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Abstract

The e�ect of mechanochemical treatment on the structure and crystallization behaviour of diphasic mullite gel was investigated.
The structural di�erences caused by mechanochemical treatment in diphasic gel were characterized by 27Al and 29Si MAS-NMR,
XRD, DTA-TG and FT-IR. These investigations show that the crystallization process in this system is a�ected by the structural
changes caused by grinding. Grinding for 20 h changed a diphasic system containing discrete octahedral Al±O units (8 ppm) and

silica units (ÿ111 ppm) to a more homogeneous system containing tetrahedral, ``pentahedral'' (30 ppm) and octahedral alumina,
and a strong 29Si resonance at ÿ83 ppm (&70% of the total Si) associated with aluminosilicate units. The ground gel converts to
mullite via the spinel-phase at 1150±1200�C. Mechanochemical treatment thus converts the diphasic type II gel precursor into a

more homogeneous type III gel precursor, as re¯ected by its thermal behaviour. # 1998 Elsevier Science Limited and Techna S.r.l.
All rights reserved
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1. Introduction

Mullite is an important compound in material
science and technology because of its excellent
properties (high temperature strength, low thermal
expansion, creep resistance and good chemical stabi-
lity) [1,2]. Mullite can be synthesized from monophasic
and diphasic gel obtained either by sol±gel or copre-
cipitation methods [3±15] leading to the di�erent
precursor types described by Schneider et al. [16] The
main di�erence between monophasic and diphasic gels
is their homogeneity; monophasic gels are homogeneous
at the atomic level and mullite formation occurs by
exothermic reaction around 980�C [3,4,12,14,15]. In
diphasic gels, homogeneity is in the nanometer range
(1 to 100 nm) and mullite formation occurs above
1200�C [3,5,6,8±10,12,14,15]. Diphasic gels consisting
of discrete alumina and silica particles do not show an
exothermic e�ect around 980�C, the silica and alumina
components reacting independently to form mullite at

temperatures >1300�C for complete crystallization
[3,10,15].

In our previous experiments [17] we have shown that
mechanochemical treatment of mixtures of gibbsite and
amorphous silica promoted the formation of Al±O±Si
bonds, enhancing the homogeneity of the system, and
leading to crystallization of spinel-phase at about
980�C. A further consequence of mechanochemical
processing was the lowering of the mullitization tem-
perature. The presence of surface excess hydroxyl
groups in the starting material leads to a decrease in the
mullitization temperature at about 150±200�C after
mechanochemical processing [18].

Since diphasic gel obtained via a liquid medium con-
tains two discrete types of hydroxide particles with
homogeneity on a nanometric scale, it is possible that
mechanochemical treatment of such a system might
produce a precursor with an increased mullitization rate
and a reduced mullitization temperature by comparison
with an untreated diphasic gel. The mechanochemical
process should also be facilitated by starting with gibbsite
and silica gel [17,18], which has better initial homogeneity
and smaller particle size than hydroxide mixtures.
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The aim of this investigation was to experimentally
verify the predicted e�ect of mechanochemical treatment
of diphasic gel.

2. Experimental procedure

2.1. Preparation

The diphasic gel was prepared by dissolving alumi-
num nitrate nonahydrate Al(NO3)3

�9H2O (Wako Pure
Chemical Industries Ltd) in deionized water and adding
fumed silica (Aerosil 200, Aerosil Co. Ltd) during
ultrasonic treatment. The dispersion was stirred vigor-
ously and dilute NH4OH was added to precipitate of the
aluminium and silicon hydroxides. The pH of the solu-
tion was adjusted to about 8.2 and stirred continuously
during the time of the precipitation (30min). The pre-
cipitated gel was ®ltered, washed and dried at 60�C for
12 h. The composition of the powder was 73.1wt%
Al2O3 and 26.9 wt% SiO2. After grinding in an agate
mortar to pass a 145 mesh sieve, a portion of the pow-
der was ground for 20 h in a laboratory pot mill (ITOH
Co. Ltd, La-Po.1) at room temperature with rotation
speed 400 rpm. Both the pot and milling media were
silicon nitride. The weight ratio of balls to powder was
20:1. The ground and unground samples are denoted
MC-20 and MC, respectively.

2.2. Characterisation of materials

DTA and TG measurements were carried out using a
Rigaku (Thermoplus 8120) analyser at a heating rate of
10�Cminÿ1 up to 1300�C. IR spectra of the powders
were obtained using an FT-IR 8600 PC spectrometer
(Shimadzu Corporation) with the samples suspended in
KBr pellets. Powder XRD patterns were recorded using
a Rigaku (Geiger¯ex) di�ractometer with mono-
chromated CuK� radiation. The speci®c surface area
was measured at ÿ196�C by the BET method using
nitrogen gas with a Quantachrome Autosorb-1 instru-
ment. 29Si and 27Al MAS-NMR spectra were obtained
at 11.7 T using a Varian Unity 500 spectrometer and
Doty probe spun at 10±12 kHz. The 29Si spectra were
acquired using a 90� pulse of 6 ms and recycle time of
100 s, and were referenced to tetramethylsilane (TMS).
The 27Al spectra were acquired using a 15� pulse of
1 ms and a recycle time of 1 s, and were referenced to
Al(H2O)3�6 .

3. Results and discussion

Fig. 1 shows the DTA±TG traces of the unground and
ground powders. Unground diphasic gel shows endo-
thermic peaks at 83 and 468�C due to the dehydration of

adsorbed water and dehydroxylation of aluminum
hydroxide, respectively. There is very little weight
change above 600�C. The DTA and TG curve of
ground diphasic gel is distinctly di�erent; the DTA
endothermic peak is shifted to 168�C and broadened,
due to mechanochemical dehydration and increased
adsorption of surface water. Mechanochemically-trea-
ted diphasic gel shows exothermic peaks at 957 and
1281�C, similar to previous ®ndings [18]. Below 300�C
the weight loss of the ground gel is greater than for
unground gel, but becomes more gradual >300�C and
reaches constant weight only above 1000�C. The 960�C
exothermic e�ect in the ground gel is associated with a
0.75% weight loss. Similar behaviour was reported
without explanation by Schneider et al. [19] in copreci-
pitated mullite gel and by Tsuchida and Ichikawa [20] in
hydrous alumina (bayerite, gibbsite and boehmite)
ground for 8 and 20 h. Tsuchida and Ichikawa suggest
that this weight loss is due to the decomposition of car-
bonates formed mechanochemically by prolonged
grinding [20]. The delayed weight loss in the ground gel
may be due to the trapping of H2O, NO and CO2 in the
small pores of densely-packed aggregates.

Fig. 2 shows the FT-IR spectra from 4400 to
400 cmÿ1 in unground and ground diphasic gel. Both
gels show a sharp absorption band at 1384 cmÿ1 due to
nitrate or ammonium [10]. The absorption band at
about 3450 cmÿ1 is broadened by the presence of
increased adsorbed water in the ground gel. Grinding also
shifts the Si±O±Si vibration from 1109 cmÿ1 to 1050 cmÿ1

Fig. 1. DTA and TG curves of ground (MC-20) and unground (MC)

diphaic gels.
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and broadens the band at 900±1150 cmÿ1, re¯ecting the
substitution of Si4+ by Al3+ in the amorphous solid
[21,22]. The broadened absorption band at 500±
800 cmÿ1 is also similar to those ascribed to four-coordi-
nated aluminium oxide formed by chemical polymeriza-
tion [23]. Apparently the formation of four coordinated
alumina in diphasic gel occurs only with the incorpora-
tion of silica.

Fig. 3 shows the 27Al and 29Si solid-state MAS NMR
spectra of unground and ground diphasic gel. Both the
27Al and 29Si spectra of the unground gel (Figs. 3(A)
and (C), respectively) are typical of a diphasic system
containing discrete octahedral Al±O units (8 ppm) and
silica units (ÿ111 ppm). Grinding produces some tetra-
hedral Al sites (61 ppm) and sites giving a resonance at
32 ppm (Fig. 3(B)) which are often ascribed to Al in ®ve-
fold coordination with oxygen, but may alternatively
arise from distorted tetrahedral sites in the vicinity of an
oxygen vacancy (tricluster sites) [24]. This 27Al spectrum
is typical of a gel in which the Al and Si are in intimate
and homogeneous association. The appearance of a new
resonance at ÿ83 ppm in the 29Si spectrum of the
ground gel likewise re¯ects the presence of a signi®cant
proportion of the Si (&70%) associated with alumino-
silicate units.

The XRD patterns of unground and ground diphasic
gel are shown in Figs. 4 and 5, which also includes the
patterns of samples heated to various temperatures.
Both the unheated ground and unground gels are
essentially amorphous, but the latter shows slight indi-
cations of amorphous silica and pseudoboehmite
(Fig. 4(A)) which are not present after grinding
(Fig. 5(A)).

When heated at 850±1000�C, the unground gel shows
evidence of the typically broad g-Al2O3 re¯ections
(Figs. 4(B) and (C)); a similar pattern attributable to a

cubic spinel, is also found in the ground sample heated
to 1000�C (Fig. 5(C)). Heating the unground gel to
1200�C produces the transition � alumina, a-Al2O3, and
a small amount of mullite, the latter two phases
increasing in concentration at 1300±1400�C (Figs. 4(E)
and (F)). This behaviour is similar to that of a type II

Fig. 2. FT-IR spectra of diphasic gel: (A)-MC; (B)-MC-20.

Fig. 3. 27Al and 29Si MAS NMR spectra of unground and ground

diphasic gel: (A),(C)- 27Al and 29Si spectra of MC sample; (B),(D)-
27Al and 29Si spectra of MC-20 sample.
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precursor gel as described by Schneider et al. [16]. By
contrast, the ground gel converts, via the spinel-phase,
to mullite at 1150±1200�C (Figs. 5(D) and (E)). Similar
thermal behaviour has previously been described by Li
and Thomson for a colloid gel [14], and also corre-
sponds to the behaviour of a type III precursor as
de®ned by Schneider et al. The exothermic in¯exion at
about 1280�C in the DTA curve of the ground gel
(Fig. 1) may result from the crystallization of additional
mullite from minor amounts of mechanochemically dis-
torted amorphous alumina and silica which cannot be
distinguished by XRD. These results suggest that the
mechanochemical treatment converts the diphasic type
II gel precursor into a more homogeneous type III gel
precursor.

Fig. 6 shows the change in speci®c surface area of the
unground and ground diphasic gel as a function of cal-
cining temperature. The speci®c surface area (SBET) and
median size d50 of the unground diphasic gel is
200m2 gÿ1 and 7.58 mm, respectively. Grinding for 20 h
reduces the speci®c surface area by &19 times and the
median size to 3.7 mm, suggesting a change in the sur-
face of the gel from a porous to a monolithic state.
These data are in agreement with the weight loss curve
for the MC-20 sample. The decrease in SBET may cause
an increase in the Al/Si contact area attributable to the
stu�ng of micropores in the aggregates of small parti-
cles by the mechanical stress introduced by grinding.

When unground and ground powders are calcined at
500�C, the speci®c surface area increases due to the lib-
eration of nitrate and water. At higher calcination tem-
peratures the particles begin to sinter, with a decrease in
surface area.

The formation mechanism of diphasic gel involves the
precipitation of pseudoboehmite and silica gel under
weakly basic conditions. The precipitation is too fast to
allow chemical bonding to develop between the two
dissimilar molecules and the compounds remain dis-
crete. By contrast, the ground diphasic gel is not a mix-
ture of colloidal pseudoboehmite and silica, but
contains polycondensed and polymerized particles of
Al±O±Si resulting from the mechanical treatment,
which enhances the short range di�usion of Al3+ near
the silica/alumina interface with consequent chemical
interaction. The polymerization is not su�ciently com-
plete for mullite to form directly at 980�C. As reported
Huling and Messing [25], direct mullite formation at
&1000�C requires not only molecular-scale alumina±
silica mixing, but nearly complete molecular-scale mixing.

Fig. 4. XRD patterns of unground diphasic gel calcined at di�erent

temperatures: (A) uncalcined, (B),(C),(D),(E),(F) after calcining at

850, 1000, 1200, 1300 and 1400�C, a, g, y-Al2O3, Cr; cristobalite;

unmarked peaks; mullite.

Fig. 5. XRD patterns of ground diphasic gel calcined at di�erent

temperatures: (A) uncalcined, sample; (B),(C),(D),(E),(F) and (G)

after calcining at 850, 1000, 1150, 1200, 1300 and 1400�C; Sp, spinel-
phase, unmarked peaks, mullite.
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Full polymerization may not be achieved during the dry
grinding, because of agglomeration of part of the sam-
ple on the bottom of the grinding vessel resulting in
these portions remaining inhomogeneous.

The mullite which develops during calcining was
characterized by FT-IR spectroscopy (Fig. 7). Cameron
[26] and Okada et al. [27] have reported a relationship
between the chemical composition of mullite and its
absorption bands at 1130 and 1170 cmÿ1. The
1130 cmÿ1 band is stronger than that at 1170 cmÿ1 when
the chemical composition of mullite is richer in Al2O3,
but the 1170 cmÿ1 band becomes much stronger as the
composition approaches 60mol% Al2O3. In the present
sample heated to 1300�C, the intensity of the 1130 and
1170 cmÿ1 bands is almost identical, but at higher tem-
peratures (1400 and 1500�C) the 1170 cmÿ1 band pre-
dominates, suggesting a progressive decrease in Al2O3

content as heating proceeds and the composition
approaches that of 3:2 mullite.

4. Conclusions

Mechanochemical treatment of diphasic gel is found
to promote Al±O±Si polymerization between the silica
and alumina gel components. Mullite formation in
ground diphasic gel begins at a lower temperature
(1150�C) than in the unground diphasic gel. The crys-
tallization behaviour of mechanochemically-treated
diphasic gel is similar to that of type III mullite pre-
cursors. Initially, the mullite is alumina-rich in compo-
sition, but gradually approaches the stoichiometric
composition at higher temperatures. Mechanochemical
treatment could provide a useful technique for synthe-
sizing mullite from diphasic gel which can be obtained
from cheap raw materials.
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