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Abstract

Synthesis and structural characterization of mullite
phases obtained from three nominal compositions in
the SiO~Al,O; system is reported and comparisons
between them are established. Monosized gels with
Al/Si atomic ratios of 2:3, 3:1 and 9:1 were
obtained and thermally treated at temperatures
between 700 and 1500°C. The thermal evolution of
amorphous gels was followed by thermal analysis,
X-ray diffraction and infra-red spectroscopy. The
microstructural changes were studied by scanning
electron microscopy and transmission electron
microscopy. The formation of Al,Osrich mullite
started around 1000°C for all samples and was fully
developed at 1400°C. The chemical composition of
mullites changed as a function of calcining tempera-
ture. An anomalous low value of the lattice parameter
a was obtained for the sample with Al/Si atomic
ratio of 9:1 compared with the 3:1 sample at
1400°C, which may be due to the slow reaction rate
of Al,0; with SiOjrich glassy phase during mullite
formation.

1 Introduction

Mullite is the only stable phase in the SiO,-Al,O,
binary system. The properties of this phase are of
great technological importance because of its high
mechanical strength at high temperatures and its
optical characteristics,! so that mullite has long
been the subject of intense research. However,
research at a fundamental level on thermodynamics,
kinetics and crystal structure is needed to clarify
some aspects that are not completely understood yet.

An early way for synthesizing mullite, reported
some years ago, was the thermal decomposition of
kaolinite: in this process, by maintaining an almost
topotactic relationship between phases and with
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the release of SiO,, mullite is obtained as end
product. The so-called ‘sol-gel’ process, widely
used for the preparation of materials during the
past few years, has recently been applied to the
preparation of aluminosilicates. Two methods
have been used to achieve the synthesis of pure
mullite powders, these ways differing in the degree
of homogeneity of the precursor. Thus, when the
scale of chemical homogeneity is at the atomic
level, mullite formation is observed at ~980°C
through an exothermic reaction. In contrast, when
the scale of chemical homogeneity is in the
nanometer range (the so-called diphasic precursors),
the formation of mullite is delayed to tempera-
tures higher than 1200°C. Both crystallization
processes are evidenced by exothermic effects in
differential analysis curves. The mullite formation
kinetics in both cases has been observed to follow
a nucleation and growth process but whereas in
the single-phase precursor the process of mullitiz-
ation is consistent with a nucleation rate-controlled
mechanism, in the case of diphasic precursors it
has been found that the growth rate of the mullite
grains is controlled by dissolution of the alumina
particles into the amorphous silica-rich phase.>?
Another way of synthesizing mullite is from the
so-called hybrid gels, defined as gels from mix-
tures of polymeric and colloidal derived sols. By
low temperature treatment, in situ crystallization
of the polymeric gel is effected, thus obtaining
mullite seed crystals in an untransformed matrix;
then mullite nucleates homoepitactically from the
viscous densified colloidal gel. Further research
may be interesting to achieve new processing
methods at lower temperatures mainly to obtain
precursors in which aluminium and silicon are at a
real atomic level of mixing.

The structure of mullite may be thought of as
being derived from the disordered sillimanite
SiO,-Al,O;, by the exchange of AI* for Si** and
the removal of oxygen anions.* The stoichiometric
phase may be written as [AL]Y!(Si, 5 AL ; 20"V 010«
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and corresponds to a crystalline phase with variable
composition, i.e. a solid solution. In order to
accommodate this compositional variation, mullite
develops an incommensurate structure whose period-
icity varies continuously with composition.

The metastability of the pseudo-tetragonal crys-
talline modification and the tetragonal & ortho-
rhombic transition have been dealt with previously.
Cameron’ showed the possibility of obtaining a
tetragonal phase for x about 0-65, corresponding
to 79 mol% Al,O;. However, mullites containing
more than 77-3 mol% Al,O; have not been
reported, this being the main reason why Cameron’s
suggestion on the occurrence of mullite with
tetragonal symmetry has not been confirmed or
denied. Schneider et al.® have recently reported a
metastable orthorhombic mullite phase with a > b
obtained from a starting mixture of aluminium
sec-butylate and silicon chloride with an Al/Si
ratio of 8:1 (i.e. x = 0-67, corresponding to 80-2
mol% Al,O;). That metastable mullite has a com-
position richer than x = 0-65 in Cameron’s diagram,
at which point the curves of a and b cell parameters
Cross.

Many studies on mullite formation from gel
precursors with different Al/Si ratios have been
reported. The reactions leading to the formation
of mullite can vary considerably depending on the
method of preparation of gels, i.e. single phase or
diphasic gels. Several reports have examined the
effect of Al/Si ratio on the formation temperature
and the microstructure of mullite from diphasic
gels.” However, when alumina and silica are mixed
on a molecular level as in the case of single-phase
gels, little information exists concerning the effect
of AlSi ratio on mullitization temperature and
microstructure® for compositions placed far away
from the stable or metastable mullite solid-solution
boundaries in the SiO,~Al, O, binary system. Some
experimental factors can affect directly the precursor
gel structure which determines the further thermal
evolution. One of the key points is to avoid the
occurrence of alumina segregation while hydrolysis
and condensation reactions take place. One of
the possible ways to overcome this difficulty is, as
previously reported for other systems,’ to use pre-
hydrolysed tetraethylorthosilicate (TEOS) solution
as silicon source.

The aim of this work was the preparation and
characterization of mullite powders in the binary
system starting from mixtures of prehydrolysed
TEOS and aluminium alkoxides. Three different
compositions, corresponding to AL O;: SiO, molar
ratios of 1:3, 3:2 (x = 0-25) and 9:2 (x = 0:70)
— the former and latter placed in both sides of the
solid solution limit composition for mullite, have
been prepared as single-phase gels. The structural

evolution with thermal treatment for specimens of
different Al/Si ratios and the microstructural features
of starting gels and final products were also examined.

2 Experimental Procedure

2.1 Preparation of gel samples

Gels with compositions (in mol%) 25 Al,O;: 75 SiO,
(hereafter denoted as sample A, with composition
in wt% 36:1 ALLO; and 63-9 SiO,) and 60 Al,O;: 40
SiO, (hereafter denoted as sample B, with compos-
ition in wi% 71-8 ALO; and 282 Si0,) were
prepared using as starting chemicals tetraethylortho-
silicate (TEOS, Si(OC,H;),) and aluminium ethoxide
(AI(OC,Hs),), both from Merck & Co. (Darmstadt,
Germany) by the following procedure.

The AI(OC,Hj;); was dissolved in ethanol (EtOH)
by refluxing and added to a prehydrolysed TEOS
solution. The TEOS : H,O molar ratio used was
1:2 and prehydrolysis performed at 40°C for 20 h.
The resultant mixture was refluxed at 70°C for 5
days. After several days sample B, with the larger
amount of aluminium alkoxide and consequently
requiring a higher molar ratio of TEOS/EtOH
(1/30) than sample A (1/20), gave rise to a trans-
parent gel. On the other hand, sample A gelled
after mixing both starting solutions and gave a gel
that was opaque.

A gel with composition (in mol%) 81-8 ALO;:
182 SiO, (hereafter denoted as sample C, with
composition in wt% 88-4 Al,O; and 116 SiO,)
was prepared using aluminium tri-sec-butylate
(C\,H»,AlO;) from Merck as raw material and
isopropanol as solvent. These changes in reagents
facilitate the dissolution of a great amount of alu-
minium raw material. The procedure followed for
preparing gel C was the same as for gels A and B,

‘using a molar ratio TEOS/Si-PrOH = 1/30. After

several days a transparent gel was obtained.

To check possible differences in structure and
phase transformation of dried and heated gels
when aluminium tri-sec-butylate and isopropanol
were used instead of aluminium ethoxide and
ethanol in the preparation of gels, composition B
was prepared with both aluminium alkoxides and
solvents.

All gels were first slowly dried by covering the
beaker containing the gel with a holed plastic film
and allowing the solvent to evaporate for several
weeks; they were then dried in oven at 120°C.
Dried gels A and B showed a yellow colouration
while dried gel C was colourless.

Precursor glass gel was obtained by preheating
the dried samples at 750°C for 3 h, products derived
from this process were either grey (sample B)
or white (samples A and C). Glass powder was
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calcined at temperatures in the range 900 to
1400°C for 3 to 15 h, or at 1500°C for 30 min.

2.2 Characterization of samples

The chemical and structural evolution of dried
gels and crystalline specimens was examined using
several techniques.

Infra-red (IR) absorption spectra were obtained
in the range 2000-400 cm™ using the KBr pellet
method on a Perkin—-Elmer model 882 spectrometer
(Beaconsfield, UK).

Differential thermal analysis (DTA) [Perkin—
Elmer model 1700 instrument (Norwalk, CT)] and
thermogravimetric analysis [Perkin—Elmer model 7
instrument (Norwalk, CT)] were carried out in air
with a-Al,O; liners, using a heating rate of 10°C
min~'. Finely powdered alumina was used as refer-
ence substance.

X-ray diffraction (XRD) analysis (model D-500
diffractometer, Siemens, Karlsruhe, Germany) was
performed using graphite-monochromated Cu Ko
radiation. The diffractometer had two 1° divergence
slits, a 1° scatter slit, and a 0-05° receiving slit.
Eleven overlap-free reflections between 20° and
70° (26) were measured with a scanning speed of
0-12° 26 min™! using CaF, as internal standard.
Determination of the lattice constants of mullite
was made using LSQC and POWCAL programs.

The microstructure of the as-prepared and ther-
mally treated samples was determined by scanning
electron microscopy (SEM) and field-emission
SEM working at 20-30 kV and 5-10 kV, respec-
tively (models S-2500 and S-4100, Hitachi Ltd,
Tokyo, Japan). To check the quality of the obser-
vation, some of the samples were etched with
dilute HF solution for 10 s, and subsequently
washed with H,O. All specimens were coated with
gold in an ion-beam coater. The morphology of
dried gels and mullite particles was also examined
using transmission electron microscopy (TEM)
(model H-800, Hitachi Ltd, Tokyo, Japan) at an
accelerating voltage of 200 kV. Samples were pre-
pared by dispersing as-produced and -calcined
powders in absolute ethanol and setting dropwise
on copper grids that had previously been coated
with a holey thin carbon film.

3 Results and Discussion

3.1 Structural development of gel samples

Since two kinds of aluminium precursor were used
for gel preparation, we think it is worthwhile to
comment that the gel structure and experimental
results for thermal-treated specimens B prepared
from both types of aluminium source and solvent
are very similar. Therefore, it can be assumed that

experimental results of all three compositions pre-
pared in this work are comparable with each other.

IR spectra of dried gels and crystalline samples
are depicted in Figs 1, 2 and 3. In comparison
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Fig. 1. IR absorption spectra of sample A gels after several
heat treatments: (a) dried gel; (b) 750°C/3 h; (¢) 1000°C/3 h;
(d) 1300°C/3 h.
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Fig. 2. IR absorption spectra of sample B gels after several
heat treatments: (a) dried gel; (b) 750°C/3 h; (¢) 1000°C/3 h;
(d) 1300°C/3 h.
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Fig. 3. IR absorption spectra of sample C gels after several
heat treatments: (a) dried gel; (b) 750°C/3 h; (c) 1000°C/3 h;
(d) 1300°C/3 h.

with IR spectra observed in previously reported
binary systems,'®!? the characteristic vibration
modes associated with Si-O bonds were not so
clearly distinguished in samples B and C. On the
other hand, peaks in the 500 to 800 cm™' region
were clearly observed in both samples (although
more intense in sample C), and can be attributed
to Al-O bonds both in tetrahedral and octahedral
coordination. For both samples B and C a band
centred at 875 cm™' was observed over the full
range of temperature, increasing its intensity with
higher temperatures. This band could be associated
with Si-OH and/or AI-OH at low temperature;
however it also may be attributed to Si-O-Al
bond vibrations.'>* The peak at 1020 cm™' was
attributed to Si—O bond stretching vibration modes.
Other authors associate this band with Si-O-Al
bond vibrations because the absorption band of
Si-O bonds at 1100 cm™ for amorphous silica is
shifted to lower energies by introducing Si-O-Al
bonds.'®!? This band shifted to higher energies
with increasing temperature: thus, at 1300°C the
band from 1020 cm™ was centred at 1165 ¢cm™
with a shoulder at 1130 ¢cm™' associated with SiO,
and AlQ, tetrahedra vibration modes, respectively.
It should be noted that in samples treated at tem-
peratures higher than 1300°C all characteristic
bands of mullite were observed (1175, 1120, 905,
845, 750 and 460 cm™)."

In general, there was an apparent difference
between the IR spectra of sample A and those of

samples B and C. As can be seen, bands around
1200, 1100, 750 and 460 cm™' attributed to Si-O
bonds were detected in the former dried gels. In
samples of gel A shifting to higher wavenumber
with the formation of mullite at 1000°C was very
small compared with the deviations detected in
sample B, richer in Al,O;. An increase of band
intensity associated with Si-O-Si bonds was
observed, mainly for the peaks around 440 and
1030 cm™, compared with both bands in sample
B. This fact could be due to an increasing amount
of SiO, which does not form mullite.

Some authors'*!® have reported the chemical
composition of mullite as a function of the
absorbance bands at 1130 and 1165 cm™. When the
chemical composition of mullite is rich in Al,Os,
the 1130 cm™ peak is stronger than the 1170 cm™
peak in intensity. In samples B and C at 1300°C,
the 1165 cm™ peak was stronger than that at 1130
cm™. It was not possible to draw comparisons
between peaks in sample A because bands associated
with the excess silica overlapped with the corre-
sponding bands of mullite. It is noteworthy, how-
ever, that the band at 1130 cm™ in mullite B is
also stronger at 1000°C, i.e. at the first stage in
mullite formation. This fact suggests the initial
formation of an Al,O;-rich mullite and reflects the
change in chemical composition of mullite.

3.2 Thermal analysis

Figure 4 shows DTA curves of samples A, B and
C that had been thermal treated at 750°C for 3 h.
Sharp exothermic peaks were observed at 989 and
975°C in samples A and B, respectively; whereas
two well-defined exothermic peaks were detected
in sample C at ~945 and 983°C. XRD analysis of
the former samples after the exothermic peaks
indicated the presence of mullite as crystalline
phase in both samples, whereas for sample C the
crystalline phases associated with the first and second
exothermic effects were 7-AlL,O; and mullite,
respectively. In general, the first exothermic peak

Exothermic —»

600 700 800 900 1000 1100 1200 1300 1400

Temperature (°C)

Fig. 4. DTA curves of gel-derived glass powders: (a) sample
A; (b) sample B; (c) sample C.
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was shifted to lower temperatures for samples
with higher alumina content. This tendency was in
agreement with previously reported results for sys-
tems richer in alumina than composition A.'>!

3.3 Thermal evolution of crystalline samples

X-ray diffractograms of samples A, B and C fired
at different temperatures are shown in Figs S,
6 and 7, respectively. At 1000°C the sample of

20

Fig. 5. XRD patterns of sample A gels fired at: (a) 750°C/3 h;
(b) 1000°C/15 h; (c) 1200°C/15 h; (d) 1500°C/0.5 h.
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Fig. 6. XRD patterns of sample B gels fired at: (a) 750°C/3 h;
(b) 1000°C/15 h; (c) 1200°C/15; (d) 1400°C/15 h.
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Fig. 7. XRD patterns of sample C gels fired at: (a) 750°C/3 h;
(b) 1000°C/15 h; (¢) 1200°C/15 h; (d) 1400°C/15 h.

gel A showed mullite as the only crystalline phase.
In samples B and C, however, y-ALO, was
also detected at this low temperature. The amount
of y-AlLO; was very small for the stoichiometric
sample B; however, it was the major crystalline
phase for sample C. This fact is in agreement with
results obtained when the preparation of mullite
takes place from a single-phase precursor in
which a high degree of chemical homogeneity is
reached.>!’

In fact, some doubts about whether gels B and
C were single-phase or not could arise. However,
the DTA curves for gels B and C indicated that
the exothermic peaks could be ascribed to mullite
and to y-Al,O, and mullite, respectively. Reports
on mullite formation from diphasic gels have indi-
cated the formation of Al-Si spinel without detecting
an exothermic peak around 1000°C and only
showed a small rounded peak at ~1250°C associ-
ated with the formation of mullite.’®? Thus our
specimens, which showed mullite and spinel as the
crystalline phases at ~1000°C after thermal treat-
ment, could be considered as single-phase gel pre-
cursors. The formation of spinel together with
mullite has been interpreted in terms of favourable
experimental conditions leading to the segregation
of alumina and silica in alkoxide-derived gels. The
prevention of that alumina-silica segregation, as
has been previously reported in the literature, is
especially problematic in dual alkoxide systems
even for the method of preparation used in this
work, in which water was not really added as a
separate reagent but was homogeneously distributed
in the prehydrolysed TEOS solution before adding
the aluminium alkoxide solution.

By increasing the temperature mullite was com-
pletely developed in sample B at temperatures as
high as 1400°C but cristobalite and corundum
were also detected as secondary crystalline phases
in samples A and C, respectively. This result was
in accordance with the phase diagram for compo-
sitions placed on either side of the solid solution
limit for mullite.?! Variation of the lattice parameters
of mullite with increasing temperature for samples
A, B and C is given in Tables 1, 2 and 3. The change
of the parameter a as a function of temperaure,
i.e. lowering a with increasing temperatures, can
be related to changes in the mullite composition in
accordance with Cameron’s resuits.” Thus, mullites
formed at the first stage of crystallization were
richer in Al,O; than those formed as the calcining
temperature was raised. It should be noted that
end mullites produced in composition B (3:2 as
Al,0,/S10, molar ratio) between 1400 and 1500°C
were as rich in Al,O; as composition C (with 9:2
as molar ratio). This fact can be related to the
initial formation of a mullite very rich in SiO,
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Table 1. Lattice parameters for sample A fired at different
temperatures

Temperature a(4d) b(A) c(4)

(°C)
1000 7-577 £ 0:016 7-702 £ 0-017 2-8867 + 0-0023
1200 7-565 £ 0-006 7-692 + 0-004 2-8829 + 0-0009
1300 7-551 £ 0:004 7-688 £ 0-002 2-8851 £ 0-0006
1400 7-542 £ 0-003 7-691 £ 0-002 2-8797 £ 0-0005
1500 7-543 £ 0-003 7-690 £ 0-002 2-8806 + 0-0005
JCPDS 15-776  7-5456 7-6898 2-8842

Table 2. Lattice parameters for sample B fired at different

temperatures
Temperature a(A4d) bi4) c(4)
(°C)
1000 7-584 £ 0-006 7-682 +0-005 2-8802 £ 0-0010
1200 7-554 + 0-007 7-686 £ 0-003 2-83828 + 0-0006
1300 7-553 £ 0-003 7-687 £ 0-002 2-8851 + 0-0005
1400 7-552 £0-003 7-688 +£0-002 2-8852 + 0-0005
1500 7-552 £0-:003 7-690 + 0-002 2-8852 £ 0-0004

Table 3. Lattice parameters for sample C fired at different

temperatures
Temperature a(A) blA) c(A)
(eC)
1000 7-565 £ 0-008 7-690 £ 0-005 2-8845 £ 0-0024
1200 7-554 + 0-006 7-679 + 0-005 2-8849 + 0-0010
1300 7-557 £ 0-003 7-688 + 0-003 2-8875 £ 0-0008
1400 7-553 £ 0-003 7-685 £ 0-002 2-8840 * 0-0004
1500 7-552 £ 0-002 7-687 £ 0-002 2-8843 £ 0-0004

together with the large crystallization of y-Al,O;
in sample C. Further, mullite evolution by solution
of a-Al,O; in the SiO,-rich glassy phase is unfav-
oured kinetically.

Primarily crystallized mullite at 1000°C could be
associated with pseudo-tetragonal mullite because
no splitting of peaks with Miller indices of 120,
240, 041 and 250 was observed. However, the
latter could be the result of poor crystallization of
mullite and consequently low resolution. Increas-
ing the soaking time led to an initial splitting in
the peaks. Likewise, a further increase of calcining
temperatures gave rise to a clear angular separa-
tion of diffraction lines that was more evident at
high temperatures, as displayed in Fig. 8. So it can
be considered that the first crystalline phase at
1000°C was pseudo-tetragonal or near orthorhom-
bic and that the phase transformed into a truly
orthorhombic one upon increasing elther holding
time or heating temperature. :

The attempt to obtain results related to the con-
troversial occurrence of tetragonal or orthorhom-
bic mullite from sample C, which has an initial
composition with x = 0-70, i.e. (in mol%) 81-8
Al O;, has not been successful. Thus, XRD analysis
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Fig. 8. 120/2 10 reflection pair for powders fired at different

temperatures (from 1000 to 1500°C in 100°C intervals)
recorded at low goniometer speed: (a) sample A; (b) sample B.

275

is of crystalline Al,O,-richer mullite obtained by
calcining a gel-like glass sample at 1000°C/3 h
indicated the formation of orthorhombic mullite
with a < b, like mullites from samples A and B.
However, it was remarkable that sample C was
very poorly crystallized at 1000°C even though
peaks of mullite were clearly identified. Except at
1000°C, in the overall range of temperature the
composition of mullite C was similar to that of
mullite B, and is considered to be due to the crystal-
lization of y-AlL,O; at the first step along with
poor chemical homogeneity of the precursor gel so
that, as consequence, reactivity in the system is
very slow. This finding for sample C did not allow
us to check the recent results of Schneider et al.,’
which appeared to suggest that mullites very rich in
Al,O, were actually orthorhombic instead of tetra-
gonal, as first suggested by Cameron.’ The former
authors have identified mullites with ¢ > b, which
supposedly must correspond to compositions higher
in Al,O; than that corresponding to 79 mol%
Al O;. However, this Al,O;-rich mullite phase was
thermally unstable and above ~1050°C, the lattice
parameters gradually shifted back to those of con-
ventional mullite.®
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3.4 SEM and TEM observations

Figures 9 and 10 display scanning electron micro-
graphs of dried and fired gels of samples A, B and
C. As can be distinguished from Fig. 9, large
agglomerates with a flat outer surface were present;
their fracture surfaces revealed that the agglomer-
ates were made up of small particles. The size of
the mullite particles obtained upon heating the
amorphous gel particles seemed to be independent
of temperature for specimen B, see Fig. 10(b).
Also, note that directional growth displayed in
particles of specimen C, Fig. 10(c), could be due
to the presence of liquid phase. For samples A
and C a second phase was observed, characterized
by XRD as cristobalite and corundum, respec-
tively.

TEM images of samples A and B are also pre-
sented in Figs 11 and 12. Some evidence for the
presence of very small particles with size <10 nm
is found for the dried gel in Fig. 11. This picture
was obtained by deviation from the exact focus
condition, and allowed the observation of a fine
microstructure that differed somewhat from the
irregularly mottled appearance generally associ-
ated with fully dense amorphous materials.?
Examination of sample B at 1500°C showed small,
relatively equiaxed particles as displayed in Fig.
12. The particle size of mullite in sample A at
1500°C was the same as that in sample B.

4 Conclusions

Monophasic gels with Al/Si atomic ratios of 2: 3,
3:1 and 9:1 were prepared to examine the effect
of nominal composition on either mullite forma-
tion pathway or microstructural evolution of mullite.
Formation of an Si-O-Al network was detected
by IR spectroscopy for compositions B and C,
while the network present in sample A was built

Fig. 9. SEM micrograph of sample B dried gels (120°C/24 h);
bar = 5 um,

(b)

Fig. 10. SEM micrographs of powders fired at 1500°C:
(a) sample A; (b) sample B; (c) sample C; bar = 1 um.

up of Si-O bonds. Al,Os-rich mullite was first
observed at 1000°C for the three compositions.
Full development of mullite took place at 1400°C.
On heating the samples, changes in the composi-
tion of initial mullites to SiO,-richer mullite were
detected in agreement with the phase diagram.
Differences in the compositions of the mullites
developed (obtained from lattice parameters) were
as expected, except for the case of mullite C which
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Fig. 11. TEM micrograph of sample B dried gels; bar
= 50 nm.

Fig. 12. TEM micrographs of powders fired at 1500°C: (a)
sample A; (b) sample B; bar = 50 nm.

seemed to be poorer in AlL,O; than mullite B.
Microstructural study by SEM indicated that in
samples B and C the particle size at higher tem-
peratures is almost constant. However, specimen
C displayed a directional growth which was due to
presence of liquid phase.

Acknowledgement

Financial support for the present work was pro-
vided by CICYT (Project MAT92-0423).

References

10.

11.

12.

13.

14.

15.
16.

. Aksay, I. A,, Dabbs, D. M. & Sarikaya, M., Mullite for

structural, electronic and optical applications. J. Am.
Ceram. Soc., T4[10] (1991) 2343-58.

. Li, D. X. & Thomson, W. J., Mullite formation kinetics

of a single-phase gel. J. Am. Ceram. Soc., 73[4] (1990)
964-9.

. Sundaresan, S. & Aksay, 1. A., Mullitization of diphasic

aluminosilicate gels. J. Am. Ceram. Soc., 74[10] (1992)
2388-92,

. Angel, R. A. & Prewitt, C. T., Crystal structure of

mullite: a re-examination of the average structure. Am.
Mineral., T1[11/12] (1986) 1476-82.

. Cameron, W. E., Mullite: a substituted alumina. Am.

Mineral., 62[7/8] (1977) 747-55.

. Schneider, H., Fischer, R. X. & Voll, D., Mullite with

lattice constants a > b. J. Am. Ceram. Soc., 76[7] (1993)
1879-81.

. Li, D. X. & Thomson, W. J., Mullite formation from

nonstoichiometric diphasic precursors. J. Am. Ceram.
Soc., 74,[10] (1991) 2382-7.

. Hoffman, D. W, Roy, R. & Komarneni, S., Diphasic

xerogels, a new class of materials: phases in the system
ALO4-Si0,, J. Am. Ceram. Soc., 67[7] (1984) 468-71.

. Monrés, G., Carda, J.,, Tena, M. A., Escribano, P., Sales, M.

& Alarcén, J., Synthesis and characterization of
V,05-Si0,-ZrOQ, pigments by sol-gel method, J. Non-
Cryst. Solids, 147 & 148 (1992) 588-93.

Hirata, Y., Sakeda, K., Matsushita, Y., Shimada, K. &
Ishihara, Y., Characterization and sintering behavior of
alkoxide-derived aluminosilicate powders. J. Am. Ceram.
Soc., 72[6] (1989) 995-1002.

Percival, H. J., Duncan, J. F. & Foster, P. K., Interpreta-
tion of the kaolinite-mullite reaction sequence from in-
frared absorption spectra. J. Am. Ceram. Soc., 57[2]
(1974) 57-61.

Okada, K. & Otsuka, N., Characterization of the spinel
nhase from Si0,~Al,O; xerogels and the formation
process of mullite. J. Am. Ceram. Soc., 69[9] (1986)
652-6.

Nogami, M., Ogawa, S. & Nagasaka, K., Preparation of
cordierite glass by the sol-gel process. J. Mater. Sci.,
24{12] (1989) 4339-42.

Pancrazi, F., Phalippou, J., Sorrentino, F. & Zarzycki, J.,
Preparation of gels in the CaO-Al,0,-Si0, system from
metal alkoxides. J. Non-Cryst. Solids, 63 (1984) 81-93.
Cameron, W. E., Composition and cell dimensions of
mullite. Am. Ceram. Soc. Bull., 56[11] (1977) 1003-11.
Hori, S. & Kurita, R., Characterization and sintering of
AlL,0;-8i0, powders formed by the chemical vapor depo-
sition method. In Proceedings of the Ist International
Workshop on Mullite, Tokyo, Japan, 1987, ed. R. F. Davis,
J. A. Pask & S. Somiya. American Ceramic Society,
Westerville, OH, 1990, pp. 311-22.



17.

18.

19.

Synthesis and phase transformations of mullites from SiOAl,O; gels

Okada, K., Hoshi, Y. & Otsuka, N., Formation reaction
of mullite from SiO,~Al,O; xerogels. J. Mater. Sci. Lett.,
5[12] (1986) 1316-18.

Pask, J. A. & Tomsia, A. P., Formation of mullite from
sol-gel mixtures and kaolinite. J. Am. Ceram. Soc., 74[10]
(1991) 2367-73.

Pask, J. A., Zhang, A. W, Tomsia, A. P. & Yoldas, B. E.,
Effect of sol-gel mixing on mullite microstructure and
phase equilibria in the a-Al,O;-SiO, system. J. Am.
Ceram. Soc., T0[10] (1987) 704-7. '

20.

21.

22.

789

Huling, J. C. & Messing, G. L., Epitactic nucleation of
spinel in aluminosilicate gels and its effect on mullite
crystallization. J. Am. Ceram. Soc., 74{10] (1991) 2374-81.
Aksay, 1. A. & Pask, J. A., Stable and metastable equil-
ibria in the system SiO,-AlL,O;. J. Am. Ceram. Soc.,
58[11-12] (1975) 507-12.

Hietala, S. L., Smith, D. M., Brinker, C. J., Hurd, A. H,,
Carim, A. H. & Dando, N., Structural studies of
anomalous behavior in the silica-alumina gel system.
J. Am. Ceram. Soc., 73[10] (1990) 2815-25.



