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Abstract

Cordierite–mullite composites were fabricated from various starting powder mixtures to study the effect of different mixing

combinations of the starting materials (commercial oxide sols and/or hydroxide powders) on the resultant mullite grains in the
sintered composites. The morphology of the mullite grains was substantially changed depending on the Al-source materials used.
Acicular grains were produced from the alumina sol-containing mixtures, whereas the growth of angular or granular mullite grains
occurred for the mixtures containing Al(OH)3 powder. When using alumina sol, its higher reactivity combined with better dis-

persability in precursor powders could cause the lowering in the mullitization temperature than for those containing Al(OH)3
powder. In addition, it could produce very fine mullite seed particles in a calcined powder, leading to the growth of the acicular
mullite grains in the sintered C/M composites. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cordierite ceramics have the excellent property of
thermal shock resistance. It enables them to be used under
a severe environment of very rapid heating and cooling
conditions. Recently, ceramic filter elements have been
increasingly required for removal of particulates in several
high temperature systems.1 Cordierite ceramics, of course,
are one of the candidate materials for high temperature
filtration applications.1�3 However, the relatively poor
mechanical properties that are inherent to cordierite cera-
mics should be improved to obtain long-term structural
durability. A possible enhancement of its mechanical
strength is to add a reinforcing phase and fabricate a
ceramic composite.
Cordierite-mullite (C/M) composites have been pro-

duced from various starting materials.4�12 Monroe et
al.8 and Anderson et al.9 fabricated C/M composites
from mixtures of commercially available cordierite,
mullite and glass powders and studied some physical
properties of the composite samples. Densification of C/

M composites at much lower temperatures was achieved
using precursor powders prepared via sol-gel routes.7,11

However, little information on the morphology of the
mullite grains grown during sintering was reported in
these studies. Mussler et al. fabricated C/M composites
with various mullite contents by mechanical mixing of
preformed powders of cordierite glass and mullite and
subsequent heating of the corresponding pellets at tem-
peratures from 800 to 1650�C in different atmospheres.4

They found that the directional growth of mullite grains
occurred after sintering at 1550�C, resulting in the evo-
lution of coarse-grained acicular microstructure. Alter-
natively, sintering of a calcined powder mixture of
preheated Al2O3, Mg(OH)2 and anhydrous SiO2 at a
lower temperature (1450�C) caused the formation of
angular mullite grains with a small aspect ratio of 2–3.5

The effect of the C:M ratio in the composites on the mor-
phology of the resulting mullite grains was described in a
study using composite sols, in which acicular grains in the
mullite-rich composite changed to equiaxed grain mor-
phology with an increasing cordierite content.12 Thus
the C/M composites can be expected to have character-
istic microstructure containing elongated mullite grains
with various aspect ratios as a reinforcing phase. The
different morphologies of mullite grains formed during

0955-2219/02/$ - see front matter # 2002 Elsevier Science Ltd. All rights reserved.

PI I : S0955-2219(01 )00312-0

Journal of the European Ceramic Society 22 (2002) 479–485

www.elsevier.com/locate/jeurceramsoc

* Corresponding author. Fax:+81-11-706-6572.

E-mail address: tkjun@eng.hokudai.ac.jp (J. Takahashi).



the sintering process would be essentially dependent on
the starting powder, sintering temperature and liquid
phase formed during sintering. In this study, to investigate
the effect of mixing combinations of the different starting
materials on the morphological change of mullite grains,
C/M composites have been fabricated from various start-
ing powder mixtures and the resulting microstructure has
been evaluated. Our final goal with the C/M composites is
to establish a method for controlling the morphology and
content of mullite grains, which leads to the fabrication
of toughened C/M composites.

2. Experimental

The starting materials used in this study were com-
mercially available chemicals; Alumina sol1 or Al(OH)3
powder2, and Silica sol3 or SiO2 powder

4 were used as
the Al- and Si-sources, respectively. Mg(OH)2 powder

5

was simultaneously added for the production of the
cordierite phase.
Table 1 shows starting mixtures examined in the pre-

sent study (hereafter referred to as precursor powders)
and their mixing combinations of each material. At first,
required amounts of the corresponding materials were
weighed to obtain the fixed C:M compositions and
mixed under each condition. The M-sol precursor pow-
der was prepared by stirring both sols and Mg(OH)2
powder with an appropriate amount of distilled water
for several hours and microwave-drying. For the other
precursor powders, given amounts of the corresponding
starting materials were wet-mixed in a plastic container
using yttrium-stabilized ZrO2 (YSZ) balls and oven-
dried. These precursor powders were calcined at 1300�C
for 4 h and then ball-milled to obtain fine powders for
sintering. Green compacts formed by uniaxial and iso-
static pressing were sintered in the temperature range
1435–1445�C for 10 h. X-ray powder diffractometry
(XRD) was used to identify the solid phases formed
after calcination and sintering. Microstructural obser-
vation with scanning electron microscope (SEM, Jeol
JSM-6300F) was conducted for calcined powders or
sintered and polished composite samples. Transmission
electron microscope (TEM, Jeol 2000ES) with EDS
(energy dispersive X-ray spectroscope) was also used for
the estimation of solid phases formed in the composite
samples. Samples for TEM analysis were prepared by

mechanical grinding and subsequent ion thinning using
Ar gas (Gatan, Model 691).

3. Results and discussion

3.1. Fabrication and microstructure of M35 composites

Fig. 1 shows typical XRD profiles of a composite
powder with a starting composition of C:M=0.65:0.35
(molar fraction, referred to as the M35 composite)
which was prepared from the M-sol precursor and
heated in the temperature range from 1000 to 1300�C in
air. The formation of spinel (marked by *) with low
crystallinity, which might be MgAl2O4 and Al,Si-spi-
nel,13,14 are recognized in the sample calcined at 1000
�C. On heating at elevated temperatures, diffraction
peaks of mullite (M) and cristobalite (&) can be seen
for samples calcined at 1200�C. The cordierite phase
was formed after heating at 1300�C, where four crystal-
line phases co-existed with a decreasing relative content
of cordierite>mullite � cristobalite>spinel. The forma-
tion of the cordierite phases (m- and a-) has been studied
using a precursor powder derived via sol-gel route, in
which the hydrolysis and subsequent dehydration and

Table 1

Combinations of each source material for precursor powders

M-sol A-sol S-sol Non-sol

Al-source Alumina sol Alumina sol Al(OH)3 Al(OH)3
Si-source Silica sol SiO2 powder Silica sol SiO2 powder

Mg-source Mg(OH)2 Mg(OH)2 Mg(OH)2 Mg(OH)2

Fig. 1. X-ray diffraction profiles of M-sol powders calcined at (a)

1000�C, (b) 1100 �C, (c) 1200�C and (d) 1300�C. (C: cordierite, M:

mullite,*: spinel,&: cristobalite).

1 Produced by Nissan Chemical Industries; �6103.mPa s at 20�C,
fibrous particles with dave 610�100 nm, amorphous by XRD.
2 By High Purity Chemicals Lab.; 99.9% (purity).
3 By Nissan Chemical Industries; �62 mPa s at 20�C, colloidal

particles with dave =10–20 nm.
4 By Kanto Chemical Co.; precipitated powder, amorphous by

XRD.
5 By High Purity Chemicals Lab.; 99.9% (purity).
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condensation processes of metal alkoxides were con-
trolled.15,16 It was found that well crystallized a-cor-
dierite was obtained after heat-treatment at 1200–
1300�C, mainly depending on the hydrolysis conditions
of starting metal alkoxides.15 In the present composite
powder, the a-cordierite phase could be formed at
1300�C from a mechanical mixture of alumina and silica
sols and Mg(OH)2 powder. This result suggested that
the co-existing mullite phase had no significant effect on
the formation temperature of a-cordierite in the M-sol
powder. Relative phase changes with calcining tem-
perature are given in Fig. 2 for all the precursor pow-
ders prepared. The formation behavior of each phase
was somewhat dependent on the precursor powders. It
should be noticed that mullite was formed at 1200�C for
the M-sol and A-sol samples and the contents of the
mullite phase in those samples heated at 1300�C was
greater than those in the S-sol and non-sol samples.
Mullitization temperature in samples obtained from

various starting materials widely differed due to the
effect of impurities, firing atmosphere and the presence
of pre-treatment. Okada et al. summarized the mulliti-
zation from various starting materials and showed that
the formation temperature changed depending mainly
on their particle sizes in the case of mixtures of sols or
oxide powders.17 In this study, the different mullitiza-
tion behavior that could distinguish the M-sol and A-sol
precursor group from the S-sol and non-sol group was
due to the difference in the Al-source materials used.
That is, the mullitization temperature was lowered by
100�C for the precursor powders containing alumina
sol. This result implied that the size of alumina particles

prepared by the thermal decomposition of the Al(OH)3
powder in the S-sol and non-sol precursors might be
larger than that derived from alumina sol. Probably this
could be caused by insufficient or inhomogeneous mix-
ing of the Al(OH)3 powder in the starting non-sol and
S-sol mixtures.
Typical microstructures of the M35 composites sin-

tered at 1440 �C for 10 h are shown in Fig. 3. Mullite
grains grown during sintering can be seen as brightened
grains dispersing in a cordierite matrix. As shown in
Fig. 3, the morphology of the mullite grains could be
conventionally classified into two types. Acicular grains
grew in both the M-sol and A-sol samples. On the other
hand, angular or granular mullite grains were dis-
tributed in the composites derived from the non-sol and
S-sol powders. The comparative examination of those
mullite grains was made between the M-sol and non-sol
derived composites. Fig. 4 shows the distributions of
(A) grain size (based on the smaller dimension of an
elongated grain) and (B) aspect ratio of the mullite
grains for the samples sintered at 1435 and 1445�C. The
average size of the mullite grains in the M-sol samples
was much smaller than that in the non-sol sample. Sur-
prisingly, a slight increase in sintering temperature by
10�C caused the considerably increasing size of mullite
grain in both samples, suggesting the accelerated grain
growth by liquid phase. Lattice parameters of mullite
formed at 1445�C were calculated to estimate the com-
position of the mullite grains in both samples. They were
(1) a0=0.7535 nm, b0=0.7703 nm, c0=0.2885 nm and
(2) a0=0.7550 nm, b0=0.7697 nm, c0=0.2886 nm for the
M-sol and non-sol samples, respectively. According to

Fig. 2. Phase change with calcination temperature for (A) M-sol, (B) non-sol, (C) A-sol and (D) S-sol precursor powders.
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Fig. 3. SEM images of polished surfaces of M35 composites derived from (A) M-sol, (B) non-sol, (C) A-sol and (D) S-sol powders.

Fig. 4. Distributions of (A) size and (B) aspect ratio of mullite grains grown in the sintered M-sol and non-sol composites.
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the relationship between the a0 lattice parameter and
composition of mullite,18,19 the compositions of mullite
in the M-sol and Non-sol samples might be evaluated to
be approximately 71.5 wt% and 73.0 wt.% Al2O3,
respectively.
In addition to the grains size, the distribution curves

of the aspect ratio of mullite grains substantially dif-
fered between both samples. The curves of the M-sol
composite expand and tail up to the ratio of 20, whereas
the non-sol samples show very narrow curves with a
maximum ratio of 2. An increase in sintering tempera-
ture, however, had little effect on the distribution curve
of the aspect ratio for both samples. As can be deduced
from Fig. 3, the distribution characteristics of the size
and aspect ratio of the mullite grains in the A-sol and S-
sol composites were similar to those in the M-sol and
non-sol composites, respectively. The morphology and
size of the resulting mullite grains were hardly affected
by calcination temperature prior to sintering for all the
composites derived from different precursor powders.

3.2. Effect of starting materials on the morphology of
mullite grains

Appreciable difference in the formation behavior of
crystalline phases after calcination was the temperature
at which mullitization occurred (Fig. 2). Obviously, the
mullitization temperature was lowered in the precursor
powders containing alumina sol, i.e. the M-sol and A-sol
samples. Several mullitization routes are known and the
mixing states of SiO2 and Al2O3 components in the start-
ing materials determine the reaction process.17 In the pre-
sent study, mullite was formed via a similar reaction
sequence irrespective of the different mixing combinations
of the starting materials, because no additional phase was
detected in the calcined samples. The sequence was con-
sidered to be amorphous ! Al,Si-spinel ! mullite.
Probably, higher reactivity and better dispersability of
alumina sol in the M-sol and A-sol precursor powders
might cause the formation of mullite at a lower tem-
perature. Fig. 5 shows SEM images of calcined (1300

�C) and ground particles of the M-sol and Non-sol
samples. The image of the M-sol sample [Fig. 5(A)]
reveals a dense and single particle in appearance, which
was the morphological feature of particles prepared via
the sol-gel route. In addition, it should be noticed that
the single particle definitely consisted of different solid
phases as indicated in Fig. 2. These results suggested
that fibrous particles of alumina sol of 10�100 nm in
size reacted with colloidal particles of silica sol having
an average diameter of 10–20 nm (morphologies and
sizes of alumina and silica sols were based on TEM
observation) to form very fine mullite seed crystals that
should distribute in a single M-sol particle as shown in
Fig. 5(A). Consequently, this would lead to the forma-
tion of the acicular mullite grains after sintering. On the
contrary, the Non-sol sample was characterized by the
coagulation of small primary particles, each of which
corresponded to different solid phases formed by calci-
nation [Fig. 5(B)]. Obviously, the sizes of those primary
particles were larger than those contained in the cal-
cined M-sol particle in Fig. 5(A). Sintering of a green
compact consisting of these coagulated non-sol particles
caused the growth of the angular or granular mullite
grains in the composites. Thus, difference in the reactiv-
ity and dispersability between alumina sol and Al(OH)3
powder in the precursor mixtures definitely resulted in
the different morphologies and sizes of the mullite grains
grown during sintering.
In order to examine the effect of mixing procedure of

the starting materials on the morphology of the resul-
tant mullite grains, a C/M composite was fabricated by
an alternative method using alumina and silica sols. Prior
to the mixing process, cordierite and mullite precursor
powders were separately prepared using each sol and cal-
cined at 1300�C to form the corresponding oxide powders.
Then, each of the preformed and ground oxide powders
were mechanically mixed, pressed into a disk and sintered
at 1440�C. The microstructure of the sintered composite
with C:M=0.5:0.5 can be seen in Fig. 6. The morphology
of the mullite grains observed in Fig. 6 is basically
angular and found to be similar to that observed not in

Fig. 5. Morphology of a calcined and ground particle of (A) M-sol and (B) non-sol precursor powders.
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the M-sol (A-sol) but in the non-sol (S-sol) composite.
This result supported the facet that the size and dis-
persed state of the mullite particles preformed during
calcination at 1300�C was substantially different
between the M-sol and non-sol powders; very fine mul-
lite microcrystals were dispersed in a dense and single
M-sol particle together with the other solid phases
[Fig. 5(A)], whereas relatively larger mullite particles
constituted an aggregated Non-sol particle [Fig. 5(B)].
Therefore, it might be concluded that the size and dis-
persed state of the mullite particles in a green compact
was responsible for the resulting morphology of the
mullite grains in the sintered composite.
Although it could be explained that elongation of the

mullite grains in the sintered composite is attributed to
the presence of a liquid phase during sintering, there
have been few examinations on the morphological
change of the mullite grains in relation to the amount
and/or composition of the liquid phase formed. To
assure the formation of a liquid phase in the present
study, a C/M composite with a SiO2-rich composition
(theoretically C:M=0.5:0.5 with 12 mol% excess SiO2)
was sintered (1440�C) from the M-sol precursor. ATEM
microphotograph of the thinning-treated sample is
given in Fig. 7. It reveals elongated mullite grains (‘‘M’’
in Fig. 7) and a glassy phase (‘‘G’’) composed of more
than 95% SiO2. According to the phase diagram of the
system MgO–Al2O3–SiO2, the lowest temperature at
which a liquid phase is formed near the cordierite com-
position is 1345�C.20 In each powder calcined at
1300�C, there existed the cristobalite and spinel particles
in addition to the cordierite and mullite particles.
Therefore, local inhomogeneity in the mixing state of
each constituting solid particle might occur in a green
body, causing the formation of liquid phase during sin-
tering process. The amount and composition of a liquid
phase formed must be dependent on the overall com-
position of the composite and sintering temperature. A
relationship between a liquid phase and the resultant
morphology of the mullite grains will be examined in a
successive study.

4. Conclusion

Cordierite–mullite composites (a composition of
C:M=0.65:0.35 in molar fraction) were fabricated from
various precursor powders prepared using different
starting materials (alumina sol and Al(OH)3 powder,
silica sol and SiO2 powder and Mg(OH)2 powder as the
Al-, Si- andMg-source materials, respectively). Required
amounts of the corresponding materials were weighed
and mixed under appropriate conditions to obtain a
precursor powder having the fixed final composition.
From solid phase identification on the calcination of
each precursor powder, mullitization temperature was
lowered for precursor powders containing alumina sol
(the M- and A-sols). Microstructural observation of the
sintered compacts revealed that acicular mullite grains
with a maximum aspect ratio of 20 grew in the M-sol
and A-sol derived composites, whereas angular or
granular mullite grains having very small aspect ratios
were distributed in the composites obtained from the
non-sol and S-sol powders. The higher reactivity and
better dispersability of alumina sol in precursor powders
could cause the lowering in mullitization temperature
and the production of very fine mullite seed particle in a
calcined powder, leading to the growth of the acicular
mullite grains in the sintered C/M composites. Thus the
size and dispersing state of the mullite particles in a
green compact was responsible for the resulting mor-
phology of the mullite grains in the sintered composite.

Fig. 6. Microstructure of M50 composite with angular mullite grains.

Fig. 7. TEM micrograph of SiO2-rich M50 composite showing elon-

gated mullite grains (M) and a glassy phase (G).
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