


Development and optimization of lithium aluminosilicate glass-ceramic materials with high β-spodumene content for armor protection
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Abstract. This paper presents lithium aluminosilicate glass‑ceramics with up to 80% β‑spodumene developed using optimized compositions and a two‑stage heat treatment. The materials exhibit high hardness (8.5–9.0 GPa), optimal elasticity (318–324 GPa), fracture toughness (8.0–8.4 MPa·m^0.5), and low density (2400–2420 kg/m³), making them promising for lightweight armor.
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Introduction
Modern defense and security challenges require materials that combine high mechanical strength, impact resistance, and low weight. Traditional armor ceramic systems, particularly those based on SiC, exhibit high hardness; however, their high production cost and limited capacity to absorb impact energy [1], [2] restrict their use in mobile systems. Spallitized lithium aluminosilicate glass‑ceramic materials are a promising solution, as they contain over 80% β‑spodumene due to the formation of a fine-dispersed crystalline structure that effectively dissipates impact energy.
This work is aimed at optimizing compositions, heat treatment regimes, and the use of catalysts and modifying components to obtain materials with superior performance characteristics that can be integrated into the production of lightweight armor protection systems.
Methodology
In this study, a series of experimental glass compositions (Series SP) based on the system R₂O–RO–RO₂–R₂O₃–Li₂O–CaO–P₂O₅–SiO₂ was developed.
The main idea was to form up to 80% of the β‑spodumene phase through optimization of the chemical composition and heat treatment regimes. The methodology comprises the following stages:
·  Selection of primary components: the use of SiO₂, Li₂O, and Al₂O₃ ensures the formation of a basic matrix in which β‑spodumene will develop;
·  Addition of modifying components: incorporating modifying agents (Na₂O+K₂O, B₂O₃, CaO+MgO+ZnO) and fluorides (LiF, CaF₂) enables the adjustment of the melting temperature and viscosity of the melt, thereby influencing the crystallization behavior;
· One-stage heat treatment: heating the material in the temperature range of 450–950 °C for 6 hours achieves overall crystallization; however, this approach may leave residual internal stresses (Table 1);
· Two-stage heat treatment: first stage (450–650 °C, 4 hours) stimulates the formation of nucleation centers, second stage (700–950 °C, 4 hours) promotes crystal growth, resulting in a fine-dispersed, homogeneous structure with minimal residual stresses (Table 1);
· Application of catalysts: the addition of TiO₂, ZrO₂, and SnO₂ ensures an even distribution of crystalline nuclei and promotes fine-dispersed crystallization, which is critical for enhancing the mechanical properties;
·  Characterization: hardness, modulus of elasticity, fracture toughness, and density were determined and are presented in Figs 1–4.
During the study, it was determined that the optimized compositions of the SP series form a fine-dispersed crystalline structure with a high content of β‑spodumene (over 80%).
The uniform distribution of crystals was achieved using a two‑stage heat treatment process, which reduces residual stresses as confirmed by X‑ray diffraction and scanning electron microscopy.
Testing showed that the obtained materials exhibit high mechanical properties, as presented in Figs 1–4.
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Fig.1. Hardness, HV (GPa).
The graph (Fig. 1) shows that the hardness (HV) values for the experimental compositions range from 8.4 to 8.8 GPa, indicating the material’s stable resistance to local deformation.
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Fig.2. Modulus of elasticity, E (GPa).
The graph (Fig. 2) illustrates that the modulus of elasticity (E) is in the range of 318–324 GPa, ensuring an effective distribution of impact energy.
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Fig.3. K₁C (MPa·m^0.5).
The graph (Fig. 3) demonstrates that the fracture toughness (K₁C) values are between 8.0 and 8.4 MPa·m^0.5, which is critical for preventing the propagation of cracks.
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Fig.4. Density, ρ (kg/m³).
The graph (Fig. 4) shows that the density of the materials ranges from 2400 to 2420 kg/m³, enabling the production of lightweight armor protection products.
Comparison of the one‑stage and two‑stage heat treatment regimes (Table 1) revealed that the two‑stage process provides a more uniform fine-dispersed structure with lower residual stresses, which positively affects the material's mechanical properties.
Table 1
Comparison of heat treatment regimes
	Heat treatment regime
	Temperature range (°c)
	Heat treatment time (hours)
	Main results
	Advantages / disadvantages

	One-stage
	450 – 950
	6
	Uniform crystallization with some residual stresses
	Simplicity of the process, lower energy consumption; less precise control over crystal size

	Two-stage
	1st stage: 450–650
2nd stage: 700–950
	4 + 4
	Fine-dispersed, homogeneous crystalline structure, minimal residual stresses
	Higher mechanical strength, improved impact resistance; more complex process, higher energy consumption


From Table 1, it is evident that the two-stage heat treatment provides significantly better control over the material’s structure: the formation of a fine-dispersed crystalline structure contributes to increased hardness, modulus of elasticity, and fracture toughness. The comparison of regimes justifies the choice of a more complex but more effective technological process to achieve optimal material properties.
Discussion
The obtained results indicate that the optimization of compositions and the application of a two-stage heat treatment are key factors in achieving high impact resistance of lithium aluminosilicate glass‑ceramic materials.
The uniform distribution of the crystalline phase, ensured by the use of crystallization catalysts (TiO₂, ZrO₂, SnO₂) and a two‑stage heat treatment, allows for effective dissipation of impact energy. This reduces the risk of microcrack formation and propagation, which is critical for armor applications.
High values of hardness and modulus of elasticity indicate the material’s ability to withstand deformation and absorb impact energy. In addition, the low density enables the production of lightweight structures, which is essential for the mobility of protective equipment.
Comparison of the heat treatment regimes shows that, despite higher energy consumption, the two‑stage heat treatment yields a more optimal structure. This is confirmed by the data presented in Table 1 and the corresponding Figs. 1–4, which demonstrate improvements in the mechanical properties of materials processed by this regime.
The study results confirm that the developed materials have potential for use in the production of body armor, helmets, and armored vehicle components [3], [4], [5], as they combine high mechanical properties with low weight. Further optimization of the technological process and scaling up production will allow these materials to be implemented in practical defense solutions.
Conclusions
In conclusion, the conducted research demonstrates that the optimization of lithium aluminosilicate glass‑ceramic compositions through the use of a two‑stage heat treatment, crystallization catalysts, and modifying components enables the production of materials with high hardness, impact resistance, and reduced density. These characteristics make them promising for the production of lightweight armor protection systems that meet modern requirements for mobility and effective protection. Further research should focus on further optimization of the technological process, reduction of energy consumption, and scaling up production for practical application in the defense industry.
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