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Crystallization kinetics of mullite from Al,O;—SiO, glasses under
non-isothermal conditions
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Abstract

The kinetics of mullite crystallization from Al,O5-SiO; glasses with chemical compositions ranging from 15 to 50 mol% Al,O3
were investigated under non-isothermal conditions using DTA. The glasses were prepared by ultra-quenching of molten droplets
formed at the tip of a sintered aluminosilicate rod by an infra-red imaging furnace quenched by a twin-roller system. All the samples
showed an exothermic peak at about 1000°C associated with mullitization. This crystallization temperature increased slightly with
decreasing Al,O3 content. The exothermic peak split into two peaks at a glass composition of about 25 mol% Al,Os. This splitting is
thought to be related to phase separation of the glass preceding mullitization. The activation energies for the nucleation-growth
mechanism of mullitization, calculated by the Kissinger method, were 900—1300 kJ/mol, in good agreement with those for glass fibers
obtained under isothermal conditions (Takei, T., Kameshima, Y., Yasumori, A. and Okada, K., Crystallization kinetics of mullite in

alumina-silica glass fibers. J. Am. Ceram. Soc., 1999, 82, 2876-2880). © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mullite (Als+2.Si5_»,019_,) is the thermodynamically
stable aluminosilicate at atmospheric pressure. It is a
major crystalline phase in porcelain and plays an
important role in increasing its mechanical strength. In
recent years, mullite prepared from high purity synthetic
raw materials has become a candidate as a high tem-
perature structural ceramic because of its good mechan-
ical strength and creep resistance at high temperatures.

Crystallization reactions of mullite from various raw
materials have been reported by many workers. The
crystallization process of mullite is divided into two
types,! (1) direct crystallization from an amorphous
phase which occurs when the precursor is homogeneous
at the molecular level as in glass, monophasic gel?> and
slow hydrolysis (SH) gel,> and (2) crystallization via a
spinel-phase which occurs when the precursor is
inhomogeneous at the molecular level as in diphasic
gel*° and rapid hydrolysis (RH) gel.> The activation
energies (E,) for nucleation-growth of mullitization
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from monophasic gels,? diphasic gels,*'* hybrid gels,’
glass fibers'! and kaolinites'> have been examined by
many workers using isothermal and/or non-isothermal
methods. These reported data are summarized in
Table 1. The reported E, values from monophasic gels?
and kaolinites'? are about 300-530 kJ/mol®> while those
from diphasic gels,*'% hybrid gels” and glass fibers!! are
about 800-1300 kJ/mol, more than twice as large as for
the former group. The differences in these E, values may
be due to the differences in the crystallization processes
mentioned above, or to experimental conditions (e.g.
firing temperature) and sample impurities, but the
details are not yet fully understood.

Although the crystallization behavior of mullite from
Al,O;-SiO, glasses has been reported by many work-
ers,!3715 little attention has been paid to the crystal-
lization kinetics. We have, therefore, previously
investigated the crystallization kinetics of mullite from
glass fibers and measured the activation energies by an
isothermal heating method.!! The crystallization and
growth of mullite could be described by three stages
corresponding to nucleation, nucleation-growth and
coalescence of mullite grains. The E, values for three
stages were 865-980, 1099-1288 and 645-696 kJ/mol,
respectively. The E, values for nucleation-growth of
mullite from the glass fibers are, therefore, apparently
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Table 1
Reported activation energies for nucleation-growth of mullite from various starting materials
Starting material Composition Activation energy Time Temperature Experimental Reference

(mol% AlL,O3) (kJ/mol) exponent range (°C) condition
Diphasic gel 60.0 1070£200 1.3 1200-1300 XRD Wei and Holloran (1988)°
Diphasic gel (0M) 61.4 1034+124 3.5 1200-1275 XRd Wei and Holloran (1988)°
Hybrid gel (25M) 61.4 984471 2.7 1200-1275 XRD Wei and Holloran (1988)°
Hybrid gel (75M) 61.4 109171 1.6 1150-1225 XRD Huling and Messing (1991)7
Hybrid gel (5M) 60.0 960+91 3.1 1200-1275 XRD Huling and Messing (1991)”
Hybrid gel (10M) 58.6 932449 3.3 1200-1275 XRD Huling and Messing (1991)7
Diphasic gel 333 1080+ 63 1300-1390 DTA Li and Thomson (1991)3

50.0 892448 1300-1390 DTA Li and Thomson (1991)8

60.0 103437 1300-1390 DTA Li and Thomson (1991)3

60.8 1108 +44 1300-1390 DTA Li and Thomson (1991)%

75.0 1038 +38 1300-1390 DTA Li and Thomson (1991)3
TEOS-coated Al,O3 - 1042432 - - - Sacks et al. (1991)°
Diphasic gel 60.4 950482 1.0 1200-1300 XRD Lee and Yu (1992)*

50.9 879+£22 1270-1315 DTA Lee and Yu (1992)*

59.7 89117 1275-1315 DTA Lee and Yu (1992)*

59.8 829+24 1265-1310 DTA Lee and Yu (1992)*

60.3 759+26 1255-1300 DTA Lee and Yu (1992)*

60.4 841+23 1275-1315 DTA Lee and Yu (1992)*

62.5 86032 1275-1315 DTA Lee and Yu (1992)*

73.0 932429 - 1275-1315 DTA Lee and Yu (1992)*
Kaolinite (KGA-1) 333 523 +£34 1300-1400 High-temp. Gualtieri et al. (1995)!2
Kaolinite (KGA-2) 333 360+21 1300-1400 Gualtieri et al. (1995)!2
Diphasic gel 60 880+30 - 1300-1400 DTA Boccaccini et al. (1999)'°
Glass fiber 36.1 1288433 920-965 DTA Boccaccini et al. (1999)!1°

36.1 1195431 1000-1200 XRD Takei et al. (1999)!!

56.7 1138+29 920-965 XRD Takei et al. (1999)!!

56.7 1099+44 1000-1200 XRD Takei et al. (1999)'!

larger than those of monophasic gels> which form mul-
lite by the same process.

In the present paper, the activation energies for crys-
tallization of mullite from Al,03-SiO, glasses of various
compositions were measured by a non-isothermal DTA
method and the crystallization mechanisms are dis-
cussed in relation to the chemical composition.

2. Experimental procedures

2.1. Preparation of glasses by an ultra-quenching
method

The glass samples were prepared by an ultra-quenching
method using an arc image furnace and a twin-roller. The
chemical compositions of the Al,03;—SiO, glasses were 15,
20, 25, 30, 36, 40, 50 and 60 mol% Al,Os, designated as
R15, R20,. ..., respectively. The starting materials were
tetraetylorthosilicate (TEOS: Wako Pure Chemicals) and
aluminum nitrate nonahydrate (ANN: Wako Pure
Chemicals). The appropriate amounts of TEOS and
ANN were mixed in absolute ethanol with vigorous
stirring for 3 h, and gelled slowly in an oven at 60°C for

1 month.? The resulting gels (SH gel) were calcined at
500°C for 6 h and 800°C for 24 h to remove organic
matter. The powder was pressed into a rod by CIP at 98
MPa and sintered at 1300°C for 12 h.

The tip of the sintered rod was melted at 2100°C using
an arc image furnace (NEC Model FQ-50XS) and the
molten droplet was ultra-quenched by dropping through a
twin-roller rotating at 1500 rpm. The resulting samples
were transluscent and flaky (with the exception of the 60
mol% sample). The estimated quenching rate by this
method is greater than 10° K/s.1

2.2. Activation energy by the Kissinger method

To investigate the crystallization mechanism of mul-
lite from the glasses, the DTA curves were measured
(Rigaku TG-8 120) at heating rates of 1, 2, 5 and 10°C/
min. The activation energy for nucleation-growth of
mullite was calculated from the exothermic DTA peak
using the Kissinger equation!” as follows:

o E,
() = —=2+C,
n<T%> RTy "
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where « is the heating rate, E, is the activation energy
for nucleation-growth of mullite, R is the gas constant,
Ty is the exothermic peak temperature and C is a con-
stant. Augus and Bennet'® and Ray et al.'® reported
that the crystallization mechanism could be determined
from the shape factor (n) of the exothermic peak repre-
sented by the following equation:

25 T8
T AT (Eu/R)’

where 7 is called the Avrami constant and AT is the full
width at half maximum of the exothermic peak. Here,
smaller n values indicate that the crystallization is domi-
nated by a surface crystallization mechanism rather than
by volume crystallization, and/or that the crystallization
dimension is low. On the other hand, larger n values are
expected only in case of increasing nucleation rates, i.e.
>2.5 in diffusion controlled reaction or >4 in poly-
morphic transformation.

The crystalline phases formed in the as-quenched and
annealed glasses were determined by powder X-ray dif-
fractometry (XRD) using monochromated Cuk, radia-
tion (Rigaku Geigerflex). Microstructures of the samples
were observed by a Field-Emission type scanning electron
microscope (FE-SEM, Jeol JCM890-S).

3. Results
3.1. Crystallization of glasses

The XRD patterns of the ultra-quenched glasses are
shown in Fig. 1. These patterns show only a halo, with
no diffraction peaks of mullite except in the R60 sample.
The samples R15-R50 were, therefore, confirmed to be
fully vitrified. The positions of their halos shifted to
higher reflection angles and their heights decreased with
increasing Al,O5; content. These changes may be caused
by variation in the interatomic distances and in the
short-range ordering of the glasses.

The crystallization of glass can occur either from the
surface or uniformly in the bulk. In order to investigate
the crystallization mechanism of mullite in the present
glasses, the fractured surfaces of sample R50 before and
after annealing at 900°C were observed by FE-SEM.
Fig. 2(a) and (b) shows the XRD patterns and SEM
micrographs of the fractured surfaces of R50, as-quen-
ched and annealed at 900°C for 12 h, respectively. The
amount of mullite in the sample annealed for 12 h was
evaluated from the integrated intensity ratio of the 121
diffraction peaks of the 12 and 48 h annealed samples.
The fraction of mullite in the 12 h annealed sample was
about 0.38. If mullite crystallized from the surface, it
would be expected to form a surface layer 5-6 pm thick,
on the basis of the measured mullite fraction in this

R50
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R20
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(15mol9%AL,05)
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2 L L
10 20 30
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Fig. 1. XRD patterns of ultra-quenched Al,0;-SiO, glasses with
various compositions.

12h

as-quenched

36 38 40 42 44
CuKa 20/ degree

(a)

Fig. 2. (a) XRD patterns of R50 as-quenched and annealed at 900°C
for 12 and 48 h (left), (b) FE-SEM photographs of fractured surfaces
of R50 as-quenched and annealed at 900°C for 12 h (right).
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sample. The SEM photographs of the fractured surfaces
[Fig. 2(a) and (b)] show a mullitization texture in all the
fractured areas, suggesting that mullite crystallization in
the present glasses occurs by volume crystallization and
not by surface crystallization. This result is consistent
with that found for glass fibers.!!

3.2. Activation energy

The DTA curves of the glasses measured at a heating
rate of 5°C/min are shown in Fig. 3. Exothermic peaks
were observed at about 1000°C in all samples, the tem-
peratures tending to decrease slightly with increasing
Al,O; content. The exothermic peak corresponding to
mullitization was not observed in R15 because the
Al,O3 content in this sample is too low. Single exother-
mic peaks were observed in R20, R40 and R50, whereas
the thermal events in R25, R30 and R36, especially R25,
were doublets. The peaks appearing at the lower and
higher temperatures are designated /-peaks and A-peaks,
respectively. The temperatures of the /-peaks were
almost constant while those of the A-peaks increased
with decreasing Al,O3 content. These exothermic peaks
merge into a single peak in the Al,Os-rich glasses R40

Y
M
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crystallization peak

*: high temperature
crystallization peak
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(50mol% ALO5)

%T R40 Y
o l R36 Y
R30 \17
R25 .
”“‘-—-________,fv/\__~‘~“~ﬂ~_~_‘,
R20 *

) N
900 1000 1100
temperature / °C

Fig. 3. DTA curves of ultra-quenched Al,O3-SiO, glasses with

various compositions.

and R50. The cause of this peak separation and tem-
perature shift will be discussed below.

Fig. 4 shows the DTA curves of R25 and R40 deter-
mined at heating rates of 1, 2, 5 and 10°C/min. The top
temperatures of these exotherms increase with increas-
ing heating rate. From these data, a Kissinger plot
[In(@Ty?] vs T~!) was obtained for each sample as
shown in Fig. 5. The activation energies (F,) for
nucleation-growth of mullite in these samples were
evaluated from the plots. Table 2 shows the resulting E,
values and Avrarni constants (n) of these samples. For
R25, two activation energies, E- and E!l, were obtained
from the /- and /-peaks, respectively. Although R30 and
R36 showed a doublet peak shape, their poor resolution
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o . 1017. T
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Fig. 4. DTA curves of ultra-quenched Al,O5-SiO; glasses measured at
various heating rates: (a) R25 and (b) R40.
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Fig. 5. Kissinger plots of ultra-quenched Al,03;-SiO, glasses with
various compositions.

Table 2

Activation energies (E,) for nucleation-growth of mullite from various Al,03;-SiO; glasses calculated by the Kissinger method

Composition (mol% Al,0O3) 20 25 30 36 40 50

EL (kJ/mol)* - 1281419 - - - -

EH (kJ/mol)® 903+4 1019+42 1015+46 1133+13 1062+12 1052453
Avrami constant 3.5-39 - 4.0-4.5 3.3-39 5.0-59 5.6-7.1

4 Activation energy calculated from the /-peak of exothermic peak.
® Activation nergy calculated from the h-peak of exothermic peak.
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made it difficult to obtain two separate E, values; the
EI; values of these samples, therefore, include both
contributions. The calculated E!' reached its maximum
value in R36 but the variation with chemical composi-
tion is quite small. The EL value in R25 is greater than
EdH The resulting Avrami constants, n, were about 3—7,
consistent with a volume crystallization mechanism in
these glasses and also suggest that the mullite crystal-
lization may proceed with increasing nucleation rate.

4. Discussion
4.1. Splitting of the DT A exothermic peak

As shown in Figs. 3 and 4, the DTA exothermic peak
of R25 is split into two peaks. Similar peak splitting was
also reported by Okada and Ostuka? in the Al,O3-SiO,
SH gels with a similar range of compositions, although
they did not explain the cause of the peak splitting. Since
no peak splitting was observed in the RH gels even of the
same compositions,? this phenomenon is only observed
in samples which show direct mullitization at about
1000°C. From these results, we suggest that the splitting
of the DTA exotherm may be related to immiscible
phase separation which is known to occur rapidly by
spinodal decomposition even in rapidly quenched sam-
ples such as the present as-quenched glasses. Here, the
composition of R25 corresponds to the known spinodal
region in the Al,O3-SiO,. system.?’ The doublet exo-
thermic peak may, therefore, correspond to mullitization
from two phase separated regions with the Al,Os-rich
and SiO,-rich compositions. To confirm this hypothesis,
sample R25 was heated to 1000 and 1025°C under the
same conditions in the DTA. These temperatures occur
just after the /- and A-peaks in the DTA curve shown in
Fig. 6. Fig. 7 shows the XRD patterns of the as-quen-
ched, 1000° and 1025°C R25 samples. The amount of
mullite in the 1025°C sample has increased with respect
to the 1000°C sample, suggesting that both DTA exo-
therms are due to mullite crystallization. The slightly
different mullitization temperatures correspond to crys-
tallization from two phase-separated phases.

T ' T ! T T T T T

l-R25 .
| heating rate : 10°C/min 1025°C |

T | 1000°C ]

€X0.

endo.

1 L 1 ) 1 1 1 L 1
960 980 1000 1020 1040

temperature / °C

Fig. 6. DTA exothermic peaks observed in R25 and the correspond-
ing heat treatment temperatures.

121

230
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as-quenched
L L L )
40 42 44 46
CuKa 20/ deg.

Fig. 7. XRD patterns of R25 as-quenched, heated at 1000 and
1025°C.

The compositions of Al,O3- and SiO,-rich phases in
the phase-separated texture were determined to be
about 60 and 10 mol% Al,Os, respectively, from the
reported immiscibility region?. Since the composition of
the Al,Os-rich phase is close to that of mullite, the dif-
fusion path length required for its mullitization should be
very short. On the other hand, this length will be much
longer in the SiO,-rich phase in which the composition is
very different from that of mullite, making mullitization
more dependent on the transport of cations and anions.
Mullite should therefore crystallize from the Al,Os-rich
phase before the SiO»-rich phase. Thus, the onset tem-
perature for mullitization is almost constant in glass
compositions from 50 to 25 mol% Al,O; because the
composition of the Al,Os-rich phase is same for all the
phase separated glasses. Moreover, the temperature of
mullitization from the SiO,-rich phase increases because
the diffusion path length for mullitization increases with
decreasing Al,O5; content. Since the SiO,-rich phase is
surrounded by the mullite grains already formed from the
Al,Os5-rich phase, its crystallization temperature should
depend on the volume fraction of the mullite already
formed. This should lead to an increase in the mullitiza-
tion temperature with decreasing Al,O3 content, as is
observed from the DTA exotherm temperatures shown in
Fig. 3.

4.2. Aclivation energy

The E, values for nucleation-growth of mullite from the
glasses calculated from the DTA curves using the Kis-
singer equation are shown in Table 2. These E, values are
in good agreement with those obtained for glass fibers
under isothermal conditions,'' listed in Table 1. The
mechanism of mullitization from glasses was investigated
in detail using the E, values of Table 2. The activation
energy of the /-peak (EL) was 1281 kJ/mol whereas
those of the /i-peaks (E) ranged from 903 to 1133 kJ/
mol. On the basis of the above discussion, EL is attrib-
uted to mullitization from the Al,Os-rich phase and E-
to mullitization from both phases. In general, EL should
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be smaller than EI'. However, the present E- value is
rather larger than E!. This conflicting result can be
reasonably be resulted as follows. Mullitization from
the Al,Os-rich phase is considered to start by hetero-
geneous nucleation from sites which may be located at
interfaces between the Al,Oj-rich and SiO,-rich phases
in the phase separated glasses. On the other hand, mulli-
tization from the SiO,-rich phase also occurs by hetero-
geneous nucleation at sites in the interfaces between
already formed mullite grains and the amorphous SiO,-
rich phase. Since the interface energy between the
Al,Oz-rich and SiO»-rich phases is considered to be
much smaller than between mullite and the SiO,-rich
phase, mullitization which occurs at lower temperature
from the Al,Os-rich phase will have a greater activation
energy than the higher temperature reaction in the SiO»-
rich phase.

We have previously reported the mechanism of mul-
litization from Al,O3-SiO, glass fibers under isothermal
conditions.!" Mullite formation occurred in two steps,
increasing steeply in the temperature range of 900-
950°C with a plateau at 950-1050°C followed by a gen-
tle increase at >1050°C. We divided these two-step
curves into 1st, 2nd and 3rd stages and concluded that
nucleation predominantly occurred in the 1st stage,
nucleation-growth became dominant in the 2nd stage
and coalescence of mullite grains dominated in the 3rd
stage. The E, values for nucleation-growth of mullite
(ENS) in the 1st and 2nd stages were about 1150-1300
and 1100-1200 kJ/mol, respectively. The EL value of
about 1300 kJ/mol is associated with mullitization from
the Al,Os-rich phase in phase separated R25 glass
whereas the EI values of about 9001100 kJ/mol relate
to both the Al,O3- and SiO,-rich phases in all samples
except R25. Since mullitization can occur from the
Al,Os-rich phase without distinct variation in the com-
position, nucleation may be the dominating mechanism.
On the other hand, since mullitization in the other
samples is associated with both the SiO,- and Al,Os-
rich phases, and requires ion transport, a nucleation-
growth mechanism dominates this stage because the
diffusion of ions is required for the growth of mullite
crystals. In fact, the present E- and E! values are in
good agreement with the previous values of ENC for the
Ist and 2nd stages in the glass fibers, and are thus con-
sidered to correspond to the ENY of the Ist and 2nd
stages of the previous results.!!

Al,O3-SiO, glasses are seen to have E, values 1000
kJ/mol for nucleation-growth of mullite. These Eava-
lues are similar to those reported in diphasic gels*'°
and hybrid gels” but are much higher than those of
monophasic gels> and kaolinites.!? Since the mullitiza-
tion temperatures are lower in glasses and monophasic
gels than in diphasic gels, hybrid gels and kaolinites,
there is no clear correlation between the mullitization
temperature and E, for nucleation-growth of mullite in

these starting materials. The kaolinite starting materials
referred to were from Georgia (Kga-1 and Kga-2), and
are known to contain relatively high TiO, impurity
levels (1-2 mass%),?! which generally provides hetero-
geneous nucleation sites and accelerates the phase tran-
sition??> and crystallization of glasses.?> it may be
possible that the low E, values reported in the kaolinites
are largely due to this accelerating effect of TiO,. In the
previous work on monophasic gels, Li and Thomson?
obtained the E, values for mullite nucleation and not for
nucleation-growth. It may be, therefore, inappropriate
to directly compare their E, values with the present
values for mullite nucleation-growth. Further, in their
analysis of E, for the monophasic gels, they did not use
the conventional Avrami equation, which may be also
contribute to the differences in their E, values compared
with other workers. If it is accepted that the E, values
reported for the monophasic gels and kaolinites are
exceptional cases, all the other E, values for nucleation-
growth of mullite from various starting materials are
about ~11000 kJ/mol, irrespective of their mullitization
temperatures.

This unusual result is contrary to the general trend of
the lower the temperature the lower the E,.?

5. Conclusion

The crystallization kinetics of mullite in Al,05-Si0,
glasses were determined by DTA under non-isothermal
conditions, with the following results.

1. Mullite formation from the present glasses pro-
ceeds by a volume crystallization mechanism
rather than by surface crystallization.

2. Exothermic DTA peaks were attributed to crys-
tallization of mullite. In glasses with compositions
corresponding to the region of immiscibility phase
separation, the DTA exotherm peak is split into
two peaks which may overlap. These correspond
to mullitization from Al,O3- and SiOs-rich phase
in the phase separated glasses.

3. The activation energies obtained from the DTA
curves range from about 900 to 1300 kJ/mol and
show good agreement with values for nucleation-
growth of mullite from glass fibers under isothermal
conditions!! and with other starting materials such
as diphasic gels*'° and hybrid gels.”
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