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The article analyzes the prospects of developing thermally and mechanically stable lithium

aluminosilicate glass-ceramic materials for electrotechnical applications. The crystallization

ability of lithium aluminosilicate glass-ceramics was thermodynamically forecasted by

determining the interaction mechanisms of the solid phases of spodumene, eucryptite,

and lithium disilicate through phase equilibrium calculations in the Li2O–Al2O3–SiO2

system. Modified compositions of lithium-aluminosilicate glasses were obtained using

glass-forming components (B2O3, P2O5, Sb2O3), modifying components (CaO, SrO, MgO,

BaO), and crystallization catalysts (ZrO2, CeO2, TiO2, SnO2, ZnO). The influence of the

chemical composition of the glasses on the sequential appearance of crystalline phases in

solid solutions based on β-quartz and lithium metasilicate (T≈800–850 K), β-eucryptite

(T≈900 K), and β-spodumene and lithium disilicate (T≈1000–1100 K) was analyzed. In

addition, the peculiarities of the mechanisms of structure and phase formation in

experimental glasses during the preparation of glass-ceramic materials were determined,

and optimal heat-treatment regimes were selected. The developed glass-ceramic materials

are characterized by their high thermal and mechanical properties, making them promising

candidates for use as high-strength substrates in electronic systems.
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Introduction

The design and organization of high-temperature
technological processes in the modern ceramic,
refractory and glass industries presents scientists and
manufacturers with the important task of developing
a correct model for assessing the formation of
crystalline phases and their interaction, and achieving
the desired physical, mechanical and technical
properties of the material in a rational manner. The
phase diagram of the Li2O–Al2O3–SiO2 system forms
the basis for developing ceramic, glass-ceramic and
glass products containing eucryptite and/or spodumene

in their composition. The main feature of eucryptite
and spodumene-containing compositions of materials
is the low value of the thermal coefficient of linear
expansion (TCLE) at temperatures up to 1473 K,
which is characterized by high-temperature
modifications of the eucryptite and spodumene
phases and reaches values of about –90⋅10–7 K–1 and
9⋅10–7 K–1, respectively. Predicting the crystallization
course of β-eucryptite and β-spodumene based on
thermodynamic calculations, as well as evaluating the
reproducibility of data in the practical implementation
of technology for developing ceramic and glass-ceramic
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materials that can withstand significant thermal loads,
is highly valuable. Considerable attention is currently
being paid to processing transparent, nanostructured
glass-ceramics, which are used in the development of
compact electronic systems and have a low TCLE.
The role of chemical components and additives, as
well as the effect of heat treatment and microstructure
evolution during processing, is also being considered
[1].

Creating composites based on β-eucryptite and
high-strength crystalline phases is an important
scientific and practical way of obtaining ceramic
materials that are simultaneously strong and heat-
resistant. In particular, adding 30 wt.% β-eucryptite
to cordierite ceramics and sintering them at 1573 K
creates a composite material with high physical
and mechanical properties and low crack resistance
and thermal coefficient of linear expansion
of –1.31⋅10–6 K–1) [2]. This composite material
exhibits the TLCE values of –0.13⋅10–6 K–1 and a
bending strength of 140 MPa. It contains 15.65 wt.%
of submicron-sized aluminum nano-oxide grains
(99.7% of the theoretical density), which are dispersed
in a lithium aluminosilicate glass matrix. The difficulty
of creating composites using β-eucryptite is associated
with residual compression stresses on the grains of
β-eucryptite due to the mismatch in TCLR between
aluminum or zirconium oxide and β-eucryptite [3].
Increasing the sintering temperature to 1823 K and
the nanosized β-ecryptite content to 30 wt.% decreases
the apparent porosity of the aluminum oxide-based
composite. These composites exhibit a CLTE
of –1.036⋅10–6 K–1 and improved mechanical strength
values [4].

Thermal incompatibility in composites can be
overcome by creating composites based on Al2O3 and
β-eucryptite glass-ceramics in the form of ultrafine
powders [5]. The formation of phases with different
TCLE values in a multiphase ceramic material leads
to thermal stresses and the possible formation of
microcracks in the structure, contributing to energy
dissipation when the material is operated at high
temperatures. When designing such glass-ceramic
materials (GCMs), it should be borne in mind that
the glass phase has a higher thermal conductivity
value than the crystalline compound and is more
resistant to temperature changes. Using glass-ceramic
materials reduces the thermal stress at the boundaries
of Al2O3 grains by increasing the TLCE of the lithium-
alumina glass phase enveloping the grain. Geodakyan
et al. [5] demonstrated that glass-ceramic materials
based on β-eucryptite can be replaced with an
equivalent amount of glass containing Li2O–2SiO2 or
a mixture of Li2CO3 and SiO2 powders.

Using low-melting glass (Tmelting≤1523 K) based
on the Li2O–Al2O3–SiO2 system could intensify the
processes associated with the formation of the
β-eucryptite crystal phase and the sintering of the
ceramic material as a whole. The firing of eucryptite
ceramics should be carried out at a temperature of
1623 K with an isothermal holding time of about 3
hours to form the structure of materials and achieve
specified physical and technical properties
(σ=167 MPa, TLCE α293–673=–13.1⋅10–7 K–1, heat
resistance of 1323 K, ε=7.8, tgδ=0.01) [6]. However,
the formation of the β-eucryptite phase, which is
characterized by prismatic hexagonal crystals sized
4–7 µm, is a significant factor contributing to the
reduction of fracture toughness in the glass-composite
eucryptite-containing materials. This reduces their
service life, particularly when subjected to significant
thermal and mechanical loads.

Improved thermomechanical properties can be
achieved in products by creating solid-solution
compounds (SCMs) that contain several crystalline
phases. In particular, SCMs containing β-eucryptite
and lithium phosphate [7] or β-eucryptite and celsian
are characterized by enhanced mechanical properties.
These materials exhibit high mechanical properties
(bending strength of 88–126 MPa) and improved
synthesis parameters (Tfiring=1223 K, τ=1 h) [8].
There are known GCMs with TLCE ranging
from –5.91⋅10–7 K–1 to 2.48⋅10–7 K–1 within the
temperature ranges of 293–573 K and 300–737 K,
respectively. These materials are also characterized by
rapid phase transformations: β-eucryptite into
β-spodumene and enstatite into clinoenstatite at
1123 K (τ=2 h) and 1223 K (τ=2 h), respectively
[9]. However, high temperatures and considerable
duration of the heat treatment process for lithium
aluminosilicate-based GCMs not only reduce their
manufacturability, but also significantly decrease their
mechanical properties. For example, the flexural
strength and fracture toughness values were 154 MPa
and 2.46 MPa⋅m1/2, respectively [10], which can be
explained by a decrease in crack resistance due to an
increase in crystal size.

The key to creating high-strength eucryptite-
spodumene solid-solution composite materials (GCMs)
based on the Li2O–Al2O3–SiO2 system is to study
the formation processes of their structures under
conditions of low-temperature, short-term heat
treatment. This can be achieved through
thermodynamic evaluation to predict the course of
solid-phase interactions in eucryptite-spodumene
compositions on the state diagram of the specified
system, as well as through experimental determination
of the effect of glass-forming and modifying
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components on the nature of glass crystallization.
The aim of this work is to determine the

chemistry of the solid-state interaction of spodumene
and eucryptite by conducting thermodynamic
calculations of the coexistence of single, double, and
ternary phases of the Li2O–Al2O3–SiO2 system. The
influence of glass composition on the crystallization
temperature range and sequential formation of
intermediate final crystalline phases will also be
established.

Methods and materials

The research methodology is based on
utilizing the features of the phase diagrams of the
Li2O–Al2O3–SiO2 system, investigating the subsolidus
phase coexistence region by means of thermodynamic
analysis of phase interactions. This allows us to select
optimal technological solutions to achieve the target
phase composition of the glass-ceramic materials.

According to the phase diagram of the
Li2O–Al2O3–SiO2 system [11], the crystalline phases
spodumene and eucryptite lie along the tie line
connecting SiO2 and Li2O⋅Al2O3 (Fig. 1). These phases
are characterized by a series of metastable solid
solutions of K-quartz type (whose end members
include keatite and high-temperature spodumene) and
O-quartz type (with β-quartz and β-eucryptite as the
end members). As noted earlier in ref. [12], the
crystallization of glasses leads to the appearance of
unstable solid solutions with structures close to
β-quartz. This indicates the necessity of analyzing
the chemistry of solid-state reactions that may occur
between the ternary compounds, eucryptite and
spodumene, as well as their constituent binary phases
within the Li2O–Al2O3 and Li2O–SiO2 systems.

Calculations were performed using standard data
on exchange equilibria between lithium-containing
aluminosilicates and alkali feldspars, as well as
thermodynamic data for binary compounds [13]. The
data presented in Table 1 were utilized to predict
phase transformations within the subsolidus region of
the Li2O–Al2O3–SiO2 phase diagram.

The research methodology was based on the
determination of isobaric-isothermal potentials without
accounting for the temperature dependence of heat
capacity, and without considering phase transitions
between high- and low-temperature polymorphs of
the corresponding phases.

Experimental glass batches were melted in
corundum crucibles using a laboratory electric furnace
at temperatures ranging from 1673 to 1873 K, followed
by casting the melt onto a metal plate.

Thermogravimetric analysis was performed using
a Q-1500D derivatograph from the Paulik-Paulik-
Erdey system. X-ray phase analysis was conducted
using a DRON-3M X-ray diffractometer. The
crystallization ability was evaluated in a gradient furnace
with a temperature range of 293–1173 K and current
voltage of 0–170 V. Petrography analysis using an
NU-2e optical microscope at magnifications ranging
from 25× to 1200× in transmitted light was employed
to determine the nature and amount of crystalline
phases in the materials.

The thermal coefficient of linear expansion
(TCLE) of the glasses was measured using a
DKV-5A quartz dilatometer in accordance with
ASTM C 372-94 (2007). Compressive strength was
determined according to EN ISO 21690:2012(E).

Investigation of the subsolidus phase coexistence
region in the Li2O–Al2O3–SiO2 system

As the compositional point of eucryptite lies
outside the liquidus field and based on data from ref.
[14] regarding the section of the system between
eucryptite and silicon dioxide, the crystallization
pathway of eucryptite was analyzed. According to ref.
[14], the first phase to appear in the melt is spodumene.
Subsequently, lithium pentaaluminate formation is
expected, and crystallization continues up to 1673 K,
at which point decomposition into a eucryptite-like
substance and alumina occurs. Therefore, it was
deemed reasonable to consider subsequent solid-state
reactions (1)–(4) in which eucryptite acts as the initial
compound:

6(Li2O⋅Al2O3⋅2SiO2)→(Li2O⋅Al2O3⋅4SiO2)+
+(Li2O⋅5Al2O3)+(4Li2O⋅SiO2)+7SiO2       (1)

6(Li2O⋅Al2O3⋅2SiO2)→(Li2O⋅Al2O3⋅4SiO2)+
+(Li2O⋅5Al2O3)+2(2Li2O⋅SiO2)+6SiO2     (2)

Fig. 1. Subsolidus structure of the Li2O–Al2O3–SiO2 system:

A=Li2O⋅Al2O3⋅8SiO2 (LiAlSi4O6), B=Li2O⋅Al2O3⋅6SiO2

(LiAlSi3O8), C=Li2O⋅Al2O3⋅4SiO2 (LiAlSi2O6),

D=Li2O⋅Al2O3⋅2SiO2 (LiAlSiO4)
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6(Li2O⋅Al2O3⋅2SiO2)→(Li2O⋅Al2O3⋅4SiO2)+
+(Li2O ⋅5Al2O3)+4(Li2O ⋅SiO2)+4SiO2    (3)

6(Li2O⋅Al2O3⋅2SiO2)→(Li2O⋅Al2O3⋅4SiO2)+
+(Li2O ⋅5Al 2O3)+4(Li2O ⋅2SiO2) (4)

It should be noted that the appearance of mullite
(3Al2O3⋅2SiO2) or corundum/alumina in terms of
chemical reactions of eucryptite decomposition into
spodumene and lithium pentaaluminate (Al2O3) is
not expected due to the lack of Al atoms, which are
necessarily taken into account in the above-mentioned
final compounds.

Investigation of the crystallization ability of glass-
ceramic materials

To investigate the phase formation mechanism
in the Li2O–Al2O3–SiO2 system, compositions from
[12,15] were selected within the crystallization region
of the eucryptite-spodumene solid solution, featuring
a high Al2O3 content (over 10 wt.%) and lithium
disilicate (Table 2).

The requirements for the phase composition and
structure of glass-ceramic materials were taken into
account when selecting the following components for
glass formation (B2O3, P2O5, Sb2O3); for modification
(CaO, SrO, MgO, ZnO, BaO) and for crystallisation
catalysts (ZrO2, CeO2, TiO2, SnO2):

– simultaneous crystallization of crystalline
phases with high thermo-mechanical properties
(β-eucryptite, β-spodumene, lithium disilicate);

– crystallization within the region of metastable
liquid immiscibility with the formation of nuclei whose
composition is close to that of the parent glass;

– formation of a bulk-crystallized structure at
low temperatures (923–1123 Ê) within a short
processing time (≈1–2 h);

– development of an oriented nanostructure with
translational crystal symmetry through directed
dendritic crystallization;

– surface hardening occurs through the healing
of cracks during surface crystallization and vitrification.

Table 1

Thermodynamic properties of the components of the Li2O–Al2O3–SiO2 system

Table 2

Chemical composition, heat treatment method and characteristics of the crystalline phase of the developed compositions

Phases Compound Enthalpy, kJ/mol Entropy, J/mol⋅K 

eucryptite Li2O⋅Al2O3⋅2SiO2 –2144.048 90.793 

spodumene Li2O⋅Al2O3⋅4SiO2 –3053.500 131.210 

lithium monoaluminate Li2O⋅Al2O3/LiAlO2 –1187.700 53.350 

lithium pentaaluminate Li2O⋅5Al2O3 –9125.480 299.720 

lithium orthosilicate 2Li2O⋅SiO2/Li4SiO4 –2299.000 126.000 

lithium disilicate Li2O⋅2SiO2/Li2Si2O5 –2584.900 123.500 

lithium metasilicate Li2O⋅SiO2/Li2SiO3 –1669.500 81.300 

lithium oxosilicate 4Li2O⋅SiO2/Li8SiO6 –3527.000 170.000 

β-quartz β-SiO2 –910.648 41.338 
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Results and discussion

Thermodynamic calculations
All reactions are characterized by negative values

of the isobaric-isothermal potential, which indicates
their thermodynamic probability of occurrence, as
illustrated in Fig. 2. It should be noted that reactions
(1) to (3) proceed with the presence of β-quartz in
the final compounds.

Reaction (1) is characterized by the highest value
of the isobaric-isothermal potential up to 1104 K. At
approximately 1104 K, according to ref. [13], a
peritectic reaction occurs in which lithium metasilicate
decomposes into lithium oxide and lithium
orthosilicate.

Reaction (2) has the lowest thermodynamic
probability at temperatures above 1200 K. The final
products of this reaction are lithium orthosilicate,
silicon dioxide, spodumene and lithium pentaaluminate.

Reaction (4) shows the lowest values of isobaric-
isothermal potential; its products do not contain silicon
dioxide, but in addition to spodumene and lithium
pentaaluminate, lithium disilicate is also present.

According to ref. [13], during the structural
formation of lithium-containing binary phases
involving silicon oxide, it is thermodynamically
plausible that the saturation of the binary compound,
specifically lithium disilicate, with silicon oxide may
occur without the formation of β-quartz. It has been
determined that the thermodynamic probability of
reactions (1) to (3) increases as the amount of silicon
oxide in the form of a separate β-quartz phase in the
final reaction products decreases.

The location of the spodumene and eucryptite
compositional points between the lithium aluminate
and silicon dioxide compositional points indicates the
need to take into account the reactions that occur
with the formation of β-quartz:

Li2O ⋅Al 2O3⋅2SiO 2→Li 2O ⋅Al2O3+2 SiO 2  (5)

Li 2O ⋅Al 2O3⋅4SiO 2→Li 2O ⋅Al 2O3+4SiO 2  (6)

The temperature dependence of changes in the
isobaric-isothermal potential is presented in Table 3.
Calculations were performed at temperatures of 800
and 1673 K.

The results of the isobaric-isothermal potential
calculations for reactions (5) and (6) indicate their
thermodynamic feasibility and demonstrate a higher
thermodynamic probability for the decomposition of
spodumene compared to eucryptite within the
temperature range of 800–1673 K.

According to the results of thermodynamic
analysis, it was determined that all reactions, except
reaction (4), indicate the formation of β-quartz, which
is consistent with the data on the presence of solid
solutions of K-quartz and O-quartz, characteristic of
spodumene and eucryptite. Therefore, it was found
that all solid-phase reactions of eucryptite
decomposition into spodumene, lithium
pentaaluminate, and lithium silicates with silicon oxide
are thermodynamically probable.

Notably, the most thermodynamically favorable
reaction yields a final composition containing lithium
disilicate and no free silicon oxide. This indicates a
thermodynamic preference for the saturation of lithium
disilicate with silicon oxide during its structural
formation. The formation of β-quartz is associated
with a decrease in thermodynamic probability via
direct solid-state reactions, with its content in the
final products increasing with temperature.
Additionally, it was found that the simultaneous
formation of β-quartz and lithium monoaluminate is
thermodynamically probable during the solid-state
decomposition of eucryptite and spodumene.

Structure and phase formation processes in the
experimental materials

The study of the crystallization mechanism
revealed that all experimental glasses undergo bulk
crystallization, leading to the formation of a glass-
ceramic (sitalized) structure under low-temperature
treatment conditions. This is confirmed by the presence
of sharp exothermic peaks at 1073–1123 K, as
illustrated in Fig. 3.

Fig. 2. Temperature dependence of the isobaric-isothermal

potential of reactions (1), (2), (3) and (4)

Table 3

Dependence of changes in isobaric-isothermal potential

Change in isobaric-isothermal potential, 

kJ/g⋅atom 
Reaction 

No. 
∆G=∆H

0
–T∆S T=800 K T=1673 K 

5 –61.782–0.00323T –64.366 –67.186 

6 –88.839–0.00437T –92.335 –96.150 
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The experimental glasses exhibit the following
crystallization behavior. In the first stage, intensive
nucleation of lithium metasilicate and subsequent
crystal growth occur near the softening temperature.
This appears as an endothermic effect on thermograms
at T=823–873 K (Fig. 3). This mechanism can be
explained by the fact that diffusion processes, on which
the equilibrium state formation rate directly depends,
are significantly slowed down at low temperatures.
This particularly affects the coordinated diffusion of
Al3+ and Li+ ions. Consequently, aluminum atoms
do not participate in the formation of stable phases at
low temperatures, resulting in the formation of lithium
metasilicate, a stable crystalline phase in contrast to
lithium disilicate. This process is intensified by the
lower viscosity of the lithium metasilicate phase, making
its formation energetically favorable. Such a
mechanism is most pronounced in the GCM
composition SL-12M, which contains the lowest
amount of alumina (Al2O3).

For the lithium aluminosilicate glasses SP-2M
and SP-10M, nucleation is predominantly
characterized by the formation of β-quartz solid
solutions, which have a higher viscosity than lithium
metasilicate. Under these conditions, a significant
number of nuclei form, creating favorable conditions
for the subsequent development of β-eucryptite, which
has a structure closely related to that of β-quartz.

A characteristic feature of the experimental
GCMs is the occurrence of metastable liquid–liquid

phase separation, observed in the softening temperature
range of 823–873 K. This manifests as slight deviations
on the thermogram curve and is confirmed by gradient
thermal analysis (GTA) through the visualization of
an opalescent structure that precedes surface
crystallization (Fig. 4). This mechanism results in
nanostructuring both at the surface and within the
bulk of the GCMs during heat treatment and
contributes to the healing of microcracks, which are
potentially critical factors for structural failure under
load. An important factor in the formation of crack-
resistant nanostructures is the suppression of spherulite
growth through phase separation of the glass, which
is evidenced by the persistence of the opalescent
structure in SP-10M and SL-12M glasses within the
specified temperature range (Fig. 4).

In the second stage, the temperature rises to
923–1023 K for SP-10M and SP-2M glasses
containing more than 10 wt.% Al2O3. Due to the
decreased viscosity of the glass and the easier diffusion
of lithium and aluminum ions, the β-ecryptite solid
solution crystallizes. This is formed by replacing some
silicon atoms in the structure of high-temperature
quartz with aluminum atoms paired with lithium atoms.

The crystallization intensity of SP-2M glass,
characterized by an intense exo-effect peak at 923 K,
shifts to the low-temperature region due to an increase
in lithium oxide content to 11 wt.% and a decrease
in aluminum oxide content compared to SP-10M
glass, for which the exo-effect is only recorded at
973 K (Fig. 3). The elevated Al2O3 content (18 wt %)
and a significant amount of a combined crystallization
catalyst Σ(ZrO2, CeO2, TiO2, SnO2)=4.0 wt.% in the
SP-10M glass enable the formation of up to 40 vol.%
of crystalline phases during low-temperature treatment.
The development of the low-temperature β-eucryptite
crystalline phase, chemically and structurally most
similar to the glass matrix, allows for stress relaxation
during thermal treatment, improving the integrity and
stability of the material.

In the third stage, within the temperature range
of 1023–1123 K, experimental glasses SP-10M and
SP-2M undergo recrystallization of metastable
β-eucryptite crystals into stable β-spodumene crystals
(Li2O⋅Al2O3⋅2SiO2→Li2O⋅Al2O3⋅4SiO2) due to the
incorporation of additional SiO2. As a result of the
more intensive crystallization in SP-10M during the
second stage compared to SP-2M (Fig. 3), the quantity
of orthorhombic β-spodumene is significant and
reaches approximately 80 vol.% (Fig. 4). In SP-2M
glass, the recrystallization process is incomplete,
resulting in the formation of approximately 30 vol.%
β-eucryptite and 50 vol.% β-spodumene. In the case
of SL-12M glass, a minor exothermic effect at

Fig. 3. Glass thermograms according to DTA data
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1023 K indicates a limited amount of β-spodumene
and concurrent recrystallization of lithium metasilicate
into stable lithium disilicate crystals (T≈1073 K),
as recorded on DTA curves as exothermic peaks
(Figs. 3 and 4).

It is important to note that in these glasses,
crystallization occurs predominantly in the β-form of
both eucryptite and spodumene, which possess lower
free energy (thermodynamic potential) compared to
their α-counterparts that typically crystallize under
specialized hydrothermal conditions. In the β-forms,
aluminum enters the anionic framework in tetrahedral
coordination with oxygen, just as it does in the glass
network. Therefore, within the defined compositional
ranges, the glasses exhibit a β-eucryptite-type short-
range order, which leads to the nucleation of this
phase.

These phases form through kinetic pathway with
minimal energy barriers, as the hexagonal lattice
symmetry of β-eucryptite is more compatible with
the local structure of the amorphous glass. The
β-eucryptite lattice adopts a high-temperature β-quartz-
type structure, in which every second Si4+ ion layer is
substituted by Al3+ and Li+. This process is most
pronounced in SP-2M and SP-10M compositions. A
distinguishing feature of SP-2M glass is the accelerated
surface crystallization driven by phase separation at
lower temperatures. This promotes the formation of a

well-defined and intense β-eucryptite peak at 923 K
(Fig. 5a), followed by its partial recrystallization into
β-spodumene (Fig. 5b).

The results of the study of the crystallization
ability of lithium aluminosilicate glasses containing
glass-forming components (B2O3, P2O5, Sb2O3) and
modifying components (CaO, SrO, MgO, BaO), as
well as crystallization catalysts (ZrO2, CeO2, TiO2,
SnO2 and ZnO) enable us to make the following
statements about the mechanism of glass crystallization
and the thermodynamic assessment of sub-solidus
phase coexistence in the Li2O–Al2O3–SiO2 system:

1. The thermodynamic probability of the course
of reactions at the first stage is realized in glasses
during heat treatment in the temperature range of
800 K and manifests itself as the formation of nuclei
during the structure formation of silicon-containing
phases: lithium metasilicate or solid solutions with
the structure of β-quartz;

2. The structure of lithium aluminosilicate glasses
during heat treatment is characterized by a series of
metastable solid solutions of O-quartz with members
of the β-quartz series, lithium metasilicate
(T≈800–850 K), β-eucryptite (T≈900 K) and their
recrystallization into stable crystalline phases of
β-spodumene and lithium disilicate (T≈1000-1100 K);

3. The influence of modifying components in
the composition of lithium aluminosilicate glasses is

Fig. 4. Crystallization ability of test glasses according to GTA data
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manifested in ensuring phase separation with
subsequent nucleation in the low-temperature region
and nanostructuring (P2O5, ZnO, CeO2), viscosity
regulation (SiO2, B2O3, P2O5, Sb2O3, CaO, SrO, MgO,
BaO) for the priority of the appearance of the first
crystalline phase (solid solutions with a β-quartz
structure for crystallization of β-spodumene and
metasilicate for lithium disilicate) and intensification
of crystallization (ZrO2, TiO2, SnO2) in a short time;

4. The probability of bulk crystallization of
lithium aluminosilicate glasses under conditions of
reduced temperatures with the presence of crystalline
phases of 80 vol.% β-LiAlSi2O6 and β-LiAlSiO4 or
80 vol.% β-LiAlSi2O6 or 50 vol.% Li2Si2O5 and
β-LiAlSi2O6 to allow adjustment of thermo-mechanical
properties according to the intended use of the
materials.

The investigation of mechanical and thermal
properties has shown that the compressive strength of
the modified GCMs increases in comparison with
the reference GCMs [12,15], reaching 720 MPa,

780 MPa, and 700 MPa for compositions SP-2M,
SP-10M and SL-12M, respectively.

At the same time, the TCLE decreases in the
following order: SP-2M>SP-10M>SL-12M, with
corresponding values of 15.4⋅10–7 K–1, 18.7⋅10–7 K–1

and 57.1⋅10–7 K–1, respectively. These properties
confirm the high potential of these materials for use
in the development of glass-ceramic systems intended
for electrotechnical applications.

Conclusions

The prospects of developing GCMs with
simultaneously enhanced mechanical properties and
improved thermal stability for electrotechnical
applications were analyzed, and the feasibility of their
synthesis based on the crystalline phases, β-eucryptite,
β-spodumene, and lithium disilicate was determined.

The solid-state chemical interaction between
β-spodumene and β-eucryptite was established through
thermodynamic calculations of the coexistence
of unary, binary, and ternary phases in the
Li2O–Al2O3–SiO2 system. Initial glass compositions

Fig. 5. X-ray diffraction patterns of experimental glass SP-2M
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were selected and modified to ensure the crystallization
of the high-strength β-spodumene, β-eucryptite and
lithium disilicate phases. The peculiarities of the
structure and phase formation processes were
determined in the developed glasses under conditions
of low-temperature, short-term heat treatment. At a
temperature of 823–873 K, there was intensive
formation of lithium metasilicate germs and growth
of β-quartz solid solution germs near the softening
temperature due to detestable liquation. This provides
the prerequisites for the formation of β-eucryptite
with a structure close to β-quartz. At temperatures
between 923 and 1023 K, β-eucryptite solid solutions
crystallize in glasses with a high Al2O3 content
(10 wt.%), by reducing the glass viscosity and facilitating
the diffusion of lithium and aluminum ions. In the
temperature range of 1023–1123 K, recrystallization
of detestable β-eucryptite crystals occurs to form stable
β-spodumene crystals (in glasses with an Al2O3 content
of 10 wt.%), and lithium metasilicate recrystallizes to
form stable lithium disilicate crystals (in glasses with
an Al2O3 content of 4 wt.%).

The glass-ceramic materials developed by a two-
stage low-temperature heat treatment are characterized
by high thermal (TLCE=(15.4–57.1)⋅10–7 K–1) and
mechanical properties (σ=700–780 MPa) and can be
recommended for use in the development of high-
strength substrate materials for electronic systems.
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ÎÖ²ÍÞÂÀÍÍß ÊÐÈÑÒÀË²ÇÀÖ²ÉÍÎ¯ ÇÄÀÒÍÎÑÒ²
Ë²Ò²É-ÀËÞÌÎÑÈË²ÊÀÒÍÈÕ ÑÊËÎÊÅÐÀÌ²×ÍÈÕ
ÌÀÒÅÐ²ÀË²Â ÄËß ÅËÅÊÒÐÎÒÅÕÍ²×ÍÎÃÎ
ÂÈÊÎÐÈÑÒÀÍÍß

Î.Â. Ñàââîâà, Î.Â. Õðèñòè÷, Ä.À. Áðàæíèê, Ì.². Òèìîùóê,
Ã.Î. Áðàæíèê

Â ñòàòò³ ïðîàíàë³çîâàíî ïåðñïåêòèâí³ñòü ñòâîðåííÿ
òåðì³÷íî- òà ìåõàí³÷íîñò³éêèõ ë³ò³é-àëþìîñèë³êàòíèõ ñêëî-
êåðàì³÷íèõ ìàòåð³àë³â äëÿ åëåêòðîòåõí³÷íîãî âèêîðèñòàí-
íÿ. Ïðîâåäåíî òåðìîäèíàì³÷íå ïðîãíîçóâàííÿ êðèñòàë³çà-
ö³éíî¿ çäàòíîñò³ ë³ò³é-àëþìîñèë³êàòíèõ ñêëîêåðàì³÷íèõ
ìàòåð³àë³â øëÿõîì âñòàíîâëåííÿ õ³ì³çìó òâåðäîôàçîâî¿
âçàºìîä³¿ ñïîäóìåíó åâêðèïòèòó òà äèñèë³êàòó ë³ò³þ øëÿ-
õîì òåðìîäèíàì³÷íèõ ðîçðàõóíê³â ñï³â³ñíóâàííÿ ôàç
ñèñòåìè Li2O–Al2O3–SiO2. Ìîäèô³êîâàíî ñêëàäè ë³ò³é-àëþ-
ìîñèë³êàòíèõ ñòåêîë ñêëîóòâîðþþ÷èìè (B2O3, P2O5, Sb2O3)
³ ìîäèô³êóþ÷èìè (CaO, SrO, MgO, ÂàÎ) êîìïîíåíòàìè òà
êàòàë³çàòîðàìè êðèñòàë³çàö³¿ (ZrO2, CeO2, TiO2 SnO2, ZnO)
òà îäåðæàíî ñòåêëà. Ïðîàíàë³çîâàíî âïëèâ õ³ì³÷íîãî ñêëà-
äó ñòåêîë íà ïîñë³äîâí³é ïîÿâè êðèñòàë³÷íèõ ôàç òâåðäèõ
ðîç÷èí³â íà îñíîâ³ β-êâàðöó, ìåòàñèë³êàòó ë³ò³þ
(Ò≈800–850 Ê), β-åâêðèïòèòó (Ò≈900 Ê) òà β-ñïîäóìåíó,
äèñèë³êàòó ë³ò³þ (Ò≈1000–1100 Ê) òà âèçíà÷åíî îñîáëè-
âîñò³ ìåõàí³çìó ñòðóêòóðî- òà ôàçîóòâîðåííÿ ó äîñë³äíèõ
ñòåêëàõ ïðè îäåðæàíí³ ñêëîêðèñòàë³÷íèõ ìàòåð³àë³â òà
îáðàíî ðåæèìè ¿õ òåðì³÷íîãî îáðîáëåííÿ. Ðîçðîáëåí³
ñêëîêåðàì³÷í³ õàðàêòåðèçóþòüñÿ âèñîêèìè òåðì³÷íèìè òà
ìåõàí³÷íèìè âëàñòèâîñòÿìè òà º ïåðñïåêòèâíèìè ïðè
ðîçðîáö³ ìàòåð³àë³â ÿê âèñîêîì³öíèõ ï³äêëàäîê äëÿ
åëåêòðîííèõ ñèñòåì.

Êëþ÷îâ³ ñëîâà: ñêëîêåðàì³÷í³ ìàòåð³àëè, ë³ò³é-
àëþìîñèë³êàòí³ ñòåêëà, åâêðèïòèò, ñïîäóìåí,
òåðìîäèíàì³÷í³ ðîçðàõóíêè, êðèñòàë³çàö³ÿ.

ASSESSMENT OF THE CRYSTALLIZATION CAPACITY
OF LITHIUM ALUMINOSILICATE GLASS-CERAMIC
MATERIALS FOR ELECTRICAL APPLICATIONS
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Kharkiv, Kharkiv, Ukraine
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The article analyzes the prospects of developing thermally
and mechanically stable lithium aluminosilicate glass-ceramic
materials for electrotechnical applications. The crystallization ability
of lithium aluminosilicate glass-ceramics was thermodynamically
forecasted by determining the interaction mechanisms of the
solid phases of spodumene, eucryptite, and lithium disilicate
through phase equilibrium calculations in the Li2O–Al2O3–SiO2

system. Modified compositions of lithium-aluminosilicate glasses
were obtained using glass-forming components (B2O3, P2O5,
Sb2O3), modifying components (CaO, SrO, MgO, BaO), and
crystallization catalysts (ZrO2, CeO2, TiO2, SnO2, ZnO). The
influence of the chemical composition of the glasses on the
sequential appearance of crystalline phases in solid solutions based
on β-quartz and lithium metasilicate (T≈800–850 K),
β-eucryptite (T≈900 K), and β-spodumene and lithium disilicate
(T≈1000–1100 K) was analyzed. In addition, the peculiarities of
the mechanisms of structure and phase formation in experimental
glasses during the preparation of glass-ceramic materials were
determined, and optimal heat-treatment regimes were selected.
The developed glass-ceramic materials are characterized by their
high thermal and mechanical properties, making them promising
candidates for use as high-strength substrates in electronic systems.

Keywords: glass-ceramic materials; lithium aluminosilicate
glasses; eucryptite; spodumene; thermodynamic calculations;
crystallization.
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