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bstract

he activation energy (Ea) of mullitization from various starting materials was investigated using both our own data and data from the literature. The
tarting materials included mixtures of kaolinite and alumina, sol mixtures, diphasic gels, hybrid gels, monophasic gels, glasses and glass fibers.
he first crystalline phase formed by heating these starting materials can be of two types, i.e. (1) �-Al2O3, which is formed in mixtures of kaolinite
nd alumina, sol mixtures, diphasic gels and hybrid gels and (2) Al-rich mullite, formed in monophasic gels, glasses and glass fibers. Irrespective of
he initial crystalline phase, the Ea values for mullitization range from 800 to 1400 kJ/mol and show a maximum at about 1000 ◦C. These Ea values
re higher than for other silicates, for example, <800 kJ/mol found for the CaO–Al2O3–SiO2 system, and are thought to be due to the overlap of the
a values for nucleation and nucleation-growth (crystallization). The Ea values for both these processes are high for mullitization, reflecting the high

a value for diffusion of Si ions in the Al2O3–SiO2 system. The steps controlling mullitization in type (1) starting materials are thought to change
t higher temperatures from being dominated by the transfer of alumina from �-Al2O3 to amorphous silica, to diffusion-controlled processes. By
ontrast, reactions in type (2) starting materials proceed in three stages, nucleation, nucleation-growth and coalescence, as the heating temperature
ncreases.

2007 Elsevier Ltd. All rights reserved.

i
f
r
i
h
l
m
l
t
(
a
a
m

t
b
l

eywords: Mullitization; Glass

. Introduction

Mullite (Al4+2xSi2−2xO10−x) can be prepared from a variety
f starting materials, all of which follow more or less different
ullitization routes on heating. These pathways fall into two

road categories, i.e. (1) mullite formation above 1200 ◦C via
n �-Al2O3 precursor, and (2) direct formation of Al-rich mul-
ite at about 900–1000 ◦C.1 The former behavior is observed in

ixtures of kaolinite and alumina, sol mixtures and diphasic
colloidal) gels while the latter type is observed in monophasic
polymeric) gels and glasses. The main reason for the different
ullitization routes is attributed to the different degree of mix-

ng of the Al2O3 and SiO2 in the grains and on a molecular scale,
espectively.

Many researchers have also investigated the kinetics
f mullitization, all reporting that mullitization occurs by
ucleation-growth mechanisms. There are, however, different

pinions on the rate-controlling step of mullitization, listed in
able 1. Wei and Halloran2 investigated the mullitization kinet-

cs of a diphasic gel (type (1)) and proposed a mechanism
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nvolving either interface-control or control by short-range dif-
usion near the interface. Hulling and Messing5 considered that
elease of alumina from the initially-formed �-Al2O3 structure
s the rate-controlling step in mullitization from diphasic and
ybrid gels. Sundaresan and Aksay6 reported a similar rate-
imiting mechanism for the growth of mullite nuclei in the

ullitization of a diphasic gel, and also suggested that mul-
itization is limited by alumina dissolution (release) at low
emperatures (<1350 ◦C), but by diffusion at high temperatures
<1650 ◦C). Based on this model, the Ea for diffusion in the
morphous aluminosilicate matrix must be smaller than that of
lumina released from the �-Al2O3 structure in type (1) starting
aterials.
As pointed out above, the rate-controlling step of mullitiza-

ion has been well investigated for starting materials of type (1)
ut little work has been reported on the controlling step of mul-
itization from type (2) starting materials. The first paper on this
opic was by Li and Thomson,3 who made high-temperature
RD in situ measurements and suggested that the rate-

ontrolling step for mullitization from monophasic gels (type

2)) is nucleation controlled. However, their reported Ea values
f 293 ± 145 and 362 ± 145 kJ/mol are smaller than the other
eported data listed in Table 1.1–16 Takei et al.10 found that mulli-
ization from glass fibers can be kinematically divided into three

mailto:kokada@ceram.titech.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2007.03.015
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Table 1
Activation energies and mechanisms of mullitization reported by many authors

Authors Starting materials Al2O3 (mol%) 1st crystalline
phase

ENG (kJ/mol) Temperature
range (◦C)

Method Controlling step

Wei and Halloran2 Diphasic gel 60 �-Al2O3 1070(200) 1200–1300 XRD Interface
Li and Thomson3 Monophasic gel 60 Mullite 293(145) 940–1040 HT-XRD Nucleation
Li and Thomson3 Monophasic gel 60 Mullite 362(145) 940–1040 HT-XRD Nucleation
Li and Thomson4 Diphasic gel 60 �-Al2O3 1034(37) 1300–1390 DTA –
Li and Thomson4 Diphasic gel 60.8 �-Al2O3 1108(44) 1300–1390 DTA –
Hulling and Messing5 Hybrid gel 58.6 �-Al2O3 932(49) 1200–1275 XRD Al release
Hulling and Messing5 Hybrid gel 60 �-Al2O3 960(91) 1200–1275 XRD Al release
Hulling and Messing5 Hybrid gel 61.4 �-Al2O3 984(71) 1200–1275 XRD Al release
Hulling and Messing5 Hybrid gel 61.4 �-Al2O3 1091(71) 1200–1275 XRD Al release
Sundaresan and Aksay6 Diphasic gel 60 �-Al2O3 – – – Al dissolution
Lee and Yu7 Coprecipitated gel 59.7 �-Al2O3 891(17) 1275–1315 DTA –
Lee and Yu7 Coprecipitated gel 59.8 �-Al2O3 829(24) 1265–1310 DTA –
Lee and Yu7 Coprecipitated gel 60.3 �-Al2O3 759(26) 1255–1300 DTA –
Lee and Yu7 Coprecipitated gel 60.4 �-Al2O3 841(23) 1275–1315 DTA –
Lee and Yu7 Coprecipitated gel 62.5 �-Al2O3 860(32) 1275–1315 DTA –
Tkalcec et al.8 Monophasic gel 60 Mullite 1053(51) 937–959 DSC Phase separation
Boccaccini et al.9 Sol mix 60 �-Al2O3 – – – –
Takei et al.10 Glass fiber 56.7 Mullite 1138(29) 920–965 XRD Three different steps
Johnson et al.11 Glass 60 Mullite 892 946–971 DSC –
Okada et al.12 Monophasic gel 60 Mullite 1202(27) 969–998 DTA Diffusion
Chen et al.13 Kaolinite + Al2O3 60 Mullite 1357 1000–1300 XRD –
Chen et al.13 Kaolinite + Al2O3 60 Mullite 1165 1300–1600 XRD –
Chen et al.14 Kaolinite + Al2O3 60 Mullite 1182 1006–1022 DTA Diffusion
Tkalcec et al.15 Diphasic gel 60 �-Al2O3 935(14) 1219–1251 DSC –
T
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kalcec et al.15 Diphasic gel 60 Mullite
ouy16 Monophasic gel 60 Mullite

arts; based on their mullitization curve and observed changes
n grain size, thy identified the following processes: nucle-
tion at low temperatures (920–965 ◦C), nucleation-growth at
ntermediate temperatures (965–1200 ◦C) and coalescence of

ullite grains at high temperatures (≥1200 ◦C). The major rate-
ontrolling steps for nucleation and nucleation-growth were
hought to be diffusion of Si ions in the amorphous matrix.

In this paper, we summarize the Ea values for mullitization
rom various starting materials determined by us and by other
esearchers, and discuss the reasons for the unusually large Ea
alues for mullitization.

. Experiments and calculations of the activation energy
f mullitization

The activation energy (Ea) of mullitization has been deter-
ined by various methods using both powders and bulk samples.
he experiments may be made under either isothermal or non-

sothermal conditions. Powder samples are usually investigated
y isothermal experiments, by the analysis of XRD data for
amples heated at various temperatures and times (but Li and
homson3 used in situ high temperature XRD to obtain their Ea
alues). The crystallization rate in bulk samples can be obtained
y measuring the thickness of the crystallized layer by SEM
n the case of surface crystallization. This method is however

ifficult to adapt to the Al2O3–SiO2 system because ultra-rapid
uenching is necessary to obtain a glassy state in mullite com-
ositions, suggesting that it is nearly impossible to obtain a bulk
ample.

k

w
h

1119(25) 1248–1275 DSC –
1395(145) 973 DSC –

Under isothermal conditions, the Ea values for nucleation can
e deduced from the temperature dependence of the incubation
ime (τ) of the mullitization curves. The Ea values for nucleation
EN

a ) can be calculated from Eq. (1):

= τ0 exp

(
EN

a

RT

)
(1)

here τ0 is a constant, R the gas constant and T is the abso-
ute temperature. The value of τ is generally determined from
he time at which the volume fraction of crystallized mullite
omprises 2 vol% of the sample. After obtaining an isothermal
ullitization curve as a function of heating time it is necessary to
athematically fit the data using equations for the various pos-

ible kinetic mechanisms (diffusion controlled, phase-boundary
ontrolled or nucleation-growth). Although the mathematical
quations have been reported for all these kinetic mechanisms,17

ot all the reports examine the mechanistic implications in
etail, but merely adopt a nucleation-growth mechanism for
ullitization based on the kinetic curve shape. Thus, the well-

nown Avrami equation is used for the curve fitting, the rate of
ucleation-growth (k) being obtained from Eq. (2) and the Ea
alue for nucleation-growth (ENG

a ) calculated using Eq. (3):

− x = exp[−(kt)n] (2)[ ( NG)]

= k0 exp − Ea

RT
(3)

here x is the volume fraction of crystallized mullite, t the
eating time, n an Avrami dimension and k0 is a constant.



n Ceramic Society 28 (2008) 377–382 379

u
a
t
e

l

w
l
f
i
g
o
w
r
w
d
s
s

3

o
b
d
fi
A
t
n
i
i
a
n
v
t
m
o
d

A
8
g
A
m
t
c
f
a
g
a
m
A
r
f

F
w
l

g
T

4

4

g
t
A
p
R
i
t
p
i
l
w
a
a
n
m
m
v
l

w
g
i
p
a
t
d

K. Okada / Journal of the Europea

Under non-isothermal conditions, DTA or DSC curves are
sed to obtain Ea values from peak temperature measurements
t different heating rates. Although many mathematical equa-
ions have been proposed for the calculations, the Kissinger
quation18 (Eq. (4)) is most commonly used.

n

(
T 2

p

φ

)
= ln

(
Ea

R

)
− ln ν + Ea

(RTp)
(4)

here Tp is the temperature of the exothermic peak top (crystal-
ization temperature), φ the heating rate and ν is the frequency
actor. A non-isothermal method is experimentally easier than an
sothermal method, but the accuracy of the resulting Ea value is
enerally lower than for values determined by isothermal meth-
ds, for the following reasons: the crystallization peak becomes
eaker and broader at slower heating rates, limiting the plotting

ange of (1/Tp). This is in addition to instrumental limitations
hich prevent the slope value corresponding to Ea from being
etermined accurately. Furthermore, Tp values are generally
trongly influenced by experimental conditions such as particle
ize, particle distribution, packing state, etc.

. Activation energy of nucleation of mullite

The Ea values for the nucleation of mullite (EN
a ) were

btained using incubation time data (Eq. (1)) for a diphasic gel
y Wei and Halloran2 and for glass fibers by Takei et al.10 The
iphasic gel follows a type (1) mullitization route while the glass
bers follow type (2). The EN

a value for the diphasic gel with
l2O3 = 60 mol% at 1200–1300 ◦C is 987 ± 63 kJ/mol. Since

he mixing of the Al2O3 and SiO2 in this starting material is
ot on the molecular scale, but occurs at the level of the grains,
nterdiffusion of Al2O3 and SiO2, even over a short distance,
s necessary for the formation of mullite nuclei in the sample,
nd is suggested to be the predominant rate-controlling step for
ucleation of mullite in diphasic gels. Although the large EN

a
alue is suggested to be due to the low diffusitivity of Si ion,
he predominant rate-controlling step for nucleation-growth of

ullite from a diphasic gel was thought to be either the release
f alumina from �-Al2O3 grains (Hulling and Messing5) or Al
issolution (Sundaresan and Aksay6).

On the other hand, the EN
a values for glass fibers with

l2O3 = 36.1 and 56.7 mol% obtained at 920–965 ◦C are
64 ± 65 and 980 ± 52 kJ/mol, respectively. Since the former
lass fibers are richer in SiO2 than mullite, interdiffusion of
l2O3 and SiO2 is necessary to form mullite nuclei in the glass
atrix, assuming the glass fibers are homogeneous. By contrast,

he glass fibers with Al2O3 = 56.7 mol% have a closely similar
hemical composition to mullite. Thus, mullite nuclei can be
ormed without interdiffusion of Al2O3 and SiO2 in this sample
nd the resulting EN

a values should be lower than in the former
lass fibers for this reason. However, the measured EN

a values
re rather lower in the former glass fibers than in the latter. This

ay be due to the metastable phase separation reported in the
l2O3–SiO2 system by many researchers. These unexpected EN

a
esults may be influenced by this phase separation which will
orm interfaces thermo-energetically more favorable as hetero-

v
A
i
E

ig. 1. Relationship between Ea of mullitization and the temperature range in
hich the Ea values for the various starting materials are derived. The vertical

ines are error bars of Ea. The figures represent reference numbers.

eneous nucleation sites for mullitization in the glass matrix.
his will be discussed further in Section 4.2.

. Activation energy of nucleation-growth of mullite

.1. Activation energy and mullitization temperature

Fig. 11–16 shows the relationship between Ea for nucleation-
rowth of mullite (ENG

a ) and the temperature range in which
he Ea values for the various starting materials were derived.
lthough the data show considerable scatter, a trend with tem-
erature is shown by the broken lines, except for the data of
ef. 3. This trend is to increased Ea with increasing temperature

n the range ≤1000 ◦C, but decreasing Ea at higher tempera-
ures (>1000 ◦C). Since direct mullitization from an amorphous
hase occurs in the low temperature range (900–1000 ◦C), the
ncreasing trend of Ea corresponds to formation of Al-rich mul-
ite. In this case, Al2O3 and SiO2 are thought to be molecularly
ell mixed in amorphous type (2) starting materials. Thus, only

tomic re-arrangements within short- to middle-range distances
re sufficient to form mullite nuclei in the amorphous matrix, and
ucleation should be the dominant rate-controlling step for the
ullitization. The Ea values for nucleation-growth controlled
ullitization (900–1400 kJ/mol) are a little higher than the EN

a
alues obtained from incubation time data and are distinctly
arger than Ea for nucleation of other crystalline phases.

The Ea values of mullitization were therefore compared
ith those for the nucleation of various crystalline phases from
lasses and amorphous phases in the alkaline earth aluminosil-
cates and alkali (-alkaline earth) silicates. These Ea values are
lotted in Fig. 219–34 as a function of crystallization temper-
ture. A trend to increasing Ea with increasing crystallization
emperature is clearly observed. The Ea values for mullitization
eviate distinctly from this relationship, occurring at higher Ea

alues. This suggests that the ion mobilities in the amorphous
l2O3–SiO2 phases are lower than in alkaline earth aluminosil-

cates and alkali (-alkaline earth) silicates, resulting in higher
a values because of the lack of framework modifiers of alkali
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Fig. 2. Relationship between Ea and the crystallization temperature of various
alkaline and alkaline earth silicates (rhombuses) and aluminosilicates (circles).
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Table 2
Comparison of diffusion coefficient (D0) and activation energy (Q) values for
diffusion coefficient of Si4+

Sample Composition (mol%) D0 (cm2/s) Q (kJ/mol) Reference

CaO Al2O3 SiO2

Mullite 0 60 40 3.23 × 103 703 38
Mullite 0 60 40 – 714 39
Mullite 0 60 40 – 803 40
Mullite 0 60 40 7.01 × 104 730 41
M
C
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t
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b

he vertical and horizontal lines are error bars of Ea and temperature ranges in
hich the Ea values for the various starting materials are derived. The figures

epresent reference numbers.

nd/or alkaline earth ions in the amorphous Al2O3–SiO2 phases.
his interpretation can reasonably explain the large difference of
a values in the above crystallization reactions, but is inapplica-
le to the SiO2 phase; the Ea values reported for crystallization
f cristobalite from amorphous silica with no framework mod-
fiers are only several 100 kJ/mol.17 Other factors must also be
perating to produce the large Ea values for nucleation-growth
n mullitization.

In the higher temperature range (>1000 ◦C), the Ea val-
es decrease slightly with increasing mullitization temperature.
similar temperature dependency is also observed in the Ea
alues of various crystalline phases in the CaO–Al2O3–SiO2
ystem (Fig. 3).1–16,19–24,35–37 As pointed out by Sundaresan and
ksay6 for type (1) starting materials, diffusion becomes more

ig. 3. Comparison of relationships between Ea of crystallization and tempera-
ure range in which the Ea values for the various starting materials are derived
n the CaO–Al2O3–SiO2 system and mullite. The vertical lines are error bars of

a. The figures represent reference numbers.
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ullite 0 60 40 3.37 × 105 781 41
AS melt 45.3 12.4 42.3 1.25 × 103 329 42

ominant as the rate-controlling step at increasing higher mul-
itization temperatures. Thus, the dominant kinetic mechanism
hanges from nucleation to growth and the rate-controlling step
hanges from the release of alumina in type (1) starting materials
nd from nucleation control in type (2) to diffusion controlled
t higher mullitization temperatures. In the Al2O3–SiO2 sys-
em, diffusion of Si is clearly slower than that of Al or O, and
ecomes the rate-controlling step for mullitization at high tem-
eratures. The reported data for Si diffusion in the Al2O3–SiO2
ystem are listed in Table 238–42 together with data for the
aO–Al2O3–SiO2 system. The reported Ea values for Si dif-

usion (700–800 kJ/mol) are clearly lower than the observed Ea
alues for mullitization (nucleation controlled) at low tempera-
ures, they become more comparable with the Ea values at high
emperatures (diffusion controlled) (Fig. 1). As pointed out by
akei et al.,10 further growth of mullite causes coalescence of

he grains, with an Ea (600–700 kJ/mol) a little lower than for
i diffusion. The controlling step for this stage is thus grain
oundary reaction. Table 2 shows that the Ea values for Si dif-
usion in the Al2O3–SiO2 system are more than double those
or the CaO–Al2O3–SiO2 system.42 The differences are sug-
ested to strongly influence the Ea values of the various types
f crystallization.

The temperature dependence of the Ea values of mulliti-
ation suggests that the dominant kinetic mechanism changes
rom nucleation → growth → coalescence with increasing mul-
itization temperature, and the corresponding dominant
ate-controlling steps are the generation of nuclei by the release
f alumina from �-alumina to amorphous silica (in type (1)
tarting materials) or by structural re-arrangement (in type (2)
aterials). The suggested progression of rate-controlling steps

s then: generation of nuclei → Si diffusion (growth of nucleated
articles and mullite grains) → grain boundary reaction (grain
rowth by coalescence).

.2. Activation energy and chemical composition

Douy16 has recently reported a systematic examination of
a for mullitization at low temperature (near 1000 ◦C) from
onophasic gels of varying chemical composition. These and
orresponding data, plotted in Fig. 410,12,16,17 as a function of
he Al2O3 content (mol%) in the starting materials, show a max-
mum value of Ea at the mullite composition. The decrease of
a in more Al2O3–rich compositions is thought to be due to
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ig. 4. Relationship between Ea and Al2O3 content of the starting materials
n the SiO2–Al2O3 system. The vertical lines are error bars of Ea. The figures
epresent reference numbers.

he simultaneous crystallization of mullite and �-Al2O3, the
atter having a lower Ea than mullite, and thereby lowering
he arithmetic average of the resulting Ea values. By contrast,
he Ea values decrease with increasing SiO2 content above the

ullite composition, even though the crystalline phase is only
ullite and does not contain cristobalite. A possible explana-

ion of this result may be the effect of interfaces introduced by
hase separation occurring prior to crystallization.43 Based on
he calculated phase separated region, ordinary mullite composi-
ion corresponds to the nucleation-growth region (bimodal) and
he microstructure forms a particulate structure containing par-
icles of SiO2-rich composition dispersed in a matrix of Al-rich
ullite composition. Thus, the ratio of the interface area (con-

aining preferable heterogeneous nucleation sites) to the volume
f the Al-rich mullite composition region, is rather low in this
icrostructure. With starting materials of higher SiO2 content,

he phase-separated microstructure changes to a spinodal-type,
onsisting of two continuous regions with SiO2-rich and Al-rich
ullite compositions, and then to a nucleation-growth region
ith a particulate structure of dispersed particles of Al-rich
ullite composition in a matrix of SiO2-rich composition. Both

hese microstructure changes and the increase of the interface-to-
olume ratio of the region of Al-rich mullite composition, have
he effect of lowering the thermodynamic barrier for nucleation
f mullite from the interface to the inside of the region of Al-rich
ullite composition, resulting in lower Ea values.
As mentioned in Section 4.1, we are not fully able to

xplain the high Ea values of mullitization, which are clearly
reater than those of the various crystalline phases in the
aO–Al2O3–SiO2 system (Fig. 5). There are two possible rea-

ons for these differences. In calcium containing glasses, the
lass transition temperatures (Tg) are always >100–200 ◦C lower
han the corresponding crystallization temperatures (Tc), i.e. the

xothermic peak temperature in the DTA curve.44 Since the
ucleation temperature is generally lower than or close to Tg,
he thermodynamic barriers for nucleation and crystallization
growth > nucleation) are clearly separated in these glasses. By

p
n
f
f

ig. 5. Relationship between Ea (×102 kJ/mol) and chemical composition of
he starting materials in the CaO–Al2O3–SiO2 system.

ontrast, the Tg values of Al2O3–SiO2 glasses are much closer
o Tc (within 50 ◦C).16 We therefore consider that the thermody-
amic and kinematic barriers to nucleation and crystallization
growth > nucleation) overlap in the Al2O3–SiO2 glasses, giving
a values which are larger than in the CaO–Al2O3–SiO2 glasses.
second possible reason is the stronger bonding energy of Si–O

nd Al–O compared with Ca–O, presenting a higher thermody-
amic barrier to the crystallization of mullite, a process involving
he re-arrangement of the short- to medium-range structure.

. Summary

The activation energies (Ea) reported for mullitization from
arious starting materials were summarized with respect to
ucleation and nucleation-growth mechanisms. The dependence
f Ea for mullite nucleation-growth on the mullitization temper-
ture and chemical composition of the starting materials was
lso investigated.

The Ea values of mullite nucleation (EN
a ) obtained from

iphasic gel (type (1) starting material) and glass fibers
type (2) starting material), calculated from Eq. (1) were
00–1000 kJ/mol. These values are very similar, even though
he rate-controlling steps of their nucleation are different, i.e.
he release of alumina from �-Al2O3 to amorphous silica, and
ucleation, respectively.

Interfaces introduced by phase separation of amorphous
l2O3–SiO2 which occurs prior to mullitization affects the Ea
alues of nucleation in the type (2) starting materials.

The Ea values for nucleation-growth of mullite obtained
rom various starting materials reach a maximum of about
400 kJ/mol at about 1000 ◦C. Since the mullite formed in this
emperature range is from type (2) starting material, this mulliti-
ation occurs by formation of mullite nuclei from an amorphous

hase, i.e. nucleation is the controlling step. The Ea values for
ucleation obtained from mullitization rate constants calculated
rom Eqs. (3) and (4) are slightly higher than those derived
rom incubation times, calculated from Eq. (1). At mullitiza-
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ion temperatures >1000 ◦C, the controlling step becomes more
redominantly diffusion, especially of Si ions. At even higher
emperatures, coalescence of mullite grains is the dominant rate-
ontrolling step.

The very high Ea values of nucleation and nucleation-growth
f mullite are attributed to a combination of reasons such as the
verlap of thermodynamic and kinematic barriers for nucleation
nd crystallization (EN

a and ENG
a ), low mobility of ions (low

iscosity) in the amorphous state and slow diffusion of Si ions
n the Al2O3–SiO2 system.
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