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Preparation of lithium aluminosilicate glass-
ceramic monolith from metal alkoxide solution
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Conversion of gel to glass-ceramic monoliths and their
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Glass-ceramic monoliths with a composition of Li,0-Al,0,-4Si0, have been synthesized by
the sol-gel technique using metal alkoxides as starting materials. Heating dried gel monoliths
of about 36 mm diameter and height to appropriate temperatures gave glass-ceramic
monoliths of about 20 mm diameter and height without the occurrence of cracks, while a
melt-derived glass body of the same composition was cracked or softened on heating. The
glass-ceramic monoliths obtained by heating gel monoliths at 1000 °C for 40 h were a porous
body, whose bulk density and porosity were 1.62 gcm ™3 and 34%, respectively. On heating
gel monoliths, B-eucryptite crystals were first precipitated around 750 °C, followed by
precipitation of $-spodumene crystals at 830 °C. At higher temperatures the latter grew at the
expense of the former phase. The crystallized specimens exhibited very low thermal expansion
coefficient ranging from —13-12 x 1077°C~" at temperatures from room temperature to
700 °C depending on the heat-treatment temperature of gels, indicating that a porous glass-
ceramic monolith with ultra-low thermal expansion can be prepared using the present sol-gel

method.

1. Introduction

Glass-ceramics consisting of B-spodumene (Li,O-
Al,04-4810,) and B-eucryptite (Li,O-Al,04-25i0,)
fine crystals are endowed with ultra-low and even
negative thermal expansion, high thermal stability and
high chemical durability [1]. So far, several attempts
have been made to synthesize these glass-ceramics via
the sol-gel method [2-6]. However, large glass-ceramic
monoliths have not yet been produced, although
gel monoliths in the system Li,0-Al,0,-TiO,-Si0O,
were prepared by Orcel and Hench [4] with the help
of drying control chemical additives (DCCA).

In the previous work [7], the authors synthesized
dried gel monoliths of the composition Li,O°Al,O4¢
4Si0, (LAS) from corresponding sols, not via a pow-
der process. No catalysts such as HCl, HNO; and
NH,OH, and DCCA such as N,N-dimethyl forma-
mide [8] were used. The gel monoliths obtaind by
drying the wet ones at 180°C were 36 mm diameter
and 36 mm high.

The purpose of this study was to prepare multicom-
ponent LAS glass-ceramic monoliths without cracks
from the corresponding gels. In order to determine
the optimum condition, the process of conversion
of the gel monoliths into crack-free monolithic glass-
ceramics has been investigated using X-ray diffraction
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(XRD), thermal analysis (DTA) and scanning ¢lectron
microscopic (SEM) observation.

2. Experimental procedure

2.1. Preparation of gel monolith

The crack-free gel monoliths with an equivalent oxide
composition of Li,0+Al,0;+48i0, (mol %) were pre-
pared by the sol-gel process from the starting solu-
tion of the composition 2Si(OC,H;), - AHOC,Hy),*
LiOCH,-11CH,0OH-14C,H,;OH:3C,H,OH36H,0
according to the previous study [7].

In order to compare the crystallization behaviour
of bulk gels and gel-derived glasses with that of
melt-derived glasses of the same composition, glass
specimens were also prepared by a conventional melt-
quenching technique. A glass batch consisting of SiO,,
Al(OH);, Li,CO; and TiO, powders was melted in a
Pt crucible at 1560 °C for 6 h. The melt was cast on an
iron plate and annealed at about 600 °C for 1 h. The
resultant glass plates were cut to about 0.5 x 0.5

x 1.5 cm?® and polished with fused alumina powder.

2.2. Sintering and crystallization
Sintering and crystallization of gels were carried out
by heating them at a specified temperature for 5-60h
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Figure 1 Heating schedule of the sintering process for conversion of gel into glass-ceramics.

in air. The employed heating schedules are schemat-
ically illustrated in Fig. 1. The gel dried at 180°C was
first heated at 500°C for 60h and then sintered at a
given temperature between 600 and 1200°C for
5-90h.

2.3. Characterization techniques

Thermal analyses were made using a Rigaku model
Thermoflex 100 thermal analyser. Thermogravimetric
(TG) and differential thermal analyses (DTA) were
performed on the pulverized sample ( — 100 + 140
mesh) at a heating rate of 10°Cmin~ 1.

Dilatometric measurements on the heat-treated spe-
cimens were conducted using Shimadzu model TMA-
30 thermomechanical analyser (quartz glass tube) at a
heating rate of 2°C min~!. The size of the speci-
men for thermal expansion measurement was about
0.4 x 0.4 x 1.5 cm?. Small gel pieces 4 mm thick were
also used for the measurement for comparison.

Crystalline phases precipitated in the gel specimens
which were heated at peak temperatures on the DTA
curves were identified using an X-ray diffractometer at
room temperature with Ni-filtered CuKa radiation.
Change in the bulk density of gel monoliths with
heating was estimated from the weight loss and linear
shrinkage. The initial size of the dried gel was about
2.0 x 1.0 x 1.0 cm?.

The fractured surface of heat-treated specimens was
observed by a Hitachi model S-450 scanning electron
microscope. The specimens were coated with Pt-Pd
prior to observation.

3. Results

3.1. Sintering behaviour

A typical linear contraction for the small gel piece,
4 mm thick, during sintering from room temperature

1828

to 1000°C is given in Fig. 2. The gel was dried at
180°C beforehand. As seen from Fig. 2, the shrink-
age of the gel proceeded very slowly at a rate of
0.026% °C~! in the average linear shrinkage between
150 and 600°C, and very sharply at a rate of
0.22%°C~! between 600 and 750°C. No further
shrinkage occurred above 750°C for this gel piece.
The total shrinkage amounted to about 44.5%.

Fig. 3 shows changes in linear shrinkage (AL/L,)
and density for a larger gel monolith of about 36 mm
diameter and height as a function of temperature. The
curve indicates that the shrinkage proceeded gradu-
ally between 180 and 600 °C and very sharply in the
temperature range 600-830 °C. The contraction of the
bulk gel appeared to cease at about 900 °C, which is
much higher than 750°C for the small gel piece of
4 mm thickness. The overall linear shrinkage of the gel
monoliths during heating to 900-1100°C was about
51% and the density of the resultant glass-ceramics
was about 1.7 gem ™3, It is noticed that this value is
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Figure 2 Dilatometric linear shrinkage curve for the gel of 4 mm

diameter; heating rate 3°C min~ L.
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Figure 3 Relationship between (O) linear shrinkage (AL/L,) and
(@) density of the large monolithic gel sintered at various temper-
atures.

considerably smaller than that of the dense body
(2.5 gem ™ 3). After being heated up to 1100°C, the
specimens were crack-free and milky white in colour.

3.2. DTAand TG

The DTA and TG curves for the gel-derived glasses
obtained by heating at 500 and 700°C are shown in
Fig. 4. The DTA curves for the melt-derived glasses of
the same composition Li,0'Al,05-4Si0, with and
without 3wt% TiO, are shown for comparison.
Three exothermic peaks were observed in a temper-
ature range 750-930°C for the gel-derived glasses,
while two exothermic peaks were seen at 830 and
900930 °C for the melt-derived glasses.

For the latter glasses the first and second peaks are
ascribed to the precipitation of B-eucryptite and
B-spodumene, respectively. In the gel-derived glasses,
a peak around 750°C, in addition to two peaks at
higher temperatures, suggests the presence of another
crystalline phase other than these two crystalline
phases. This is not clear at present.

3.3. X-ray diffraction analysis

The XRD patterns of the gel monoliths sintered at
various temperatures for 20h are shown in Fig. 5.
Heating at temperatures lower than 700°C did not
cause crystallization of the gels. At 750°C the peaks
due to B-eucryptite were observed. Above 830°C the
peaks due to P-spodumene grew ‘at the expense of
those due to B-eucryptite, with increasing heating
temperature.

Fig. 6 shows the variation of the XRD patterns of
the gel monoliths with heating time at 830 °C. Within
5h, only the peaks due to B-eucryptite were seen. In
addition to these, the peaks due to B-spodumene
appeared and grew with increasing heating time.

Fig. 7 shows the XRD patterns for the gel and
corresponding glasses heated at 750°C for 10h.
B-eucryptite was the only crystalline phase precipi-
tated in the gel and glass without TiO,, while a smali
amount of B-spodumene crystals was coprecipitated
in the glass containing 3 wt % TiO, as a nucleating
agent,
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Figure 4 DTA and TG curves for the gel sintered at 500 and 700°C
and DTA curves for the melt-derived glasses.
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Figure 5 XRD patterns of the monolithic gel heated at various
temperatures for 20h. e, B-eucryptite; s, p-spodumene.

3.4. Thermal expansion

Fig. 8a shows thermal expansion for the specimens
sintered below 700 °C for 40-60h, where they do not
crystallize, but remain as a gel or become glassy. The
specimens sintered below 600 °C showed complicated
shrinkage behaviour. On the other hand, the specimen
heated at 700°C had a relatively large thermal
expansion coefficient of 65.7 x 1077°C~ !, which is
almost equal to that of melt-derived glass [9].

The thermal expansion of the specimens crystallized
by heating above 830°C are depicted in Fig. 8b. The
specimen heated below 950 °C showed negative ther-
mal expansion over the entire temperature range. The
specimen heated at 830 °C showed a sudden shrinkage
above 900 °C. As seen from Fig. 8b, the thermal expan-
sion increased with increasing heating temperature
and the sign of thermal expansion turned from negat-
ive to positive at heating temperatures above 970 °C.
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Figure 6 XRD patterns of the monolithic specimen heated at 830°C
for various times. e, f-eucryptite, s, B-spodumene.
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Figure 7 XRD patterns of the gel-derived monolithic specimen
and the conventional glasses of the same composition with and
without 3 wt % TiO, heated at 750°C for 10h. e, B-eucryptite; s,
B-spodumene.

3.5. Microstructure of glass-ceramic
monoliths :

Fig. 9 shows the photographs of the glass-ceramic
monoliths prepared by heating gel monoliths at 830
and 1000 °C for 40 h. It is found that the gel monoliths
become glass-ceramic monoliths without cracking and
deformation, while much cracking and deformation
were observed at the surface of melt-derived glass
heated at 1000°C, although the photograph is not
shown. Fig. 10 shows scanning electron micrographs
of the cross-sections of the gel monolith and meit-
derived glass after heating at 750 and 1000°C,
respectively, for crystailization. It is clearly seen that
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Figure 8 Thermal expansion curves for the specimens sintered
(a)below 700 °C and (b) above 830°C: (O) 830°C, (®) 920°C, (£x)
950°C, (——~0---) 970°C, (@) 1000°C, (A) 1100°C, () 1200 °C.

crystallization takes place over the whole of the
sample in the gel monolith, while in the melt-derived
glasses crystallization occurred only at the surface
layers and voids formed between the crystallized sur-
face layer and the uncrystallized bulk. Fig. 11 shows
scanning electron micrographs of the fractured surface
of glass-ceramics heated at 750, 830, 900 and 1000 °C
for 20 h. At 750°C where B-eucryptite started to pre-
cipitate, the sintered body has an open structure con-
sisting of secondary particles of several micrometres in
size which are composed of finer primary particles.



Figure 10 Scanning electron micrographs of the cross-sections of the gel-derived monolithic specimen and the melt-derived glasses heated at

750°C for 10h; (a) gel, (b) glass and (c) glass containing 3% TiO,.

Figure 11 Scanning electron micrograph of the fractured surface of glass-ceramics sintered at (a) 750 °C, (b) 830 °C, (c) 900 °C and (d) 1000 °C

for 20 h.

The crystallinity seems very poor. At 830°C, fine
crystalline particles are seen. As the sintering temper-
ature is raised to 900 and 1000 °C, they grow in size.
However, it is noticed that large pores still remain,
indicating that the glass-ceramic monoliths obtained
in the present work are porous.

4. Discussion

4.1. Crack-free crystallization of the gel
monolith

It has been shown in Fig. 9 that the gel monolith of the

Li,O-Al,0;°4Si0, can be converted by heating to

the glass-ceramic monolith without cracks and de-
formation of the shape, whereas glasses of the same
composition with and without 3wt % TiO, show
cracks and deformation during crystallization on
heating. The crack-free crystallization of the gel
monolith is attributed to the fact that crystallization
takes place at the same time throughout the gel mono-
lith, as shown in Fig. 10. This means that nucleation
occurs in the bulk because the gel monolith has many
pores whose surfaces provide nucleation sites. It is well
known [10] that crystallization of a glass often takes
place at the surface.
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In the present work, crystallization of bulk glasses
has taken place at the surface of the glass article, and
crystal growth has proceeded towards the inside. This
gives rise to a velume difference between the crystal-
lized surface layer and the interior glass, causing voids
between them and cracks as shown in Fig. 9. If the
temperature becomes higher before the completion of
crystallization, the non-crystallized region softens and
the whole article may be deformed.

4.2. Sintering process

The dried gel monoliths used for making glass-ceram-
ics were quite porous, the surface area being about
380 m?2 g~ 1. The noticeable densification was found to
start at 600 °C and end at 830 °C as seen from Fig. 8a.
It is assumed that the sharp shrinkage found in the
temperature range 600-830°C is probably caused by
viscous flow. In this temperature range glasses are
being studied because the gel-to-glass conversion oc-
curs around 600 °C. The shrinkage, however, ceases at
830°C because of the precipitation of crystalline
phases. After being sintered at 1100 °C, densification is
not completed. In order to obtain well-sintered glass-
ceramics without porosity, heat treatment at temper-
atures much higher than 1100 °C may be required.

The composition of the gels used in the present
study corresponds to that of so-called B-spodumene,
Li,O-Al,0;-4Si0,. It is well known that the primary
crystalline phase precipitated out of a melt-derived
glass with a composition of Li,O*Al,0;-4S8i0, is
B-eucryptite phase, followed by the precipitation of
the thermodynamically stable B-spodumene phase at
higher temperatures [11, 12]. This phenomenon is
explained by the metastable phase separation of the
glass into phases rich and poor in SiO,, on heating
[12]. That is, out of the latter phase with lower SiO,
content P-eucryptite crystals are precipitated, which
then transform into B-spodumene by taking up SiO,
from the SiQ,-rich phase at higher temperatures.

In this sense, it can be said that the crystalliza-
tion behaviour of the gel with a composition
Li,O-Al1,0,:4Si0, prepared in the present study is
almost the same as that of a melt-derived glass, al-
though the crystallization temperatures of gels is
slightly lower than that of a melt-derived glass. This
means that although the hydrolysis rates of three
kinds of metal alkoxide are very different, an intimate
mixing of the respective elements can be attained very
well in a liquid state and even in a gel state, in contrast
to the works of Phalippou et al. [2] and De Lambilly
and Klein [6], where precipitation of Li,SiO,,
Li,8i,0;,
temperatures.

Orcel and Hench [4] observed the precipitation of
B-eucryptite phase (not §-spodumene as stated in their
paper) from the gels at temperatures as low as
375-400°C, which is by about 350 °C lower than the
present case. This is possibly ascribed to the addition
of 6 wt % TiO, as a nucleating agent and not to that
of DCCA.

4.3. Thermal expansion
The glass-ceramics of lithium aluminosilicate are
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and B-quartz are observed at lower -

widely known for ultra-low or negative thermal ex-
pansion [13-15]. Therefore, the thermal expansion
behaviour of lithium aluminosilicate gels sintered at
various temperatures is of great interest.

As can be clearly seen from Fig. 8a, gel to glass
conversion is not completed by sintering below
600 °C, because a drastic contraction can be observed
at about 500-600°C during heating. On the other
hand, the gel sintered at 700 °C becomes completely
glassy because the thermal expansion coefficient is
exactly the same as that of a melt-derived glass as
stated above [9]. Hanging in the curve is not due to
softening but due to crystallization as deduced from
the XRD (Fig. 5) and DTA (Fig. 4) results.

The thermal expansion curves for the specimens
sintered above 830°C in which B-eucryptite and
B-spodumene are coprecipitated are shown in Fig. 8b.
The specimen sintered at 830°C shows a negative
thermal expansion, indicating that the major crystal-
line phase is B-eucryptite in accordance with the XRD
results. The thermal expansion behaviour above
900 °C indicates that sintering still proceeds above this
temperature.

The specimens sintered at 920 and 950°C show
negative thermal expansions up to about 200 °C, sim-
ilar to that sintered at 830°C. Above 200°C the
thermal expansion tends to increase, which reflects the
presence of a considerable amount of B-spodumene
phase precipitated in the specimen. The specimen
sintered at 970 °C has almost zero (i.e. zero to slightly
negative) thermal expansion between room temper-
ature and 400 °C. By heating above 1000 °C the speci-
mens have positive thermal expansion coefficients
over a wide temperature range from room temper-
ature to 1000 °C just like B-spodumené crystal.

These results obviously indicate that the lithium
aluminosilicate glass-ceramic monoliths with a
desired thermal expansion coefficient of negative
(=13 x1077°C™Y) to =zero to positive (12

x 107 7°C™ 1) values can be easily prepared by con-
trolling the fraction of B-eucryptite and B-spodumene
phases.

5. Conclusions

. Lithium aluminosilicate glass-ceramic monoliths with

a composition of Li,O-Al,0,:48i0, have been pre-
pared from the corresponding monolithic gels dried at
180°C. The gel monoliths were converted to glass-
ceramic monoliths without the occurrence of cracks
and softening, in contrast with melt-derived glass
bodies which cracked and were deformed due to
softening. The glass-ceramic monolith obtained by
heating at 1000 °C for 40 h was a porous body, whose
bulk density and porosity were 1.62 gcm ™2 and 34%,
respectively. B-eucryptite crystals were first precipit-
ated around 750°C and then B-spodumene precip-
itated at 830°C and higher temperatures. The
crystallized specimens exhibited very low thermal
expansion coefficient ranging from — 1312 x 1077°C™!
at temperatures from room temperature to 700°C,
depending on the heat-treatment temperature of gels.
Non-occurrence of cracks in gel monoliths during



heating for crystallization can be attributed to the
bulk crystallization which may take place as a result of
crystal nucleation at the internal surfaces of fine pores.
Thus, it was found that crack-free porous glass-
ceramics with ultra-low thermal expansion coefficient
can be prepared using the present sol-gel method.
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