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This study investigates spodumene glassy materials in the
Rzo-RO-ROZ-Rzo_:;'LizO'CaO'onysiOZ .system.

The task addressed is to obtain lightweight glassy mate-
rials with high microhardness and resistance to cracking,
while maintaining a low apparent density and moderate
energy consumption during manufacture. DTA/DSC, XRD,
and optical microscopy were used to examine the structure
and phase composition of samples obtained by one- and two-
stage heat treatment.

Based on the research results, a series of compositions
were developed; the structural characteristics of the glass
matrix were determined for them. The resulting data show
that the low-temperature two-stage heat treatment (nucle-
ation at 530°C, crystallization at 850...900°C) contrib-
utes to the formation of a fine-grained structure, in which
B-spodumene predominates (80...85 vol.%). Compared to
the single-step process, HV and H increased by 9...20%,
K;c by 20...31%, and E by 25%. This effect can be explained
by metastable micro liquefaction and early nucleation, lead-
ing to the formation of highly dense, fine-grained prismatic
B-spodumene grains that inhibit crack propagation.

The choice of oxides and composition of nucleators (TiO;,
Zr0,) is crucial. The introduction of fluorides and small
amounts of rare-earth oxides reduces the melt viscosity and
nucleation temperature. The addition of P,Os promotes local-
ized micro liquefaction of the fine-grained morphology of the
target phase. These factors reconstruct the glassy phase and
contribute to mechanical strengthening, distributing stress-
es more evenly within the finely dispersed crystalline matrix.

The practical significance of this study is that the
obtained spodumene-containing composite materials
have both high mechanical properties (HV = 7.9...9.2 GPa;
K;c=1.8...3.4 MPa-m®®) and a reasonably low apparent
density (o = 2370...2450 kg/m?) compared to other protective
materials. These materials are suitable for the manufacture
of lightweight individual bulletproof composite components

Keywords: aluminosilicate glass-ceramic materials,
armor element, impact resistance, wave propagation veloci-
ty, physical-mechanical properties

u 0

Received 02.09.2025

Received in revised form 17.10.2025
Accepted 24.11.2025

Published 10.12.2025

1. Introduction

Wars and armed conflicts of the 21st century are charac-
terized by the widespread use of highly effective weapons -
from modern small arms to cluster munitions and fragment
munitions - resulting in an increasing ballistic threat to mil-
itary personnel and civilians. Therefore, there is an urgent
need to design new high-strength materials and multilayer
structures for individual and platform armor protection to
balance high ballistic performance, minimal weight, and
acceptable manufacturability [1].

As a result, with the continuous evolution of weapons,
we need new materials and structures to better balance
“quality/protection/durability”, improve resistance to mul-
tiple impacts, and balance reasonable manufacturability.
However, practical application requires the development of
formulations and technologies that allow the production of
lightweight armor components with higher crack resistance,
impact toughness, and resistance to multiple fractures, while
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reducing energy consumption in production and ensuring
the scalability of the technology. Results of such research
could help develop better and more effective modules for
individual and platform protection.

The conventional scheme “hard ceramic layer + ener-
gy-absorbing substrate” («-Al,0Os, SiC, B,C + UHMWPE/ar-
amid) remains the main one as the ceramic can locally dam-
age or deform and penetrate the element, while the substrate
can absorb the rest of the energy. However, ceramic materials
also have some disadvantages (2, 3]: high density, high cost,
easy brittle fracture, and difficult processing (especially
pure B,C/SiC), which limits their tactical characteristics and
economic feasibility. The physical and mechanical properties
of the basic ceramic materials used for the manufacture of
armor protection elements [4-8] are given in Table 1.

In this regard, glassy crystalline materials (GCMs), espe-
cially those based on lithium aluminosilicates (Li,O-Al,0;-
Si0,), are of particular interest. GCMs have several important
advantages, including controlled crystallization (the ability to
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“design” the phase composition, morphology, and crystal size),
relatively low density, and lower energy consumption during
production compared to conventional engineering ceramics. All
of these factors make them promising candidates for applica-
tion in light armor components and multilayer local protection
modules [9, 10].

Physical and mechanical properties of ceramic materials for the manufacture of armor

protection elements

of catalysts in shaping the morphology. The study showed that
the right choice of nucleating agents can effectively solve the
problem of excessive grain growth. However, the interaction
between different catalysts in multioxide formulations remains
unresolved. The influence of impurities (such as Mn, Ce, etc.)
also needs to be studied. This is mainly due to the complexity of
Table 1 multidimensional experimental envi-
ronments. One possible solution is to
combine experiments with statistical
experimental design (DoE).

In [12], the results of the structur-

Given the growing threat of ballistics and the limita-
tions of conventional ceramic solutions, research into glassy
crystalline systems has become particularly relevant. Of
particular interest are glassy spodumene materials, which
combine high mechanical properties, moderate density, and
low-energy manufacturing processes. Therefore, the design
and optimization of glassy spodumene materials for armor
protection is an important area of research.

2. Literature review and problem statement

In [9], transparent and opaque GSMs for ballistic protection
are described. The main focus is on the relationship between
microstructure and energy absorption characteristics. Studies
have shown that fine-grained prismatic phases can improve
the dissipation of impact energy. However, several important
issues remain unresolved. In particular, the quantitative re-
lationship between the formulation, phase composition, and
dynamic properties of the material needs to be clarified. Also,
the issue of reproducibility of ballistic tests between different
laboratories remains unresolved. A separate difficulty is the
scaling of laboratory regimes to pilot or industrial production.
The reason is the multidimensionality of parameters, the high
cost, and logistical limitations of ballistic tests and the influ-
ence of heat and mass transfer and batch geometry during
scaling. A solution is to systematically map the parameter
space in the laboratory to determine the kinetics of phase for-
mation and selective bench ballistic tests to validate the most
promising formulations. This approach is consistent with the
combined DTA/DSC, XRD, and microscopy approach.

Work [10] reports real-time and temperature experiments
of crystallization of LAS glass crystals. It demonstrates the
influence of heating regimes on the nucleation stage and
the growth of Li phases. A direct relationship between nu-
cleation conditions and the grain size of the target phase is
shown. However, whether these results can be generalized
to industrial batch production with the addition of catalysts
and fluoride additives remains an unresolved question. The
reason is the differences in heat and mass transfer and batch
quality. One possible solution is to combine real-time analysis
with a controlled heating process on a pilot scale.

Study [11] demonstrated the controlled deposition of Li,SiO,
and related phases in the LAS system and highlighted the role

Compo- | Apparent | Modulus |Micro-hard-| Longitudi- | Crack resis- | Bending | Source - ;
sition of | density p, |of elastici-| ness Hy, nal speed of | tance Ky¢, | Strength |of infor-| al evolution study of the P,Os-modi-
ceramics| kg/m3 |ty E, GPa MPa sound v, km/s | MPa-m"? |Gpenq» MPa| mation | fied LAS framework at short and
AL, 3950 407 18 10.4 35+03 |220+£20 | [4] medium scales are reported. The
B,C |2400..2520| 475 28 12.4 40+03 |350+20| [5] | Studyshowed that P,Osplaysanim-
SiC 3000 | 350 %20 20 10.5 32403 |440+20| [6] | Portantrolein phase separation and
- local network recombination. This
TiB, |4480...4510| 550...565 25 11.0...11.3 270...400 [7] . . .
confirms that P,Os can induce mi-
AIN 3250 380...400 13 11.0 310...428 [8] cro-dilution, thereby Contributing to

the formation of fine morphology of
the target phase. However, quantitative data on the optimal
concentration of P,0s in multicomponent systems (especial-
ly in fluorine-containing compounds and rare-earth oxide
systems) are still limited. The reason is that it is difficult to
explain local structural changes, and it is necessary to com-
bine different methods (NMR, XAS, HT-XRD). To overcome
this problem, it is necessary to expand spectroscopic studies
to achieve accurate quantitative correlation.

In [13], the kinetics of calcination of spodumene (a-phase)
were studied and a detailed kinetic analysis of the thermo-
dynamic transformation was performed. Parameters af-
fecting the stability of a- and -phases during heating were
defined. However, due to the static nature of the calcination
study (laboratory conditions), the formation of a fine-grained
B-structure could not be explained. This was especially true
for the two-stage calcination process in the presence of
catalysts and fluorides. To address this issue, studies that
combine decomposition/conversion kinetics with actual glass
melts and their subsequent processing are needed.

Papers [14,15] provide valuable data on spodu-
mene GSMs. They give the formulations, manufacturing
technology, and mechanical properties, including hard-
ness Kjc. The practical implementation of f-spodumene ma-
trices is shown. The problem is that some of the results are
published in local journals and contain a limited number of
modern analytical methods. Because of this, it is difficult
to compare them with the data from current publications.
This makes it necessary to re-check key formulations with
state-of-the-art methods.

Study [16] establishes protection levels and test protocols
for armored systems. It provides criteria (protection levels)
to which it is useful to orient the development of materials
for individual protection. The limitation is that the standard
defines only external requirements. It does not give direct
instructions on the phase composition and formulations.
Because of this, there is a need to translate the properties of
materials into ballistic results. For this purpose, an approach
is needed that would establish such a translation “formula-
tion - static properties — expected ballistic behavior”.

Work [17] shows that P,Os can induce early phase separa-
tion in Li-silicate systems and analyzes in detail the stages of
nucleation. The publication provides important experimental
evidence for the role of P,Os in controlling morphology.
An unresolved problem is the quantitative limit of P,Os in



complex multicomponent formulations; at the same time,
it is necessary to study the influence of compatible cata-
lysts (TiO,, ZrO,). To solve this, it is necessary to systemat-
ically prepare a series of formulations combining P,Os and
catalysts, for further optimization of their concentration.

In [18], the effect of Al,0; content on LAS glass crystal-
lization was investigated. The results showed that higher
Al,05 content promotes S-phase formation but also increases
the melting boiling point. This provides a practical basis for
finding a “compromise” between optimal mechanical proper-
ties and process performance. One of the outstanding issues
is minimizing energy consumption while maintaining a high
B-phase content. One possible solution is the introduction of
effective fluorides/modifiers or alternative catalysts to lower
the boiling point.

Based on our review of published data, technically sound
performance benchmarks for GSMs used in personal protec-
tive equipment were established:

- apparent density p = 2350...2800 kg/m?3;

- coefficient of linear thermal expansion a = (20...30) X
x 107 K%

- modulus of elasticity E = 250...350 GPa;

- Vickers microhardness Hy = 10...12 GPa;

— crack resistance K¢ = 8...12 MPa-m®>;

- impact strength KCU = 5...6 kJ-m™.

These recommendations emphasize the need to adjust
both composition and microstructure to achieve the target
performance parameters.

This review confirms that the target microstructure is
small prismatic grains of S-spodumene within the glassy
phase. This is a feasible strategy that combines low density
and high impact strength. The literature also indicates that
the combined approach of “composition modification + cata-
lyst/fluoride + two-stage heat treatment” is effective.

Meanwhile, the following key questions remain unresolved:

1. Quantitative limitations of additives. Currently, there
is no systematic data on the optimal concentrations of P,0,
fluorides, and nucleating agents in multicomponent formu-
lations that would achieve stable microphase formation and
the desired S-phase ratio. This is due to the multidimen-
sionality of the parameters and high experimental costs.
One possible solution is to use a combined approach (experi-
mental design + temperature/real-time studies + high-tem-
perature X-ray diffraction) with subsequent pilot scale
expansion.

2. Scalability of the process. Laboratory experiments
using small samples should be verified in pilot or full-scale
tests (heat and mass transfer, batch quality, product shape).
The solution is to conduct pilot tests to switch control modes
and monitor phase formation kinetics.

3. Comprehensive dynamic validation. Direct comparison
of materials to STANAG/NIJ standards is difficult because of
the lack of ballistic and high-velocity test data in the related
literature. This is due to high costs, organizational and safety
constraints. The solution is a validation plan that progresses
in stages from static mechanical testing to limited bench-fire
testing and then to large-scale ballistic testing.

Therefore, the concept of a finely dispersed -spodumene
matrix is relevant and promising. For practical application,
systematic studies are needed that combine composition op-
timization (P,O0, fluorides, rare earth oxides), seed processing
and crystallization at intermediate temperatures, as well as
comprehensive testing of the final static and dynamic prop-
erties according to ballistic test criteria.

3. The aim and objectives of the study

The aim of this study is to investigate the influence of
formulation and process parameters on the microstructure,
physical and mechanical properties of Li-Al-Si-O glassy
crystalline materials. This may contribute to improving the
stability of armor protection by increasing the energy density
and resistance to cracking of the hard layer while simulta-
neously reducing its mass, thereby laying the foundation for
validation and application in the design of personal armor
protection systems (PAPSS).

To achieve this aim, the following objectives were accom-
plished:

- to determine the comprehensive physical and mechan-
ical properties (Hy, H, K¢, E, p) of the obtained GSM and
evaluate its suitability as an impact-resistant material;

-to compare and analyze the effect of one-stage and
two-stage heat treatment on the mechanical properties of the
material and the content of the 5-phase;

- to establish a relationship between the formulation and
process parameters, the phase composition determined from
the data, and the obtained mechanical properties.

4. The study materials and methods

Our study focuses on spodumene glassy materials in the
RzO-RO-ROz-Rzog,-LizO-CaO-onS-SiOZ system.

This study hypothesizes that precise control over the ma-
terial formulation could be achieved by changing the matrix
composition and introducing modifiers (nucleating agents,
fluorides, and P,0s). This allows for the targeted formation
of fine-dispersed microstructures based on S-spodumene.
Such a structure is expected to improve the microhardness
and crack resistance of the material while maintaining a
low apparent density. And this, combined with a two-stage
low-temperature heat treatment (nucleation-crystallization),
further contributes to the formation of a homogeneous and
fine-dispersed microstructure of S-spodumene.

Assumptions adopted:

- the charge is considered chemically homogeneous after
mixing and melting;

— laboratory regimes reproduce the main thermodynamic
stages of nucleation and growth relevant for scaling;

- the effect of devaporization of volatile components is
considered to be controlled provided that mass losses during
melting are fixed.

The accepted simplifications are as follows:

- analysis is performed for the average composition of the
charge; local chemical gradients are not modeled;

- thermomechanical gradients in massive products are
taken into account indirectly and are subject to evaluation
during scaling;

- nucleation/growth kinetics are represented by effective
parameters derived from DTA/DSC.

The design of model compositions for obtaining impact-re-
sistant spodumene-containing GSMs was carried out using
predictive calculations of a complex of structure-sensitive coef-
ficients. These coefficients are used as criteria that determine
the structural features and crystallinity of glasses [19, 20].
These include crystallinity coefficient (K,,), transparency co-
efficient (K)), cohesion coefficient of the silicon-oxygen frame-
work of the glass (fs;), and the coefficient of the coordination
state of B and Al atoms in their simultaneous presence (¥g).



To prepare the charge, natural mineral raw materi-
als (Novoselivskyi sand, zircon), technical products (alu-
mina, calcium carbonate, boric acid, strontium carbonate,
disubstituted ammonium phosphate), and chemically pure
oxides (ZnO, TiO,, CeO,, MgO) were used.

Glass melting was carried out in corundum cruci-
bles in a laboratory silite electric furnace at temperatures
0f 1250...1450°C for 6 h with subsequent pouring onto a
metal plate. GSM was obtained using ceramic technology.
Glass grinding was carried out in a laboratory ball mill until
it completely passed through sieve No. 0063.

Heat treatment of the samples was carried out in a SNOL
muffle electric furnace. The selection of heat treatment
modes was carried out on the basis of DTA/DSC analysis,
the results of which are reported in [21]. The devised scien-
tific provisions are given in [14, 15, 21-23]. To adopt practical
modes, the following were taken into account: the position
and intensity of the exothermic peaks of DTA/DSC, the tem-
perature intervals with the highest probability of nucleation
and crystal growth, as well as the technical limitations of
laboratory furnaces. As a result of the analysis, two applied
modes were selected for experimental verification:

- one-stage annealing at a temperature of 450...950°C
with a holding time of 6 h;

- two-stage cycle: nucleation at a temperature of 530°C
with a holding time of 4 h, and crystallization at a tempera-
ture of 850...900°C with a holding time of 4 h.

To ensure high particle packing density, the size of the
fractions and their ratio were selected taking into account data
from [22], namely with a fraction size of 63...125 um = 70 vol. %,
63..25um - 15vol. %, less than 25um - 15vol. %. Pressing
of the samples was performed on a laboratory hydraulic press
in three stages (1% stage - 7.36 MPa, 2"¢ stage — 11.78 MPa,
3" stage — 14.71 MPa). The molded samples were subjected to heat
treatment under a two-stage regime: stage I - Tmax = 780°C;
7= 5.0 h; stage II - Tmax = 1050°C, 7= 0.5 h.

The phase composition of GSM samples was investigated
by X-ray diffraction using a DRON-3M diffractometer. X-ray
diffraction allows for qualitative and quantitative determi-
nation of the phase composition based on the position and
intensity of diffraction peaks. The DRON-3M is a laboratory
powder diffractometer operating under the 6-20 scanning
mode and was chosen for X-ray analysis because it offers suf-
ficient resolution and stability of the measurement geometry.
This ensures reliable phase identification and phase content
estimation, usually with an accuracy of a few percentage
points. The choice of scanning mode and measurement pa-
rameters fully takes into account the characteristics of both
ceramic and glassy samples, which allows for accurate data
collection for subsequent quantitative analysis.

Petrographic studies were performed using a NU-2E
optical polarizing microscope. Petrography is used to visu-
ally assess crystal morphology, grain size, and the difference
between crystalline and glassy phases using transmitted and
polarized light. The NU-2E microscope is equipped with ob-
servation capabilities under light, dark, and polarized modes,
allowing for phase-contrast observations and basic morpho-
logical measurements.

Flexural strength was measured according to the stan-
dard method ISO 23146:2012 [24], which involves the prepa-
ration of controlled specimens and the application of a
four-point bending load to the rupture of the specimen with
simultaneous recording of the load and deformation. These
results were used to evaluate the flexural strength.

Impact toughness (KCU) was measured according to
the standard method EN 1288-1:2000 [25]. This method
measures the energy absorbed by the specimen during
impact under standard conditions and is used to assess the
susceptibility of a material to impact loading. The tests were
performed on an impact test bench equipped with a standard-
ized indenter and a fracture energy recording system.

Vickers microhardness was measured using a PMT-3
microhardness tester, conducting 10 indentation tests under
a load of 200 g. This diamond indentation method allows
for the assessment of local hardness and its distribution in
the material. The PMT-3 optically measures the indentation
diagonal and allows for precise load application.

Knupp hardness was measured using a TMV-1000 hard-
ness tester in accordance with ASTM C730-98 (2021) [26].
The TMV-1000 is an electromechanical hardness tester with
a calibrated load and a digital display.

The crack resistance index (K;c) was calculated using
the semi-empirical dependence by Niihara [27] based on the
average value of Hy obtained from the results of 5 measure-
ments on TMV-1000 at a load of 49 N. The Niihara method
allows us to estimate the crack resistance based on micro-
hardness and the correlation formula.

The elastic modulus of model glasses was determined by
the method of the dependence of the deflection arrow of the
thread pulled from the melt on the applied load. The method
involves measuring the vertical deflection of the glass thread
under calibrated loads using sensitive deflection sensors;
from the obtained dependence, the elastic modulus is deter-
mined under the condition of elastic behavior of the material.

The Li,0-Al1,03-SiO, system was chosen as the basis for
designing spodumene GSMs (Fig. 1). There are 3 ternary
compounds in the system: petalite Li,0-Al,03-8Si0,, spodu-
mene Li,0-Al;,05-4Si0, and eucryptite Li,O-Al,03-2Si0,,
which have low-temperature («) and high-temperature ()
forms.

Petalite melts at 1370°C without decomposition and is
characterized by a TCL = 3.0 - 107, deg? at temperatures up to
1200°C. Spodumene melts congruently at 1423°C, at tempera-
tures up to 1200°C it is characterized by a TCL = 9.0 - 107, deg™.

Instead, low-temperature a-eucryptite at a tempera-
ture of 972 + 10°C transforms into f-eucryptite, which is
characterized by a large anisotropy of thermal expansion:
from -176 - 107 deg™ (|| c axis) to +82.1.107 deg™ (L c axis).

The presence of low-temperature eutectics (at 980°C be-
tween spodumene, lithium disilicate, and SiO,, as well as at
985°C between lithium disilicate, lithium metasilicate, and
spodumene) indicates the possibility of synthesizing GSM
under energy-saving heat treatment conditions.

The probability of low-temperature crystallization of
metastable crystalline phases capable of recrystallization
with the formation of a volumetric fine-crystalline structure
of GSMs, the target phase of which is thermodynamically
stable g-spodumene, was investigated. It is this microstruc-
ture and single-crystal phase composition, represented by
B-LiAlSi,Og, that should provide the necessary functional
properties of impact-resistant GSMs.

Basic lithium aluminosilicate glasses were modified by
introducing ZnO, SrO, MgO, CaO oxides to reduce the vis-
cosity of the melt during glass melting, increase strength and
microhardness, and also regulate the thermal expansion of
the glass phase. Oxides B,03, K,0, Na,O were introduced
to reduce the density of the glasses, as well as reduce the
melting and heat treatment temperatures. In addition, titani-



um and zirconium dioxides (X TiO, + ZrO, < 8.0 wt. %) and
manganese, tin, and cerium oxides MnO, < 4.0; CeO, < 0.5
were introduced into the glass composition as crystallization

catalysts. In particular, the introduction of CeO,
should promote nucleation at lower tempera-
tures, which will make it possible to reduce the
temperature and duration of holding in the sec-

ica-oxygen anions and cybotaxic groups were also taken into
account. They correspond in stoichiometry to the composition
of the target compounds (silicates, aluminosilicates, etc.).

Table 2

Chemical composition of model glasses for the synthesis of spodumene GSMs

Model glass Content, wt. %

ond stage while maintaining the phase compo- | components | sp-1[ sp-2 [ sp-3 [ Sp-4 [ SP-5 [ sP-6 | 5P-7 | sP-8 | sP-9 [sp-10
sition and high degree of crystallization of sital. Si0, 64.00 | 65.80|37.30]39.90 [ 60.00 | 60.00 | 55.00 | 60.30 | 59.70 | 61.86

To form a fine-crystalline structure by the -
. . . ; Li,O 6.00 |11.00 | 0.00 | 0.00 |10.00[10.00| 7.00 |10.05| 7.96 | 7.22
liquefaction mechanism, P,Os was also intro- :
duced into the composition of the initial glasses LiF 0.00 | 0.00 | 5.20 | 6.50 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
in an amount of 2.0-3.0 wt. %, which would ALO; 10.0010.50 | 31.60 | 33.83|12.80|11.00 | 11.00 | 15.07 [ 19.90 | 18.56
make it possible to reduce the stresses that arise B.Os 0.00 | 0.00 | 7.40 | 0.00 | 1.20 | 5.00 | 8.00 | 2.01 | 1.49 | 1.55
when the impact energy is absorbed by the Na,0+K,0 | 0.00 | 2.20 | 9.80 |10.47| 3.50 | 3.50 | 3.50 | 0.00 | 0.00 | 0.00
protective element [8]. As is known, finely dis- |CaO+MgO+ZnO| 0.00 | 0.50 | 8.70 | 9.30 | 6.50 | 6.00 | 9.50 | 7.04 | 4.98 | 4.12
persed metastable liquefaction of glass (the so- CaF, 15.00{ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
called “micro liquefaction”) occurs under con- MnO, 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 [ 0.00 | 0.00 | 2.01 [ 2.49 [ 0.00
ditions of increased melt viscosity. This causes TiO,+Zr0O, | 5.00 | 8.00 | 0.00 | 0.00 | 3.00 | 2.00 | 3.00 | 0.00 | 0.00 | 3.09
slow growth of crystals that form in areas of

L ) Sno, 0.00 | 0.00 | 0.00 | 0.00 | 1.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

the phase concentrated inside the drops, which o0 , .
contributes to the formation of a fine-dispersed €0s 0.00 | 0.00 | 0.00 | 0.00 | 0.00 } 0.50 | 0.00 | 0.50 | 0.49 | 0.5
crystalline structure of GSM. P,05 0.00 | 2.00 | 0.00 | 0.00 | 2.00 | 2.00 | 3.00 | 3.02 | 2.99 | 3.09

1723°

cristobalite

tridymite Li,Al,SigO1g

spodumene
solid solution

¥ Wy 7 \

It was previously established [19] that to obtain
GSMs, it is necessary that the structure coefficients
meet the following requirements:

1) K.,> 3.5 indicates that the total content of oxide
modifiers in the melt is sufficient for the formation of
structurally formed cybotaxic groups, which are the
nuclei of the future crystalline phase;

2) K; > 2.1 indicates favorable conditions for nucle-
ation during cooling and subsequent crystal growth
during subsequent heat treatment;

3) fsi = 0.20...0.35: high structural strength,
which is an important factor in obtaining impact-re-
sistant glass-crystalline materials;

4) ¥ <0.333 indicates the presence of [BOjs]
and [AlO4] groups in the melt, which indicates the
tendency of glasses to liquation separation due to
depolymerization of silicon of the oxygen frame-
work of the glass in the presence of three coordi-
nated boron.

Calculation of these indicators showed that the
designed glass compositions are characterized by a

Li,0 20 40 60 LiALO,  LizAloOss /;Iégé high tendency to crystallization (Table 3).
Fig. 1. Li,O-Al,03-SiO, system state diagram [28] Table 3
Results for SP series glasses

Therefore, the content of oxides in the composition of — -
model glasses was limited by the following concentrations Glass ID Structure-sensitive coefficients
of components, wt. %: £ (Na,0, K,0, Li,0) - 6.0...13.5; LiF - K Ker s Wai Soi
0.0...6.5; £ (Ca0O, MgO, ZnO) - 0.0...9.5; CaF,-0.0...15.0; SP-1 2.66 16.88 - 5.1 0.29
2 (Al,03, B,03) - 10.0...39.0; X (TiO,, Zr0O,) - 0.0...8.0; SP-2 2.32 16.95 - 2.67 0.35
P,05 - 0.0...3.09; SiO; - 37.3...65.8; MnO; - 0.0...2.49; CeO, - 3 192 | 240 | 0031 | os1 | o2z
0.0...0.51. The chemical composition of the model glasses is

. . SP-4 2.00 3.70 - 0.51 0.25
given in Table 2.

An important stage in the design of GSMs with a micro- SP-5 2.68 9.84 27.69 4.23 028
crystalline structure and a given phase composition is a pre- SP-6 2.62 6.67 6.94 4.96 0.27
dictive analysis of the structural features and crystallization SP-7 2.44 4.48 3.68 4.09 0.26
ability of sele.cFed model glasses. In this.caset, the design of Sp-8 .64 708 14.4 4.07 0.27
GSM compositions was based‘on theor'etlcal 1deas. about th.e P9 a4 6.57 1114 538 028
structure of glass melts. Special attention was paid to their
structural strength. Signs of the presence of polymerized sil- SP-10 2.53 8.5 > L7 020




Analysis of the results of predicting the structure of
model glasses [19] revealed that all experimental com-
positions are likely to have a sufficiently high structural
strength (fs; = 0.25...0.35), which is important for obtaining
impact-resistant GSMs. The lowest fg; index is for composi-
tions SP-3, SP-4. For most glasses, the values of their struc-
ture-sensitive coefficients correspond to the above criteria:
K; = 2.32...2.68; K., = 3.70...16.95, which indicates the pos-
sibility of obtaining GSMs based on them. The exception is
the composition SP-3, which does not correspond to any of
the specified criteria, and the value 0 < ¥ < 0.333 indicates
a three-coordinated state B, which may indicate a reduced
structural strength of glasses.

5. Results of material studies for spodumene glass-
crystalline materials

Values for SP series:

- H~=5.36...5.90 GPa;

- Hy = 5.30...5.78 GPa;

- Kj¢~1.8...2.5 MPa-m®3;
-E~=72.4..77 GPa;

- p =~ 2370...2450 kg/m>.

5.2. Comparative analysis of the impact of one-
stage and two-stage heat treatment

To determine the feasibility of two-stage heat treatment
of GSMs, a comparative analysis of the mechanical properties
of samples obtained using both one-stage and two-stage heat
treatment was carried out (Table 5).

Table 5

Comparative characteristics of mechanical properties
of samples of glass-crystalline materials obtained under
different heat treatment conditions

5.1. Determining the physical and mechanical - X
s s . . Knupp . . Crack resis- Elastic
properties of resulting glass-crystalline materials Sample Vickers micro-
1 . ) £ ohvsical hanical D hardness H, hardness Hv. MPa tance K;c, |modulus E,
For all obtained samples, a set of physical and mechanica MPa v MPa-m®3 GP
parameters was measured, characterizing their suitability as - X
. . . . . Samples obtained by single-stage heat treatment
impact-resistant materials: Knupp hardness (H), Vickers mi-
crohardness (Hy), crack resistance (K;c), elastic modulus (E), SP-2 6950 6900 25 78.0
and apparent density (o). SP-6 7350 7240 2.2 76.0
The results of our studies are given in Table 4. SP-9 7890 7740 2.6 80.0
SP-10 - - - -
Table 4 Samples obtained by two-stage heat treatment
Physical-mechanical properties of resulting GSMs SP-2 8330 8280 3.0 20.0
Sample Knupp | Vickers mi- | Crack resis- | Elastic |Apparent SP-6 8590 7900 24 85.0
IDp hardness | crohardness | tance K¢, |modulus| density SP-9 9084 8667 3.4 100.0
H,GPa | Hy,GPa | MPam® | E,GP |pkg/m’| [gpig| 9630 9200 3.5 3200
SP-1 5.840 5.750 2.4 75.6 2390
Sp-2 5.900 5.780 2.5 76.0 2400 As can be seen from Table 5, samples after two-stage heat
SP-3 5.700 5.670 23 74.4 2430 treatment demonstrate higher H, Hy, K;¢ and E values compared
Sp-4 5780 5750 23 750 2450 to the corresponding samples after one-stage heat treatment.
SP-5 3360 >-300 18 735 2370 5.3. Establishing the relationship between the for-
SP-6 5.450 5.350 18 72.4 2370 mulation and technological parameters and the phase
Sp-7 5.500 5.400 1.9 74.0 2375 composition
SP-8 5.550 5.520 2.0 74.2 2380 The recommended technological parameters for obtain-
SP9 5 600 5 500 20 750 2385 ing spo'dumene GSMS. and 1nfor1T1at10n on the content of
crystalline new formations according to the results of X-ray
SP-10 3.650 5.700 24 77.0 2410 phase analysis are given in Table 6.
Table 6
Formulation-technological parameters and phase composition of resulting GSMs
Sample Phase-forming compo- o Temperature, °C Crystalline pha.ses prgsent according to X-ray
D nents, wt. % Crystallization catalysts diffraction results
Li,O (LiF,*) [Al,O3| SiO, Glass boiling | GSM heat treatment | After boiling After heat treatment
SP-1 11.0 10.5 | 65.8 Zn0, Zr0,, P,0s 1400 1 stage - 530; Lisio B-LiAlSi,O
i,Si
SP-2 6.0 10.0 | 64.0 |  TiO,, ZrO,, CaF, 1400 2 stage - 900 2 B-LiAlSi,Oq
SP-3 5.2% 31.6 | 37.3 - 1550 1 stage - 530; CaF,
SP-4 5.65*  [34.15/40.25 - 1600 2 stage - 850 NaAlSiO,, CaF,
SP-5 10.0 12.8 | 60.0 | TiO,, ZrO,, SnO,, P,05 1450 B-LiAlSi,O4
. 1 stage - 530; . .
SP-6 10.0 11.0 | 60.0 TiO,, ZrO,, P,0s 1450 2 stage - 850 _ B-LiAlSi,O4
SP-7 7.0 11.0 | 55.0 TiO,, ZrO,, P,05 1400 B-LiAlSi,O6
SP-8 10.0 15.0 | 60.0 |ZnO, P205, Ce02, Mn02 1400 LiO,GAIO,GSiZAOﬁ! leMgSlO4
1 stage - 530; Al
SP-9 8.0 20.0 | 60.0 | MnO,, P,0s, CeO, 1400 2 stage - 850 B-LiAlSi,Og (80 wt. %)
SP-10 7.0 18.0 | 60.0 MnO,, P,0s CeO, 1400 B-LiAlSi,O¢ (85 wt. %)




According to Table 6, for the SP series, different
Li,0/A1,05/Si0; ratios and catalysts (TiO,, ZrO,, ZnO, MnO,,
P,0, etc.) were used as phase-forming components. After
heat treatment under a low-temperature two-stage mode, the
presence of B-LiAlSi,O¢ as one of the main crystalline phases
was recorded in samples SP-1, SP-2, SP-5-SP-7, SP-9-SP-10.

6. Discussion of the results of investigating the
possibility of using spodumene glass-crystal materials
for individual body armor

Our experimental data allow for a comprehensive as-
sessment of the suitability of the designed model glasses
as matrices for the synthesis of impact-resistant GSMs for
individual body armor elements. The results (Tables 4-6)
show that the material has a relatively low apparent densi-
ty (2370...2450 kg/m?) and excellent mechanical properties,
which makes it a promising candidate for the manufacture of
lightweight armor elements [9, 14].

These results can be explained as follows:

1. Low-temperature two-stage heat treatment (nucle-
ation temperature = 500...550°C, crystal growth tempera-
ture = 850...900°C) gives high-density nuclei at the nucle-
ation stage and ensures controlled growth of f-spodumene at
the crystallization stage [10, 11], which is confirmed by X-ray
diffraction and microstructure analysis (Table 6).

2.In the first stage, an intermediate lithium silicate
phase (e.g., Li,SiO;) is formed, which forms a network of
nuclei in the glassy phase and reduces the local strain con-
centration under the influence of impact stress [14].

3.In the second stage, the mesophase transforms
into S-spodumene, forming elongated columnar crystals,
which inhibits crack propagation and increases the frac-
ture energy [11, 17].

4. The addition of nucleating agents (TiO,, ZrO,) can
increase the nucleation density, and fluoride and P,Os can
cause localized micro-dilution and promote fine crystalliza-
tion [10, 17]. This is due to the increase in Hy, K c and E in the
SP-1-SP-10 series (Tables 4-6).

Unlike conventional coarse-grained spodumene, which
usually forms a massive, dense, and crack-resistant 5-phase,
controlled compounding and two-stage low-temperature heat
treatment yield a well-dispersed -spodumene matrix with a
low apparent density (2370...2450 kg/m3) and an excellent
balance of hardness and crack resistance. Experimental data
confirm this finding and are comparable to recent studies in
the field of ballistic glass crystals and ceramics [4, 9].

The resulting formulation and process demonstrate that
by precisely controlling the charge composition and two-stage
low-temperature treatment, it is possible to simultaneously
improve microhardness and crack resistance (Kjc) without
significantly increasing density. This solves the key problem
of obtaining lightweight materials with high mechanical
strength for individual armor protection elements [10, 14].

The designed GSM is suitable as a hard ceramic layer
in the multilayer structure of individual body armor (vest
inserts, modular panels, helmet components), as well as a
lightweight protective element for drones and mobile shields.

The implementation process must comply with controlled
formulations (introduction of nucleating agents and fluorides
according to dosage) and recommended thermal cycling;
when integrated into silicate-polymer composites, it is neces-
sary to ensure module compatibility and interlayer adhesion;

formulations with an increased Al,O3; content require further
optimization due to increased preparation temperatures and
energy consumption.

The proportion of armor components is expected to
decrease while maintaining or improving penetration effi-
ciency; fracture toughness and crack propagation resistance
are improved (due to the fine S-microstructure); the risk of
secondary fracture during penetration is reduced; and prod-
uct competitiveness is expected to improve due to optimized
formulation and production control.

The results of our study confirm the feasibility of the
“targeted formulation control + low-temperature two-stage
heat treatment” method to obtain fine 3-spodumene GSMs
with improved mechanical properties and average density.
At the same time, the study also points out key technical
obstacles (temperature and production process) that need
to be overcome in the process of large-scale production and
industrial application.

The following are the main limitations of this study that
must be taken into account when interpreting, reproducing,
and applying the results in practice:

- the increased Al,O3 content requires higher batch cook-
ing temperatures (up to 1550...1600°C), which increases the
complexity of industrial production and energy consumption;

— the crystallization process is very sensitive to the concen-
tration of catalysts and impurities, during large-scale production
strict control of the composition is required;

— for multilayer silicate-polymer composites, an elastic mod-
ulus of GSM < 100 GPa is recommended, otherwise the risk of
localized stress concentration and delamination increases.

Our study has the following limitations:

- some formulations have high energy consumption and
technical costs;

— strict control of process parameters, which complicates
large-scale production.

Future research should focus on the following:

- optimization of the glass and raw material melting
regime and lowering the melting temperature (testing alter-
native fluorides and modifiers);

- modeling the phase formation kinetics of the Li,O-
Al,0;-Si0, system and predicting the -phase fraction and
processing time;

- studying the adhesion and mechanical compatibility of
GSM with polymer and metal substrates, as well as conduct-
ing ballistic tests according to STANAG/NIJ standards;

- development of alternative nucleating agents/catalysts
that can lower the boiling point while maintaining mechan-
ical properties.

7. Conclusions

1. We have measured the physical and mechan-
ical properties of the spodumene GSM: hardness
H =5.36...5.90 GPa, Vickers hardness HV = 5.3...5.8 GPa,
crack resistance Kyc = 1.8...2.4 MPa m®3, apparent density
p = 2370...2450 kg/m?3, elastic modulus (E) = 72...77 GPa.
The combination of high microhardness and moderate den-
sity leads to high specific strength, which makes it suitable
for lightweight armor components. Unlike conventional
high-density silicate materials, the resulting spodumene
GSM retains excellent mechanical properties even at low
mass. This property is explained by the finely dispersed
B-phase matrix (presence of small columnar grains and a



glassy matrix), which improves local stiffness and prevents
crack propagation.

2. Two-stage heat treatment significantly improves the
mechanical properties of the material. Knupp hardness (H)
and Vickers microhardness (Hy) increase by 9...20%, crack
resistance (Kjc) increases by 20...31%, and elastic modu-
lus (E) by approximately 25%. At the same time, increased
hardness and crack resistance make the material stiffer and
more resistant to crack propagation. Unlike simple heat treat-
ment (which leads to grain coarsening and increased densi-
ty), two-stage heat treatment avoids these negative effects
and achieves higher mechanical properties. This is explained
by the fact that it forms a finely dispersed -phase structure
with a smaller average grain size. Uniformly distributed
small grains prevent crack propagation/bending at phase
boundaries, concentrate stresses, and lengthen the crack
propagation path, thereby increasing the K;¢ and Hy values.

3. By introducing nucleating agents (TiO,, ZrO,), fluo-
rides (CaF,), and a small amount of rare earth oxides, as well
as using a two-stage heat treatment (nucleation tempera-
ture 530°C, crystallization temperature 850...900°C), the
target phase composition was formed. The following results
were obtained under laboratory conditions: $-spodumene
content 80...85 vol. %, H = 8.3...9.6 GPa, Hy, = 7.9...9.2 GPa,
Kic = 2.4...3.5 MPa-m®>, E = 80 GPa, p = 2370-2450 kg/m>.
A high content of fine-grained 3-phase was obtained at the
appropriate temperature without a significant increase in
apparent density. Unlike single-stage high-temperature pro-
cesses, the proposed formulation combined with a two-stage
cycle allowed us to achieve better mechanical properties
without the formation of coarse grains or excessive increase
in density. Metastable micro fluidization combined with
strong early nucleation led to the formation of high-density
fine-grained nuclei. In the second stage, their growth is lim-
ited due to mutual inhibition and a decrease in the viscosity
of the material, which leads to the formation of a finely dis-

persed structure with high Hy and K¢ values. An increase
in the Al,O; content significantly increases the melting
point and sensitivity to catalyst dosage, which complicates
large-scale production; therefore, pilot/industrial production
requires strict control over the formulation and process.
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