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X-ray diffraction, differential thermal analysis, and 29Si and 27AI MAS NMR spectroscopy were 
used to characterize the formation of mullite from non-crystalline precursors. The precursors 
were produced by the sol-gel route from organic starting compounds (SGM), and by co- 
precipitation of inorganic starting materials (CM). There is NMR evidence that both types of 
mullite precursor consist of Si-O and AI-O tetrahedra, and of AI-O octahedra. Furthermore, 
fivefold-coordinated AI-O polyhedra, or alternatively strongly distorted AI-O tetrahedra, do 
occur in the precursors. SGM and CM precursors transform to mullite in multi-step reactions 
with intermediate formation of ~f-AI2O 3, and a non-crystalline nearly pure Si02 phase. The 
7-AI203 compound has a highly distorted spinel structure, and may contain some minor 
amount of Si. The diffusion-controlled decomposition of the precursors to y-A[203 4- SiO 2 at 
low temperature (~< 1000 ~ that the precursors are diphasic, consisting of 
nanometre-sized, long-range-disordered AI203- and Si02-rich domains. The reaction of 
~-AI2O 3 4- SiO 2 above about 1000 ~ initially produces AI203-rich mullite. This is explained by 
a possible nucleation of mullite on the surfaces of 7-AI203 crystallites. The gradual 
transformation of the unstable, low-temperature (~>1000t0 ~<1400~ AI203-rich mullitesto 
the stable high-temperature (/> 1400 ~ 3/2-type mullites (3AI203 �9 2Si02) is essentially 
controlled by the annealing temperatures, whereas annealing times play a minor role. 

1. Introduction 
Mullite ceramics are resistant against chemical attack, 
especially under oxidizing conditions. Furthermore, 
mullite matrix materials have low thermal expansion 
coefficients and are characterized by very low thermal 
conductivity and excellent creep resistance (see articles 
in Somiya et al. [1]). The outstanding thermal proper- 
ties of mullite and mullite-matrix composites probably 
explain the extensive current interest in mullite ceram- 
ics, despite the relatively low mechanical strength of 
the materials at room temperature. 

Excellent methods of producing high-performance 
mullite are the sol-gel and co-precipitation techniques 
which use A1- and Si-containing solutions as starting 
materials. The methods have the advantage that the 
starting solutions can be homogeneously admixed on 
a nearly molecular scale. Furthermore, mullite crystal- 
lization and sintering temperatures are lowered 
significantly with respect to processes occurring in 
A120 3 SiO 2 powder mixtures. Although sol-gel and 
co-precipitation produced powders allow the produc- 
tion of very homogeneous, dense, and glass-free 
mullite ceramics, the techniques, however, have their 
drawbacks. The microstructures.and associated mech- 
anical properties of these ceramics are highly depend- 
ent on minor changes in reaction conditions. Hydroly- 

tic decomposition of the starting compounds, heating 
velocities and reaction atmospheres seem to play a 
major role. These variables in turn strongly control 
the microstructural development of the ceramic. A 
detailed knowledge of the structural long- and short- 
range-order of the non-crystalline precursors, and in- 
formation on the mechanisms and kinetics of mullite 
crystallization, therefore, are of extreme importance. 
This knowledge could help to control the mullite 
formation process, and using this knowledge one 
could possibly improve the materials' properties. 

2. Experimental procedure  
The chemical composition of reference samples SGM 
and CM, which were annealed at 1650 ~ for 15 h, was 
determined with a computer-controlled sequential 
X-ray fluorescence spectrometer (XFA, Rigaku). 

The powder X-ray diffraction (XRD) studies were 
carried out at room temperature with a computer- 
controlled Siemens D500 powder diffractometer 
(CuK~ radiation). The diffractograms were recorded in 
the 5 to 70 ~ 20 -range in the step-scan mode (5 s/0.01 ~ 
20). Lattice constants and cell volumes were refined 
with a least-squares procedure using 25 strong and 
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medium reflections, with silicon (a = 0.543088(4) nm) 
as an internal standard. 

Differential thermal analyses (DTA) and thermo- 
gravimetric (TG) measurements were performed with 
a computer-controlled Netzsch STA 409 apparatus 
(sensitivity for DTA: 50 gV, TG: 50 mg). About 70 mg 
of the samples and of the reference material (fired 
kaolinite), respectively, were heated up in Pt crucibles, 
with a constant heating rate of t0 K rain- 2. All DTA 
and TG runs were carried out in an air atmosphere. 

All 2VA1 and 298i  magic-angle spinning nuclear 
magnetic resonance (MASNMR) spectra were ob- 
tained on a Bruker MSL 300NMR spectrometer, 
using 4 and 7 mm double-bearing probes, respectively. 
Spinning rates were 4 kHz (z9Si) and 8 12 kHz (27A1). 
29Si chemical shifts are given with respect to external 
TMS using QsM8 [2-1 as a secondary solid reference. 
27A1 chemical shifts are given with respect to an 
external aqueous A1C13 solution; the 27A1 shifts are 
not corrected for secondary quadrupolar effects. 
Operating conditions were as follows: 

298i:  2 gs (36 ~ pulses, 30 s relaxation delay, 

650-2100 transients accumulated. 

27A1:1 las (TC(rt)/6) pulses, 1 s relaxation delay, 

500 2000 transients accumulated. 

These conditions were checked and found to be satis- 
factory with respect to preventing saturation and non- 
selective excitation. The spectra were processed 
without exponential line broadening or resolution 
enhancement. 

3. Sample preparation 
3.1. Sample materials 
For sol gel materials (SGM), tetraethyl orthosilicate 
(TEOS) Si(OC2H5)4 and aluminium butylate 
AI(OCH(CH3)C2Hs)3 (both from Merck) were used 
for the mullite syntheses. Both compounds were ad- 
mixed at room temperature in proportions corres- 
ponding to 72 wt % A120 3 (60 mol % A1203) and 28 
wt % SiO2 (40 mol % SiO2). Other compositions con- 

taining A120 3 or SiOz in excess were also prepared. 
However, these mixtures were unfavourable in produ- 
cing final mullites of poor crystallinity or because 
Al/O3 was present as an additional crystalline phase. 
Prior to the homogenization of the starting liquids 
some isopropanol (C3HsOH) was added. The drop- 
by-drop addition of water produced a homogeneous, 
white gel. This gel was heat-treated in order to evapor- 
ate the excess water, and was then dried at 110 ~ 

For co-precipitated materials (CM) the starting ma- 
terial, Which was provided by Hills Co. (Marl, FRG), 
was synthesized by co-precipitation of sodium alumi- 
nate and silica sol at pH = 7, with H 2 8 0 4 ,  at about 
50~ The starting materials were admixed in propor- 
tions corresponding to 72 wt % AlzO 3 (60 mol % 
AlzO3) and 28 wt % A120 3 (40 mol % A1203) as in the 
case of the sol-gel materials. 

3.2. Anneal ing experiments 
SGM and CM samples were annealed at temperatures 
between 600 and 1650~ in a laboratory chamber 
furnace in air atmosphere. Details of the annealing 
procedure are given in Table I. 

4. R e s u l t s  
4.1. X-ray diffractometry 
Samples SGM and CM 600 to 800 (Table I) are X-ray 
amorphous. Sol-gel samples SGM 900 to 1100 and 
co-precipitated samples CM 900 to 1100 both contain 
7-A120 3 and mullite, though ~(-AlzO 3 is predominant 
in the SGM materials, while mullite isthe major phase 
in CM samples. Samples SGM 1100 and CM 1100 
both contain some small amount of cristobalite. SGM 
and CM samples heat-treated at 1400 and 1650~ 
respectively, are single-phase mullite, y-A120 3 and 
mullite produced at low temperature display broad- 
ened X-ray reflections of low intensity, which are 
indicative of intensive structural disorder and of 
Small-diameter crystallites. 

The lattice constants of low-temperature mullites 
SGM and CM 1000 correspond to those of At203-rich 

T A B L E  I Annealing experiments carried out on sol-gel (SGM) and co-precipitated (CM) materials 

Annealing Sol-gel materials 
temperature 
(~ Sample key Durat ion of Methods of 

annealing characterization 
(h) 

Co-precipitated materials 

Sample key Durat ion of 
annealing 
(h) 

Methods of 
characterization 

600 SGM 600 15 XRD, N M R  
700 SGM. 700 15 XRD, N M R  
800 SGM 800 15 XRD; N M R  
900 SGM 900 15 XRD, N M R  
1000 SGM 1000 15 XRD, N M R  
1050 - - 
1100 SGM 1100 15 XRD, N M R  
1150 - - 
1250 - - - 
1400 S GM  1400 15 XRD, N M R  
1650 SGM 1650 15 XRD, N M R  

CM 600 15 
CM 700 15 
CM 800 15 
CM 900 15 
CM 1000 15 
CM 1050 120 
CM 1100 15 
CM 1150 120 
CM 1250 120 
CM 1400 15 
CM 1650 15 

XRD, N M R  
XRD, N M R  
XRD, N M R  
XRD, N M R  
XRD, N M R  
XRD 
XRD, N M R  
XRD 
XRD 
XRD, N M R  
XRD, N M R  

XRD: X-ray diffraction, NMR:  29Si MAS N M R  and 27A1 MAS NMR.  
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Figure 1 Lattice constants a and b of mullites produced from SGM and CM precursors (Table I). Annealing experiments were performed at 
1000, 1050, 1100, 1150, 1250, 1400; and 1650 ~ SGM mullite annealed for 15 h: ( 0 )  a, (O) b. CM mullite annealed for 15 h: (A) a, (2~) b. CM 
mullite annealed for 120 h: (I~) a, (~ )  b. The c lattice constants (not shown here) slightly increase from about 0.2880 nm at low temperature 
(samples SGM 1000 and CM 1000) to about 0.2884 nm at high temperature(samples SGM 1650 and CM 1650, Table I). Lattice constants a 
and b characterized by arrows refer to those of 3A1203-2SIO 2 mullite (3/2) and of 2A120 s S i O  z mullite (2/1), as indicated. 

mullites. Lattice constants a decrease with increasing 
annealing temperature, while the b constants slightly so 
increase, and c does not change significantly (Fig. 1). 
The lattice constants of SGM and CM mullites 1400 4o 
and 1650 are very close to those of stoichiometric 3/2- 
mullite (3A1203.2SIO2). Lattice constants of CM ~30 
mullites obtained by extended annealing experiments 
(Tabled  fit well into the temperature-dependent ~z0 
curves of the short time runs. The formation of A1203- 
rich mullites from sol-gel precursors at relatively low 10 
temperature and their gradual temperature-dependent 
transformation to stable 3/2-mullite is stressed by 
other publications [3-6]. (a) 

////~i ~ 988~ 

\ / i  
- , 2  ' / 

v22r ] ~ ~2s3 ~ c 

2 4 6 8 
Time (103s) 

4.2.  Differential the rmal  ana lys i s  
Heating DTA curves of the SGM sol gel materials 
display broad endothermic peaks near 135 and 229 ~ 
a sharp exotherm of high intensity at 988 ~ and an 
additional weak exotherm signal near 1253 ~ The 
DTA pattern of the co-precipitated CM material is 
similar to that of the SGM sample with endotherms 
near 135 and 219 ~ and a major exotherm at about 
988 ~ However, the 988 ~ signal of the CM material 
is much broader and of lower intensity than that in the 
SGM spectrum. The 988 ~ peak furthermore displays 
a shoulder at about 970 ~ which is associated with a 
weight loss. The CM DTA spectrum shows no exo- 
therm at 1250~ (Fig. 2a and b). The high-temper- 
ature branch of the DTA curve of SGM material is 
remarkably similar to those reported for xerogels I-7] 

� 8 4  
V I  988o0 

,~176 
2 4 6 8 

(b) Time (I0 3 s) 

Figure 2 ( DTA and ( 0 )  TG curves of (a) sol gel (SGM) and 
(b) co-precipitated (CM) starting materials. 
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and for the high-temperature products of the 
metakaolinite-mullite reaction sequence [8, 9]. In the 
metakaolinite mullite DTA an exotherm was de- 
scribed near 960 ~ which was attributed to mullite 
and 7-A120 3 formation and to liberation of a non- 
crystalline SiO2-rich phase. The 1250~ signal was 
assigned to the reaction of 7-A120 3 with amorphous 
SiO  2 to form mullite. The similarity of DTA patterns 
is less significant for co-precipitated CM samples since 
the 1250 ~ signal is absent. This may be explained by 

the low ~/-AlaO 3 content in this sample, which does 
not give rise to a significant 1250 ~ reaction process. 

4.3. N M R s p e c t r o s c o p y  
4.3.1. 2gSi M A S  N M R  
T h e  29Si MAS N MR spectra of precursors SGM 600 
to SGM 800, and CM 600 to CM 700 (Fig. 3a and b), 
contain peak maxima near - -92  and - 9 5  p.p.m., 

j 
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0 -50 -100 p.p.m. {o1 
I . . . .  I , , t  t J , J J J I , ,  , , I 
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6oo'c 

700~ ~ 'L  

800~ ~ .  

900~ / ~  

I L l  J ,  I , ,  , ,  I ,  , ~  L l a  , i n I , ~ L , I  , ,  , a J  

0 -50 -100 p.p.m. (b) 

1100"[ 

lz, O0~ 

1650 *C 1 

I , , , , I , , , , I , , , ~ 1 , , , , I , , , , I ,  , , , I  

0 -50 -100 p.p.m. 

Figure 3 298i MAS NMR spectra of mullite precursor materials heat-treated at different temperatures (Table I); (a) sol-gel material (SGM) (b) 
co-precipitated material (CM). Details and experimental conditions are given in the text. 
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respectively. According to the correlation of Engel- 
hardt and Michel [2] this indicates the occurrence of 
Q3 [Si(OSi)30- ] units, or a silicon environment in 
th e Si(4A1)/Si(3A1) region. If the latter assignment is 
correct, CM precursor phases contain tess A1 as next- 
nearest neighbours than SGM precursors. 

We do not believe that the Si sites in the precursors 
correspond to those in sillimanite (A1203.SIO2) 
(resonance at - 87 p.p.m.) as was suggested for roller- 
quenched glasses of the A1203-SiO 2 sequence (reson- 
ance at - 90 p.p.m., [10]). 

At the low annealing temperatures both samples, 
SGM and CM, display broad chemical shift distribu- 
tions, which should be explained by a large variety of 
overlapping signals, due to the occurrence of geome- 
trically slightly different structural SiO 4 units. How- 
ever, while SGM 600 to SGM 800 precursors produce 
fairly symmetrical z9S] resonances, those of the corres- 
ponding CM 600 to CM 800 precursors have an 
asymmetrical shape with a shoulder towards lower 
frequencies (more negative chemical shifts). The 
shapes of the CM resonances are interpreted as being 
due to the overlapping of a broad resonance 
similar to that of SGM precursors near - 95 p.p.m., 
and another broad resonance of lower intensity 
near - l l 0 p . p . m .  We believe that the obser- 
vation is indicative for a separation into SiO z- 
poorer (~  - 90 p.p.m.) and SiO2-richer domains (~  
- 110 p.p.m.) in CM precursors CM 600 to CM 800, 

while only "SiO2-poor" domains ( ~ - 90 p.p.m.) seem 
to occur in precursors SGM 600 to SGM 800. Sys- 
tematic studies are being carried out in order to 
explain these phenomena. 

Above 800~ the split of the 298i resonance into 
resonances near - 90 and - 110 p.p.m, appears in 
both materials. Thereby the maximum of the forma- 
tion of the SiO2-rich phase of CM samples occurs at 
lower temperatures than that of SGM samples (Fig. 3a 
and b). This may be explained by the presence of SiO 2- 
rich domains in the low-temperature CM precursors 
but not in corresponding SGM samples. At temper- 
atures above 1100 ~ the SiO2-rich phase disappears, 
probably due to a reaction with AlzO3-rich mullite to 
form stoichiometric mullite (see Section 4.1). 

The 29Si spectra of samples SGM 900 to SGM 1100 
and CM 1000 to CM 1100 display shoulders of low 
intensity near - 80 p.p.m. This could indicate that the 
y-A120 3 formed out of the precursors is not really 
pure A120 3 but contains some Si [11, 12]. However, 
because of the high amount of the SiOz-rich phase 
coexisting with 7-A120 a we believe that 7-A1203 in- 
corporates only minor amounts of Si, and therefore 
does not have the composition suggested by Chakra- 
vorty and Ghosh [13]. 

Above >~ 1400~ SGM and CM samples become 
essentially indistinguishable by means of 29Si MAS 
NMR: they display sharp peaks n e a r - 8 7  and 
- 9 4  p.p.m., and shoulders n e a r -  90 p.p.m, which 

are typical for mullite [14]. 

4.3.2. 27AI MAS NMR 
The 27A1 MAS NMR spectra (Fig. 4a and b) of sam- 

pies SGM 600 to SGM 800 and CM 600 to CM 900 
display broad resonances around 2 p.p.m., 30 p.p.m., 
and in the 58-66 p.p.m, region. The latter resonances 
can clearly be assigned to tetrahedrally coordinated 
A1, while the low-frequency resonances at ~ 2 p.p.m. 
arise from A1 in octahedral coordination. Resor)ances 
near 30 p.p.m, have previously been assigned tO five- 
fold-coordinated A1 [2, 10, 14, 15]. However, the term 
"fivefold-coordinated AI" may have to be used with 
caution, as it is very much a matter of opinion under 
what circumstances one should speak of fivefold co- 
ordination. Perhaps it would be wiser to use the less 
precise but more descriptive term "strongly distorted 
tetrahedral A1 sites with excess oxygen neighbours". 
Qualitatively the 27A1 MAS spectra for this temper- 
ature regime support the findings from the respective 
29Si MAS spectra: clearly we deal with samples which 
are amorphous on an NMR scale, i.e. both short- and 
long-range orders are poor. 

Above 800 to 900 ~ the 30 p.p.m, resonances de- 
crease strongly in intensity, and are no longer found at 
1000 ~ Simultaneously the octahedral A1 resonances 
of SGM samples shift towards ~ 8 p.p.m., while the 
tetrahedral AI resonances move to ~ 70 p.p.m. The 
great similarity of these spectra with those of kaolinite 
heat-treated at 1000 ~ suggests that their appearance 
is essentially due to the presence of a 7-A1203 phase 
[15]. Corresponding CM samples display 27A1 MAS 
NMR spectra similar to that of mullite, though signals 
are broadened and have no fine structure. 

Above 1100~ both CM and SGM samples show 
what might be called typical mullite 27A1 spectra 
(resonances at 62, 45 and - 5 p.p.m.). The patterns of 
these ZTA1 spectra as a function of temperature above 
1000 ~ indicate that stoichiometric mullite formation 
is a gradual process (see also [14]). It should be noted 
that, just as for the  respective 29Si MAS spectra, CM 
and SGM samples become indistinguishable by means 
of NMR at temperatures above 1400 ~ 

Comparing the temperature-dependent changes in 
the 29Si MAS spectra of CM and SGM samples with 
changes observed in their respective 27A1 MAS spec- 
tra, small but possibly significant differences are 
found: in the 29Si MAS spectra the onset of "crystal- 
lization" for the CM material is observed at somewhat 
lower temperatures than for the SGM material 
(~< 800~ versus /> 800 ~ In the 27A1 MAS spectra, 
however, the reverse situation is found. At 900 ~ the 
CM material still displays the broad "amorphous" 
resonances, while for the SGM material these reson- 
ances have already collapsed into the intermediate 
reaction-type resonances. However, far-reaching in- 
terpretation will certainly need further independent 
experimental proof, since at this point genuine prob- 
lems with the high-resolution solid-state NMR pro- 
perties of quadrupolar nuclei in amorphous materials 
come into play: though careful 27A1 NMR data are 
acquired, we have little or no control over whether we 
measure spectra which can be considered truly repres- 
entative for the bulk of the sample. The situation is 
different for spin-l/2 nuclei like 29Si, where carefully 
chosen and checked operating conditions lead to reli- 
able and directly interpretable spectra. 
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Figure 4 27A1 MAS NMR spectra of mullite precursor materials heat-treated at different temperatures (Table I): (a) sol-gel material (SGM), 
(b) co-precipitated material (CM). Details and experimental conditions are given in the text. 

There is no way out of this "quadrupolar dilemma" 
using conventional MAS NMR techniques [16], espe- 
cially not in a case such as we have here, where it 
seems impossible to add some crystalline 27A1- 

containing material as a quantitation aid - all possible 
ZTA1 resonance positions are used up by the sample 
itself. This also puts the following observation in 
perspective: at first glance the ZVA1 MAS spectra 
appear more dramatically different for SGM and CM 
materials than the respective 298i MAS spectra. But - 
as we can see from the 29Si MAS spectra-we cannot 
expect the same degree and type of"non-crystallinity" 
or "disorder" for these two bulk-.chemically equivalent 
types of precursor materials. Therefore, we have no 
guarantee that the ZTA1 MAS spectra of the SGM and 
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CM materials, which suffer from the same distortions, 
will show (or rather: not show) the same invisible A1. 
Especially at our moderate magnetic field strength of 
7 T it is most likely that, in the 27A1 spectra, sites with 
minor distortions will be emphasized at the expense of 
more distorted ZTA1 sites. 

With respect to the 27A1 MAS NMR spectra we feel 
very strongly that the interpretation must be strictly 
qualitative and certainly not beyond what has been 
described in the above paragraph. To us, the only 
acceptable strategy will have to rely heavily on the 
more favourable (i.e. more controllable) properties of 
the spin-l/2 nuclei, even if data acquisition for these 
nuclei is far more time-consuming. 27A1 MAS NMR 
data for such amorphous materials should be used 



merely as experimental support. Any further inter- 
pretation of conventional 27A1 data must be accom- 
panied by strong independent experimental support 
from other spectroscopic or diffraction techniques. 
The only other potential escape from the "quadrupo- 
lar problem" in amorphous materials could be offered 
by unrealistically high magnetic field strengths of 
several hundred Tesla, or more realistically - will 
eventually emerge from more sophisticated experi- 
mental NMR techniques, e.g. double-angle rotation 
experiments [17-20]. 

5. Discussion 
Sol-gel and co-precipitation derived precursors in the 
system A1203-SiO a are highly metastable systems 
which can be either single-phase or alternatively di- 
phasic, depending on the degree of A1203 and SiO z 
mixing. The crystalfization temperatures of the pre- 
cursors are controlled by the chemical composition of 
the material, by the short- and long-range order of the 
phases ("structure"), and by the size and shape of 
particles. 

NMR spectroscopic data imply that SGM and CM 
precursors consist of fourfold-coordinated Si-O tetra- 
hedra, fourfold-coordinated AI-O tetrahedra, and six- 
fold-coordinated AI-O octahedra. The NMR signal, 
which has been assigned as being due to fivefold- 
coordinated A1-O polyhedra [10] should better be 
attributed to strongly distorted AI-O tetrahedra with 
close next O neighbours. The broad NMR resonances 
and the lack of X-ray reflections indicate a variety of 
highly distorted, very small O-Si-O-A1-O- or SiO 2- 
and AlzO3-rich units in both precursors. There is 
evidence that the Si site distribution in the SGM 
precursors is fairly homogeneous, while CM precur- 
sors may contain two types of SiO2-rich units, one 
being slightly richer in SiO 2 than the other. The 
separation of the SiO2-rich units into two groups of 
different chemical composition becomes more signific- 
ant with increasing temperature. 

Both precursors, SGM and CM, transform to mul- 
lite in a multi-step reaction with intermediate forma- 
tion of a ~'-A1203-type compound having a highly 
distorted spinel structure, and of a non-crystalline 
phase consisting of nearly-pure SiO 2. The diffusion- 
controlled formation of y-A1203 plus SiO/ from an 
ideally homogeneous single-phase precursor requires 
a phase separation which would be difficult to justify 
at the low temperature under consideration (800 to 
900 ~ Thus our findings support the idea that the 
precursors are at least partially diphasic with nano- 
metre-sized though highly long-range-disordered 
A120 3- and SiO2-rich domains. Larger-sized A120 3- 
rich domains may occur more,in SGM than in CM 
precursors. This is suggested by the 27A1 NMR spectra 
of SGM material heat-treated at 800 ~ which show 
the long-range-disordered A120 3 domains to be trans- 
formed to 7-A1203, while corresponding 27A1 spectra 
of CM still display the characteristic triplet of a 
starting precursor. 

If this interpretation is correct, then on the other 
hand the lower CM mullite formation temperatures 

may be due to more homogeneously distributed and 
smaller sized AI/O 3- and SiO2-rich domains with 
associated shorter diffusion pathways in the CM pre- 
cursors as compared with SGM material. DTA and 
TG analyses and MASNMR spectroscopy do not 
support the arguments of Pask et al. [21] that 
A10(OH) particles embedded in SiO2-rich gels exist in 
the precursors: in A10(OH), A1 is only sixfold-co- 
ordinated while the SGM and CM precursors contain 
fourfold, (fivefold), and sixfold-coordinated polyhedra. 
Furthermore, A10(OH) should display a dehydration 
peak in the DTA patterns, which has not been ob- 
served. 

The transformation of SGM and CM precursors to 
mullite is basically very similar to the metakaolinite- 
mullite reaction, and comparable transformation 
mechanisms may be considered in both cases. Meta- 
kaolinite decomposes near 950~ to a 7-A1203-type 
structure and free silica, plus some minor amount of 
mullite. Two transformation mechanisms have been 
envisaged: Brindley and Nakahira [8, 22] and 
Chakravorty and co-workers [23-25] proposed that 
metakaolinite decomposes upon heating to an 
aluminium silica spinel with the composition 
Sis[Allo.6v[]s.33]O32 (where [] is the vacancy) and 
some excess SiO 2. A second possibility most thor- 
oughly discussed on the basis of electron density 
distribution measurements, X-ray spectroscopy and 
infrared analyses [26-28] suggested the formation of 
pure y-AI20 3 (AIs[Al13.33U72.6603z]) plus excess 
SiO 2. Our MAS NMR studies, which yielded 298i 
spectra having shoulders near - 80 p.p.m., imply that 
the y-AI20 3 produced by thermal decomposition of 
SGM and CM precursors is not pure A120 3 but rather 
contains some Si. However, because of the high 
amount of SiOz-rich phase coexisting with 7-A1203, 
the amount of Si in 7-A120 3 is certainly much smaller 
than that postulated by Chakravorty and Ghosh [13]. 

Since mullite crystallization from y-A1203 and SiO2 
requires redistribution of A1, Si and O, the trans- 
formation rate is most certainly diffusion-controlled. 
The process should be enhanced by the defect struc- 
ture of 7-A120 3. On the other hand, mullitization 
should be favoured if a topotactical transformation 
with preservation of structural units is taken into 
consideration. Actually such a mechanism with the 
[00 1] direction of 7-A1203 lying parallel to the 
(1 1 0> direction of mullite and partial preservation of 
the aluminium-oxygen octahedra chains has been 
discussed in the literature [29-32]. The idea of a 
partial preservation of the aluminium-oxygen octahe- 
dra chains during the 7-A120 3 + SiO2 to mullite reac- 
tion seems to be reasonable, since it agrees with the 
suggestion that these structural units are the most 
stable elements of the aluminium silicates andalusite, 
sillimanite and mullite [32-34]. 

The observation that the initially formed low- 
temperature mullites are A12Oa-rich may be explained 
by their crystallization on 7-A120 3 surfaces [21], 
while the transformation mechanism discussed by Wei 
and Holloran [353 is obviously not correct. Due to the 
high A120 3 content the "orthorhombic character" of 
the low-temperature mullites is low, and extrapolation 
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of a and b lattice constants to lower temperatures 
yields (pseudo-)tetragonal mullite at about 875 ~ for 
mullite SGM and about 750 ~ for mullite CM (see 
Fig. 1 and Reference 36). Lattice parameter measure- 
ments and 27A1 and 29Si MAS NMR data show that 
the temperature-induced reaction of unstable, low- 
temperature AlzO3-rich mullite with the coexisting 
SiO2-rich phase to stable 3/2-type mullite 
(3A1203 �9 2SIO2) is a gradual process with no measur- 
able enthalpy effect. There is no information on 
whether the transformation of"AlzO3-rich" mullite to 
the stable 3/2-type mullite does proceed through a 
nanometre-scale mixed-layer state of AlzO3-rich and 
AlzO3-poor mullite units, or if mixed crystals are 
formed. High-resolution TEM studies, which could 
provide more details, are extremely difficult to carry 
out due to problems related to sample preparation. In 
any case, similar lattice constants of short-time (15 h) 
and long-time (120h) annealing experiments show 
that the kinetics of the AlaO3-rich to 3/2-type mullite 
transformation process is essentially controlled by the 
annealing temperature, whereas the annealing time 
plays only a minor role. 
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