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Abstract: The crystallinity of lithium aluminosilicate(LAS) glass after crystallization were studied at different temperatures by X-ray
diffractometry and the crystallinity of the standard glass ceramic with known crystal and glass phases was examined. The
crystallization mechanism of LAS glass was analyzed by the crystallinity, with a formula relating the crystallinity (X) and
temperature (7). The results show that the calculated crystallinity of LAS glass by XRD increases with the crystallization temperature,
in the range of 40%—50%, which is close to the calculated ones of standard samples with spodumene quartz ratio of 40%—70%. The
activation energy of LAS glass is different within different temperature ranges; nE. is 125.44 kJ/mol at 710-810 and nE, is 17.42
kJ/mol at 810-980 , which indicates different crystallization mechanisms. It has been proved that the required energy for
crystallization of glass in the lower temperature range includes the interfacial energy between glass and crystalline phase and the free
energy difference of atoms in structures of glass and crystal, and in the higher temperature ranges only the interfacial energy between

glass and crystalline phase is considered.
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1 Introduction

Lithium aluminosilicate(LAS) glass-ceramics has
been one of the most intensively studied systems because
of its great creep resistance, very low thermal expansion
characteristics and excellent thermal shock resistance
[1-3]. It has been commercialized to produce stove
windows, cookware, cooktop panels and some precision
disc substrates[4, 5]. The properties of glass ceramic
materials depend on crystalline microstructure and glass
phase, thus experimental and
theoretical studies of the mechanisms of glass crystalliza-
tion. The nucleation and crystallization mechanisms of
LAS glass had mainly been studied by different
measurement methods, such as differential thermal
analysis (DTA) [6], differential scanning calorimetry
(DSC) [7], transmission electron microscopy (TEM)[8],
infrared rays(IR)[9], dilatometry[3], X-ray diffraction
(XRD)[10] and viscosity[11,12], therefore different
crystallization theories for different systems were
established. Johnson-Mehl-Avrami(JMA) [13] equation
is one of the main representative theories and becomes

stimulating many

the basis of other theories.

In the present study, we attempted to utilize crys-
tallinity to reveal the crystallization mechanism of
lithium aluminosilicate(LAS) glass by using X-ray
diffraction (XRD).

2 Crystallinity theory

Crystallinity of glass is defined as the ratio of
crystal mass (volume) to whole glass mass (volume) in
the system after crystallization, and it is also known as
fraction crystallized. Crystallinity determines the defects,
symmetry of microstructure and the properties of glass
ceramics, and becomes important parameter to analyze
the crystallization mechanism of glass. How to measure
the crystallinity of glass has been a key to study
crystallization mechanism of glass. We adopt XRD to
calculate the crystallinity of LAS glass and study its
crystallization mechanism.

XRD has been one of the most widely used methods
for materials, especially metal and inorganic materials.
The crystalline phases and their relative contents in
materials can be quantitatively obtained by the diffrac-
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tion peak location, diffraction peak number and relative
intensity of XRD pattern. The following equation is used
to calculate the crystallinity of glass:

X 1
KT (1)

C C

where X is the crystallized mass fraction (crystallinity),
X, is the non-crystallized mass fraction, [, is the
accumulative intensity of crystalline phase, . is the
accumulative intensity of non-crystalline phase, and X is
a constant related to the measurement condition and
glass compositions.

The crystallization of LAS glass can be described
by the phenomenological Avrami equation[12, 13] as

X =1—-exp[—(kt)"] (2)

where X is the crystallinity after time ¢, n is the
so-called Avrami coefficient, dimensionless parameter
related to the reaction mechanism as listed in Table 1,
and k is the reaction rate constant (s '), whose
temperature dependence is generally expressed by the

Arrhenius equation[14]:
E
k=vexp(-—= 3
p( R T) 3)

where v is the frequency factor, s '; E, is the activation
energy for crystallization, J/mol; R is the gas constant,
8.314 J/mol; and T is the absolute temperature, K.

Table 1 Values of parameter n for various crystallization
mechanisms[16]

Mechanism n

Bulk nucleation 4
Three-dimensional growth

Two-dimensional growth

N W A

One-dimensional growth

Surface nucleation 1

Rearrange Eqns.(2) and (3) and take natural
logarithms:

In[-In(l - X)]=nlnv—nE /RT +nlnt 4)

According to POULAIN[15], suppose that the
temperature point at X in DTA is constant and the
crystallization peak temperature (7},) is related to the
heating rate (a), the value n can be described as

In[-In(1 - X)]=nIn(vE, / aR) —nE, / RT, —2n(E/ RT))
)
The value n and activation energy E can be

calculated by Eqns.(1), (4) and (5) to study the
crystallization mechanism of LAS glass.

3 Experimental

The composition (mass fraction, %) of the glass raw
materials are: Li,O(3.5), Al,03(19.8), Si0,(67.5),
TiOy(4.2), Na,0(2.5), MgO(2.5) and K,0(0.5). TiO, is
introduced as nucleation agent, Na,O and K,O are used
to reduce the melting temperature and viscosity of the
glass and improve the glass workability. The glass raw
materials were melted at 1 600—1 650 and moulded
in a pre-heated die. The glass was annealed at 580
for 1 h and slowly cooled with the furnace to eliminate
internal stress. The crystallization of the annealed glass
samples was carried out at different temperatures for 2 h
with the heating rate of 20  /min. The samples were
fast-cooled, ground, sieved through a 200-mech screen.
The standard samples were melted by pure spodumene
and pure quartz (chemical reagent) with the
stoichiometric ratios of 40%, 50%, 60%, 70%, 80% and
90%.

Phase identification of the samples was performed
by X-ray diffraction(XRD) method on a D/max-RA
X-ray diffractometer using nickel filtered CuK, radiation
in the diffraction angle range of 10°—80° at a scanning
rate of 2(°)/min, and the crystallinity was calculated by

Eqn.(1).
4 Results and discussion

It is well-known that the crystallization temperature
of LAS system is in the range of 800—1 100 . We
studied the XRD of standard samples and LAS glass
ceramics crystallized at different temperatures, as shown
in Figs.1 and 2. Note that the main crystalline phase of
standard samples is f-spodumene. The LAS glass
samples crystallized at and below 710 still belong to
the glass with amorphous diffraction peak; in the
samples at 710—810 the hexagonal lithium
aluminosilicate (LiAl(SiOs),) forms, and its crystal
structure is similar to S-quartz solid solution; with the
increase of temperature (at 870—930 ), there is a
transformation of hexagonal LiAl(SiOs), into tetragonal
p-spodumene; at and above 930 the main
crystallization phase basically belongs to tetragonal
[-spodumene.

According to the XRD patterns, the crystallinity of
LAS glass were calculated by Eqn.(1), where K is
indirectly deduced from diffraction peaks intensities of
two standard phases, K=0.963, as shown in Table 2, Fig.3
and Fig.4. Note that the calculated crystallinity of
standard samples by XRD is close to theoretical
crystallinity at ratio of spodumene to quartz of 40% and
50%, and much lower than the theoretical ones at the
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Table 2 Crystallinity of LAS glass heated at different temperatures and standard samples

Heat-treatment LAS glass
temperature/ 1 1, L/, X%
710 122 843 978 280 7.96 11.55
760 283 383 793 225 2.78 27.50
810 436 871 672917 1.54 39.37
870 461 549 624 138 1.35 43.50
930 485 600 581271 1.20 45.50
980 515368 578 800 1.12 48.14
Ratio of spodumene Standard sample
to quartz/% I, I, I/, X%
40 464 219 723 383 1.56 39.99
50 536 927 587395 1.09 48.81
60 509 823 696 638 1.37 43.14
70 563 664 609 221 1.08 49.04
80 659 145 549 599 0.83 55.60
90 646 736 477977 0.74 58.42
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Fig.1 XRD patterns of standard samples with different ratios of
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Fig.2 XRD patterns of sample after crystallized at different

temperatures

ratio larger than 50%, which was caused by the
superposing of XRD diffraction peaks and unmeasurable
peaks at lower diffraction angles. The relationship
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Fig.3 Crystallinity of standard samples
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Fig.4 Crystallinity of LAS glass as function of heat-treatment

temperatures

between calculated crystallinity (y) and theoretical ones
(x) is y=27.24+0.34x, which benefits to evaluate the
crystallinity of real crystallized glasses.

The calculated crystallinity of LAS glass increases
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with the crystallization temperature, and the increasing
amplitude of crystallinity at 710—810 is more than
that at 810-980 , thus indicating different crystalli-
zation of glass. The calculated crystallinity of LAS glass
crystallized at 810—870 are 40%—50%, which is
close to the calculated ones of standard samples with
spodumene/quartz of 40%—70%, indicating that the real
crystallization of LAS glass after crystallization are
40%—70%.

According to Eqn.(4) and Table 2, the plot of
In[-In(1-X)] vs 1/T is constructed and shown in Fig.5,
and the nE/R can be estimated from the line slope. By
the computer simulation, the slope of line L, is —2.096,
and nE:=17.424 kJ/mol; the slope of line L, is —15.088,
and nE.=125.44 kJ/mol. The line L, represents the lower
temperature range (710—810 ) and line L, represents
the higher temperature range (810—980 ). The
activation energy of LAS glass is different in different
temperature ranges, which indicates different crystalliza-
tion mechanisms.
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Fig.5 Plot of In(—In(1-X)) vs 1/T

According to McMILAN[17], the free energy AG
(whole free energy of crystallization) of atoms in crystal
structure is lower than that in glass structure, if an atom
wants to go through the interface between glass and
crystal, it must overpass an energy barrier, i.e. the
activation free energy (AG"), and the whole
crystallization of glass (from nucleation to crystal
growing) must overpass the energy (AG+AG"), i.e. the
whole activation energy E should include interfacial
energy between glass and crystalline phase(AG") and
free energy difference between glass and crystal(AG).
The activation energy of LAS glass from Kissinger
equation by DTA is whole activation energy of
crystallization during nonisothermal procedure, about
200—-300 kJ/mol[16, 17], and is greater than that from
crystallinity theory by XRD during isothermal procedure,
which indicates new crystallization mechanism of LAS
glass.

The crystallization procedure of LAS glass can be
described by the change of crystallinity during
temperature increasing. In the nucleation stage, enough
nuclei form and become saturated for some time at some
temperature, as shown in Fig.6. In the crystallization
stage, the increase of crystallinity with temperature is not
linear, which indicates different crystallization
mechanism during temperature increasing. In the lower
temperature range (710—810 ), the growth of
minicrystal must overpass a larger energy barrier, and it
includes the energy of atoms diffusing through the
interphase of crystal and glass and the free energy
difference between atoms in crystal structure and glass
structure. The higher activation energy of crystallization
in this range restricts the growth of minicrystal and
results in a low crystallinity of glass. In higher
temperature range (810—980 ), the growth of
minicrystal only needs the energy of atoms diffusing
through the interphase of crystal and glass (here equal to
nE. of L,), and the lower activation energy leads to the
rapid growth of crystal to obtain a high crystallinity. The
activation energy E required for crystal growth is
different in different temperature ranges, which shows
the different crystallization mechanisms in the crystalli-
zation with the increase of temperature. The result is
consistent with the conclusions of some researchers[18],
i.e. it is not definite that only E value is used to estimate
crystallization mechanism of glass system in modifica-
tion of JMA equation.

Nuclel number

Nucleation time

Fig.6 Nucleus number as function of time in nucleation stage at

some temperature
5 Conclusions

The crystallinity theory was induced from Avrami
and Arrhenius theories: In[—In(1-X)]=nlnv—nE/RT+nlnt,
and the crystallinity of crystallized LAS glass and
standard glass ceramic were analyzed by XRD patterns.
The calculated crystallinity of LAS glass increases with
the crystallization temperature, the crystallinity of LAS
glass crystallized at 8§10—870 is 40%—50%, which
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was near the calculated ones of standard samples with
spodumene/quartz of 40%—70%. The activation energy
of LAS glass is different within different temperature
ranges; nk, is 125.44 kJ/mol in 710—810 and nE, is
17.42 kJ/mol in 810—980 , which indicates different
crystallization mechanism. The required energy for
crystallization of LAS glass is different in different
temperature ranges: in the lower temperature range it
includes the interfacial energy between glass and
crystalline phase and the free energy difference of atoms
in structures of glass and crystal, and in the higher
temperature range only the interfacial energy between
glass and crystalline phase is considered.
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