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Abstract

The densi®cation characteristics of diphasic mullite±alumina composite precursors (with 10 vol% excess alumina over the stoi-
chiometric mullite composition) were studied by both pressureless and pressure-assisted sintering. The precursors were prepared by

either a coprecipitation method or a colloidal method using di�erent starting materials. However, independent of the preparation
method used, high temperatures up to 1600�C were required to densify the precursors either by pressureless or pressure-assisted
sintering. This sintering behaviour was mainly due to the presence of the excess alumina after the formation of mullite at around

1200�C, eliminating the viscous phase and retarding the densi®cation. For the coprecipitated precursor, the excess alumina pre-
cipitated out in the form of platelets in the pressureless sintering; the morphology of the alumina grains is less typical in the pres-
sure-assisted sintered microstructure due to a change of the relation between densi®cation and grain growth caused by the applied
pressure. # 1999 Elsevier Science Limited and Techna S.r.l. All rights reserved.
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1. Introduction

A great deal of research work has been devoted to
mullite ceramics in the past few decades, including dif-
ferent starting materials and di�erent techniques used to
prepare monophasic and diphasic mullite precursors in
order to lower the mullitization temperature [1]. Since
the alumina components and silica components were
mixed at a molecular scale in the monophasic pre-
cursors, the mechanism of mullitization is a nucleation
process and can take place at a temperature as low as
980�C. However, the expensive sources of alumina and
silica limited its practical importance. From an indus-
trial point of view, diphasic mullite precursors are more
attractive due to the less expensive alumina and silica
sources. On the other hand, the higher metastable
energy available in the diphasic precursors, compared to
the monophasic precursors, leads to enhanced sintering
for diphasic precursors as studied by Komarneni et al.
[2]. Some investigations starting with monophasic or
diphasic mullite precursors are related to phenomena,
such as crystallization of mullite [3±5], phase transitions
[6,7], sintering of crystallised mullite [8,9], and mechan-
ical properties of mullite ceramics [9±11]. The mullite
phase is usually formed at 1200�C from diphasic pre-
cursors and can be sintered to high density at �1250�C

by viscous ¯ow sintering as described by Scherer's
model [12±14].

In the present work, the diphasic precursors used to
study the sintering behaviours have 10 vol% excess
alumina over the stoichiometric mullite composition. By
analysing the e�ects of the excess alumina on the densi-
®cation behaviour and the ®nal sintered microstructures
obtained by both pressureless and pressure-assisted sin-
tering, the mechanisms of the densi®cation are qualita-
tively discussed.

2. Experimental

A mullite±alumina composite precursor containing
about 10 vol% excess alumina over the stoichiometric
mullite composition was prepared by spraying a solu-
tion containing AlCl3 and silicic acid, derived from
sodium metasilicate by an ion exchange method, into a
dilute ammonia solution maintained at pH 8.2�0.2.
Details of the preparation procedure and of the phase
transitions observed during heating up of the obtained
precursor have been reported earlier [15,16]. For com-
parison, another composite precursor with the same
composition was also prepared by a colloidal method
using Al(NO3)3

.9H2O (UN 1438, E. Merck, 64271
Darmstadt, Germany) and colloidal silica powder
(Laboratory reagent, BDH Limited, Poole, UK). The
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colloidal silica was dispersed into an ammonia solution
with pH 11 (far away from the isoelectric point located
in the pH range of 1±3), which could make the colloidal
silica well dispersed, under strong mechanical stirring.
This basic suspension was then acidi®ed using a diluted
HNO3 solution. This silica sol was mixed with alumi-
nium nitrate solution according to a composition of 10
vol% excess alumina over the stoichiometric mullite
composition. The mixture solution was then sprayed
into a dilute ammonia solution (pH �8.5), using the
same procedure adopted in the coprecipitation method,
followed by the washing and ®ltration, conventional
drying and calcination at di�erent temperatures. The
dried and calcined powders were analysed with a com-
puter-controlled X-ray difractometer (Rigaku XDMAX)
by using CuKa radiation in the 10 to 70� 2y-range at a
scanning speed of 2� 2y/min.

The powders calcined at 1000�C were planetary ball
milled and used for both pressureless and pressure-
assisted sintering.

The green bodies formed by uniaxial pressing (40
MPa), followed by isostatic pressing (150 MPa), were
sintered at di�erent temperatures (in the range of 1400±
1600�C) for di�erent dwelling times. The heating rate up
to the sintering temperature was 5�C/min. The pressure-
assisted sintering was performed in an induction heated
furnace using graphite dies with a pressure of 25 MPa at
1400 and 1600�C, respectively, and a heating rate of
10�C/min from room temperature up to the holding
temperatures. The pressure was loaded at 1300�C.

The sintered bulk densities were measured by the
Archimedes displacement method using mercury. The
sintered microstructures were observed by scanning
electron microscopy (SEM) (Model S4100-1, Hitachi,
Ltd., Tokyo, Japan) in polished sections of samples that
had been previously thermally etched.

3. Results and discussion

3.1. Pressureless sintering

3.1.1. Characterisation of the precursors and
densi®cation behaviour

The diphasic characteristics of the mullite and mul-
lite±alumina precursors prepared by the coprecipitation

method have been reported earlier [15±18]. Some results
concerning the phase transitions of the coprecipitated
precursor are summarised in Table 1, con®rming its
diphasic nature. The coprecipitated and dried powder
was mainly amorphous and only traces of poorly crys-
tallised bayerite and boehmite could be detected. These
phases disappeared after calcination at 350�C, and were
transformed into amorphous or cryptocrystalline trans-
ient g-alumina. The crystalline degree of this transition
alumina was improved with increasing temperature.
Some traces of y-alumina also appeared after calcina-
tion at 1070�C. Beyond 1200�C mullite was the domi-
nant phase with a very small amount of y-alumina
remaining, which disappears before 1400�C. At this
calcination temperature mullite was the only identi®able
phase present, but at 1500�C traces of a-alumina
appeared together with a well-crystallised mullite phase.

The relative density of the compacts pressureless sin-
tered from the coprecipitated precursor versus sintering
temperature (the soaking time is 6 h) and versus sinter-
ing time at 1600�C are shown in Figs. 1 and 2, respec-
tively. Since the alumina-containing species and the
silica-containing species in this diphasic precursor are
mixed at a nanometer scale, when the green body is
sintered at 1400�C, mullite is formed and the grain
growth (mullitization temperature 1200�C) takes place
at local regions being controlled by the near-interface
di�usion or by the interfacial reaction. However, the
existence of the excess alumina over the stoichiometric
composition in the precursor, which was entrapped in the
mullite grains or distributed along the grain boundaries,

Fig. 1. Relative density versus sintering temperature for the copreci-

pitated precursor (6 h).

Table 1

Phase transitions of diphasic mullite±alumina composite precursor prepared by coprecipitation method

Temperature (�C) 120 350 850 1000 1070 1150 1200 1400 1500

Phases Bayerite, g-Al2O3, g-Al2O3, g-Al2O3, y-Al2O3, y-Al2O4, M, M, M,

Boehmite, AS AS AS AS AS AS y-Al2O3 y-Al2O3 a-Al2O3

Average size ± ± 3.8 4.4 5.7 7.2 ± ± ±

of alumina crystallite (nm)

M, mullite; AS, amorphous silica.
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could reduce the quantity of the vitreous grain bound-
ary phase which is very important for promoting the
densi®cation and grain growth. The sintered density
could only reach 65% of the theoretical density, as
shown in Fig. 1. The densi®cation at this stage was
probably due to (i) plastic ¯ow of the small mullite
grains by dislocation movement; (ii) viscous ¯ow of a
still remaining vitreous grain boundary phase. Viscous
¯ow is the mechanism responsible for the high density
diphasic mullite precursor [12]. A signi®cant increase in
sintered densities was only observed when the sintering
temperature was raised to 1550�1600�C. A relative
density of 96% was obtained after sintering at 1600�C
for 6 h. This densi®cation behaviour was quite di�erent
from the diphasic mullite precursors with stoichiometric
composition.

From the sintered density versus sintering time shown
in Fig. 2, together with the observation of the grain
growth of both mullite and alumina [17], it seems that
besides the two mechanisms involved in the low tem-
perature sintering process, other densi®cation mechan-
isms become active, specially at 1600�C, the most
probably being (iii) deformation of the grains by lattice
di�usion (Nabarro±Herring creep), (iv) deformation by

grain boundary di�usion (Coble creep). A similar sin-
tering behaviour can be observed in Fig. 3 with the
precursor prepared by the colloidal method which
shows �62% relative density obtained in the ®rst den-
si®cation stage starting at �1400�C, while further
densi®cation needs temperatures around 1600�C.

3.1.2. Sintered microstructures

Fig. 4 shows the microstructures of the samples sin-
tered at 1600�C from the precursors prepared by the
coprecipitation method and by the colloidal method. As
can be seen in Fig. 4(a), the excess alumina in the sam-
ple sintered from the coprecipitated precursor pre-
cipitated out in the form of a-Al2O3 platelets, while
some pores are entrapped inside the mullite grains or
distributed along the grain boundaries. A considerably
di�erent microstructure was obtained from the pre-
cursor prepared by the colloidal method as shown in
Fig. 4(b). In this microstructure, the excess alumina is
disseminated in the form of small equiaxial a-Al2O3

Fig. 3. Relative density versus sintering temperature for the colloidal

precursor (6 h).

Fig. 2. Relative density versus sintering time for the coprecipitated

precursor (1600�C).

Fig. 4. SEM micrographs of the pressureless-sintered bodies at

1600�C for 6 h: (a) the coprecipitated mullite±alumina composite pre-

cursor (backscattering electron signal); (b) the colloidal mullite±

alumina composite precursor (secondary electron signal).
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grains distributed at the triple points or along the grain
boundaries, while some mullite grains appear with
abnormal sizes. The abnormal mullite grain growth
observed in the composite prepared from the colloidal
precursor might derive from a less uniform distribution
of the components in the mixture. More abundant
liquid phase would occur where the concentration of
silica species is higher, favouring the abnormal grain
growth.

3.2. Pressure-assisted sintering

3.2.1. Densi®cation behaviour
The sintering behaviour and ®nal density depend

on the starting packing density and the driving force
available for densi®cation. Pressure-assisted sintering
experiments were carried out at 1400�C and at 1600�C
for both precursors used in this work. It was observed
that the relative density after pressure-assisted sintering
for 1 h at 1400�C was only 67% (2 per cent units higher
than that obtained in pressureless sintering for 10 h).
Since the temperature of 1400�C is much lower than the
temperature at which the eutectic in the mullite and
silica system (&1598�C) occurs, the densi®cation would
mainly involve particle re-arrangement and viscous ¯ow
at this temperature as in the case of the pressure assisted
sintering of Si3N4 [18]. This pressure-assisted sintered
sample was then resintered at 1600�C for 6 h, reaching a
relative density of 90%. This densi®cation level is even
lower than that attained by the pressureless sintered
sample at 1600�C for 6 h. This is probably due to the
formation of a stable porous microstructure by the pre-
vious 1400�C sintering process that requires a higher
temperature for the further densi®cation.

When the precursors were pressure-assisted sintered
at 1600�C, which is higher than the eutectic temperature
of mullite±silica system, the densi®cation behaviours
became more complicated for both precursors because
of the involvement of several densi®cation mechanisms,
and the quite di�erent relation between the densi®ca-
tion and grain growth, compared to the situation in
the pressureless sintering. The densi®cation curves are
shown in Figs. 5 and 6. After holding at 1600�C for 1 h,
almost full density was obtained.

3.2.2. Sintered microstructures

The micrographs of the pressure-assisted sintered
microstructures are shown in Figs. 7 and 8. Both struc-
tures were well densi®ed, with no visible pores, con-
®rming the results of the density measurements. The
morphology of the mullite grains in the sintered com-
pact in Fig. 7(a) is not very di�erent from the micro-
structure obtained by pressureless sintering for the
coprecipitated precursors, as shown in Fig. 4(a). How-
ever, a completely di�erent situation is observed con-
cerning the alumina grains. The second phase-a-alumina

appeared in the form of well de®ned platelets in pres-
sureless sintering, while it is not so well de®ned in the
pressure-assisted sintered sample. One of the possible
reasons might be a di�erent relation between the densi-
®cation and the grain growth in the case of
the pressure-assisted sintering.

In pressureless sintering of diphasic stoichiometric
mullite precursors obtained by coprecipitation, the
mullite grains tend to grow along their preferred orien-
tation and appear in an elongated form [19]. However,
the presence of the excess alumina over the stoichio-
metric mullite composition used in the present work
changed this tendency, as shown in Fig. 4(a). A uniform
microstructure with equiaxial mullite grains and a-
Al2O3 platelets was obtained. When the sintering was
pressure-assisted, not well-de®ned ®ne mullite grains
were densely compacted, the sporadic arrangement of
the non-well-de®ned mullite grains due to external
pressure changed the nucleation and grain growth
behaviours in the case of pressureless sintering as
reported earlier [17,19]. A high density was obtained at
the holding temperature in a short time as shown in
Fig. 5. The densi®cation was promoted by the short-
ening of the di�usion paths while the grain growth was
suppressed, giving a well-densi®ed microstructure with
small grain size. This would be the main reason why the
platelet characteristic of the alumina grains is not as

Fig. 5. Densi®cation curve of the coprecipitated mullite±alumina

composite precursor.

Fig. 6. Densi®cation curve of the colloidal mullite±alumina composite

precursor.
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typical as in the pressureless sintered microstructure,
while the mullite grains kept its equiaxial morphology.

For the precursor prepared by the colloidal method,
the pressureless sintered microstructure obtained at
1600�C for 6 h show small alumina grains embedded in
a mullite matrix with some abnormal grain growth. As
stated above, the modi®cation of the relation between
densi®cation and grain growth in the pressure-assisted
sintering where the long range di�usion process plays a
less important role, enabled the obtention of a relatively
uniform and ®ne microstructure after 1 h at 1600�C as
shown in Fig. 7(b).

4. Summary

The densi®cation of the diphasic mullite±alumina
composite precursors requires high temperatures up to
1600�C either by pressureless sintering or pressure-
assisted sintering. The requirement of this high tem-
perature is mainly due to the presence of the excess
alumina remaining after the mullitization (around
1200�C) that probably eliminates the vitreous phase and
retards the densi®cation. For the coprecipitated pre-
cursor, the excess alumina precipitated out in a form of
platelets in the pressureless sintering; the morphology
of the alumina grains is less typical in the pressure-
assisted sintered microstructure which might be due to a
change of the relation between densi®cation and grain
growth caused by the applied pressure.
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