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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 

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” (α-Al2O3, SiC, B4C + 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 B4C/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 (Li2O-Al2O3-
SiO2), are of particular interest. GCMs have several important 
advantages, including controlled crystallization (the ability to 
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This study investigates spodumene glassy materials in the 
R2O-RO-RO2-R2O3-Li2O-CaO-P2O5-SiO2 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 
β-spodumene predominates (80…85 vol.%). Compared to 
the single-step process, HV and H increased by 9…20%, 
K1C 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 
β-spodumene grains that inhibit crack propagation.

The choice of oxides and composition of nucleators (TiO2, 
ZrO2) is crucial. The introduction of fluorides and small 
amounts of rare-earth oxides reduces the melt viscosity and 
nucleation temperature. The addition of P2O5 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; 
K1C = 1.8…3.4 MPa·m0.5) and a reasonably low apparent 
density (ρ = 2370…2450 kg/m3) compared to other protective 
materials. These materials are suitable for the manufacture 
of lightweight individual bulletproof composite components
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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]. 

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 Li2SiO2 
and related phases in the LAS system and highlighted the role 

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 

multidimensional experimental envi-
ronments. One possible solution is to 
combine experiments with statistical 
experimental design (DoE).

In [12], the results of the structur-
al evolution study of the P2O5-modi-
fied LAS framework at short and 
medium scales are reported. The 
study showed that P2O5 plays an im-
portant role in phase separation and 
local network recombination. This 
confirms that P2O5 can induce mi-
cro-dilution, thereby contributing to 
the formation of fine morphology of 

the target phase. However, quantitative data on the optimal 
concentration of P2O5 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 (α-phase) 
were studied and a detailed kinetic analysis of the thermo-
dynamic transformation was performed. Parameters af-
fecting the stability of α- and β-phases during heating were 
defined. However, due to the static nature of the calcination 
study (laboratory conditions), the formation of a fine-grained 
β-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 K1C. The practical implementation of β-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 P2O5 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 P2O5 in controlling morphology. 
An unresolved problem is the quantitative limit of P2O5 in 

Table 1

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

Compo-
sition of 
ceramics

Apparent 
density ρ, 

kg/m3

Modulus 
of elastici-
ty Е, GPa

Micro-hard-
ness НV, 

MPa

Longitudi-
nal speed of 

sound ν, km/s

Crack resis-
tance K1C, 
MPa·m1/2

Bending 
Strength 

σbend, MPa

Source 
of infor-
mation

А12O3 3950 407 18 10.4 3.5 ± 0.3 220 ± 20 [4]
В4С 2400…2520 475 28 12.4 4.0 ± 0.3 350 ±2 0 [5]
SiС 3000 350 ± 20 20 10.5 3.2 ± 0.3 440 ± 20 [6]
TiB2 4480…4510 550…565 25 11.0…11.3 6.2 270…400 [7]
AlN 3250 380…400 13 11.0 3.6 310…428 [8]
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complex multicomponent formulations; at the same time, 
it is necessary to study the influence of compatible cata-
lysts (TiO2, ZrO2). To solve this, it is necessary to systemat-
ically prepare a series of formulations combining P2O5 and 
catalysts, for further optimization of their concentration.

In [18], the effect of Al2O3 content on LAS glass crystal-
lization was investigated. The results showed that higher 
Al2O3 content promotes β-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 
β-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 ρ = 2350…2800 kg/m3;
– coefficient of linear thermal expansion α ≈ (20…30) × 

× 10-7 K-1;
– modulus of elasticity E = 250…350 GPa;
– Vickers microhardness HV = 10…12 GPa;
– crack resistance K1C = 8…12 MPa·m0.5;
– impact strength KCU = 5…6 kJ·m-2.
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 β-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 P2O, 
fluorides, and nucleating agents in multicomponent formu-
lations that would achieve stable microphase formation and 
the desired β-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 β-spodumene 
matrix is relevant and promising. For practical application, 
systematic studies are needed that combine composition op-
timization (P2O, 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 (HV, H, K1C, E, ρ) 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 β-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 
R2O-RO-RO2-R2O3-Li2O-CaO-P2O5-SiO2 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 P2O5). This allows for the targeted formation 
of fine-dispersed microstructures based on β-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 β-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 (Kcr), transparency co-
efficient (Kt), cohesion coefficient of the silicon-oxygen frame-
work of the glass (fSi), and the coefficient of the coordination 
state of B and Al atoms in their simultaneous presence (ψB).
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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, TiO2, CeO2, MgO) were used.

Glass melting was carried out in corundum cruci-
bles in a laboratory silite electric furnace at temperatures 
of 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 μm ≈ 70 vol. %, 
63…25 μm – 15 vol. %, less than 25 μm – 15 vol. %. Pressing 
of the samples was performed on a laboratory hydraulic press 
in three stages (1st stage – 7.36 MPa, 2nd stage – 11.78 MPa, 
3rd stage – 14.71 MPa). The molded samples were subjected to heat 
treatment under a two-stage regime: stage I – Tmax = 780°C; 
τ = 5.0 h; stage II – Tmax = 1050°C, τ = 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 θ-2θ 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 (K1C) was calculated using 
the semi-empirical dependence by Niihara [27] based on the 
average value of НV 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 Li2O-Al2O3-SiO2 system was chosen as the basis for 
designing spodumene GSMs (Fig. 1). There are 3 ternary 
compounds in the system: petalite Li2O·Al2O3·8SiO2, spodu-
mene Li2O·Al2O3·4SiO2 and eucryptite Li2O·Al2O3·2SiO2, 
which have low-temperature (α) and high-temperature (β) 
forms.

Petalite melts at 1370°C without decomposition and is 
characterized by a TCL = 3.0 · 10-7, deg-1 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 · 10-7, deg-1.

Instead, low-temperature α-eucryptite at a tempera-
ture of 972 ± 10°C transforms into β-eucryptite, which is 
characterized by a large anisotropy of thermal expansion: 
from –176 · 10-7 deg-1 (║c axis) to +82.1·10-7 deg-1 (⊥ c axis).

The presence of low-temperature eutectics (at 980°C be-
tween spodumene, lithium disilicate, and SiO2, 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 β-spodumene, was investigated. It is this microstruc-
ture and single-crystal phase composition, represented by 
β-LiAlSi2O6, 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 B2O3, K2O, Na2O were introduced 
to reduce the density of the glasses, as well as reduce the 
melting and heat treatment temperatures. In addition, titani-
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um and zirconium dioxides (Σ TiO2 + ZrO2 ≤ 8.0 wt. %) and 
manganese, tin, and cerium oxides MnO2 ≤ 4.0; CeO2 ≤ 0.5 
were introduced into the glass composition as crystallization 
catalysts. In particular, the introduction of CeO2 
should promote nucleation at lower tempera-
tures, which will make it possible to reduce the 
temperature and duration of holding in the sec-
ond stage while maintaining the phase compo-
sition and high degree of crystallization of sital.

To form a fine-crystalline structure by the 
liquefaction mechanism, P2O5 was also intro-
duced into the composition of the initial glasses 
in an amount of 2.0‒3.0 wt. %, which would 
make it possible to reduce the stresses that arise 
when the impact energy is absorbed by the 
protective element [8]. As is known, finely dis-
persed metastable liquefaction of glass (the so-
called “micro liquefaction”) occurs under con-
ditions of increased melt viscosity. This causes 
slow growth of crystals that form in areas of 
the phase concentrated inside the drops, which 
contributes to the formation of a fine-dispersed 
crystalline structure of GSM.

Therefore, the content of oxides in the composition of 
model glasses was limited by the following concentrations 
of components, wt. %: Σ (Na2O, K2O, Li2O) – 6.0…13.5; LiF – 
0.0…6.5; Σ (CaO, MgO, ZnO) – 0.0…9.5; CaF2 – 0.0…15.0; 
Σ (Al2O3, B2O3) – 10.0…39.0; Σ (TiO2, ZrO2) – 0.0…8.0; 
P2O5 – 0.0…3.09; SiO2 – 37.3…65.8; MnO2 – 0.0…2.49; CeO2 – 
0.0…0.51. The chemical composition of the model glasses is 
given in Table 2.

An important stage in the design of GSMs with a micro-
crystalline structure and a given phase composition is a pre-
dictive analysis of the structural features and crystallization 
ability of selected model glasses. In this case, the design of 
GSM compositions was based on theoretical ideas about the 
structure of glass melts. Special attention was paid to their 
structural strength. Signs of the presence of polymerized sil-

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.).

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

1) Kcr ≥ 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) Kt ≥ 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) ΨВ ≤ 0.333 indicates the presence of [BO3] 
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 
high tendency to crystallization (Table 3).

Table 3

Results for SP series glasses

Glass ID
Structure-sensitive coefficients

Kt Kcr ΨВ ΨAl fSi

SP-1 2.66 16.88 – 5.1 0.29
SP-2 2.32 16.95 – 2.67 0.35
SP-3 1.92 2.40 0.031 0.51 0.22
SP-4 2.00 3.70 – 0.51 0.25
SP-5 2.68 9.84 27.69 4.23 0.28
SP-6 2.62 6.67 6.94 4.96 0.27
SP-7 2.44 4.48 3.68 4.09 0.26
SP-8 2.64 7.08 14.4 4.07 0.27
SP-9 2.42 6.57 11.14 2.38 0.28

SP-10 2.53 8.5 5.5 1.7 0.20

Fig. 1. Li2O-Al2O3-SiO2 system state diagram [28]

Table 2

Chemical composition of model glasses for the synthesis of spodumene GSMs

Model glass 
components

Content, wt. %
SP-1 SP-2 SP-3 SP-4 SP-5 SP-6 SP-7 SP-8 SP-9 SP-10

SiO2 64.00 65.80 37.30 39.90 60.00 60.00 55.00 60.30 59.70 61.86
Li2O 6.00 11.00 0.00 0.00 10.00 10.00 7.00 10.05 7.96 7.22
LiF 0.00 0.00 5.20 6.50 0.00 0.00 0.00 0.00 0.00 0.00

Al2O3 10.00 10.50 31.60 33.83 12.80 11.00 11.00 15.07 19.90 18.56
B2O3 0.00 0.00 7.40 0.00 1.20 5.00 8.00 2.01 1.49 1.55

Na2O+K2O 0.00 2.20 9.80 10.47 3.50 3.50 3.50 0.00 0.00 0.00
CaO+MgO+ZnO 0.00 0.50 8.70 9.30 6.50 6.00 9.50 7.04 4.98 4.12

CaF2 15.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MnO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.01 2.49 0.00

TiO2+ZrO2 5.00 8.00 0.00 0.00 3.00 2.00 3.00 0.00 0.00 3.09
SnO2 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
CeO2 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.50 0.49 0.51
P2O5 0.00 2.00 0.00 0.00 2.00 2.00 3.00 3.02 2.99 3.09
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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 ( fSi = 0.25…0.35), which is important for obtaining 
impact-resistant GSMs. The lowest fSi 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: 
Kt = 2.32…2.68; Kcr = 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 < ΨВ < 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

5. 1. Determining the physical and mechanical 
properties of resulting glass-crystalline materials

For all obtained samples, a set of physical and mechanical 
parameters was measured, characterizing their suitability as 
impact-resistant materials: Knupp hardness (H), Vickers mi-
crohardness (HV), crack resistance (K1C), elastic modulus (E), 
and apparent density (ρ).

The results of our studies are given in Table 4.

Table 4

Physical-mechanical properties of resulting GSMs 

Sample 
ID

Knupp 
hardness 
H, GPa

Vickers mi-
crohardness 

HV, GPa

Crack resis-
tance K1C, 
MPa·m0,5

Elastic 
modulus 
Е, GP

Apparent 
density 
ρ, kg/m3

SP-1 5.840 5.750 2.4 75.6 2390

SP-2 5.900 5.780 2.5 76.0 2400

SP-3 5.700 5.670 2.3 74.4 2430

SP-4 5.780 5.750 2.3 75.0 2450

SP-5 5.360 5.300 1.8 73.5 2370

SP-6 5.450 5.350 1.8 72.4 2370

SP-7 5.500 5.400 1.9 74.0 2375

SP-8 5.550 5.520 2.0 74.2 2380

SP-9 5.600 5.500 2.0 75.0 2385

SP-10 5.650 5.700 2.4 77.0 2410

Values for SP series: 
– H ≈ 5.36…5.90 GPa; 
– HV ≈ 5.30…5.78 GPa; 
– K1C ≈ 1.8…2.5 MPa·m0,5; 
– E ≈ 72.4…77 GPa; 
– ρ ≈ 2370…2450 kg/m3.

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

Sample 
ID

Knupp 
hardness H, 

MPa

Vickers micro-
hardness HV, MPa

Crack resis-
tance K1C, 
MPa·m0.5

Elastic 
modulus Е, 

GP
Samples obtained by single-stage heat treatment

SP-2 6950 6900 2.5 78.0
SP-6 7350 7240 2.2 76.0
SP-9 7890 7740 2.6 80.0

SP-10 – – – –
Samples obtained by two-stage heat treatment

SP-2 8330 8280 3.0 80.0
SP-6 8590 7900 2.4 85.0
SP-9 9084 8667 3.4 100.0

SP-10 9630 9200 3.5 320.0

As can be seen from Table 5, samples after two-stage heat 
treatment demonstrate higher H, HV, K1C and E values compared 
to the corresponding samples after one-stage heat treatment.

5. 3. Establishing the relationship between the for-
mulation and technological parameters and the phase 
composition

The recommended technological parameters for obtain-
ing spodumene GSMs and information on the content of 
crystalline new formations according to the results of X-ray 
phase analysis are given in Table 6.

Table 6

Formulation-technological parameters and phase composition of resulting GSMs

Sample 
ID

Phase-forming compo-
nents, wt. % Crystallization catalysts

Temperature, °С Crystalline phases present according to X-ray 
diffraction results

Li2O (LiF2*) Al2O3 SiO2 Glass boiling GSM heat treatment After boiling After heat treatment
SP-1 11.0 10.5 65.8 ZnO, ZrO2, P2O5 1400 1 stage – 530; 

2 stage – 900 Li2SiO3
β-LiAlSi2O6

SP-2 6.0 10.0 64.0 TiO2, ZrO2, СaF2 1400 β-LiAlSi2O6

SP-3 5.2* 31.6 37.3 ‒ 1550 1 stage – 530; 
2 stage – 850

−

CaF2 

SP-4 5.65* 34.15 40.25 ‒ 1600 NaAlSiO4, CaF2

SP-5 10.0 12.8 60.0 TiO2, ZrO2, SnO2, P2O5 1450
1 stage – 530; 
2 stage – 850

β-LiAlSi2O6

SP-6 10.0 11.0 60.0 TiO2, ZrO2, P2O5 1450 β-LiAlSi2O6

SP-7 7.0 11.0 55.0 TiO2, ZrO2, P2O5 1400 β-LiAlSi2O6

SP-8 10.0 15.0 60.0 ZnO, P2O5, СеО2, MnO2 1400
1 stage – 530; 
2 stage – 850

Li0,6Al0,6Si2,4O6, Li2MgSiO4

SP-9 8.0 20.0 60.0 MnO2, P2O5, СеО2 1400 β-LiAlSi2O6 (80 wt. %)
SP-10 7.0 18.0 60.0 MnO2, P2O5, СеО2 1400 β-LiAlSi2O6 (85 wt. %)
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According to Table 6, for the SP series, different  
Li2O/Al2O3/SiO2 ratios and catalysts (TiO2, ZrO2, ZnO, MnO2, 
P2O, etc.) were used as phase-forming components. After 
heat treatment under a low-temperature two-stage mode, the 
presence of β-LiAlSi2O6 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/m3) 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 β-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., Li2SiO3) 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 β-spodumene, forming elongated columnar crystals, 
which inhibits crack propagation and increases the frac-
ture energy [11, 17].

4. The addition of nucleating agents (TiO2, ZrO2) can 
increase the nucleation density, and fluoride and P2O5 can 
cause localized micro-dilution and promote fine crystalliza-
tion [10, 17]. This is due to the increase in HV, K1C 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 β-phase, 
controlled compounding and two-stage low-temperature heat 
treatment yield a well-dispersed β-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 (K1C) 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 Al2O3 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 β-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 β-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 Al2O3 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 Li2O-
Al2O3-SiO2 system and predicting the β-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 K1C = 1.8…2.4 MPa m0.5, apparent density 
ρ = 2370…2450 kg/m3, 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 
β-phase matrix (presence of small columnar grains and a 
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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 (HV) increase by 9…20%, crack 
resistance (K1C) 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 β-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 K1C and HV values.

3. By introducing nucleating agents (TiO2, ZrO2), fluo-
rides (CaF2), 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: β-spodumene 
content 80…85 vol. %, H = 8.3…9.6 GPa, HV = 7.9…9.2 GPa, 
K1C = 2.4…3.5 MPa·m0.5, E = 80 GPa, ρ = 2370–2450 kg/m3. 
A high content of fine-grained β-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 HV and K1C values. An increase 
in the Al2O3 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.

Conflicts of interest

The authors declare that they have no conflicts of interest 
in relation to the current study, including financial, personal, 
authorship, or any other, that could affect the study, as well 
as the results reported in this paper.

Funding

The study was conducted without financial support.

Data availability

All data are available, either in numerical or graphical 
form, in the main text of the manuscript.

Use of artificial intelligence

The authors acknowledge that the ChatGPT tool (OpenAI, 
model GPT-4o) was used during manuscript preparation. This 
tool was used exclusively for language editing (grammar, spell-
ing, punctuation). No significant sections of the manuscript (In-
troduction, Materials and Methods, Results, Discussion, Con-
clusions) were generated or modified using AI. All AI-generated 
edits were reviewed and approved by the authors. The use of AI 
did not influence the conclusions of this study.

References 

1.	 Venkateswaran, C., Sreemoolanadhan, H., Vaish, R. (2021). Lithium aluminosilicate (LAS) glass-ceramics: a review of recent progress. 
International Materials Reviews, 67 (6), 620–657. https://doi.org/10.1080/09506608.2021.1994108 

2.	 LaSalvia, J. C. (2015). Advances in ceramic armor. Wiley. 
3.	 Fejdyś, M., Kośla, K., Kucharska-Jastrząbek, A., Łandwijt, M. (2020). Influence of ceramic properties on the ballistic performance of 

the hybrid ceramic–multi-layered UHMWPE composite armour. Journal of the Australian Ceramic Society, 57 (1), 149–161. https://
doi.org/10.1007/s41779-020-00516-7 

4.	 Dresch, A. B., Venturini, J., Arcaro, S., Montedo, O. R. K., Bergmann, C. P. (2021). Ballistic ceramics and analysis of their mechanical 
properties for armour applications: A review. Ceramics International, 47 (7), 8743–8761. https://doi.org/10.1016/j.ceramint.2020.12.095 

5.	 Xiang, S., Ma, L., Yang, B., Dieudonne, Y., Pharr, G. M., Lu, J. et al. (2019). Tuning the deformation mechanisms of boron carbide via 
silicon doping. Science Advances, 5 (10). https://doi.org/10.1126/sciadv.aay0352 

6.	 Shen, Z., Hu, D., Yang, G., Han, X. (2019). Ballistic reliability study on SiC/UHMWPE composite armor against armor-piercing bullet. 
Composite Structures, 213, 209–219. https://doi.org/10.1016/j.compstruct.2019.01.078 

7.	 Sajdak, M., Kornaus, K., Zientara, D., Moskała, N., Komarek, S., Momot, K. et al. (2024). Processing, Microstructure and Mechanical 
Properties of TiB2-MoSi2-C Ceramics. Crystals, 14 (3), 212. https://doi.org/10.3390/cryst14030212 

8.	 Chiu, Y.-J., Yen, C.-Y., Chiang, M.-S., Chen, G.-J., Jian, S.-R., Wang, C., Kao, H.-L. (2017). Mechanical Properties and Fracture 
Toughness of AlN Thin Films Deposited Using Helicon Sputtering. Nanoscience and Nanotechnology Letters, 9 (4), 562–566. https://
doi.org/10.1166/nnl.2017.2357 

9.	 Gallo, L. S., Villas Boas, M. O. C., Rodrigues, A. C. M., Melo, F. C. L., Zanotto, E. D. (2019). Transparent glass–ceramics for ballistic 
protection: materials and challenges. Journal of Materials Research and Technology, 8 (3), 3357–3372. https://doi.org/10.1016/ 
j.jmrt.2019.05.006 

10.	 Li, M., Xiong, C., Ma, Y., Jiang, H. (2022). Study on Crystallization Process of Li2O–Al2O3–SiO2 Glass-Ceramics Based on In Situ 
Analysis. Materials, 15 (22), 8006. https://doi.org/10.3390/ma15228006 

https://doi.org/10.1080/09506608.2021.1994108
https://doi.org/10.1007/s41779-020-00516-7
https://doi.org/10.1007/s41779-020-00516-7
https://doi.org/10.1016/j.ceramint.2020.12.095
https://doi.org/10.1126/sciadv.aay0352
https://doi.org/10.1016/j.compstruct.2019.01.078
https://doi.org/10.3390/cryst14030212
https://doi.org/10.1166/nnl.2017.2357
https://doi.org/10.1166/nnl.2017.2357
https://doi.org/10.1016/j.jmrt.2019.05.006
https://doi.org/10.1016/j.jmrt.2019.05.006
https://doi.org/10.3390/ma15228006


Materials Science

25

11.	 Dittmer, M., Ritzberger, C., Höland, W., Rampf, M. (2018). Controlled precipitation of lithium disilicate (Li2Si2O5) and lithium 
niobate (LiNbO3) or lithium tantalate (LiTaO3) in glass-ceramics. Journal of the European Ceramic Society, 38 (1), 263–269. https://
doi.org/10.1016/j.jeurceramsoc.2017.08.032 

12.	 Glatz, P., Comte, M., Montagne, L., Doumert, B., Cousin, F., Cormier, L. (2020). Structural evolution at short and medium range 
distances during crystallization of a P2O5-Li2O-Al2O3-SiO2 glass. Journal of the American Ceramic Society, 103 (9), 4969–4982. https://
doi.org/10.1111/jace.17189 

13.	 Abdullah, A. A., Dlugogorski, B. Z., Oskierski, H. C., Senanayake, G. (2024). Kinetics of spodumene calcination (α-LiAlSi2O6). 
Minerals Engineering, 216, 108902. https://doi.org/10.1016/j.mineng.2024.108902 

14.	 Savvova, O. V., Babich, O. V., Voronov, G. K., Ryabinin, S. O. (2017). High-Strength Spodumene Glass-Ceramic Materials. Strength of 
Materials, 49 (3), 479–486. https://doi.org/10.1007/s11223-017-9890-4 

15.	 Savvova, O. V., Babich, O. V., Voronov, H. K., Riabinin, S. O. (2017). Vysokomitsni spodumenovi sklokrystalichni materialy. Problemy 
mitsnosti, 3, 167–175. Available at: https://nasplib.isofts.kiev.ua/items/6a48d4df-eee2-4aeb-9a2a-fab8af8a5c49

16.	 NATO AEP-55 STANAG 4569 Protection levels for Occupants of Logistic and Light Armoured Vehicles. NATO. Available at: https://
ballistics.com.au/wp-content/uploads/2020/05/NATO_AEP-55_STANAG_4569_standards.pdf

17.	 Yu, X., Wang, M., Rao, Y., Xu, Y., Xia, M., Zhang, X., Lu, P. (2023). Unveiling the evolution of early phase separation induced by P2O5 
for controlling crystallization in lithium disilicate glass system. Journal of the European Ceramic Society, 43 (12), 5381–5389. https://
doi.org/10.1016/j.jeurceramsoc.2023.05.006 

18.	 Zhou, Z., He, F., Shi, M., Xie, J., Wan, P., Cao, D., Zhang, B. (2022). Influences of Al2O3 content on crystallization and physical 
properties of LAS glass-ceramics prepared from spodumene. Journal of Non-Crystalline Solids, 576, 121256. https://doi.org/10.1016/ 
j.jnoncrysol.2021.121256 

19.	 Lisachuk, G. V., Ryshenko, M. I., Belostockaya, L. A. (2008). Steklokristallicheskie pokrytiya po keramike. Kharkiv: NTU” HPI, 480. 
Available at: https://library.kpi.kharkov.ua/files/new_postupleniya/stkrpo.pdf

20.	 Trusova, Yu. D. (2004). Empiricheskiy kriteriy kristallizacionnoy sposobnosti mnogokomponentnyh oksidnyh rasplavov. Vestnik NTU 
«KhPI», 34, 38–44. 

21.	 Savvova, О., Voronov, H., Babich, О., Fesenko, O., Riabinin, S., Bieliakov, R. (2020). Solid Solutions Formation Mechanism in 
Cordierite-Mullite Glass Materials During Ceramization. Chemistry & Chemical Technology, 14 (4), 583–589. https://doi.org/ 
10.23939/chcht14.04.583 

22.	 Savvova, O. V., Ryabinin, S. A., Svitlichniy, E. A., Voronov, G. K., Fesenko, A. I. (2019). Selection justification of methods for obtaining 
glass-ceramic materials. Keramika: Nauka i Zhyttia, 3 (44), 8–15. https://doi.org/10.26909/csl.3.2019.1 

23.	 Riabinin, S., Zakharov, A., Maizelis, A., Prytychenko, H. (2024). Determination of prospective directions for the improvement 
of materials for individual armor protection. Bulletin of the National Technical University “KhPI”. Series: Chemistry, Chemical 
Technology and Ecology, 2 (10), 53–60. https://doi.org/10.20998/2079-0821.2023.02.09 

24.	 ISO 23146:2012. Fine ceramics (advanced ceramics, advanced technical ceramics) — Test methods for fracture toughness of 
monolithic ceramics — Single-edge V-notch beam (SEVNB) method. ISO. Available at: https://www.iso.org/standard/62093.html

25.	 EN 1288-1:2000. Glass in building - Determination of the bending strength of glass - Part 1: Fundamentals of testing glass. Available 
at: https://standards.iteh.ai/catalog/standards/cen/5c0c5441-ce5e-44f4-ae8e-b187edd43653/en-1288-1-2000

26.	 ASTM C730-98(2021). Standard Test Method for Knoop Indentation Hardness of Glass. ASTM International. Available at: https://
www.astm.org/c0730-98r21.html

27.	 Inage, K., Akatsuka, K., Iwasaki, K., Nakanishi, T., Maeda, K., Yasumori, A. (2020). Effect of crystallinity and microstructure on 
mechanical properties of CaO-Al2O3-SiO2 glass toughened by precipitation of hexagonal CaAl2Si2O8 crystals. Journal of Non-
Crystalline Solids, 534, 119948. https://doi.org/10.1016/j.jnoncrysol.2020.119948 

28.	 Fedorenko, O. Yu. et al. (2015). Khimichna tekhnolohiya tuhoplavkykh nemetalevykh i sylikatnykh materialiv u prykladakh i zadachakh. 
Ch. 2. Fizyko-khimichni systemy, fazovi rivnovahy, termodynamika, resurso- ta enerhozberezhennia v tekhnolohiyi tuhoplavkykh 
nemetalevykh i sylikatnykh materialiv. Kharkiv, 336. Available at: https://library.kpi.kharkov.ua/uk/chemistry_himtehnol

https://doi.org/10.1016/j.jeurceramsoc.2017.08.032
https://doi.org/10.1016/j.jeurceramsoc.2017.08.032
https://doi.org/10.1111/jace.17189
https://doi.org/10.1111/jace.17189
https://doi.org/10.1016/j.mineng.2024.108902
https://doi.org/10.1007/s11223-017-9890-4
https://nasplib.isofts.kiev.ua/items/6a48d4df-eee2-4aeb-9a2a-fab8af8a5c49
https://ballistics.com.au/wp-content/uploads/2020/05/NATO_AEP-55_STANAG_4569_standards.pdf
https://ballistics.com.au/wp-content/uploads/2020/05/NATO_AEP-55_STANAG_4569_standards.pdf
https://doi.org/10.1016/j.jeurceramsoc.2023.05.006
https://doi.org/10.1016/j.jeurceramsoc.2023.05.006
https://doi.org/10.1016/j.jnoncrysol.2021.121256
https://doi.org/10.1016/j.jnoncrysol.2021.121256
https://library.kpi.kharkov.ua/files/new_postupleniya/stkrpo.pdf
https://doi.org/10.23939/chcht14.04.583
https://doi.org/10.23939/chcht14.04.583
https://doi.org/10.26909/csl.3.2019.1
https://doi.org/10.20998/2079-0821.2023.02.09
https://www.iso.org/standard/62093.html
https://standards.iteh.ai/catalog/standards/cen/5c0c5441-ce5e-44f4-ae8e-b187edd43653/en-1288-1-2000
https://www.astm.org/c0730-98r21.html
https://www.astm.org/c0730-98r21.html
https://doi.org/10.1016/j.jnoncrysol.2020.119948
https://library.kpi.kharkov.ua/uk/chemistry_himtehnol

