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The crystallization behavior of the (1 —x)Li;0-xNa,0-Al,05-4Si0, glasses has been investigated using
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), electron diffraction (ED) and energy dispersive spectroscopy (EDS). The crystalline phase
was composed of B-spodumene. The isothermal crystallization kinetics of B-spodumene from the
(1 —x)Li;0-xNa,0-Al,03-4Si0; glasses has also been studied by a quantitative X-ray diffraction method.
The activation energy of 3-spodumene formation decreases from 359.2 to 317.8 kJ/mol when the Na,0
content increases from 0 to 0.4 mol and it increases from 317.8 to 376.9 k]/mol when the Na,O con-
tent increases from 0.4 to 0.6 mol. The surface nucleation and plate-like growth were dominant in the
crystallization of the (1 — x)Li,0-xNa;0-Al,03-4Si0O; glasses.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Lithium-aluminum-silicate glass—ceramics have been exten-
sively investigated and commercialized because of very low
thermal expansion and excellent thermal and chemical durability.
They are used practically as cooktop panels, stove windows, cook-
ware and some precision parts [1]. The peculiar properties of these
glass—ceramics are due to the framework structure of aluminosili-
cate tetrahedra which are the main crystalline phases. This crystal
structure has very low bulk thermal expansion and also possesses
low thermal expansion with consequent benefit of exceptional
thermal stability and thermal shock resistance [2]. Glass-ceramics
consisting of fine crystals of 3-spodumene (Li;0-Al;03-4Si0,, LAS,4)
and -eucryptite (Li;0-Al;03-2Si0;, LAS,) are of particular impor-
tance from a technological standpoint in that it encompasses such
properties [3]. As that B-eucryptite is structurally similar to -
quartz which is a high temperature or to quartz and unstable at
ambient temperature. 3-spodumene is derived from keatite which
is a form of silica that can only be prepared under hydrothermal
condition [4,5].

The phase relation and properties of the Li;0-Al,03-SiO;
system have received a great deal of attention during the past
five decades [4-10]. Furthermore, the crystallization and prop-
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erties of Li;0-Mg0-Al;03-SiO, [11,12] and Li,0-Ca0-Al,03-SiO;
[13-18] glass—ceramics have been discussed in detail. The
effect of Na,O substation on the structure and proper-
ties of (1-—x)Li;0-xNay0-Al,03-4Si0, glasses has also been
reported by Wang et al. [16]. However, an extensive literature
search shows that the detail of the crystallization behavior of
(1 -x)Li;0-xNa,0-Al,03-4Si0, glasses has not been elaborated so
far.

On the other hand, the dissolution and crystallization kinetics
of a B-spodumene glass-ceramic has been reported by Dalal and
Raj [17]. They have demonstrated that the kinetics of partial melt-
ing in a B-spodumene glass—ceramic is apparently limited by the
diffusion rate of silica in the crystal and the lattice diffusivity of
silica is 8 x 10710 x exp(—251 kJ/mol-(1/RT)) m2/s with a possible
error of 60 kJ/mol in the activation energy. The nucleation and crys-
tallization of a 61Si0,-6Al,03-10Mg0-6Zn0-12Li,0-5TiO, (in mol%)
glass have been investigated by Barbieri et al. [ 18] using differential
thermal analysis (DTA) and differential scanning calorimetry (DSC)
methods. Several methods have been proposed to obtain kinetics
data from DTA, DSC curves [18-23] and XRD results [13,24,25].

In the present study, the crystallization behavior of the
(1 —x)Li,0-xNa,0-Al,05-4Si0, glasses has been investigated by
X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and electron diffrac-
tion (ED). The crystallization kinetics and mechanism of the
(1 -x)Li,0-xNa,0-Al,03-4Si0, glasses have been discussed in
detail.
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Table 1
Stoichiometry of (1 — x)Li»O0-xNa,0-Al,03-4Si0; glasses.

Sample Chemical composition (mol)
Lizo NazO A1203 SiOZ

G (x=0) 1 0 1 4
Cy (x=0.2) 0.8 0.2 1 4
C3 (x=04) 0.6 0.4 1 4
C4 (x=0.5) 0.5 0.5 1 4
Cs (x=0.6) 04 0.6 1 4
Cs (x=0.8) 0.2 0.8 1 4
C7 (x=1) 0 1 1 4

2. Experimental procedures
2.1. Glass preparation

Reagent-grade powders of Li, CO3 (Nippon Shiyaku Kogyo KK, Ltd., Osaka, Japan),
Na,CO; (Nippon Shiyaku Kogyo KK, Ltd., Osaka, Japan), Al,03 (Nippon Shiyaku
Kogyo KK, Ltd., Osaka, Japan) and SiO, (Nacalai Tesque, Ltd., Kyoto, Japan) were
used as raw materials for preparing the (1 —x)Li,0-xNa,0-Al,05-4Si0, glasses. The
compositions of these glasses are listed in Table 1. Na,O was added in 0.2 mol step-
wise substitution for Li; O in the (1 — x)Li; O-xNa; 0-Al, 03-4Si0; glasses except C4. All
samples were obtained in a 200 g batch by melting in a platinum crucible at 1773 K
in an electric furnace for 2 h. After homogenizing, the melt was quenched in water
and dried. The crushed powders were remelted at 1773 K for another 2 h, then cast
onto a hot stainless steel plate at 673 K, and transferred to an annealing furnace at
673 K for 2-4 h. Finally, a clear, transparent, colorless glass was obtained.

2.2. Sample characterization

The crystalline phases were identified by XRD with Cu K, radiation and a Ni filter
operated at 30kV, 20 mA and a scanning rate of 0.25° min~! (Model Rad Il A, Rigaku,
Tokyo, Japan). The XRD amount of each constituent quantitative was determined by
the powder method [26-28]. The amount of B-spodumene present in the glass was
determined by comparing the intensity of its major peak (26 from 24.5° to 26.1°)
of the B-spodumene with the standard. The standard specimen was made by the
sol-gel method [29] and the LAS gels were calcined at 1623 K for 24 h. A scanning
electron microscope (SEM, Hitachi S3000N, Tokyo, Japan) was used to observe the
surface of the polished sample, etched with a solution of 5 parts HF, 2 parts HCl and
93 parts H,O and coated with a thin gold film.

The microstructure and morphology of the crystallized sample were exam-
ined with a transmission electron microscope (Hitachi model HF-2000, Hitachi Ltd.,
Tokyo, Japan) operated at 200 kV. Electron diffraction (ED) examination was also
made on a carefully thinned foil of the crystallized sample. A disk with a diameter of
3 mm was sliced from the bulk with an ultrasonic cutter and mechanically thinned
to a thickness of 80 pwm or less, employing a diamond paste. The final thinning was
done by ion-milling to electron transparency.

2.3. Method of isothermal crystallization and growth

For the crystallization of a glass, the nucleation and crystal growth may occur
simultaneously, for which the Johnson-Mehl-Avrami (JMA) equation [29,30] has
been developed to describe the kinetics of the process as follows.

1 n
In (ﬂ) — (kt) 1)

where x is the crystallization fraction for heating time t, n is the growth morphology
parameter and k is the rate constant related to an Arrhenius’ equation:

k=A exp (—%’_) (2)

where E, is the activation energy, R is the gas constant, T is the absolute temperature
and A is a constant.
Eq. (3) is obtained by taking the logarithms of both sides of Eq. (1).

1
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Eq. (4) is obtained by taking the logarithms of both sides of Eq. (2)

Ea
In k_lnA—ﬁ (4)

In the present study the crystallization temperatures from 1153 to 1363 K.

¢ 4 B-spodumene
¢ . .
LIRS AR RS A ()
=i T N R U SO B o
L
>
% A * a TR R A A (.sz
©
N " (¢)
)
(9)
1 I 1 I 1
20 40 60 80
20 (deg.)

Fig. 1. XRD patterns of (1 — x)Li»0-xNa,0-Al,03-4Si0, (0 < x < 1) glasses crystallized
at 1263 K for 2 h: (a) C; (x=0), (b) C3 (x=0.2), (c) C3 (x=0.4), (d) C4 (x=0.5), (e) Cs
(x=0.6), (f) Cs (x=0.8) and (g) C; (x=1.0).

3. Results and discussion

3.1. The phase of (1 —x)Li;0-xNa,0-Al;03-4Si0, glasses after
crystallization

Fig. 1 illustrates the XRD patterns of the glass samples C;
(x=0) to C5 (x=0.6) crystallized at 1263 K for 2 h. The d-spacings
of the principal crystalline phase were identical to that of -
spodumene (Li»0-Al,03-4Si0, ). Fig. 1(f) and (g) demonstrates that
the glass samples of the Cg (0.2Li,0-0.8Na;0-Al;03-4Si0,) and C;
(Nay0-Al;03-4Si05,) still remain as glassy after crystallization at
1263 K for 2 h. Moreover, the intensity of the XRD patterns of the
B-spodumene decreases with increasing Na, O content. This results
were attributed to the glass samples Cg and C; reduction of Li;O
concentration, as a constituent of 3-spodumene crystals, by gradual
substitution of Li; O by Na,O.

In the (1 —x)Li,0-xNa,0-Al,03-4Si0, glasses system, the DTA
results show that the crystallization temperatures (T.) slightly
increase from 1171.2 to 1172.6 K when the Na, O content increased
from O to 0.2 mol (i.e. C; and C, glasses). Moreover, the T, abrupt
increases from 1186.7 to 1212.4 Kwhen the Na, O content increased
from 0.4 to 0.6 mol (i.e. C3, C4 and Cs glasses) [16]. Hence, the crys-
tallization process temperatures can be divided into two groups:
(i) from 1153 to 1273 K for C; and C; glasses and (ii) from 1273 to
1363 K for C3, C4 and Cs glasses. The relations between the relative
volume of the (3-spodumene and the crystallization temperature
for C; to Cs are shown in Fig. 2. The formation of the 3-spodumene
increases with increasing crystallization temperature and time for
each glass, however, it decreases with increasing Na,O content.

3.2. Kinetics of B-spodumene formation from
(1 —x)Li,0-xNa,0-Al,03-4Si0, glasses

When In[In(1/(1 — x))] was plotted againstIn t, as shownin Fig. 3,
the straight lines n are the growth morphology parameters of the [3-
spodumene phase as listed in Table 2. It was found that the n value
decreases from 1.86 to 1.20 for the C; glass when the crystalliza-
tion temperature increases from 1153 to 1243 K. Fig. 3 also indicates
that the variation of the crystallization morphology parameter with
crystallization temperature of the glass samples C; to C5 was as
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Fig. 2. Relation between [3-spodumene content, crystallization temperatures and times of (1 — x)Li, 0-xNa,0-Al,03-4Si0; (0 <x < 1) glasses. (a) C; (x=0), (b) C; (x=0.2), (c)
C3 (x=0.4),(d) C4 (x=0.5), and (e) Cs (x=0.6).

Table 2

The growth morphology parameter n of (1 — x)Li; 0-xNa,0-Al,053-4Si0, glasses crystallization at various temperatures.

C; (x=0) C, (x=0.2) C5 (x=04) C4 (x=0.5) Cs5 (x=0.6)

Temperature (K) n; Temperature (K) n; Temperature (K) n; Temperature (K) n; Temperature (K) n;
1153 1.86 1183 1.81 1273 1.82 1273 2.05 1273 1.67
1183 1.70 1213 1.56 1303 1.74 1303 1.73 1303 1.62
1213 1.42 1243 1.50 1333 1.60 1333 1.44 1333 1.47
1243 1.20 1273 1.41 1363 1.59 1363 1.42 1363 1.21
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Fig. 3. Plot of In[In(1/(1 —x))] as a function of In k for (1 — x)Li; O-xNa,0-Al,03-4Si0; (0 <x < 0.6) glasses. (a) C; (x=0), (b) C; (x=0.2),(c) C3 (x=0.4), (d) C4 (x=0.5), and (e) Cs

(x=0.6).

same as the C; glass. Moreover, Fig. 3 also provides the kinetic con-
stant data k from the intercept of the straight line with the axis of
In[In(1/(1 —x))].

The left side of Eq. (4), Ink, is plotted against the reciprocal
crystallization temperature, 1/T, in Fig. 4, to obtain the appar-
ent activation energy from the slope. The apparent activation
energy depends on the Na,O content as shown in Fig. 5. It was
found that the activation energy for the 3-spodumene crystal-
lization decreases from 359.2 to 317.8 kj/mol when the Na,O
content increases from O to 0.4 mol and then increases from 317.8
to 376.9k]/mol when the Na,O content increases from 0.4 to
0.6 mol.

According to the results of Figs. 2 and 5, although the mini-
mum activation energy of (1 —x)Li;0-xNa;0-Al,03-4Si0, glasses
crystallization as 317.8 kJ/mol when the Na,O content is 0.4 mol
(i.e. C3 glass), but the B-spodument content was not maximum
for C3 glass. This result may be caused by the T. which increases
with the Na,O content increased from 0 to 0.6 mol (i.e. for C;
to Cs glasses), but the T. of Cg and C; does not appear when
the NayO contents are 0.8 and 1.0 mol due to the abrupt change
of the dilatometric softening temperatures [16]. In the present
study, at the crystallization process, the viscosity of residual glass
increases with the Na,0 content increasing, which inhibited the
[B-sprodumene formation, and results in that the 3-sprodumene
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Fig. 5. Activation energy for [(3-spodumene formation from various
(1 —x)Li0-xNa,0-Al,03-4Si0, glasses (0 <x <0.6).

Fig. 6. Surface morphology of (1 — x)Li»0-xNa,0-Al,03-4Si0; glasses crystallized at 1263 K for 2 h: (a) C; (x=0), (b) C; (x=0.2), (c) C3 (x=0.4),(d) C4 (x=0.5), and (e) Cs (x=0.6).
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Fig. 7. TEM micrographs and ED pattern of C; (Li»0-Al,05-4Si0; ) glasses crystallized at 1123 K for 2 h: (a) BF image, (b) DF image, and (c) ED pattern of 3-spodumene.

content decreases with the Na,O content increasing. Wang et
al. [16] and Tomozawa [31] have pointed out that the alkali ion
mobility in oxide glasses decreases drastically when x exceeds
0.4mol causing an increase in activation energy as shown in
Fig. 5.

3.3. Microstructure of (1 —x)Li;0-xNa;0-Al,03-4Si0, glasses
after crystallization

The SEM micrographs of various glass samples (C; to Cs)
crystallized at 1263 K for 2 h are illustrated in Fig. 6. The crystals of
[3-spodumene were observed in these samples after crystallization
as shown by A-E in Fig. 6(a)-(c), respectively. The chemical com-
positions of A-E in Fig. 6(a)-(c), respectively, are listed in Table 3,
indicating that the crystals contain Na,O except for A (C; sample).

Table 3
Chemical compositions at various locations in Fig. 6 determined SEM-EDS.

Element Chemical composition (at.%)

A(Cy) B(C2) C(Gs) D (C4) E(Cs)
Na - 0.86 0.93 1.64 2.53
Al 12.63 14.49 10.83 11.23 10.64
Si 28.99 34.47 24.44 24.58 24.43
0] 58.36 50.17 63.80 62.56 62.41

In conjunction with the XRD analysis, the bright-field (BF) and
dark-field (DF) images of TEM together with the corresponding
electron diffractions (ED) have been carried out. Fig. 7 shows the
individual single crystal with a plate-like morphology after growth
without branching for the C; glass crystallized at 1123 K for 2 h. The
ED pattern (Fig. 7(c)) also provides the evidence for the formation
of the B-spodumene crystal.

Fig. 8 illustrates the C, glasses crystallized at 1123K for 6h,
it also indicates the plate-like morphology of the B-spodumene.
Figs. 8 (a) and (b) shows the wide and long of crystals about 130.0
and 200.0 nm, respectively. Fig. 8(c) shows the ED pattern of the [3-
spodumene. The product of the C; sample crystallized at 1123 K for
6 h was identified to be the B-spodumene and no other phase was
found. Fig. 8(d) demonstrates the EDS result of the individual single
crystal marked A in Fig. 8(a), showing the 3-spodumene crystal is
formed in the C, glass sample containing Na,O.

From the results of Fig. 3 and Table 2, it was found that the crys-
tallization parameter n decreases with increasing Na;O content.
This phenomenon suggests that Na, O content increases the matrix
viscosity and reduces the crystal growth rate, hence the morphol-
ogy of the B-spodumene crystal tends to be elongated and causes
decreasing parameter n.

The result of Figs. 7 and 8 may be partly due to the impinging
small crystals and the enhanced isotropy in growth is aided by the
presence of the phase-separated [3-spodumene droplets which are
enveloped by the growing crystals.
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Fig. 8. TEM micrographs and ED pattern of C, glass crystallized at 1123 K for 6 h: (a) BF image, (b) DF image, (c) ED pattern of B-spodumene, and (d) EDS result of location

marked by A in (a).

4. Conclusions

The crystallization behavior of (1 —x)Li,0-xNa,0-Al,053-4Si0,
glasses have been investigated. The results were summarized as
follows:

(1) The crystalline phase was identified as [-spodumene for
(1 —x)Li,0-xNa,0-Al,03-4Si0, (0 <x<0.6) glasses after crys-
tallization at 1263 K for 2 h, but (1 — x)Li; O-xNa;0-Al,03-4Si0,
(0.8 <x <1) glasses still maintain the amorphous state.

(2) A modified version of the JMA equation with the crys-
tallization morphology parameter of about 2 shows a
plate-like crystallization mode of [-spodumene from the
(1 —x)Li;0-xNa,0-Al,03-4Si0, (0 <x < 0.6) glasses.

(3) The activation energy of crystallization decreases from 359.2 to
317.8 kJ/mol when the Na, O content (x) increases from 0 to 0.4,
and then increases from 317.8 to 376.9 kJ/mol when the x value
increases from 0.4 to 0.6.

(4) The B-spodumene crystal formed
(1 —x)Li;0-xNa;0-Al;,03-4Si0; (0 <x <0.6) glasses.
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