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Mullite Precursor Phases 
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Abstract 

Admixtures of  tetraethoxysilane (TEOS) and alu- 
minium sec.-butylate (AlOBu) with stoichiometric 
3A1203 . 2SiO 2 mullite composition were used for the 
syntheses. Depending on the amount of H20, the 
veloci O, of  the hydrolysis process and the pH of  the 
solvent, three different types of  temperature-induced 
mullite.[ormation processes are observed. 

Type I mullite precursors: produced by slow 
hydrolysis with very little H20 .  From ,~ 350° C and up 
to ,~900°C these precursors are non-crystalline and 
show a homogeneous mixture on an atomic level 
A bore this" temperature limit the precursors transform 
to AlzO3-rich mullite and non-crystalline SiO 2. 

Type H mullite precursors: produced by rapid 
hydrolysis with excess 1120 in a very basic environ- 
ment (pH > 10). Above ~ 350°C these precursors are 
more phasic, consisting of relatively large crystalline 
?,-AI203, and of non-crystalline SiO2-rich areas. 
Mullite J'ormation is observed at ~ 1200°C. 

Type IIl  mullite precursors: produced by rapid 
hydrolysis with excess HzO in a moderately basic 
environment (pH< lO). From ~350°C and up to 
,~900'C these precursors are non-co,stalline. Above 
this temperature limit the precursors gradually 
transform to 7-A1203 and non-crystalline SiO2-rich 
areas. Mullite formation is observed at ~1200°C. 

Mischungen aus Tetraethoxysilan (TEOS) und Alu- 
minium sek.-butoxid (AlOBu) mit st6chiometrischer 
Mullitzusammensetzung (3A l 203 . 2Si02) wurden fiir 
die Synthesen verwendet. Abhiingig yon der vor- 
handenen Menge an H E O, der Hydrolysegeschwindig- 
keit und yore pH- Wert des L6sungsmittels beobachtet 
man drei unterschiedliche, temperaturabhiingige 
Mullitbildungsprozesse. 

*Present address: Naval Weapons Center, Code 3851 
Michelson Lab, China Lake, California 93555, USA. 

Typ I-Mullit-Precursoren, die iiber langsame 
Hydrolyse in Gegenwart yon sehr wenig 1-120 
entstehen. Von ~350°C bis ~900°C zeigen diese 
nichtkristallinen Precursoren eine im atomaren Marl- 
stab homogene Mischung. Oberhalb dieser Tempera- 
turen zerfallen die Precursoren zu Al203-reichem 
Mullit und nichtkristallinem SiO2. 

Typ II-Mullit-Precursoren, die iiber schnelle Hy- 
drolyse in Gegenwart yon iiberschiissigem H 2 0  in sehr 
basischer Umgebung (pH > 10) entstehen. Oberhalb 
,~350°C sind diese Precursoren mehrphasig und 
bestehen aus relativ grorlen 7-Al203-Kristalliten und 
aus nichtkristallinen SiO2-reichen Bereichen. Mullit- 
bildung wird oberhalb ~1200°C beobachtet. 

Typ III-Mullit-Precursoren, die iiber schnelle 
Hydrolyse in Gegenwart yon iiberschiissigem 1420 in 
mi~[3ig basischer Umgebung (pH <_ 10) entstehen. Von 
~350°C bis ~900°C shld diese Precursoren nicht- 
kristallinen. Oberhalb dieser Temperaturen ze~fallen 
die Precursoren graduell h7 7-AI203 und nicht- 
kristallhle Si02-reiche Bereiche. MullitbiMung wird 
oberhalb ~ 1200°C beobachtet. 
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Des mklanges de tetraethoxysilane (TEOS) et de 
butylate d'aluminium secondaire (AlO Bu), de 
stoechiombtrie correspondant h la mullite (3A1203 . 
2Si02) ont ~;t~; utilis~;s pour la synth~se. Selon la 
quantitk d'eau utiliske, la vitesse d'hydrolyse et le pH 
du solvent, on observe, avec la tempkrature, trois 
processus diffbrents deformation de la mullite. 

Les prkcurseurs de mullite du type I sont obtenus 
par hydrolyse lente en prksence d'une quantitb rkduite 
d'eau. De environ 350°C g1900°C, ces prbcurseurs sont 
amorphes et parfaitement homogknes au niveau 
rkpartition atomique. Au delh de cette dernikre 
tempOrature, les prkcurseurs se transforment en 
mullite riche en AI203 et S iO 2 amorphe. 

Les precurseurs mullitiques type H sont produits 
par une hydrolyse rapide avec un excks d'II20 et dans 
un environnement trks basique (pH > 10). Au-dessus 
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de 350°C, ces prbcurseurs contiennent plusieurs 
phases, ils sont cornposOs en forte proportion de 
"/-AI20 3 ~ structure cristalline et de rkgions riches en 
Si02 amorphe. La formation mullitique est observbe gt 
> 1200°C. 

Les prbcurseurs mullitiques de type I I I  sont 
produits par une hydrolyse rapide avec un excks 
d'H20 et dans un environnement basique modbrb 
(pH < 10). De environ ~350°C h .~900°C, ces prO- 
curseurs sont amorphes. Au-dessus de cette tempkra- 
ture lhnite, les prOcurseurs se transforment petit h 
petit en 7-Al203 et SiO 2 amorphe. La transJbrmation 
mullitique est observke h ~1200°C. 

I Introduction 

Mullite (3A1203.2SIO2) has been the object of 
intensive research in recent years, due to its excellent 
properties, such as high creep resistance, low thermal 
expansion and good chemical stability. 1 Researchers 
dealing with mullite synthesis have reported various 
methods and sources. Mainly four types of starting 
materials for mullite synthesis are recognized: 

--Oxides or hydroxides. 
--Sols. 
- -Meta l  salts. 
- -Meta l  alkoxides. 

Different combinations of these starting materials 
lead to mullite; however, the reaction process during 
mullite formation differs. Solid mixtures of oxides or 
hydroxides require higher temperatures (>1450°C) 
for a quantitative formation of  mullite, e By the 
application of sols as starting material, the mullitiza- 
tion temperature can be reduced to 1200-1300°C. 3 
Combinations of Si-sols and Al-salt solutions (e.g. 
A12(SO4)3, Al(NO3)3, etc.) are reported to form y- 
A1203 spinels at temperatures >1000°C. *'5 Combi- 
nations of Si- and Al-salt solutions follow a similar 
trend, although, depending on the process tempera- 
ture during synthesis, boehmite or bayerite may 
form. 6 Some exceptions which yield mullite with 
these combinations at around 950°C are known. 7'8 
In order to achieve a mullitization temperature 
below 1000°C, it appears to be necessary to choose a 
combination of a salt and an alkoxide, or metal 
alkoxides for both compounds. 3'9'1° 

The frequent formation of a cubic ~-A1203 phase 
as an intermediate phase during mullite formation 
has engaged many studies. There has been much 
controversy about the composition and the identity 
of this phase. Komarneni & Roy H and Brown et 
al. ~2 concluded after various MAS N M R  and lattice 
parameter measurements that the cubic 7-A1203 
phase is virtually pure AI20 a, while Chakravorty & 
Ghosh s reported that it is an A1-Si spinel. Low & 

McPherson, 13 in their comprehensive study, in- 
dicated that an A1-Si spinel with a composition 
similar to that of  2A1203.SIO 2 mullite forms 
primarily and may gradually reorder to 3A1203. 
2SiO 2 mullite. Schneider et al. 14 showed later on that 
the 7-Al2Oa-type phase may contain some Si; 
however, the amount  of Si is much lower than that 
postulated by Chakravorty & Ghosh. 5 

Similarly to the above controversy, the compo- 
sition of mullite formed at lower temperatures 
between 1000 and 1400*C has been discussed often. 
It is generally believed that this phase is an A120 a- 
rich mullite. At higher temperatures (>1400°C) a 
gradual transformation to stable stoichiometric 
mullite is observed. 9'~a-17 It is not the aim of this 
paper to become involved in these discussions, 
rather it is to deal with the determination of 
synthesis routes obtained by using the same starting 
materials, to characterize the structure of the 
resulting mullite precursors, and to describe the 
reaction processes occurring during thermal 
treatments. 

2 Experimental Methods 

2.1 Differential thermal analysis (DTA) 
Differential thermal analysis and thermal gravity 
measurements were performed with a computer- 
controlled Netzsch STA409 apparatus (sensitivity: 
50 mV). About  80 mg of  the samples and of  the 
reference material (fired kaolinite), respectively, were 
heated in Pt crucibles, with a constant heating rate of 
l0 K/min. All DTA and TG runs were carried out in 
air. 

2.2 X-ray diffractometry (XRD) 
X-ray powder diffraction studies were carried out at 
room temperature with a computer-controlled 
Siemens DS000 powder diffractometer using Ni- 
filtered CuK~ radiation. Diffraction patterns were 
recorded in the 10 ° to 80 ° 20 range, in the step scan 
mode (3 s/0"02 °, 20). 

2.3 295i MAS nuclear magnetic resonance (NMR) 
All 295i MAS spectra have been obtained at an 
operating frequency of 59"6 MHz, using a Bruker 
MSL 300 NMR spectrometer equipped with double- 
bearing probes. All samples were packed in 7 mm 
o.d. ZrO 2 rotors; spinning rates were 3.2-4.1kHz. 
Relaxation delays of 30-60 s and pulse width of  
2-3/~s (= 36-54 ° pulses) were adequate experi- 
mental conditions to exclude alteration due to 29Si 
relaxation. Between 300 and 2500 transients had to 
be accumulated, depending on the line width and 
the relaxation characteristics of the various samples. 
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Exponential line broadening of 25 Hz was used in all 
cases prior to Fourier transformation (with half- 
height line width of >400 Hz in all cases, a line 
broadening factor of 25 Hz will not cause any undue 
distortions of line shape resolution). Since some of 
these precursor phases are not exactly easy to pack 
and spin, great care was taken to avoid a spin-down 
of the probe. 

3 Sample Preparation 

All precursors are prepared by using tetraethoxy- 
silane (TEOS) and aluminium sec.-butylate (A1OBu) 
as starting materials. Si- and Al-alkoxides were 
admixed in proportions corresponding to stoichio- 
metric mullite (3A1203 . 2SIO2) in each case. Accord- 
ing to the synthesis conditions and the precursor 
properties, samples are identified in three groups, 
designated as type I, type II and type III. 

3.1 Type I precursor (sample NH) 
The metal alkoxides were diluted with isopropanol 
and mixed with each other. Hydrolysis of the mixed 
solutions was initiated only by air contact over 
several days, in a glove box. The hydrolysis duration 
was approximately 14 days. Condensation and 
polymerization of this mixture lead to the formation 
of a homogeneous network of atomic linkage of 
-Si-O A1-O-Si , where A1- and Si-atoms are 
statistically distributed. 

According to Yoldas, ~° the following reaction can 
be considered as a typical example for type I 
precursors: 

AI(OR')3 + Si(OR)4 + SLV + H:O Ihumitied air) 
(AIOBu) (TMOS, TEOS) 

(OR')zA1-O-Si(OR)3 + R'OH + ROH 

where SLV = solvent (alcohol); TMOS = tetrameth- 
oxysilane; R , R ' =  organic groups. 

The type I sample is designated as NH in the text 
for simplicity and corresponds to no prehydrolysis. 

3.2 Type 1I precursor (sample HB13) 
TEOS was mixed with an appropriate portion of 
isopropanol and water under strongly basic con- 
ditions (pH = 13), in order to prehydrolyse TEOS 
fully. Prehydrolysis was carried out, mainly because 
of the lower hydrolysis rate of TEOS compared to 
that of A1OBu. After a short reaction time, this 
TEOS solution was mixed with A1OBu solution, 
which was already diluted with isopropanol. The 
mixed solution gellified immediately. The following 
reaction shows that full prehydrolysis of TEOS 
yields monomeric silica (Si(OH)4): 

pH > 10 
Si(OR) 4 + excess H20  - ~ Si(OH)4 + H20 

The TEOS solution after hydrolysis under these 
conditions contains excess water. On mixing this 
solution with A1OBu solution, this excess water 
immediately hydrolyses A1OBu and forms large 
colloids with a composition similar to pseudo- 
boehmite (>_ 100 to < 1000/~, as estimated by XRD 
line broadenings). 

Type II precursors can be produced by different 
synthesis techniques. The A1203 source can be 
introduced either in the form of a sol 1° or can 
originate from salts through a chemical process. 4'6 
The third technique involves full hydrolysis of Si- 
alkoxide, as already described, or rapid hydrolysis of 
sol mixtures, and in both cases the process is 
controlled by the pH value. 

The common character of type II precursors is 
that large colloidal particles of Al-oxyhydrate are 
produced which coexist with amorphous mono- 
meric Si-rich areas: 

Si(OH)4 + AI(OR') 3 + SLV + excess H20  pH>_ 10 

A10(OH) + Si(OH)4 

Monomeric silica has a strong tendency of being 
absorbed onto the surfaces of the A10(OH), the 
absorption rate being dependent on the pH value 
and surface area? s This leads to the formation of 
alumina colloids surrounded by Si-rich areas and to 
the diffusion of Si into the colloids as the tempera- 
ture increases, during burn-out of the organic 
groups. 

The type II sample is designated as HB13, which 
stands for prehydrolysed under basic conditions 
with pH =- 13. 

3.3 Type III precursor (sample HB10) 
For this sample a similar synthesis procedure as for 
sample HB13 was applied. However, synthesis was 
carried out under a less basic condition (pH = 10) 
and the sample is designated as HB10. 

According to Iler, ~8 above pH = 6 or 7 up to 10"5, 
where SiO 2 begins to dissolve as silicate, the hydrous 
silica particles are negatively charged and repel each 
other. Hence, the reaction prevents the polymer- 
ization of hydrolysed SiO 2 and inhibits the evolution 
of excess water. Therefore, further mixing with the 
A1OBu solution does not produce any hydrolysis of 
the latter, which would otherwise give rise to the 
formation of crystalline oxyhydrate phases. 

4 Results 

4.1 Differential thermal analysis (DTA) 
Only DTA observations of samples preheated at 
350°C are described, since DTA patterns between 
room temperature and 350°C are complex, and are 
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not yet fully understood. DTA-related reaction 
processes within this range of temperatures will be 
discussed in a separate study. 

The DTA curves are characterized by the occur- 
rence of exothermic peaks near 980 and/or 1250°C. 
Type I mullite NH precursor shows a rather sharp 
and strong peak at about 980°C but no peaks near 
1250°C. Type II mullite HB13 precursor exhibits no 
DTA signals up to 1400°C. Type III mullite HB10 
precursor exhibits a sharp exotherm at 980°C, but of 
lower intensity than type I mullite precursor. At 
1250°C an additional broad peak of low intensity 
can be observed (Fig. 1). 

4.2 X-ray diffractometry (XRD) 
XRD data of the precursors in the as-received form, 
and calcined between 350, 900, 1000 and 1650°C, are 
summarized in Fig. 2(a) to (c). 

Type I mullite NH precursor is non-crystalline up 
to 1000°C, providing rapid heating and by allowing 
no soaking time. Above ~1000°C mullite appears 
either as the only crystalline phase or together with a 
minor amount of poorly crystallized 7-A1203 spinel 
(Fig. 2(a)). (Although there is some NMR evidence 
that 7-A120 3 contains some Si, the authors believe 
that a rather small fraction of the Si present is 
incorporated and therefore it does not have the 
composition suggested by Chakravorty & Ghosh. 5 
In the text hereafter the t e r m  ?-A1203 will be used.) 
Annealing experiments with long duration (15h), 
carried out at 900, 930 and 960°C, indicate that 
mullitization is initiated above 900°C (Fig. 3). 

Type II mullite HB 13 precursor in the as-received 
form contains pseudo-boehmite. After heat treat- 
ment the material dehydrates, and is converted to 
7 - A 1 2 0  3. A gradual and temperature-dependent 
increase in intensity and sharpening of X-ray 
reflections are observed. The X-ray diffraction data 
of the type II precursor shows the occurrence of 
7-A1203  up to 1250°C. Above this temperature limit 

.< 

Type I (NI-D 

Type n (HB 13) 
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Fig. 1. Differential thermal analysis (DTA) curves of mullite 
precursor types I, II and III. All samples were preheated to 

350°C (15 h) prior to DTA. 

mullite forms, together with a minor amount of 
corundum (Fig. 2(b)). 

Type III mullite HB10 precursor is also non- 
crystalline up to 1000°C, after rapid heating and by 
allowing no soaking time. Above 1000°C the only 
crystalline phase is 7-A120 a. Heat treatments with 
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(c) 
Fig. 2. X-ray diffraction (XRD) of  mull i te precursors, as- 
received and heat treated at 350, 900, 1000 and |650°C (15 h in 
each case): (a) type I (NH); (b) type I I  (HB13); (c) type I I I  (HB10). 
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Fig. 3. X-ray diffraction (XRD) ofmullite precursors type I and 
type II1 after heat treatment at 930'C with no holding time and 

for 15h. 

long holding times carried out in the same way as for 
type I precursors show partial crystallization of 
7-A120 3 above 900°C (Fig. 3). At temperatures 
above ~ 1250°C mullite is formed (Fig. 2(c)). 

4.3 29Si MAS nuclear magnetic resonance (NMR) 
The 29Si MAS N M R  spectra ofmulli te type I, II and 
III precursors display resonances between about 
- 8 0  and - l l 0 p p m .  Quite a variation in signal 
intensities, line widths and fine structures is observed 
(Fig. 4(a) to (c)), although all 29Si N M R  data can be 
ascribed to tetrahedrally coordinated Si. 

Type I mullite NH precursor heat treated at 350°C 
is characterized by an intense and fairly sharp and 
symmetric 29Si resonance in the - 85 ppm chemical 
shift region. At 900°C the 29Si N M R  peak shifts 
towards more negative values ( - 9 5  ppm) (Fig. 4(a)). 
At 1000°C the previously uniform zgsi N M R  peak 
alters its shape and shows two new maxima near 
- 9 0  and - l l 0 p p m .  The former has the typical 
position and shape of a 29Si N M R  signal for mullite; 
the latter is correlated with nearly pure non- 
crystalline SiO z. 

Type II mullite HB13 precursor heat treated at 
350°C displays 29Si N M R  resonances composed of 
two components with maxima at - 8 0  and -110  
ppm. The intensity of the - 80 ppm peak is low in the 
sample heat treated at 350°C, while that of the -110  
ppm peak is rather high. As the heat treatment 
temperature increases, the intensity of the - 80 ppm 
peak also strongly increases, whereas that of the 
-110  ppm peak decreases (Fig. 4(b)). 

Type III mullite HB10 precursor heat treated at 
350°C exhibits a slightly split z9si N M R  signal with 
a peak maximum near - 8 5  ppm and a submaximum 
near - 9 1  ppm. At 900°C the peak maximum shifts 
to ~ - 9 5 p p m  and simultaneously the signal 
becomes sharper. At 1000°C broadening and 

~ 1000'C 

~ ~O'C 

I . , . I . , . I . , . I . , . I  
0 -100 -200 ppm 

(a) 

350"C 
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~ 350"C 

I , , . I . J , l , ~  . I . , . I  

0 -100 -200 ppm 
(b) 

~ I O 0 0 ° C  

~ 900"C 

~ ' ~  350"C 
I . , . I . , . I . , . I , , , I  

0 -I00 -200 ppm 

(c) 

Fig. 4. 295i MAS NMR spectra of mullite precursors heat 
treated at 350, 900 and 1000°C (15 h in each case): (a) type I (NH); 

(b) type II (HB13); (c) type III (HB10). 

splitting of the NMR peak is observed; the peak 
maxima appear at ~ - 80, - 100 and - 110 ppm (Fig. 
4(c)). 

5 Discussion 

The synthesis of pure type I, II and III mullite 
precursors, especially that of  type I, is rather difficult, 
because the reactions which occur during synthesis 
are sensitive to small changes in the preparation 
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conditions. Therefore, mostly pre-mullites are 
produced, which consist of a combination of two 
different types of precursors, rather than that of the 
intended end members. Generally, in literature they 
are named as 'diphasic' gels) The samples NH, 
HB10 and HB13 described in this paper, however, 
should be regarded as the pure representatives of 
these precursor groups, because each consists of only 
one type. 

5.1 Type I precursor 
Type I mullite NH precursor yields DTA curves with 
sharp and intense exotherms at about 980°C (Fig. 1). 
Rapidly heated and quenched samples are non- 
crystalline below 1000°C and consist of alumina- 
rich mullite and an excess of SiOz-rich amorphous 
phase (Fig. 2(b)). Long heat treatments lead to 
mullitization at about 930°C (Fig. 3). 

:9Si NMR signals of the type I precursor are 
relatively sharp and display high intensity. N M R  
peaks of the sample heat treated at 350°C centre at 
~ - 8 5  ppm, while for the precursor heat treated at 
900°C they appear at ~ - 9 5 p p m  (Fig. 3(a)). 
According to the studies of Magi el alJ 9 and 
Engelhardt & Michel, 2° the position of the 29Si 
N M R  signals is controlled either by the number of 
the nearest Al-atoms around Si or by the number of 
-Si-O-(Si,A1) bridges occurring in the structure. 
Making use of these considerations, the - 8 5  ppm 
N M R  signal of the type I sample, heat treated at 
350°C, is assigned to the presence of Si with 4A1 as 
nearest cations. The temperature-induced shifting of 
the 29Si N M R  signal of the sample heat treated at 
900°C towards more negative values, however, is 
explained with the increase in the number o f -S i -O-  
(Si, A1) bridges, corresponding to an increasing 
degree of condensation of the -Si-O-(Si, A1) net- 
work. The alternative model given suggests an 
increasing number of Si in the second coordination 
sphere around Si as the temperature increases. This 
would mean a phase segregation into SiO2- and 
AlaO3-rich areas. A phase segregation in the 
precursor, as a result, should give rise to the 
formation of y-A1203 plus SiO 2 phases instead of 
mullite. Since no phase segregation is observed up to 
900°C, this former model can be no probable 
explanation for the present case. 

Mullite formation from the initially amorphous 
type I precursor at temperatures as low as 930°C 
after long heat treatment, and the N M R  spectra of 
the sample heat treated at 900°C, prove that Si 
is homogeneously mixed with A1 and O on an 
atomic level. This intimate homogenization enables 
mullitization at that low temperature, because 
mullite nucleation and crystal growth require only 
short-distance migration of diffusion species. Some 
studies assume that mullite crystallization occurs 

only above ~ 1000°C, independent of the duration of 
the heat treatment, and according to the authors this 
is due to the low value of proton diffusion in mullite 
precursors. 2L22 In another study 23 with similar 
types ofmullite precursors, however, it is pointed out 
that the nucleation of mullite commences at 940°C, 
upon densification of the glass. The present results 
agree with the latter study (see Fig. 3). 

5.2 Type II precursor 
Type II mullite HB13 precursor yields no DTA 
signals (Fig. 1), indicating the lack of temperature- 
induced reactions. The XRD reflections of the 
samples heat treated at 350, 900 and 1000°C (Fig. 
2(b)) indicate a phase segregation into 7-A1203-type 
phase and non-crystalline SiO2-rich areas. Accord- 
ing to X-ray line broadenings the y-A1203 domains 
are relatively large in size (> 100 to _< 1000~) and 
display a certain long-range disorder. Gradual 
temperature-dependent intensity increase and 
sharpening of 7-A1203 X-ray reflections may be 
interpreted as due to increasing ordering and growth 
of ~-AI203 crystallites. 

Type II mullite precursor produces 29Si spectra 
with two main peaks centred near - 8 0  and -110 
ppm independently from the treatment temperature 
(Fig. 4(b)). The - l l 0 p p m  peak is due to the 
occurrence of a virtually pure non-crystalline SiO2 
compound. The - 80 ppm peak can be ascribed to Si 
having four nearest A1 neighbours either in an 
additional, although A1203-rich non-crystalline 
phase, or in 7-A1203, 24 or in both)* The intensities 
of N M R  signals indicate that at 350°C most of the Si 
is bound in the non-crystalline SiO 2 phase, while a 
minor amount is incorporated into the AlzO3-rich 
compound. As temperature increases, the amount of 
the coexisting SiO 2 apparently decreases, while the 
amount of Si present in the AlzO3-rich compound 
does increase. 

The segregation of A1203- and SiO2-rich clusters 
in the type II mullite precursor causes mullitization 
to take place at relatively high temperatures (1150- 
1250°C). The lack of DTA signals implies that this 
mullitization is a gradual process. The probable 
reason is that the nucleation and crystal growth 
require long-distance migration of diffusion species. 

5.3 Type III precursor 
Type III mullite HB10 precursor yields a DTA curve 
with a sharp and intense exotherm at 980°C and an 
exothermic peak of lower intensity at about 1250°C 
(Fig. 1). Rapidly heated and quenched samples are 
X-ray amorphous below 980°C but consist of 
7-A1203 plus some excess non-crystalline SiO2-rich 
phase above this temperature limit. Long heat treat- 
ments yield y-A1203 crystallization at 930°C (Figs 
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2(c) and 3). Mullitization of the phase admixture 
starts at temperatures _> 1200°C. The high mullitiza- 
tion temperature can be explained by the long 
diffusion distances necessary for crystal growth in a 
similar way as for the type II precursors. 

Type III precursor heat treated at 350°C produces 
slightly split 298i MAS N M R  resonances, with a 
peak maximum near - 8 5  ppm, indicating a small 
degree of chemical heterogeneity in this material 
(Fig. 4(c)). After heat treatment at 900°C, the 298i 

N M R  signal becomes sharper and the peak max- 
imum shifts to ~ - 9 5 p p m .  This probably means 
that the Si distribution in the precursor becomes 
more homogeneous, possibly due to burn-out of the 
organic species and evaporation of residual water, 
and that the degree of condensation improves in a 
similar way as discussed in the type I mullite 
precursor. 

At 1000°C a broad and non-uniform N M R  signal 
with submaxima near -80 ,  - 1 0 0  and - l l 0 p p m  
appears. This complex N M R  pattern can be 
attributed to the beginning of a phase segregation in 
the previously homogeneous  precursor, which 
produces a phase mixture of 7-A1203, a virtually 
pure SiO2 and some residual precursor phase. 

It is interesting to point out that, despite their very 
s imi l a r  298i NMR spectra and their associated 
similar Si short-range orders at 900°C, type I and 
type III mullite precursors behave differently after 
heat treatments above 900'C. The formation of 
,,-A120 3 plus amorphous SiO 2 above 900~C in type 
Ill precursors suggests that phase segregation into 
A1203- and SiO2-rich areas requires lower activation 
energy than mullite formation does. 27A1 N M R  data 
of mullite precursors similar to type I and type III 
presented by Sanz et  al. 25 may help to understand 
discrepancies. (Samples described by Sanz et  al. 25 

which are similar to type I and type III are 
designated as samples SP and PB 2, respectively.) 

Observation of the 2VA1 N MR spectra of a type I 
similar sample heat treated at 900°C shows high 
amounts of pentahedral Al-sites or strongly distor- 
ted tetrahedral Al-sites with excess O-neighbours)'* 
On the other hand, Sanz et  al. 25 observed a high 
amount  of octahedral A1 in the type III precursors 
heat treated at 900°C. The similarity of the 27A1 
NMR spectra in the type III precursors heat treated 
at 900°C with that of ~-A120326 suggests that the 
short-range order of Al-sites in the type III 
precursors is similar to that in 7-AlzO 3. Possibly 
these Al-sites act as 7-A1203 nuclei above 900°C in 
the type III precursors. In the case of type I 
precursors, other mechanisms are activated. Appar- 
ently the pentahedral or distorted tetrahedral A1- 
sites become structurally unstable above ~900°C. 
Due to the homogeneous atomic mixture of the Si-, 
A1- and O-atoms, and the lack of'7-A1203 nuclei' in 

the type I precursors, mullite formation is the most 
favourable process energetically (see also Ref. 25). 

Schneider et  al. 14 also described an Al-rearrange- 
ment in the precursors prior to crystallization, 
although it should be kept in mind that their study 
was not carried out on pure type I and type III 
precursors but on the combination of both pre- 
cursors. 

The present discussions, based on suggestions 
made by Sanz et  al. 25 and on the authors' own data, 
are in contrast to the reaction processes discussed by 
Pask & Tomsia) 6 In a review study of the formation 
of mullite on heating kaolinite and synthetic 
mixtures of organic starting compounds, Pask & 
Tomsia 16 related the existence of the exothermic 
980°C DTA peak to the mullite formation; accord- 
ingly, if no mullite is formed at 980°C, as a 
consequence no sharp DTA exotherm should appear 
at this temperature. The observed reaction se- 
quences in the type I and type III samples of this 
study, however, exclude the assignment of the 980°C 
exotherm to a particular phase formation. 

In the frame of  present knowledge, type | 
precursors transform directly to Al203-rich mullite, 
while types II and III and admixtures of various 
types of precursors transform to mullite in multistep 
reactions with intermediate formation of ,/-A1203 
plus SiO 2. Possibly mullitization in the cases of type 
II and III is favoured, if only a topotactical 
transformation of 7-A1203 into mullite with preser- 
vation of A 1 0  octahedral chains is taken into 
account (see Ref. 14). 
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