/min.
everal values have been reported for nucleation-grow
ullite. Most of the data are in the range 700–1350 kJ/
hether crystallisation occurs from glasses,5,17 polymeric
he studied samples were amorphous precursors anne
00◦C, but in fact no variation was found in the determi

ion of the activation energy of crystallisation for the sa
recursor just heated to 450◦C or annealed for 5 h at 850◦C.
e agree with Johnson et al.,5 in their study on devitrificatio

f quenched mullite, that the specimens were fully nucle
y the time they reached 850◦C.

.3. Structural evolution with temperature

It is well known that mullite just crystallised at low tem
erature, near 980◦C, is metastable. It is always richer
lumina, even when the amorphous precursor is a silica
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Fig. 7. XRD patterns of samples heated at 10◦C/min to 1400◦C for 1 h.

phase, its composition being usually close to 2Al2O3·SiO2.
By further heating the latter gradually evolves to a compo-
sition nearest to 3Al2O3·2SiO2 by reacting with a vitreous
silica phase. On the other hand if a spinel phase is crystal-
lized around 980◦C, this phase is also metastable, and it re-
acts also with a silica-rich amorphous phase to form mullite
or mullite and�-Al2O3 depending on the global composi-
tion. The structural evolution of the low temperature crys-
tallised phases in the Al2O3–SiO2 system, with increasing
temperature, is very complex and is worth to be studied in
detail. It is considered generally that by 1300–1400◦C the
phase equilibrium is practically reached. In a first approach
we have just identified the crystalline phases present after a
specific thermal treatment, heating at 10◦C/min to a deter-
mined temperature, annealing for 1 h and cooling the sample
to room temperature. The oven was limited to 1700◦C. Some
XRD diagrams are represented onFigs. 7 and 8. It is obvi-
ous that the phase equilibria are far to be reached for these
samples at 1400◦C or even higher. OnFig. 9 are reported
the temperatures to be reached for each studied composition
for just having on the XRD diagrams the crystalline phases
expected from the phase diagram (i.e. cristobalite, mullite

F
�

Fig. 9. Temperatures required for having on the XRD patterns of the spray-
dried powders all the crystalline phases expected from the phase diagram:
cristobalite, mullite and�-Al2O3. For 50 mol % Al2O3 cristobalite is not
detected after 1 h at 1700◦C, and for 70 and 75 mol % Al2O3 a transition
alumina is still present. For 60 mol % Al2O3, although mullite is the only
crystalline phase at 1000◦C, phase equilibrium is far to be reached.

and�-Al2O3). For 60 mol % Al2O3 for example this temper-
ature is indicated at 1000◦C, although an amorphous silica
phase is present and the composition of the mullite phase
has to evolve on further heating. For the pure silica sample
cristobalite is crystallised only at 1400◦C, but after the same
treatment it is not detected on the diagram of the 20 mol %
Al2O3 (80 mol % SiO2) sample (Fig. 7). A very minor amount
of mullite phase dispersed in a silica matrix is sufficient to
delay the crystallisation of cristobalite. This phenomenon is
even more significant for the 50 mol % Al2O3 sample (Fig. 8):
after heating for 1 h at 1700◦C only mullite is detected on
the XRD diagram, and no cristobalite, although the compo-
sition of this sample is out of the mullite solid solution stable
domain (58.5–62.8 mol % Al2O3).31 With 50 mol % SiO2 in
the sample and considering all the aluminium atoms in mul-
lite, a composition of 60 mol % Al2O3 for mullite heated to
1700◦C would imply that a third of the silicon atoms remain
in amorphous silica and that the sample would be a mixture
of one mole of amorphous SiO2 for one mole of crystallised
3Al2O3·2SiO2.

The same phenomenon can be observed for the alumina-
rich samples. For the pure alumina sample,�-Al2O3 is the
only phase present after 1 h at 1100◦C. But with only 5 mol %
SiO2 (95 mol % Al2O3), transition alumina is still present af-
ter a thermal treatment of 1400◦C for 1 h (Fig. 7), and by in-
creasing the silica content, higher temperatures are required
f
t
f l %
A
a t are
t hase.
T
h alu-
m ef-
fi ina,
ig. 8. XRD patterns of samples heated at 10◦C/min to 1700◦C for 1 h;∗:
-Al2O3.
or obtaining a mixture of mullite and�-Al2O3 according to
he phase diagram: 1650◦C for 85 mol % Al2O3 and 1700◦C
or 80 mol % Al2O3. For the samples with 70 and 75 mo
l2O3 transition alumina,�-Al2O3, is still present (Fig. 8)
nd higher temperature or higher duration of treatmen

hus necessary to transform this remaining metastable p
hese samples were crystallised by heating at 10◦C/min and
igher heating rate even favour the amount of transition
ina (Fig. 5). Many metal oxides have been shown to be

cient in retarding the transformation of transition alum
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Si, Zr, Th, Cr, alkaline earths and rare earths being among the
most effective metals. But never so high temperatures have
been observed for transition alumina, their temperature do-
main being generally limited to 1300–1400◦C. Horiuchi et
al. 32 studying compositions with 2.5–10 wt.% SiO2, found
that 5 wt.% SiO2 (8.2 mol %) was the most effective content
for suppressing phase transformation; the� phase remained
even after heating at 1400◦C for 1 h. The occurrence of�-
Al2O3, resisting to a treatment of 1700◦C for 1 h, should be
specific of the type of synthesis, that is to spray-drying aque-
ous solutions of aluminium nitrate and silicic acid. The high
content of silica in the samples giving rise to these high tem-
perature resisting metastable phases, 25–30 mol % SiO2 is
also unusual. This temperature delay in phase transformation
may be due to the small size of the crystallites of transition
alumina solid solution, stabilised by silicon atoms, well dis-
persed in a matrix of mullite and their difficulty to grow and
evolve towards stable phases. This particular behaviour may
be enhanced by the small thickness of the walls of the hol-
low spheres. Similarly the presence of amorphous silica in
samples submitted to the same thermal treatment may be due
to the small size of the silica domains embedded in a mul-
lite matrix. More information about this peculiarity should be
obtained from a detailed study of these spray-dried powders
by high resolution electron microscopy.
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the evolution with temperature. Some aspects of the crystalli-
sation itself have to be detailed: the important loss of residues
occurring with the crystallisation of silica-rich�-Al2O3 solid
solution, the determination of the composition of each mullite
phase just crystallised through the measure of the cell param-
eters, the evolution of this composition with the composition
of the precursor and its evolution with temperature, the local
structure of the precursors via high resolution solid state27Al
and 29Si MAS NMR spectroscopy, a comparison with the
high temperature liquid state of the Al2O3–SiO2 system and
the relation between crystallisation and liquid immiscibility.
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