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Abstract: The study investigates the influence of the parameters of concentrated light radiation
(CLR) and the melt-cooling conditions on the structure formation, phase composition, and
properties of pyroxene glass-ceramics. It is established that quenching the melt in water results in
the formation of an amorphous glass, whereas reducing the cooling rate (~100 °C/s) leads to partial
crystallization with the formation of diopside and augite phases. An increase in CLR flux density
from 100 to 300 W/cm? promotes a higher degree of crystallinity, transitioning from a diopside—
augite mixture to a monomineralic diopside-hedenbergite phase Ca(Fe,Mg)Si,Os. Increasing the
flux density and the melt holding time is accompanied by an increase in apparent density (from
~2.70 to ~2.90 g/cm?) and a decrease in abrasion loss (from ~0.018 to ~0.008 g/cm?), indicating
enhanced densification and wear resistance of the material. Optimal CLR conditions (+300 W/cm?,
~103 °C/s) ensure the formation of a dense, homogeneous microstructure with low water absorption
(0.02 %), high wear resistance (0.006 g/cm?), and a flexural strength of ~145 MPa. The obtained
results confirm the promise of pyroxene glass-ceramics for applications requiring thermally stable
and wear-resistant materials.
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1. Introduction

It is well known that the physicochemical properties of materials arelargely determined by the
synthesis method employed and follow the relationship: “synthesis method — morphology -
properties” [1]. One of the most widely used approaches is solid-state synthesis, the principle of
which consists in heating a substance or a mixture of starting components to temperatures below
their melting point (approximately 0.5+0.7 T) [2]. Under these conditions, the chemical interaction
between components proceeds predominantly through the diffusion of atoms [3] of one or both
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reacting substances through the layer of solid reaction products. The diffusion coefficients in such
processes typically range from 10-12to 10-1°cm?/s, which resultsin comparatively low reaction rates
in the solid state [4]. Consequently, long synthesis durations are required and, as a result, the final
product often exhibits a heterogeneous structureand phase composition [5].

In recent years, the field of materials science associated with the study of melt-quenching
processes has undergone intensive development, driven by efforts to obtain materials with a
favorable combination of physicochemical and performance properties [6]. Melts represent a distinct
aggregate state of matter at temperatures above themelting point. Their structureis characterized by
a combination of cluster formations, in which atoms arearranged in a partially ordered manner close
to their positions in the crystal lattice, and an intercluster region with a predominantly disordered
atomic organization. It is believed that the granular structure inherited by the melt from the initial
solid state can be largely preserved and transferred to the new solid material formed during
subsequent crystallization. In this context, clusters represent stable atomic groupings whose size is
significantly smaller thanthatof typical crystallinenuclei [7,8].Ifaliquid that has inherited structural
features from the solid state is overheated to the point of transitioning into a structureless (simple)
liquid, it loses all characteristic features of its initial structural organization. It should be noted that
the structure of melts may also be influenced by external factors. For example, ultrasonic treatment
or even mechanical stirring can contribute to therefinement of the melt’s granular structure, whereas
the application of an alternating magnetic field leads to modulation of grain boundaries, facilitating
the movement of atoms along intergranular regions and thus improving flow behavior [9,10]. The
use of sensible heat retained in the molten state makes it possible to significantly reduce energy
consumption compared with conventional heat-treatment methods [11]. Typically, melt quenching
is carried out from temperatures of about 1450 °C, after which theresulting product is used as a raw
material for the production of cement and concrete, which generally exhibit relatively low
performance characteristics [12,13].

In recent years, particular attention has been paid to glass-ceramic materials formed by melt
quenching followed by two-stageheat treatment, including stages of internal nucleation and growth
of crystalline phases [14]. Such materials are characterized by high mechanical strength (ultimate
bending strength up to 150-300 MPa) [15], increased heat resistance and a low coefficient of linear
thermal expansion (a ~ 10-¢ K-) [16], which significantly exceeds the performance of traditional
natural and building materials, including granite and marble. The combination of these properties
makes glass-ceramic materials highly promising for specialized and highly loaded applications. In
particular, sitalls - glass-crystallinematerials - are widely used in conditions requiringa combination
of high mechanical strength, thermal and chemical resistance, including radio electronics
(microcircuit substrates and insulating elements), aerospace technology (fairings and structural
components), the chemical industry (pipelines and protective coatings), and instrument
making [17,18].

In this context, one of thekey technological parameters determining the quality of the melt being
formed is therateat which theinitial material is heated to and above its melting temperature, as well
as the rate of subsequent cooling. It has been noted that the use of solar technologies opens
fundamentally new possibilities for controlling these processes: by concentrating solar radiation, it
becomes possible to increase heating rates by several orders of magnitude and to produce melts of
high chemical purity, characterized by cluster structures of a specific composition. The application of
rapid and ultrarapid quenching methods under such conditions enables the fixation of metastable
states and facilitates the production of materials with a unique set of properties.

The development of modern energy systems and the enhancement of efficiency in materials-
science processes are directly linked to the expanded use of renewable energy sources, among which
solar energy holds a particularly prominent position. In recent decades, there has been a growing
interest in the synthesis of materials with high mechanical and dielectric properties through the
methods of directional crystallization of melts generated using heliothermal installations [19]. A
particularly promising direction in solar technology is the development of materials based on
pyroxene structures CaMgSi,Os. Unlike conventional thermal energy sources, solar furnaces make it
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possible to substantially increase heating rates and thereby enable the production and stabilization
of melts with tailored cluster architectures. This, in turn, creates favorable conditions for obtaining
materials with predictable performance characteristics, including enhanced mechanical and dielectric
properties, making this approach highly relevant for a wide range of engineering and energy
applications [20].

The aim of this study is to perform a comprehensive analysis of the physicochemical processes
occurring during the heating, melting, and subsequent cooling of pyroxene materials, as well as of
the CaMgSi,Os (diopside) crystalline structures obtained from the melt in a solar furnace (SF) under
varying flux densities of concentrated solar radiation (CSR).

2. Experimental Samples and Research Methods

In the present work, pyroxene structures of calcium-magnesium silicate (CaMgSi,Os) were
investigated, obtained using technogenic wasterepresented by basalticrocks from tungsten skarns.
The pyroxene samples were synthesized according to the following technological scheme: grinding
of the initial components — mixing — shaping — melting — quenching [21]. The synthesis of
pyroxene phases was carried out by melting the prepared batchin a CSR flux using a solar furnace
(SF) with a vertical optical axis [22].

The synthesis was performed at a temperature of 1600 °C, with a heating rate of 1100 °C/min.
Melting of the materials was conducted in the Large Solar Furnace (LSF) on a water -cooled substrate
withina CSR flux range of 100+350 W/cm?[23,24]. The CSR flux density was calculated on the basis
of the Stefan—-Boltzmann equation, which describes the radiation of heated bodies [25]:

Q=¢eoT* (1)

where, ¢ is theemissivity of the material, 0=5.67x10-8 W /m?2-K* is the Stefan-Boltzmann constant,
and T is the temperature of the body (K). The flux density at the focal spot of the SF during the
experiments was monitored using a FLIR E5-XT Wi-Fi thermal imager. As determined, the density
of the concentrated flux incident on the crucible containing the material was at least 120 W/cm? and
remained stable within +5%. Quenching of themelt was carried out either by water cooling (v coo ~10°
°C/s) or by solidification on the water-cooled surface where melting occurred (vcot ~10% °C/s). When
theraw material was held under a flux density of at least 150 W/cm?2 for 20 minutes, the most complete
melting was observed. At a flux density of 300 W/cm?, theresulting glasses were morehomogeneous.
Glass synthesis was also performed using a radiation-heatinginstallation (URAN) and in an electric
furnace chamber.

X-ray phase analysis of the investigated samples was performed using an Empyrean
diffractometer (PANalytical) in Bragg-Brentano reflection geometry with Cu Ka radiation
(wavelength A=1.5418 A). The scanning range was 20 <20 < 60°. The diffractometer slit system was
adjusted to ensure complete coverage of the sample by the X-ray beam across the entire working 26
range. Reference tables by J.H. Kittel [26] were used for the processing and interpretation of the
obtained diffractograms. The X-ray density was calculated using the expression ox=1.66xM/V, where
M is the formula unit mass in grams, and V is the unit cell volume in A?. The relative density was
determined as (Qapp/0x ) * 100%, where gapp=m/V corresponds to the apparent density, calculated as
theratioof the samplemass (m, g) to its volume (V, cm?).

3. Results and Discussion

An important step in obtaining pyroxene materials with predetermined properties is the
selection of raw materialsand their quantitativeratios in accordance with therequired stoichiometric
composition [27,28]. Calculations were carried out for the monomineralic pyroxene phase of
composition CaMgSi,Os, takinginto account themolar ratios of CaO:MgO:SiO, correspondingtothe
formula unit of diopside. For each component, the mass fractions were determined to achieve aratio
close to stoichiometric, which allows the formation of pyroxene structures with minimal content of
secondary phases during melting and subsequent quenching [29]. Table 1 presents the calculated
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values for the starting components, their conversion to oxide composition, and the final ratios
corresponding to the monomineralic pyroxene composition.

Table 1. Calculation of raw materials for obtaining a monomineralic pyroxene composition

(CaMg5i,0g).
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SiO2 | 44.1 | 0.73 | 0.024 | 0.012 0.02 | 0.05 | 0.018 [ 0.064 | 0.54 |0.07 | 456 | 48.6 | 40.8
TiO2 | 0.8 | 0.01 0.006 0.48 | 0.40
ALO | 9.21 | 0.09 | 0.012 | 0.024 | 0.006 | 0.04 9.21 | 7.73
Fe20s| 2.87 | 0.02 0.018 2.87 | 241
MgO | 2.57 | 0.064 0.064 0.15| 6.08 | 8.65 | 7.26
CaO | 312 | 055 0.006 | 0.02 | 0.05|0.018 [ 0.064 | 0.54 |0.15| 852 | 39.7 | 33.3
K0 | 1.90 | 0.02 | 0.012 19 | 1.59
FeO | 6.11 | 0.08 0.05 6.11 | 5.13
Na:0| 1.52 | 0.02 0.024 152 | 1.27

For the raw materials with the given chemical composition, the pyroxene module was 3.24,
which exceeds the standard threshold value corresponding to the onset of pyroxene formation (3.0)
[30]. This indicates a deviation from the optimal stoichiometric ratio of the components and
necessitates adjustment of the batch. To achieve the desired monomineralic pyroxene composition,
the calculation included additional batchingin the form of dolomite (as a source of calcium and
magnesium) and silicon oxide, which allowed balancingthe ratio of oxide components and ensured
the formation of the CaMgSi»Os phase (Table 1).

It is known that glass-ceramics are formed during the recrystallization of the glass mass upon
the introduction of specific catalysts that promote complete or partial crystallization of the material.
The degree of melt superheating and the cooling ratehavea significant impact on this process [31,32].
The structural and performance characteristics of glass-ceramics depend on the chemical composition
of the initial glass, the type and concentration of the catalyst, as well as the parameters of thermal
treatment. Glass-ceramics are characterized by a microcrystalline structure, in which a glassy phase
is uniformly distributed between small crystals measuring approximately 2-8 um; in highly
crystallized materials, its content reaches 5-10 %. Therefore, one of the key tasks in the synthesis of
glass-ceramic materials is determining the optimal technological conditions for obtaininga diopside
structure, takingintoaccount the value of the pyroxene module.

Melting was carried out in a SP on a water-cooled substrateat a flux density of 100-350 W/cm?2.
Quenching of the melt was carried out in two ways: by rapid cooling in water (~10% °C/s) or by
solidification on a water-cooled substrate on which melting occurred (~102 °C/s). It was found that
when the raw material was irradiated with a flux of atleast 150 W/cm? for 20 min, the most complete
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melting of the material was observed. With an increase in flux density to 300 W/cm?, the resulting
glasses werecharacterized by higher homogeneity [33]

To assess theinfluence of the spectral composition of the radiation on the glass synthesis process,
experiments were conducted by melting various materials under focused solar flux, using a
radiation-heatinginstallation (URAN), as well as in an electric furnace chamber. The melting results
are presented in Table 2, showing the dependence of material characteristics on the type of
installation: Ty—melting temperature (°C), Es—bandgap width (eV), e—blackness factor, and Q—
required CSR flux density (W/cm?). The obtained data allow evaluatingthe effect of energy spectral
distribution on theefficiency of melting and the formation of the glassy phase.

Table 2. Results of material melting de pending on the type of furnace.

Result
Materials Tm, °C Eg, eV € Q, W/cm?
SF URANUS | Electric oven
Fe20s 1390 22 0.8 43 ++ ++ +
Pyroxene 1390 0.85 43 ++ ++ +
5102 1550 5.7 0.73 63 - - +
TiO2 1870 3-32 0.78 120 + + -
BaCOs 2293 0.70 247 - - -
CaO 2614 7 0.93 394 - - -
MgO 2825 0.72 522 - - -
«-»no melting
Note «+» —melting,
«++» — complete melting

A comparison of spectral characteristics showed that the concentrated flux in the focal zone of
the solar furnace (SF) covers a wavelength range from 0.3 to 3 um, providing a broad spectrum of
energy impact on thematerial. At thesametime, theradiation of the URAN solar spectrum simulator
exhibits a more complex distribution: approximately 9% of the energy falls within the ultraviolet
region, 35% within the visible, 40% within the near-infrared range (0.8-1 um), and 16% within the
far-infrared range (A>1 um). In electric furnaces with resistanceheaters, the spectral composition of
the radiation is determined by the temperature of the heated bodies and is described by the
relationship A=2980/T (um), indicating a predominant contribution of infrared radiation to the
thermal exposure process [34].

Considering the above, the high sensitivity of glasses to melting and cooling conditions
necessitates analyzing the influence of the KSI flux density and melt cooling rate on the glass -ceramic
formation processes and the development of the material's functional characteristics. In this regard,
Figure 1 presents X-ray diffraction patterns of glass-ceramics obtained from glasses synthesized at
different KSI flux densities, clearly demonstratingthe influence of energy processing parameters on
the phase composition and degree of crystallinity.

Under conditions of a flux density of 100 W/cm? and a cooling rate of approximately 10% °C/s,
partial crystallization of the initial glass is observed, with the formation of silicate phases of the
diopside-augite type, characteristic of the early stage of structural ordering of the glass-ceramic
material. X-ray phase analysis (Figure 1) of the synthesized sample confirms the formation of
predominantly crystalline phases of diopside (CaMgSi»Os) and augite ((Ca,Mg,Fe)2(Si,Al)20e), with
the main crystalline phase corresponding to augite-type pyroxene with a diopside structure. The
diffraction pattern of the obtained material is characterized by intense and well-resolved diffraction
maxima in the range of 20=20-65°, while pronounced peaks at 20=25-40° indicate a high level of
crystallinity, and a background increasein intensity at small angles (20 < 25°) indicates the presence
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of an amorphous phase, which is typical for incompletely cry stallized sitalls [35,36]. The relatively
low intensity of the diffraction maxima demonstrates incomplete structural rearrangement, which is
due to the limited thermodynamic conditions of synthesis [37-39].
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Figure 1. X-ray diffraction spectra of glass-ceramics synthesized at a KSI flux density of 100
W /em?, with identification of diopside and augite phases.

The phase identification and indexing of diffraction maxima were performed within the
monoclinic crystallographic system. The structure of thesampleis described by the space group C2/c,
characteristic ofaugite and diopside, and the parameters of the unit cell crystallizingin this syngony
were determined using the generalized equation for interplanar distances [40]:

1 h®* k%sin?f 1> 2hlcosp 2
dz_a2+ b? +cz—l— ac

The interplanar distance d was calculated according to Bragg's law [40]:

nd = 2dsinf 3)

where, n=1, A is thewavelength of X-ray radiation, O is the Bragg angle.

The unit cell parameters of diopside (CaMgSi,Os) and augite ((Ca,Mg,Fe)2(Si,Al)20s) obtained as
a result of X-ray diffraction analysis correspond to the literature data [41], which confirms the
formation of a stable crystal structure of clinopyroxenes without pronounced crystallographic
distortions. For the diopside phase, the following unit cell parameters wereestablished:a=9.73 A, b
= 8.92 A, c=524 A, monoclinic angle = 105.6°, with a calculated cell volume of V =439.4 A3, The
crystallographic parameters of augite are characterized by the following values:a = 9.78 A, b ~ 8.83
A, c=526A, p=106.3° V= 43598 A®. The observed variations in the parameters compared to pure
diopside are explained by the isomorphicsubstitution of cations in the crystallattice of the mineral.
A slight increase in the parameters a and b compared to ideal diopside may be associated with the
isomorphicsubstitution of Mg?* ions by Fe?*/Fe3* ions in octahedral positions, which leads to a local
expansion of the crystallattice. The preservation of the characteristicmonoclinicangle f = 105-106°
confirms the structurebelongs to the monoclinic pyroxene typeand the absence of phase transitions.
The main diffraction maxima were successfully indexed, further confirming the single-phasenature
of the material. The absence of extraneous reflections within the sensitivity of the method indicates
the completion of phase formation processes and the appropriateness of the chosen synthesis
conditions. The calculated unit cell parameters, as well as the results of indexing the main diffraction
reflections of augite and diopside, are presented in Table 3.
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Table 3. Crystallographic parameters and diffraction peakindexing results for augite and diopside

20, degree Interplanar distance d, A Miller indices (hkl)
e Augite Diopside Augite Diopside Augite Diopside
1 20.1 19.9 441 446 (020) (020)
2 27.8 27.6 3.21 3.23 (220) (111)
3 29.9 29.8 2.986 2.99 (221) (221)
4 312 30.8 2.87 2.89 (310) (220)
5 356 355 2527 2.53 (002) (311)
6 36.8 35.8 2.46 2,51 (221) (311)
7 40.8 40.6 2.23 2.21 (311) (131)
8 426 422 2.12 2.14 (400) (330)
9 50.8 527 1.81 1.74 (302) (151)
10 60.3 62.1 1.54 1.50 (12) (060)

As can be seen from Table 3, in the region of medium and high diffraction angles (20 > 35°),
clearly resolved reflections with interplanar distances d =2.53-1.50 A arerecorded, indexed by planes
(002), (221), (311), (400), (402) and (512) for augite and (311), (311), (131), (330), (151) and (060) for
diopside; The presence and unambiguous indexing of these reflections confirm the formation of a
crystallographically ordered three-dimensional crystalline structure of both phases without signs of
significant distortions or amorphous inclusions, while the proximity of the 20 and d values for the
corresponding reflections indicates their structural relationship and belonging to the clinopyroxene
type, and the identified differences reflect the features of the cationiccomposition and the degree of
isomorphicsubstitution [42].
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Figure 2. X-ray diffraction spectra of sitalls synthesized at a KSI flux density of 200 W/cm?, with
identification of diopside and feyalite phases.

The X-ray diffraction pattern (Figure2) of a sitall samplesintered from glass at a flux density of
200 W/cm? shows the formation of a more ordered crystalline structure compared to the material
obtained at 100 W/cm?. The diffraction pattern is characterized by narrow and intense diffraction
peaks of thediopside (CaMgSi,Os) and fayalite (Fe,SiO,) phases, reflecting thehigh crystallographic
ordering of the material. The enhancement of peaks in the range of 20 = 25-40° demonstrates an
increase in the degree of crystallinity and the predominance of silicate phases. The decrease in the
amorphous background relative to the previous sample reflects the development of structural
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ordering processes in the bulk of the material. Exposureto a flux density of 200 W/cm? leads toactive
crystallization processes and the formation of a stable multiphase system with a predominance of
diopside and fayalite components, which improves the structural integrity and phase stability of
sitalls [43,44]. Based on the position and relative intensities of reflections, it was revealed that the
sample is a two-phase system including CaMgSi,Os and Fe,SiO,. Additional diffraction lines
corresponding to impurity or amorphous phases were not detected in the studied angular range,
which indicates a high phase purity of the synthesized material. The most intense peak in the
diffraction pattern is observed at 20 =29.9°, which is characteristic of diopside and corresponds to
reflection from the (221) plane. The interplanar distance d, calculated using Bragg's law (3) at 6 =
14.95°,is~2.98 A andis within theliterature data [41] for monoclinic CaMgSi,Os. Other characteristic
reflections of diopside, recorded at20 =31.1°,35.6° 49.9° and 60.1°, wereindexed as (310), (002), (150)
and (440), respectively.

Fayalite crystallizes in the orthorhombic syngony (space group Pnma) with rhombic symmetry,
demonstrating close packing and a significantly smaller unit cell volume (307.6 A3), the parameters
of which were calculated using the expression [45]:

1 K k* 17
coatEta

The obtained lattice parameters were:a= 4.82 A, b=1048 A, c=6.09 A.

The unit cell parameters and indexing of the main diffraction peaks of Fe;5iO4 are presented in

Table 4.

(4)

Table 4. Diffraction characteristics of the main phases of Fe,SiO4

Ne 20, degree Interplanar distance d, A Miller indices (hkl)
1 18.2 4.87 (020)
2 293 3.05 (111)
3 31.1 2.87 (021)
4 354 253 (121)
5 37.0 243 (130)
6 41.7 216 (002)
7 47.1 1.93 (220)
8 49.6 1.84 (040)
9 572 1.61 (042)
10 62.9 1.48 (242)

Table 4 shows how the contribution of the Fe,SiO, phase manifests itself in the 20 range = 33—
35° and 41-57°, where reflections corresponding to the (130), (040), and (242) planes are observed.
Minor deviations may be due to isomorphic substitution of Mg?* and Fe?* ions, as well as microstrains
and residual stresses arising during synthesis and heat treatment. Narrow and symmetrical
diffraction peaks confirm a high degree of structural order and a minimal number of defects in the
crystallattice.

The X-ray diffraction pattern (Figure 3) of the glass-ceramic material obtained from glass at a
flux density of 300 W/cm? demonstrates the formation of an ordered crystalline structure. The
diffraction pattern clearly shows intense peaks corresponding to the diopside-hedenbergite phase
Ca(Fe,Mg)Si,O¢, indicating the predominance of a monomineral composition. The increase in the
intensity of the maximain the range of 20 = 28-35°and the decrease in the amorphous background
reflect thealmost complete crystallization, stabilization of the lattice, and the transition of the melt to
a homogeneous structural state [46,47]. Exposure to a 300 W/cm? ISR promotes directional crystal
growth and the formation of a stable diopside-hedenbergite phase, increasing structural order and
improving the physical and mechanical properties of the material. X-ray diffraction analysis
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confirmed that the sample belongs to the monoclinic syngony (space group C2/c) and showed that
the most intense peak at 20 = 30° corresponds to the interplanar distanced ~ 2.97 A andis indexed as
(221). The calculated unit cell parameters and its volume are consistent with the literature data [48]
and reflect the isomorphic substitution of Mg?* by Fe?* ions in octahedral positions. The diffraction
pattern shows narrow and clearly defined peaks in the range of 20 =18-65°,indicating a high degree
of crystallographic ordering. The shift of the peaks towards smaller angles is due to the partial
substitution of Mg?* by Fe?* ions and an increasein the unit cell parameters, and therelative intensities
reflect the orientation of atomic planes and SiO, chains in the structure. The diopside-hedenbergite
structureis described by a monoclinic cell with the parameters:a = 9.9 Ab=91A,cx53A V=447
A3, [ #106.5°. Table 3 below shows the indexing of the main diffraction reflections of Ca(Fe,Mg)Si>Os
in therange 20 = 18-65°.

A diopside-hedenbergite
100} Ca(Fe,Mg)Si;0¢

.*’é‘

3

Fg !

=50 |

2

g

20 30 40 50 60 20

Figure 3. X-ray diffraction spectra of glass-ceramics synthesized at a KSI flux density of 300 W /cm?,
with identification of diopside -he denbergite phases.

From the diffraction characteristics of the main reflections of the Ca(Fe,Mg)Si,Os phase
presented in Table 5, it follows that the successive decrease in interplanar distances with anincrease
in the diffraction angle, up tod =1.47 A at 20 = 63.4° for the (461) plane, corresponds to Bragg’s law
and reflects theregularity of the crystal lattice, while the presence of clearly indexed reflections (240),
(330), (202), (152), (352) and (052), the parameters of which are consistent with literary data [41],
confirms the stability of the structure and indicates the potential of the material for further studies of
its physicochemical and functional properties.

Table 5. Diffraction characteristics of the main phases of Ca(Fe,Mg)Si,Oe.

Ne 20, degree Interplanar distance d, A Miller indices (hkl)
1 18.1 490 (110)
2 299 298 (221)
3 31.2 2.86 (310)
4 35.1 2.55 (240)
5 39.5 2.28 (330)
6 413 2.18 (202)
7 46.8 1.94 (152)
8 54.6 1.68 (352)
9 59.1 1.56 (052)
10 63.4 1.47 (461)
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With increasing CSR flux density, the degree of single-phase material also increases: as the
energy flux density rises, secondary phases gradually disappear, indicating improved structural
homogeneity of the melt. The physico-mechanical characteristics of sintered pyroxene materials
obtained from glasses formed at different flux densities vary significantly.It has been observed that
increasing the flux density and the holding time of the melt leads to an increase in the apparent
density of the material (Figures 4 and 5), indicatingintensification of densification processes and the
formation of a more homogeneous microstructure [49].
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Figure 4. De pendence of the apparent density of the pyroxene material on the flux density (~103 °C/s).

Based on the presented graph (Figure 4) showingthe dependence of the apparent density of the
pyroxene material on CSR flux density (~10% °C/s), it was established that increasing the flux density
from 150 to 300 W/cm? leads to a monotonic increase in apparent density from ~2.70 to ~2.90 g/cm?.
This trend indicates the intensification of densification processes and a reduction in material porosity
under higher energy exposure. In the range of 250-300 W/cm?, the rate of density increase slows,
indicating that a maximum level of structural orderinghas been reached and densification processes
have become saturated. The obtained results confirm that increasing the flux density promotes the

formation of a morehomogeneous microstructure and reduces thenumber of defects in the pyroxene
material [50].
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Figure 5. De pendence of the apparent density of the pyroxene material on the melt holding time (300
W/ecm?, ~103°C/s).
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From the dependence shown in Figure 5 of the apparent density of the pyroxene material on
melt holding time (30 min) at a flux density of 300 W/cm? and a cooling rate of ~10° °C/s, it was
established that increasing the holding time from 10 to 25 minutes leads to an increase in apparent
density from ~2.70 to ~2.90 g/cm?. This dependence exhibits a saturation behavior: after 25-30
minutes, thematerial density reaches its maximum value, indicating the completion of degassing and
densification processes. The initial density increase during the early stage of melting is attributed to
the intensification of melt homogenization and reduction of porosity. Further extension of holding
time does not lead to significant changes in density, indicating that a thermodynamically stable state
of the melt and an equilibrium phasedistribution in the pyroxene material havebeen achieved [51].

CSR flux density alsosignificantly affected the wear resistance of the materials (Figure 6), as well
as their mechanical strength and deformation under load.
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Figure 6. Dependence of the wearresistance of the pyroxene material on the flux density (~10%°C/s).

From the dependence shown in Figure 6 of the wear resistance of the pyroxene material on flux
density at a heating rate of ~10% °C/s, it was found that increasing the flux density from 150 to 300
W /em? leads toa pronounced decrease in wear loss, from ~0.018 to~0.008 g/cm?. This trend indicates
an enhancement of the material’s wear resistance under more intensive thermal exposure. The
reduction in wear loss is likely associated with increased density and structural homogeneity due to
more complete sintering of particles and a decrease in the number of defects and pores. At flux
densities above 250 W/cm?, the decrease in wear loss slows, indicating that optimal conditions for
forming a dense, stablemicrostructure of the pyroxenematerial havebeen reached [52,53].

Water absorption and flexural strength of pyroxene glass-ceramic samples synthesized at
different flux densities (Table 6) show a clear correlation with the intensity of concentrated light
radiation, demonstratinga significant influence of the synthesis energy parameters on the structural
and mechanical properties of the material [54].

Table 6. Properties of sintered pyroxene glass-ceramic materials de pending on CSR flux density.

Flux Density, W/cm?
Parameters
150 200 250 300
Water absorption, % 0.05 0.04 0.03 0.02
Bending strength, MPa 125 130 140 145
Wear Loss, g/cm? 0.018 0.012 0.008 0.006
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As canbe seen from the data (Table 6), increasing the flux density leads to partial disruption of
the crystallineorder, resultingin a decrease in the fraction of regions with ordered atomic structure
and an increasein the proportion ofamorphous areas. In this context, the glassy phaseacts as a buffer
medium, facilitating the relaxation of stresses arising during crystal growth and limiting their
development, which determines the quantitative ratio of crystalline phases and the materials
porosity [55]. Anincreasein thefraction of crystalline phases and a reduction in grain size contribute
to the enhancement of the mechanical strength of the glass-ceramic material.

High CSR flux densities promote the formation of a homogeneous melt and the directional
crystallization of a monomineralic diopside-hedenbergite structure [56]. This, in turn, ensures a
higher degree of structural ordering and underlies the improved mechanical properties of the
resulting glass-ceramic materials (Table7).

Table 7. Degree of amorphousness of sintered pyroxene glass-ceramic material.

Synthesis Conditions

In the Solar Furnace (SF) In the Electric Furnace
Flux Density, W/cm? 150 200 300 Temperature, °C 1450 1600 1800
Degree of Degree of
8 14 22 5 12 18
Amorphousness amorphousness

To ensure the formation of homogeneous glass, the synthesis should be carried out at radiative
flux densities that provide significant superheating of the melt, in the range of 300+350 W/cm?2. At
lower flux densities, careful control of the heating rate is required, as its reduction leads to slower
phase transformations in thesilicate system and increases the temperatureand duration of the final
stage of heat treatment [57]. Comparative analysis of the effects of different types of radiation on the
melting process showed that the degree of amorphousness of the resulting material is strongly
dependent on the natureof theenergy exposure. Thus, during glass synthesis in a solar furnace, the
degree of amorphousnessis higher than when using electric heating, reaching approximately 22%.

4. Conclusions

The conducted studies demonstrated that quenching the melt in water results in the formation
of amorphous glass, characterized by abroad maximum on the X-ray diffraction patternin the 20~20-
35° region, indicating the absence of crystalline phases. Reducing the cooling rateto ~100 °C/s leads
to partial crystallization, with the formation of diopside CaMgSi,Os and augite Ca(Mg,Fe)Si,Os
phases, as evidenced by narrow peaks in the 20=25-45°range.

Based on X-ray phaseanalysis, it was established that increasing the CSR flux density enhances
the degree of crystallinity of the glass-ceramics and alters their phase composition. At 100 W/cm?,
diopside—augite phases with an amorphous component are formed; at 200 W/cm?, an ordered
multiphasestructure (diopside, fayalite) develops; and at 300 W/cm?, nearly complete crystallization
occurs, resulting in the formation of the diopside-hedenbergite phase Ca(Fe,Mg)Si,Os. Higher flux
densities promote directional crystallization and stabilization of the glass-ceramic structure.
Increasing the CSR flux density from 150 to 300 W/cm? and holding the melt for 25-30 minutes leads
to an increase in the apparent density of the pyroxene material from ~2.70 to ~2.90 g/cm?, reflecting
the intensification of densification and structural homogenization processes.

Simultaneously, wear loss decreases from ~0.018 to ~0.008 g/cm?, indicating enhanced wear
resistanceand improved material strength. Optimal CSR parameters (=300 W/cm?,~10° °C/s) ensure
the formation of a dense, homogeneous, and mechanically stable microstructure of pyroxene glass-
ceramics. The resulting glass-ceramics exhibit enhanced physico-mechanical properties: water
absorption—0.02%, wear loss —0.006 g/cm?, and flexural strength =145 MPa, confirminghigh density,
low porosity,and a well-developed degree of structural ordering.
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