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Crystallization behaviour and microstructural
evolution of a Li,O-Al,O,-Si0, glass derived from

spodumene mineral

ASTRID NORDMANN, YI-BING CHENG
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A naturally occurring mineral deposit of a-spodumene has been successfully used to
fabricate glasses and glass ceramics in the Li,O-Al,Os-SiO, (LAS) system. TiO, is an effective
nucleating agent in promoting the crystallization of Li,O-Al,0;-4SiO, glass to produce LAS
glass-ceramics in which B-quartzss and pB-spodumenes are the major crystalline phases
evolved. The crystallization process and microstructural evolution were monitored using
X-ray diffraction and transmission electron microscopy.

1. Introduction

The concept of controlled glass crystallization can
be traced back to the original work of Stookey
[1,2] who showed that efficient internal nucleation
of a glass enabled the development of a homogeneous,
fine-grained microstructure. To achieve this aim it
has generally been necessary to incorporate one
or more nucleating agents into the parent glass.
These additives act as heterogeneous sites at which
the nucleation of desired crystalline phases may
take place and therefore by adjusting the type and
concentration of the nucleating agent used it is
possible to exercise some control over the crystalliza-
tion process.

The important crystalline phases obtained from the
Li,0-Al,05-Si0, system are B-quartz solid solution
(B-quartz) and B-spodumene,, both of composition
Li,O-Al,05—4Si0,. Beta-quartz is a solid solution
based on the hexagonal high-quartz structure and has
a thermal expansion coefficient (TEC) o =0+
0.15x 107¢ per °C [3]. Beta-spodumene is a solid
solution derived from the tetragonal form of silica
known as keatite and has a TEC o0 = 1-2 x 10~ % per
°C [3]. A stuffed high-quartz solid solution may in
general be obtained by heat-treating a glass of the
general composition Li,O-Al,O3;—nSiO, where
n ranges from 2-10 or higher. However, the high-
quartz solid solution transforms into the keatite solid
solution at elevated temperatures only when n is
greater than or equal to 3.5 [4]. Materials comprised
of B-quartz,, provide superior thermal shock resist-
ance and coupled with their high mechanical strength
and optical transparency, offer excellent promise as
engineering materials.

One of the earliest studies on the nucleation and
crystallization of LAS glasses was conducted by
Doherty et al. [5]. Transmission electron micro-
scopy (TEM) analyses of glasses containing TiO,
as a nucleating agent showed that phase separation
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occurred on cooling from the melt and subsequent
heating caused the formation of a large number of
aluminium titanate crystals approximately 5.0 nm in
diameter. These crystals acted as sites for heterogen-
eous nucleation and allowed crystallization of the
remaining glass to proceed. Further studies by Barry
et al. [6] examined a series of TiO,-containing LAS
glasses in order to seek regularities in the efficiency of
additive oxides as a function of the base glass com-
position. They found that crystal nucleation was parti-
cularly efficient in glasses near the Li,O-Al,0;-SiO,
composition line and ascribed these observations to
changes in the fluidity of the glass at the crystal
growth front. Maier and Miiller [7] studied a lithium
aluminosilicate glass ceramic containing TiO, and
ZrO,. They observed the formation of ZrTiO, crys-
tallites which acted as precursor nuclei for subsequent
crystallization. Similar results were also described by
Ramos and Gandais [8].

The present work discusses the crystallization of
a lithium aluminosilicate glass containing TiO, as
a nucleating agent. Conventionally, LAS glasses and
glass-ceramics are prepared from Al,O5;, SiO, and
reagent-grade Li,CO; [9-11]. Australia has a rela-
tively large deposit of spodumene minerals which are
comprised of Li, 0, Al,0O3 and SiO, in approximately
a 1:1:4 molar ratio and a small amount of Na,O and
Fe, O3 as impurities. The current study forms a part of
an overall project utilizing the naturally occurring
mineral to produce glass-ceramics with superior ther-
mal shock resistance. A previous study focused on the
characterization of this mineral and its amenability to
glass formation and crystallization [12]. That work
examined the effect of different concentrations of
ZrO, and TiO, on the crystallization behaviour using
differential thermal analysis and X-ray diffraction
(XRD). The present study provides a detailed
correlation between the microstructural evolution and
the crystallization behaviour observed at different
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heat-treatment times and temperatures for a glass of
fixed composition.

2. Experimental procedures

2.1. Sample preparation

The glass composition comprised 4 wt% TiO,
(Dulux®) as a nucleating agent, 1 wt% As,O; (Ana-
1aR®) as a fining agent and 95 wt% spodumene min-
eral concentrate (obtained from Lithium Australia
Ltd). These constituents were hand-mixed for 20 min
using an alumina mortar and pestle and then trans-
ferred to a platinum crucible. The batch mixture
( ~ 80-100 g) was melted in a rapid heating furnace at
1600 °C for 3 h using a heating rate of 20 °C per min.
The glass was then removed from the furnace, water-
quenched, crushed into small pieces and then remelted
twice more under the same conditions to ensure glass
homogeneity. Glass-ceramics were prepared by sub-
jecting the glass to single-step heat-treatments at tem-
peratures between 700—1000 °C for a period of 0—8 h
using heating and cooling rates of 5°C per min.
A dwell time of zero hour is used here to infer that the
sample was immediately cooled as soon as the tempe-
rature reached the designated value.

2.2. Sample characterization

XRD experiments were performed using a Rigaku
Geigerflex diffractometer operating at 40kV and
22.5 mA, using Cu K, radiation and a Ni filter. Sam-
ples were crushed to a fine powder and scanned at 2°
per min using a step size of 0.05°. Samples for TEM
were cut, polished, ion-beam milled to perforation,
carbon-coated and then examined either in a Philips
EM420 TEM operating at 120 kV or a Philips CM20
TEM operating at 200 kV and equipped with energy
dispersive X-ray spectroscopy (EDS) facilities. Due to
rapid degradation of the sample by the electron beam
in a conventional double-tilt holder, some samples
were contained in a liquid nitrogen cooled holder.

3. Results and discussion
3.1. Physical appearance of crystallized
glasses

The crystallization sequence expressed itself in visual
changes in the appearance of the material. The parent
glass was homogeneous and slightly yellow but upon
heat treatment displayed changes in its colour and
transparency. When heated for 4h at 700°C, the
sample maintained the same characteristics as the
as-cast glass; it was not until heating for 8 h at 700 °C
or for 0.5 at 725 °C that the first visible change became
apparent. Under these conditions the glass darkened
to a slightly brown colour but retained its transpa-
rency. Apparently, the crystallization process can be
controlled through judicious alterations to the crystal-
ization temperature for a given time or to the duration
of the process at a prescribed temperature. With in-
creasing heat-treatment temperature (750-850°C),
again for a fixed 4 h period, the glass continued
darkening in colour and increased slightly in its opac-
ity. At 900 °C it developed a purple haze and by 950 °C
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was pale purple and fully opaque. The colour changes
from yellow to brown to purple are probably due to
changes in the coordination of the Ti** ions with
increasing temperature [ 13]. Additional increments in
temperature did not have any further detectable effects
on the appearance of the samples.

The observed changes in the optical properties of
the samples were accompanied by changes in the grain
sizes and phase assemblages within the material. To
maintain transparency in a polycrystalline material,
the grain size must be smaller than the wavelength of
visible light in order to prevent interference effects and
subsequent light scattering and the refractive indices
of any inclusions must be comparable to that of the
surrounding medium. TEM analysis of a sample
heated at 950°C, presented in section 3.3, revealed
grain sizes up to 450 nm, a size well beyond the
wavelength of light and thereby accounting for the
increased opacity. Further contributions to the opa-
city of the samples result from differences in the bire-
fringence and refractive indices of the phases which
they contain. Any minor phases evolved with an in-
crease in the temperature most likely have different
refractive indices compared to B-quartz,, and pB-
spodumeney and therefore alter the opacity. In addi-
tion, thermal stresses will locally change the density of
the residual glass and consequently cause directional
increases and decreases of refractive index, that is,
make the glass birefringent [13].

3.2. XRD analysis

3.2.1. Effect of heat-treatment temperature
on crystallization

Table 1 shows the effect of heat-treatment temperature

on the phase evolution when a constant crystallization

TABLE I Effect of heat-treatment temperature on crystallization.
In each case, a crystallization dwell time of 4 h was used (XRD
intensity: m = medium, s = strong)

Temperature XRD result TEM observation
0
as-cast glass glass amorphous
700 glass amorphous
725 B-quartzg(m) dispersion of crystals
(d ~ 120 nm) in a glassy
matrix, small ppts [ ~ 30 nm
750 B-quartz(s) equiaxed grains
(d ~ 220 nm), ppts
I ~45nm
800 B-quartzg(s) *
850 B-quartz(s) equiaxed grains
(d ~ 240 nm), ppts
[ ~60nm, w~ 10 nm
900 B-quartz(s) *
B-spodumene(s)
950 B-spodumeneg(s)  equiaxed grains
(d ~ 450 nm)
ppts | ~ 200 nm,
w ~ 15 nm.
1000 B-spodumene(s) *

d = average grain diameter; ppts = precipitates; [ = average pre-
cipitate length; w = average precipitate width; *TEM analysis was
not performed.



TABLE 11 Effect of heat-treatment time on crystallization (XRD intensity: m = medium, s = strong)

Crystallization Crystallization XRD result TEM observation
temperature (°C) time (h)
725 0 glass amorphous
1 glass amorphous, ppts [ ~ 15nm
2 B-quartzg(m) amorphous with crystallites
d ~ 110 nm,
ppts length [ ~ 20 nm
4 B-quartzg(m) amorphous with crystallites
d ~ 120 nm, ppts | ~ 30 nm
750 0 glass amorphous
1 B-quartz(s) equiaxed grains,
d ~ 140 nm, ppts [ ~ 35 nm
2 B-quartz(s) equiaxed grains,
d ~ 140 nm,
ppts [ ~ 35 nm
4 B-quartz(s) equiaxed grains,
d ~ 150 nm,
ppts [ ~ 45 nm
850 0 B-quartzg(s) equiaxed grains,
d ~ 240 nm,
ppts [ ~ 60 nm
0.25 B-quartz(s) equiaxed grains,
d ~ 240 nm,
ppts [ ~ 60 nm
4 B-quartz(s) equiaxed grains,

d ~ 240 nm,
ppts [ ~ 60 nm

d = average grain diameter; ppts = precipitates; | = average precipitate length (increases in width occur in similar proportions as indicated in

Table I)

time of 4 h is employed. It is seen that heat-treatment
at 700 °C for 4 h retained the amorphous nature of the
parent glass, whereas heat-treatment at temperatures
between 725-850 °C for the same time produced sam-
ples comprised of a single phase, f-quartz, according
to the XRD analyses. Heat-treatment at 900 °C gave
a sample containing predominantly B-spodumene,
with B-quartz, providing only a minor contribution
to the X-ray diffraction spectrum, whereas 950 and
1000 °C for 4 h led to samples comprised entirely of
B-spodumene,,. These results suggest that the stability
of different phases is strongly temperature dependent;
above 850°C, the B-quartz, with a low thermal ex-
pansion coefficient transformed into the B-spodu-
mene, which has a relatively higher TEC, and accord-
ingly the material becomes opaque. From this point of
view, materials comprised of B-quartzg are limited to
application temperatures less than 850 °C if optical
transparency is required.

3.2.2. Effect of heat-treatment time on
crystallization

Table II illustrates the influence of the heat-treatment
time on the crystallization behaviour. At a low tem-
perature (725 °C) XRD results suggested the retention
of a fully amorphous sample when crystallization
dwell times of 0 and 1 h were used. Increasing the time
to 2h led to a sample comprised of both glass and
small crystallites of B-quartz,, while a further in-
crement to 4 h resulted in a slight growth of these

B-quartz, crystals. At an intermediate temperature
(750 °C), a heat-treatment time of 0 h still retained the
glass, however, crystallization times of 1, 2 and 4 h
generated samples which, based on XRD results, were
fully crystallized B-quartz,. Subsequent TEM obser-
vations indicated differences in the average grain size
of these materials. In contrast, the heat-treatment time
at a high temperature (850 °C) did not significantly
affect the nature of crystallization. Crystallization
dwell times of 0, 0.25 and 4 h at 850 °C all produced
samples comprised of B-quartz,, without displaying
any discernible differences in the microstructure.
From these results, 750 °C seems to be an appropriate
temperature for the formation of B-quartzg-contain-
ing glass-ceramics. These observations on the spo-
dumene mineral-derived materials are consistent with
other studies which used reagent-grade chemicals to
fabricate LAS glasses and glass-ceramics in which
TiO, was used as a nucleating agent [14, 15], and
therefore provides encouraging evidence of directly
utilizing the natural mineral for this application.

3.3. Microstructures

Representative TEM micrographs of several samples
are now presented. Fig. 1a depicts a low magnification
micrograph of the parent glass which indicates a
homogeneous and essentially featureless morphology,
although at a higher magnification (Fig. 1b) a fine-
scale morphology which may be indicative of phase
separation via spinodal decomposition is revealed.
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Figure 1 Bright field TEM micrographs of as-cast glass at (a) low
magnification and (b) high magnification.

However, it is unclear whether this is genuine evidence
for phase separation or whether it is merely an artefact
arising from the carbon coating on the specimen, since
both phenomena may have a similar interconnected
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Figure 2 Bright field TEM micrographs of LAS glass heat-treated
at 725°C for (a) 1 h and (b) 4 h.

network on a structural scale of 5-10 nm. Although
nucleation via glass-in-glass phase separation in the
LAS glass-ceramics was reported previously
[6, 16-18], the results of the present study favour the



Figure 3 Bright field TEM micrographs of LAS glass heat-treated
for 4 h at (a) 750°C, (b) 850°C and (c) 950 °C.

notion of heterogeneous nucleation, as will be dis-
cussed here.

Fig. 2 (a and b) illustrates glass samples heat-treated
at 725°C. When heated for 1 h at 725°C (Fig. 2a) an

essentially amorphous structure is observed in which
extremely fine whisker-like precipitates, approxima-
tely 15 nm long, are distributed. Electron diffraction
patterns recorded from this sample show a glassy halo
but this may be attributed to the strong diffraction of
the glassy matrix masking the diffraction from crystal-
line nuclei. These precipitates acted as nuclei for sub-
sequent crystal growth and their size also grew with
further increase in temperature (Fig. 3a—c). Due to
their extremely fine size it was very difficult to posit-
ively identify the characteristics of the nuclei formed at
the initial stage of the heat-treatment; however, EDS
analysis was performed on the sample heat-treated at
950°C for 4 h, in which extensive growth of these
precipitates made the examination possible. As in-
dicated in Fig. 3c the precipitates have two distinct
morphologies; long thin rods approximately 200 nm
long and 15 nm wide, and small spherical inclusions
approximately 40 nm in diameter. Representative
EDS spectra recorded from the precipitates and from
the surrounding matrix are shown in Fig. 4(a and b)
respectively. Fig. 4a indicates a high concentration of
titanium and oxygen within the precipitates, regard-
less of their morphology, whereas spectra recorded
from the aluminosilicate matrix (Fig. 4b) suggest the
presence of Si, O and Al only. Lithium is not detect-
able with the present EDS facility. Therefore, the pre-
cipitates are believed to be rutile (TiO,) or other
Ti-containing phase [9, 197]. X-ray analysis of the cur-
rent samples failed to indicate the presence of rutile
because it is present in very small concentrations.
However, studies in which higher concentrations of
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Figure 4 EDS spectra recorded from the sample prepared by heat-
treatment for 4 h at 950 °C. Spectra depicted are representative of (a)
the round precipitates and (b) the surrounding matrix of the sample
shown in Fig. 3c.

TiO, were used (e.g., 4.75-10 wt%) showed that rutile
contributed to the X-ray spectrum only at high tem-
peratures (e.g., 950—1050 °C) [5, 20]. A similar analysis
conducted on Li,O-Al,0;-4Si0, glasses showed
that the transformation of B-quartzy to B-spodu-
mene, is accompanied by the formation of a Ti-rich
phase mainly as grain boundary particles but also
within the grains themselves [10]. A further study
using analytical electron microscopy and high resolu-
tion TEM confirmed that TiO, remains in the form of
anatase particles inside the grains and that although
the particles grew with increasing temperature they
retained their chemical composition [21]. When
heated for 4 h at 725 °C the initial stage of crystalliza-
tion is readily seen as B-quartz, emerges as a disper-
sion of crystallites ( ~ 120 nm diameter) in a glassy
matrix (Fig. 2b). The dispersion of very fine precipi-
tates of a size similar to those shown in Fig. 2a was
observed inside the large crystals. These observations
suggest that nucleation is initiated by the fine-scale
precipitates and that subsequent crystal growth oc-
curs at these sites.

Fig. 3a presents the microstructure of a glass sample
heated for 4 h at 750 °C. Under these conditions the
sample was fully crystallized and comprised of uni-
form, equiaxed grains with an average grain size of
approximately 220 nm, while the fine rod-shaped pre-
cipitates have grown to approximately 60 nm in
length. When the glass was heat-treated for 1 or 2 h at
750°C (microstructures not shown here), average
grain diameters of approximately 140 nm and 160 nm
respectively were observed. Fig. 3b shows the micro-
structure obtained when the glass was heat-treated at
850°C for 4 h, conditions under which an average
grain size of approximately 250 nm was obtained. As
a result of the one-step heat-treatment process em-
ployed for the crystallization study in this work, the
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conditions for nucleation varied in different samples.
The fact that the size of nuclei increased with temper-
ature indicates that a two-step heat-treatment process
may be more appropriate during which an optimum
nucleation stage can be applied to ensure the forma-
tion of a large number of fine nuclei. When heated for
4 h at 950°C, Fig. 3c, the average diameter of the
grains increased to approximately 450 nm, while the
rod-shaped precipitates grew in similar proportions.
X-ray analysis indicated that the crystalline phase
detected in this sample was B-spodumene,,, suggesting
that the transformation of B-quartz, to B-spodu-
mene,, occurs somewhere between 850-900 °C.

4. Conclusions

Lithium aluminosilicate glasses and glass-ceramics
have been prepared from a naturally occurring
spodumene mineral. TEM and XRD results have re-
vealed the various stages of crystallization of the LAS
glasses. It was found that the nucleation mechanism
and crystalline phase assemblages were similar to
those observed in identical materials prepared from
reagent grade chemicals. This indicates the great po-
tential of directly using the mineral in LAS glass-
ceramic fabrication. It was shown that partial control
may be exerted over the crystallization process
through judicious alterations to the temperature and
duration of the heat-treatment schedule. At low tem-
peratures (725-750 °C) the size and density of crystal-
line regions within the glass may be varied by adjust-
ing the heat-treatment time accordingly. In contrast,
no such control is possible at high temperatures
(T = 850°C) at which fully crystalline samples with
a crystal size greater than 250 nm are always obtained
regardless of the crystallization time. X-ray diffraction
analyses have also shown that the transformation of
B-quartzg to B-spodumene,, occurs at approximately
850-900 °C.
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