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Abstract

Diphasic gels with alumina/silica ratio of 68/32, 71.8/28.2, 74/26, and 76/24 were prepared and used to study the effect of the
precursor composition on the mullite formation process, densification behavior, and microstructure development. Alumina con-
tents of mullites in the samples sintered at high temperature (1650°C) for 4 h or at low temperature (1550°C) for longer time
increased with the increase in alumina/silica ratio of the gels. A sharp decrease in densification rate was observed on transition from
the mullite + silica-rich liquid phase field to the mullite solid solution. This decrease was associated with elimination of the viscous
flow of the amorphous silica phase. However, the densification rate was higher for the samples with excess alumina than for the 74/
26 sample. Both in the silica-rich sample (68/32) and the stoichiometric mullite sample (71.8/28.2), elongated mullite grains were
observed. Such elongated grains grew at the expense of the surrounding smaller mullite grains. In the 74/26 and 76/24 samples,
mullite grains were equiaxed. Furthermore, in the latter, elongated o-Al,O3 grains were observed. © 2000 Elsevier Science Ltd and

Techna S.r.1. All rights reserved.
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1. Introduction

Mullite has been recognized as an important struc-
tural, electronic, and optical material because of its
excellent high temperature strength, creep resistance,
good chemical and thermal stability, low thermal
expansion coefficient, good dielectric and infrared
transparency [1-4]. To enhance the performance of
mullite, it is necessary to tailor the microstructure of the
material to application. For instance, interlocked aci-
cular grains may be best when creep resistance is desired
[2]. However, fine equiaxed grains are most desired for
good IR transparency and/or high room-temperature
strength.

Several authors have demonstrated that sol-gel process
can be designed to control the degree of alumina-silica
mixing and, consequently, control mullite crystallization
kinetics, densification and microstructure evolution [5].
While a sol-gel polymeric mixture resulted in the
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equiaxed microstructure, variations in local chemical
heterogeneity in a sol-gel colloidal (diphasic) mixture
lead to anisotropic mullite grains at the same composition
(72 wt% Al,O3) [5]. Another way to control micro-
structure evolution is to add seeds into the precursor
material. Mroz and Laughner [6] reported that a dense,
equiaxed grain structure could be developed at a relatively
high seed concentration, whereas highly anisotropic, large
grains dispersed in a matrix of small, equiaxed grains were
obtained at a low seed concentration. Hong et al. [7]
obtained largest anisotropic grains with a system seeded
with 2 wt% mullite whiskers and doped with 2 wt%
B,03. A number of dopants such as B,O;, Fe,O3, and
TiO, have been reported to promote anisotropic grain
growth in mullite [7-9]. The anisotropic microstructure
development [8,9] is attributed to a low glass viscosity
in transition metal (titanium, iron) oxide-doped mullite
and therefore the higher mobility of the diffusing species
in glass.

Some authors [4, 10-14] have studied microstructural
development of aluminosilicates with compositions near
the single-phase mullite region. Equiaxed grains in
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alumina-rich mullite is attributed to the kinetic limita-
tion of material transport by solid-state diffusion
whereas the presence of a liquid phase has been sug-
gested to facilitate the growth of anisotropic grains in
silica-rich mullites [13] (i.e. <74 wt% Al,0O3). There are
two possible mechanisms to explain the change of the
growth process of mullite with composition. One of
these mechanisms assumed that intrinsic growth rates of
mullite crystals along different axes are always anisotropic
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[8]. Mullite grains have therefore a strong tendency to
grow as rods if the grains grow without constraint, such
as in directional solidification [15] and during vapor—
solid synthesis of whiskers [16]. The other mechanism
assumes that the intrinsic growth rates are a function of
composition, and a composition near the stoichiometric
mixture promotes the growth along the ¢ axis and/or
suppresses the growth along the @ and b axes [13]. Since
no long-range diffusion is required in diphasic gels,
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Fig. 1. XRD patterns for (a) the 68/32 gel, oven cooled from calcined temperatures; (b) the samples 68/32, 71.8/28.2, 74/26, 76/24, calcined at

1300°C for 1 h.
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Fig. 2. Mullite lattice parameter @ vs total alumina content in samples.
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Fig. 3. Relation between alumina content in mullite and total alumina content in samples.
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Fig. 4. Relation between second phase content (a-Al,O3)in the 76/24 sample and sintering temperature (a), and sintering time (b).

which have nanometer-scale mixing, mullite grain mor-
phology is determined by the intrinsic growth rates, which
are limited by the short range diffusion.

In the diphasic mullite system, it is known that densi-
fication is aided by viscous flow of the amorphous silica
phase and that this glass phase also enhances the devel-
opment of anisotropic grains. Although there were
many earlier studies [3, 5-8, 12—-14, 17-21] that addressed
the subject of densification and microstructure evolution
in diphasic-gel-derived mullite, the effect of composition
of diphasic mullite gels on the sintering and micro-
structure development were not systematically char-
acterized. In this paper, sintering behavior and
microstructure evolution of diphasic mullite gels were
studied over a range of chemical compositions (Al,O3/
SiO; ratio).
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Fig. 5. Change in relative sintered density with sintering temperature
(sintering time is 4 h).
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Fig. 6. Scanning electron micrographs of the samples (a) 68/32, (b) 71.8/28.2, (c) 74/26, and (d) 76/24, sintered at 1550°C for 4 h. Dark grains:

mullite; light grains: a-Al,O;.

2. Experimental procedure

Aluminum chloride and tetraethylorthosilicate
(TEOS) were used to prepare diphasic mullite gels that
had overall alumina/silica weight ratio of ~68/32,
~71.8/28.2, ~74/26, and ~76/24 after heat treatment at
1600°C. At this temperature, equilibrium Al,05-SiO,
phase diagrams [22-25] indicate that “6832” samples
are in the mullite +silica-rich liquid phase field, the
“71.8/28.2” samples are stoichiometric mullite, the ““74/
28" samples are near the boundary between the mullite
(solid solution) and mullite—alumina phase fields, and
the “76/24 samples are in the mullite + alumina phase
field.

A typical procedure for synthesis of the diphasic
mullite gels is outlined as follows: A required amount of
aluminum chloride was first dissolved in distilled water.
High-purity TEOS, ethanol, and H,O with 0.018N HCl
were mixed together in a ratio of 50 wt%:30 wt%:20
wt%. After the mixture was aged in a 70°C water bath
for 1 h, the alumina solution was introduced, and mixed
further for 1 h. Then the pH value of the mixture was
increased to 8.5 by the addition of 3N NH;-H,O and
aged in the same bath again for 3 h. The materials were
filtered, washed thoroughly with distilled water, and

then dried at 100°C overnight. Gels obtained were cal-
cined at 1000°C for 1 h, milled for 2 h to break up
agglomerates in a Teflon-lined container using mullite
balls, and subsequently isostatocally pressed at 250
MPa. The green compacts obtained were sintered at
various temperatures for different time periods.

X-ray diffraction (XRD) techniques were used for the
phase identification of gel powders which were calcined
at different temperatures, up to 1300°C. The sintered
samples were ground and also analyzed by XRD using
CuK, radiation with automatic divergence slit. The 26
positions of six silicon peaks were used to correct
26 positions for the samples, based on standard positions
for the silicon peaks. Lattice parameters of mullite were
calculated by the least-squares method using a compu-
ter program, selecting 11 XRD peaks (20 between 16°
and 70°) nonoverlapping with Al,O5 peaks, and using a
step-wise scanning mode. The amount of a-Al,O3 was
determined from the peak area ratio of the (113) a-
Al,O; reflection to the four mullite peaks (201,121, 211,
230), as described by Klug et al. [25]. Sintered bulk
densities were measured by the Archimedes method.
The microstructure of the fully dense specimens was
observed by scanning electron microscopy (SEM) on
polished and thermally etched samples.
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3. Results and discussion

According to previous studies [26-29], the mullite
formation reaction in diphasic gels takes place between
amorphous silica and transition alumina. This phenom-
enon is also observed in the present study (Fig. 1). The
as-prepared gel had a structure of boehmite which
changed after heating at T~1000~1200°C into a struc-
ture of y-Al,O; or spinel [25, 26] and finally, crystallized
into mullite at 7> 1300°C. In addition to mullite, a trace
of a-Al,O5 was present in rich-alumina 76/24 samples. In
rich-silica 68/32 samples, however, no crystalline silica
phases were detected by XRD in any of the diphasic gels
during heating. The only crystalline phase detected in the
68/32, 71.8/28.2, and 74/26 samples was mullite.

The change in the mullite lattice parameter a in the
samples sintered at various temperatures for different
times as a function of composition is depicted in Fig. 2.
As can be seen from the figure, this parameter increased
with the increase in the alumina/silica ratio of diphasic
gels in the samples only sintered at 1650°C for 4 h and/
or at 1550°C for 8 h. For the samples sintered at 1550°C
for 4 h, the value of lattice parameter a was lower in the
76/24 sample than that in the 74/26 sample [Fig. 2(a)].
For the samples sintered at the same temperature for 0.5

h, this parameter was higher in the 68/32 sample than
that in the stoichiometric samples [Fig. 2(b)]. Further-
more, for the 76/24 samples, the lattice parameter, a,
was higher at 1450°C than at 1550°C [Fig. 2(a)], and
was higher at 1550°C for 0.5 h than for 4 h [Fig. 2(b)].
The change in the parameter a with temperature or time
was also similar to that observed in the 68/32 samples.
These results, which have been related to the formation
of a transient Al,Osz-rich mullite just after crystal-
lization, are in agreement with other authors(observa-
tion [13,21].

Because the plot of the a constant versus the Al,O3
content gives a linear relationship, the plot has fre-
quently been used to determine the alumina contents in
mullite [30]. Fig. 3 shows alumina contents in mullite
grain plotted against alumina contents in the samples.
The alumina contents in mullite were determined from
a-lattice parameters utilizing the curve given by Klug et
al. [25]. In the samples within the single-phase mullite
region (the 71.8/28.2 and 74/26 samples), the alumina
contents in mullite became higher with increasing tem-
perature. However, in the samples with excess silica or
alumina relative to the mullite compositions in the solid-
solution range, an alumina-rich mullite was initially
formed. For instance, a kind of mullite with a composition

Fig. 7. Scanning electron micrographs of the samples (a) 68/32, (b) 71.8/28.2, (c) 74/26, and (d) 76/24, sintered at 1550°C for 8 h. Dark grains:

mullite; light grains: a-Al,O;.
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of 73.3 wt% alumina was obtained in the 76/24 sample
sintered at 1450°C for 4 h [Fig. 3(a)]. Further heating up
to 1550°C decreased the amount of alumina in solid solu-
tion to 70.7 wt%, and subsequent treatments at higher
temperature (1650°C) increased the amount of alumina to
75.3 wt%, which is near the overall composition and
higher than the equilibrium composition predicted by
Klug et al.’s phase equilibrium diagram [25]. The change
in alumina contents of mullites in the 76/24 samples
sintered at 1550°C with sintering time was similar [Fig.
3(b)]. The amount of alumina in mullite was higher for
0.5 h than for 4 h, longer treatments at this temperature
(8 h) raised it to levels of 73.9 wt%. Samples with rela-
tively low bulk alumina contents (the 68/32, 71.8/28.2,
and 74/26 samples) had only mullite as the crystalline
phase, while the alumina-rich sample (the 76/24 sam-
ples) contained some additional «-Al,O3 as secondary
crystalline phase (Fig. 3). The content of «-Al,O3
reached its maximum value of 6.5 wt% for the 1550°C
treatment and then decreased with increasing tempera-
ture [Fig. 4(a)]. At 1550°C, the content of second phase
reached a maximum for 4 h treatment and then
decreased with increasing time. The change in the con-
tent of a-Al,Oj3 in the 76/24 sample coincided with the
change in the alumina content in mullite grain (Fig. 3).

The dependence of the sintered density on sintering
temperature is shown in Fig. 5. The fired densities of the
samples at 1450°C were below 90%TD for all composi-
tions, with the exception of the 68/32 sample which
reached 97%TD. The relative density for all composi-
tions increased with increasing sintering temperature.
Almost full densification >97%TD was reached at
1500°C for all samples. Because the precursor powders
were calcined at 1000°C, an amorphous phase remained
in the calcined powders and promoted densification by a
transient viscous sintering mechanism. As the alumina/
silica ratio increased, the relative density of the samples
became lower. However, a closer look at the relative
densities of the different samples shows that the relative
density of the alumina-rich 76/24 sample was higher
than that the 74/26 sample. These results are in agree-
ment with those reported by Sacks [11] who indicated
that in addition to the amorphous phase, other factors
have important effects on the densification behavior of
diphasic gels. In a compound with a solid solution
range, the densification kinetics may be modified if
changes in defect concentration of the slower diffusing
species occur when the composition is altered. This does
not appear to be an important factor in the present
study since alumina content of mullite in the 76/24

Fig. 8. Scanning electron micrographs of the samples (a) 68/32, (b) 71.8/28.2, (c) 74/26, and (d) 76/24, sintered at 1600°C for 4 h. Dark grains:

mullite; light grains: o-Al,O;.
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sample during sintering was not always higher than that
in the 74/26 sample. For example, alumina content of
mullite was 70.7 wt% in the 76/24 sample sintered
1550°C for 4 h while 71.8 wt% in the 74/26 sample [Fig.
3(a)].

The relative density of the 68/32 sample reached a
maximum of ~99% at 1550°C and then decreased with
increasing sintering temperature. However, the relative
densities of the 71.8/28.2, 74/26, and 76/24 samples
reached their maximum value at 1600°C and then
decreased with increasing sintering temperature. Based
on a comparison of the densities and microstructures in
this study, the density decrease coincided with the ani-
sotropic grain growth. Density decreases after pro-
longed heating of mullite at high temperature have been
attributed to exaggerated grain growth [8,19,31]. This
suggests that the process of anisotropic grain growth
might be responsible for densification.

Microstructures developed at 1550~1650°C were
observed with SEM. Fig. 6 shows micrographs of
polished and thermally etched sections for the samples
sintered in air at 1550°C for 4 h. Both 68/32 and 71.8/
28.2 samples have similar microstructures which con-
sisted of some acicular and rectangular mullite grains in

a matrix of fine equiaxed mullite grains. Small propor-
tion of elongated grains and rectangular grains implys
that there were liquid phase along grains boundaries
during sintering because these grains can only grow in
the presence of a liquid phase [11]. Only equiaxed mul-
lite grains were present in the 74/26 sample, while elon-
gated o-Al,O5 grains, in addition to equiaxed mullite
grains, were observed in 76/24 samples. Alumina grains
were not observed in the 68/32, 71.8/28.2, and 74/32
samples (Fig. 6), since these samples are within the
mullite + silica-rich liquid phase field or in the stable
region of mullite solid solutions. When sintering time
was increased to 8 h, as can be found in Fig. 7, large
elongated grains and rectangular grains formed in the
68/32 and 71.8/28.2 samples and the aspect ratio of
elongated grains increased with the increase in soaking
time, even though the surrounding equiaxed grains
remained almost unchanged. However, the aspect ratio
of the a-Al,Oj3 in the 76/24 sample is still not high and
tends to decrease with increasing soaking time [Fig. 6(d)],
which was in agreement with the change in alumina
contents of mullites and second phase content in the 76/
24 samples (Figs. 3 and 4). Both in the 74/26 and 76/24
samples, the mullite grains are always equiaxed.

Fig. 9. Scanning electron micrographs of the samples (a) 68/32, (b) 71.8/28.2, (c) 74/26, and (d) 76/24, sintered at 1650°C for 4 h. Dark grains:

mullite; light grains: a-Al,Os.
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The microstructures of the samples sintered at 1600 or
1650°C are shown in Figs. 8 and 9. It can be seen from
Fig. 8 that the microstructures of the 68/32, 71.8/28.2,
and 74/26 samples sintered at 1600°C did not change a
lot compared with those sintered at 1550°C for 8§ h,
while the 76/24 sample sintered at 1600°C contained
some fine alumina particles within equiaxed mullite
grains in addition to the elongated o-Al,O3 grains,
which were also observed at the lower temperature, on
the boundaries of mullite grains. As sintering tempera-
ture increased to 1650°C, both elongated and rectan-
gular mullite grains in the 68.32 and 71.8/28.2 samples
became larger, fine mullite grains and large elongated
mullite grains coexisted together with some pores in 74/
26 sample (Fig. 9). In the 76/24 sample, some mullite
grains became elongated and more a-Al,O5 grains were
observed within mullite grains, which indicate that the
mullite grain growth rate at above 1600°C was so high
that alumina particles could not impede mullite boundary
migration [Fig. 9(d)].

In ceramics with relatively low overall alumina con-
tents (i.e. high silica contents), liquid phase would form
and therefore large elongated and rectangular mullite
grains were developed. As the overall alumina content
of the samples increased, the morphology of mullite
grains gradually changed to yield an equiaxed grain
structure with alumina overall compositions > 74 wt%
Al,Oj3. Based on comparisons of SEM micrographs and
alumina contents of mullite, the intrinsic growth rates of
mullite crystal are believed not to be a function of
composition, because both the 68/32 sample sintered at
1550°C for 8 h and the 76/24 sample sintered at the
same temperature for 4 h had similar alumina contents
of mullite. In 68/32 sample, elongated mullite grains
were observed, while the morphology of mullite grains
in 76/24 sample was equiaxed. In the samples with ani-
sotropic mullite grains, elongated mullite grains were
always accompanied with a number of fine mullite
grains, and with increasing sintering temperature or
time, the more elongated grains, the less fine grains can
be formed, which is in agreement with that reported by
Hong [7,8]. These results indicate that elongated mullite
grains grow at the expense of the surrounding smaller
grains. Fine grains have a large driving force for grain
growth and promote the preferential growth of mullite
along its c-axis by coalescence of the surrounding fine
grains to yield an anisotropic grain microstructure [7].

4. Conclusions

The mullite formation, densification behavior, and
resulting microstructure of diphasic mullite gels were
studied over a composition range from silica-rich to
alumina-rich. Mullite formation initiated at about
1300°C for all samples. The alumina contents of mullite

grains in the samples sintered at high temperature
(1650°C) for 4 h or at low temperature (1550°C) for
longer time increased with the increase in aluminay/silica
ratio of the gels. A sharp decrease in densification rate
was observed on transition from the mullite + silica-rich
liquid phase field to the mullite solid solution. This
decrease was associated with the elimination of viscous
flow of the amorphous phase. However, the densifica-
tion rate was higher for the samples with excess alumina
than for the 74/26 sample near the boundary between
the mullite solid solution range and the mullite +alu-
mina phase region. Both in the rich-silica sample (68/32)
and the stoichiometric mullite sample (71.8/28.2), elon-
gated mullite grains were observed. Such elongated
grains grew at the expense of the surrounding smaller
mullite grains. In the 74/26 and 76/24 samples, mullite
grains were equiaxed. When the alumina/silica ratio
reached 76:24, some elongated a-Al,O5 grains formed in
microstructure. These elongated alumina grains might
be possible for the toughening of mullite ceramics.
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