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The synthesis of refractory compounds requires special conditions and methods to ensure

the effective conduct of the phase formation reactions to obtain target compounds. The

main disadvantage of solid-phase synthesis of compounds that are of most significant

interest for obtaining new functional ceramic materials is the high energy consumption

due to high phase formation temperatures, the duration of the process, and the presence

of impurities in raw materials that impair the properties of the synthesis products. It is

the purity and reproducibility of the synthesis products, the high dispersion of the

crystalline phase, and the uniformity of the grain size distribution that ensure not only

the high strength of ceramics and composite materials for radio-engineering purposes,

but also the necessary level of their functional properties, in particular, electrophysical

properties. This work analyzes possible solutions to the problem of energy consumption

in the synthesis of refractory compounds. The results of research aimed at the synthesis

of compounds of the BaO(SrO, ZnO)–Al2O3–SiO2 system, necessary for the manufacture

of radio-transparent ceramic and composite materials using the technology of exothermic

synthesis from mixtures containing barium and strontium nitrates, silica, and organic

reducing agents, are discussed. The formulation and technological parameters for obtaining

the target compounds and their combinations using the nitrate-citrate method have been

developed. Ultra-dispersed powders of refractory compounds (celsian, slawsonite, and

willemite), as well as their combinations (slawsonite+celsian, slawsonite+willemite,

celsian+willemite, slawsonite+celsian+willemite), have been obtained under laboratory

conditions. With the involvement of X-ray phase analysis and scanning electron

microscopy, the structural and phase features of the reaction products have been studied,

and the factors determining their purity and particle morphology of the obtained ceramic

powders have been identified.
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Introduction
A necessary condition for obtaining radio-

transparent ceramic and composite materials is the
synthesis of target phases characterized by a set of
required properties for producing high-temperature

radio-transparent materials. These include a high
melting point [1], the required level of dielectric
characteristics (ε<10, tgδ<10–2) [2], as well as low
density, low thermal conductivity, resistance to thermal
shock, and chemical corrosion [1–3]. Aluminosilicates
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and silicates of alkaline-earth metals are typically used
for this purpose, such as celsian (BaAl2Si2O8),
slawsonite (SrAl2Si2O8), cordierite (Mg2Al4Si5O18),
willemite (Zn2SiO4), spodumene (LiAlSi2O6), and
others. The key requirement in selecting target phases
is the preservation of structural stability and the electro-
physical properties of the compound at elevated service
temperatures, which determines the consistency of
the electrophysical characteristics of the material as a
whole [4].

The production of high-temperature radio-
transparent ceramics requires special conditions and
methods to ensure effective phase-formation reactions
for obtaining compounds whose synthesis is necessary
to provide the set of operational properties of the
products. The main drawback of solid-phase synthesis
of compounds of interest for novel functional ceramic
materials is excessive energy consumption due to the
high phase-formation temperatures [5], the long
duration of the process, as well as the presence of
impurities in the raw materials that deteriorate the
properties of the synthesized products [6]. The purity
and reproducibility of the synthesized products, high
dispersity of the powders of target compounds,
homogeneous grain size distribution, and the required
phase composition are crucial for obtaining high-
temperature radio-transparent ceramic and composite
materials with high strength and thermal stability.

The above factors determine the high interest in
mastering new methods for synthesizing refractory
compounds, which can ensure the fulfillment of these
requirements.

The aim of the research is the exothermic
synthesis of ultrafine powders of celsian, slawsonite,
and willemite (both separately and in combinations)
using the nitrate–citrate method to minimize energy
consumption at the synthesis stage of target compounds
in the technology of radio-transparent ceramic and
composite materials.

To achieve this aim, the following tasks were
set:

  – Analysis of possible solutions to the problem
of high-energy consumption in the synthesis of
refractory compounds;

  – Development of a methodology for obtaining
target compounds and their combinations using the
nitrate-citrate method;

  – Investigation of the phase composition and
morphological features of the synthesized products.

Reducing the synthesis temperature of target
compounds, as well as obtaining a high-purity product
in the shortest possible time, remains a challenge
that continues to attract the efforts of materials
scientists [7–9]. Some progress has already been made

in this direction. Still, no significant techno-economic
effect has been achieved, which is explained by the
peculiarities of celsian and slawsonite formation
mechanisms.

It is known that celsian formation occurs through
the slow transformation of metastable hexacelsian at
high temperatures [10]. At the same time, hexacelsian
can be synthesized by alternative, more energy-efficient
methods: electrofusion [11], sol-gel [12], and ion
exchange [13]. Thus, the key to developing energy-
efficient BAS-ceramics and composites based on them
is solving the problem of hexacelsian transformation
into celsian.

In addition, the limitation in lowering the solid-
phase synthesis temperature of slawsonite is the slow
decomposition of strontianite (SrCO3), which occurs
in the temperature range of 875–10350C due to
the transformation of polymorphic modifications
α-SrCO3→β-SrCO3, thereby inhibiting its phase-
formation processes [14]. Moreover, the formation of
undesirable intermediate strontium aluminates leads
to gehlenite (Sr2Al2SiO7), which decomposes into
slawsonite at ~16000C, significantly increasing the
energy consumption of its synthesis.

Over the past decade, many studies have aimed
to reduce the synthesis temperatures of celsian and
slawsonite using different approaches, such as employing
semi-products as intermediate compounds [15], adding
precursors [16] or mineralizer doping [11], forming
solid solutions, or crystallizing glasses of stoichiometric
composition [17], all of which contribute to some
reduction in energy consumption.

Currently, attempts have been made to use
methods alternative to conventional solid-phase high-
temperature synthesis, such as high-energy mechanical-
chemical activation, sol-gel synthesis, hydrothermal
synthesis, chemical co-precipitation, RF magnetron
sputtering, spray pyrolysis, microwave hydrothermal
synthesis, ultrafast pyrosynthesis, etc. [18]. Literature
data analysis indicates that alternative approaches to
synthesizing refractory aluminosilicates and silicates
are potentially economically efficient for producing
technical ceramics with various functional applications,
compared to conventional solid-phase synthesis. The
advantages of such methods include reduced energy
consumption, shorter processing cycles, and obtaining
high-quality products with minimal impurities.
However, most of these methods are not applied in
industry due to the complexity of scaling up the
technological process [19].

Considering the above, obtaining refractory
compounds via exothermic synthesis is of interest.
This process is based on chemical reactions
accompanied by the release of a large amount of heat,



124

O.Yu. Fedorenko, G.V. Lisachuk, N.A. Kryvobok, K.V. Bilogubkina, E.V. Chefranov

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 6, pp. 122-132

sufficient to sustain the process without external
heating. Owing to the heat released, the reaction can
propagate spontaneously throughout the entire reaction
mixture. One type of exothermic synthesis is
pyrosynthesis, which can be used to obtain high-
temperature compounds (borides, carbides, nitrides,
and silicides of metals) that are valuable for high-tech
industries in aerospace, energy, metalworking, and
electronics, owing to the high thermal stability,
hardness, and corrosion resistance of the resulting
materials. However, the application’s feasibility depends
on the compound’s composition and the
thermodynamic conditions of its formation.

The main features of exothermic synthesis
include:

– Energy efficiency (due to the absence of a
need for large amounts of external energy);

– High reaction rate (typically synthesis occurs
within seconds);

– Possibility of obtaining high-purity reaction
products;

– Controllability of reactant ratios and process
conditions, ensuring the production of materials with
specified phase composition and properties.

At the same time, it should be considered that
in synthesizing crystalline target phases, the reaction
must provide sufficient heating for component diffusion
and compound structure formation. To ensure self-
propagation of the response and preservation of the
stoichiometry of the synthesized compound, justified
calculation of the exothermic mixture composition
and accurate dosing of the components are critical.
Otherwise, crystallization of intermediate phases
(e.g., barium and strontium aluminates and silicates)
may occur. Temperature control is also crucial, affecting
the synthesized products’ phase composition and
determining their morphological features.

Thus, for celsian and slawsonite, as the main
phases for obtaining high-temperature radio-transparent
ceramics, pyrosynthesis is potentially feasible: the
formation of target compounds is likely at relatively
low temperatures (900–10500C) compared to
conventional solid-phase synthesis (1350–14000C)
[20]. However, the success of this approach depends
on the availability of raw materials (pure technical
products), the degree of exothermicity of the mixture,
and temperature control to avoid the formation of
secondary phases. In turn, the synthesis of willemite
(Zn2SiO4) powder by pyrosynthesis is the simplest
due to the high thermodynamic potential of the
reaction. Willemite formation requires somewhat lower
temperatures (1100–12000C), so in this case,
exothermicity can be enhanced by using additional
heat sources to ensure process stability and

reproducibility of the product composition.
One of the promising approaches to implementing

pyrosynthesis is the nitrate–citrate method, which
enables the formation of target compounds through
the creation of a homogeneous precursor mixture using
water-soluble nitrates and organic compounds,
particularly citrates, which act as a reducing agent
and chelating agent. The method involves preparing
aqueous solutions of metal nitrates with the addition
of citric acid, which, as a complexing agent, stabilizes
metal ions in solution and promotes the formation of
a homogeneous mixture. Heating of the exothermic
mixtures is accompanied by a rapid temperature rise
and release of significant amounts of energy, leading
to self-ignition of the mixture. This method ensures
uniform distribution of elements in the mix at the
molecular level, guaranteeing high purity of the
synthesized products [21]. Furthermore, the method
allows control over the size of crystalline structures
by varying the temperature conditions of synthesis.
Its implementation does not require specialized
equipment; phase-formation processes occur in an air
atmosphere.

Experimental
For the implementation of exothermic synthesis

of target phases BaAl2Si2O8 (C), SrAl2Si2O8 (S),
Zn2SiO4 (W), and their combinations (SC, SW, CW,
SCW), the following chemically pure technical
products were used: nitrates Al(NO3)3, Ba(NO3)2,
Sr(NO3)2, Zn(NO3)2⋅6H2O, as well as amorphous
highly dispersed silicon dioxide (Oresil 300). Distilled
water was used to prepare precursor solutions. Citric
acid (C6H8O7) and urea (NH2)2CO were applied as
reducing agents.

The nitrate-citrate pyrosynthesis was carried out
according to the following procedure:

1. Preparation of precursor solutions considering
the stoichiometry of the target compounds;

2. Preparation of the exothermic mixture from
the precursor solutions at the specified ratio of the
target compounds;

3. Introduction of technological additives into
the exothermic mixture: citric acid (to prevent cation 
precipitation through the formation of citrate 
complexes) and ammonium nitrate NH4NO3 (to 
stabilize the solution);

4. Heating of the exothermic mixture until the
onset of self-ignition;

5. Slow cooling of the reaction product to avoid
the formation of secondary phases;

6. Calcination of the reaction product at 9500C
to complete the phase-formation reactions.

During the heat treatment in the nitrate-citrate
synthesis of the target compounds, a complex set of
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reactions occurs, the main ones being:
– decomposition of nitrates with the release of

oxides and gaseous products:

Ba(NO3)2→BaO+2NO2+12O2;

Sr(NO3)2→SrO+2NO2+12O2;

Al(NO3)3→Al2O3+3NO2+32O2;

– combustion of the organic matrix (citric acid,
C6H8O7), accompanied by the release of gaseous
products:

C6H8O7+72O2→6CO2+4H2O;
– formation of target compounds from phase-

forming oxides:

BaO+Al2O3+2SiO2→BaAl2Si2O8;

SrO+Al2O3+2SiO2→SrAl2Si2O8;

2ZnO+SiO2→Zn2SiO4.

Generalized phase-formation reactions during
pyrosynthesis of target compounds are as follows:

Ba(NO3)2+2Al(NO3)3+2SiO2+C6H8O7→
→BaAl2Si2O8+H2O+CO2↑+NO2↑+O2↑;

Sr(NO3)2+2Al(NO3)3+2SiO2+C6H8O7→
→SrAl2Si2O8+H2O+CO2↑+NO2↑+O2↑;

2Zn(NO3)2⋅6H2O+SiO2+C6H8O7→
→Zn2SiO4+7H2O+CO2↑+N2↑.

Based on the above reactions, considering the
specified ratios of the target phases (Table 1), the
compositions of the exothermic mixtures were
calculated.

For the individual synthesis of target phases
(mixtures labeled as C, S, and W), the amounts of
reagents containing phase-forming components in the
exothermic mixtures were calculated according to the
stoichiometry of the corresponding compounds. For
mixtures intended for the simultaneous synthesis of
two phases (SC, SW, CW) and three phases (SCW),
the required amounts of reagents were determined
considering their ratios of 1:1 and 1:1:1, respectively.

Aqueous solutions of metal nitrates were prepared
by dosing and stirring at 60–700C for 30 minutes to
ensure the complete dissolution of salts.

To form a stable citrate complex and ensure
effective chelation, the molar ratio of citric acid to
phase-forming cations was maintained at 2:1.
Ammonium nitrate solution was used to stabilize the
mixture, maintaining pH ≈6–7. The amount of
NH4NO3 was calculated based on the content of phase-
forming oxides, with a ratio of NH4NO3 to the sum
of oxides of 1:1.

The ratio of reducing agent to oxidizer (ϕ) was
defined as the actual «reductant:oxidant» ratio relative
to the stoichiometric «reductant:oxidant» ratio. If ϕ=1,
no additional oxygen is required for complete
oxidation. Values of ϕ>1 or ϕ<1 correspond to excess
or insufficient reductant, respectively. In the case of
ϕ>1, an incomplete oxidation of the reductant leads
to the formation of a reducing atmosphere, eliminating
the need for its artificial creation. In this study, the

Table 1

Chemical composition of mixtures (recalculated with respect to oxides) by the specified phase composition of the

synthesized products

Oxide content, mol.% Designation of 

mixtures 

Target phase composition of 

synthesis products, % BaO SrO ZnO Al2O3 SiO2 

C BaAl2Si2O8 100 25.0 – – 25.0 50.0 

S SrAl2Si2O8 100 – 25.0 – 25.0 50.0 

W ZnSiO4 100 – – 73.0 – 27.0 

SC 
BaAl2Si2O8 50 

SrAl2Si2O8 50 
12.1 12.9 – 25.0 50.0 

SW 
SrAl2Si2O8 50 

Zn2SiO4 50 
– 10.1 39.7 10.1 40.1 

CW 
BaAl2Si2O8 50 

Zn2SiO4 50 
9.7 – 40.7 9.7 39.8 

SCW 

BaAl2Si2O8 40 

SrAl2Si2O8 40 

Zn2SiO4 20 

8.8 9.4 18.3 18.1 45.4 
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ratio was kept constant at ϕ=1.25.
Since barium and strontium nitrates are

thermally stable, their decomposition reactions to form
phase-forming oxides require increased heat release.
To meet this condition, citric acid (C6H8O7) was used
as a reductant with urea (NH2)2CO. Such a combination
enhances the exothermic effect and accelerates the
synthesis process. The brightness of the glow evaluated
the intensity of the pyrolytic reaction during the self-
ignition of the exothermic mixture. It was established
that the most intense combustion, accompanied by
open flame above the surface of the mix, was observed
at a molar ratio of citric acid to urea of 1:1.

The exothermic mixtures consisting of precursor
solutions, chelating agent (NH4NO3), and reductants
(C6H8O7+(NH2)2CO) were heated until the onset of
self-ignition caused by energy release. The
pyrosynthesis was accompanied by gradual removal
of organic residues and gases, resulting in a
homogeneous product, a nanostructured oxide precursor
of the target phases. To avoid secondary phases, it
was necessary to strictly maintain the specified ratios
of reagents, including the composite reductant, whose
qualitative and quantitative characteristics determine
the temperature regime of synthesis.

The reaction products were calcined in a muffle
furnace at 9500C, 10000C, and 10500C to complete
the directed phase-formation process and remove
residual organics. This allowed assessment of the effect
of calcination temperature on the particle morphology
of the synthesized powders with the required phase
composition.

The phase composition of the synthesis products
was determined by qualitative X-ray diffraction (XRD)
analysis using a DRON-3M diffractometer with CuKa

radiation. The crystallite size was estimated from the

width of diffraction maxima in the XRD patterns of
powders using the Scherrer equation [22]:

cosθβ

λK
d

⋅

⋅
= ,

where d is the crystallite size; β is the full width at 
half maximum of the peak, rad or 2θ units; λ is the 
X-ray wavelength; θ is the diffraction angle; K is 
the Scherrer shape factor; and n is the number 

of interplanar spacing δhkl.
Microstructural and morphological features were

analyzed using scanning electron microscopy (SEM).
Results and discussion

The stages of the synthesis process of the target
compounds are illustrated in Fig. 1. Heating of the
precursor solutions of the exothermic mixtures resulted
in a gradual increase in viscosity (Fig. 1a) and foaming
(Fig. 1b). This process was accompanied by a rapid
rise in temperature and intense energy release, causing
self-ignition of the mixture (Fig. 1c), with combustion
accompanied by a bright glow (Fig. 1d). After cooling,
the reaction products were obtained in the form of
lightweight, highly porous agglomerates.

Using citric acid combined with urea as a
reductant ensured complete transformation of the
initial components of the experimental mixtures during
the exothermic synthesis. As a result, highly porous
reaction products were formed, containing aggregates
of irregular shape composed of fine crystalline particles.

To complete the phase-formation process,
increase crystallinity of the synthesized products, and
remove organic impurities that may remain after
pyrosynthesis, the obtained ceramic powders were
subjected to heat treatment with 1-hour holding at

Fig. 1. Stages of pyrosynthesis of the target compounds: a – gel formation; b – foaming;

c – self-ignition and combustion of the exothermic mixture; d – cooling
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9500C. This technological procedure, known as
«calcination», allows obtaining synthesis products with
a content of target phases of 96–98%. Figure 2 presents
the appearance of synthesis products obtained using
the CW mixture after cooling and calcination at 9500C
for one hour.

The composition of the exothermic synthesis
products was determined using X-ray diffraction
(XRD) analysis. Figure 3 shows fragments of XRD
patterns of the pyrosynthesis products before and after
thermal treatment. As can be seen, the synthesis
products obtained from the exothermic mixtures C,
S, SC, and SW are predominantly X-ray amorphous.
In turn, the XRD patterns of the CW and SCW
mixtures reveal reflections of the target phases, though
of low intensity, indicating the small size of crystalline
formations.

Further heating and holding at 9500C complete
the phase-formation reactions of thermodynamically
stable phases and increase the crystallinity of the
synthesis products. For example, only the
corresponding target phases were identified in the
synthesis products of the S, SW, and SCW mixtures
subjected to 1 h thermal treatment at 9500C.

A solid solution of celsian and slawsonite was
identified in the SC sample. Its formation is favorable
due to the similar tectosilicate structure of these
compounds and the close ionic radii of alkaline earth
metals (Ba ≈0.149 nm, Sr ≈0.132 nm), which
minimizes the energy cost of lattice deformation. In
addition, Ba2+ and Sr2+ ions have the same charge,
and thus do not disturb the electro-neutrality of the
crystal when forming a solid solution via a substitution
mechanism.

It should be noted that the ability of celsian and
slawsonite to form solid solutions is a technological
approach enabling directed adjustment of dielectric
characteristics through variation of the Ba/Sr ratio.
This improves microstructural homogeneity and

material density, stabilizes thermal expansion,
enhances resistance to abrupt temperature fluctuations,
and increases mechanical strength due to reduced
lattice stresses. Partial substitution of Ba with Sr in
the crystalline lattice not only decreases dielectric
losses of solid-solution-based materials with the general
formula BaxSr1–xAl2Si2O8, but also promotes the
formation of a more stable celsian structure at relatively
low temperatures (≈11000C), thereby reducing the risk
of forming the undesirable hexacelsian structure. Due
to its structural peculiarities, it is known that upon
cooling, the hexacelsian phase induces significant
volume changes (up to 2%), causing internal stresses
and microcrack formation. Such behavior of ceramics
based on celsian–slawsonite solid solutions is
advantageous when fine-tuning materials for specific
frequencies and operating conditions of radome
applications in missiles and aircraft (e.g., aviation
radar).

In turn, the CW mixture product contains
residual phase-forming oxides (ZnO and SiO2) that
remain unreacted, identified in the material as zincite
and quartz. Meanwhile, the C mixture product, apart
from phase-forming oxides (Al2O3 and SiO2), contains
an intermediate phase, BaAl2O4. According to the
BaO–Al2O3–SiO2 phase diagram, this orthorhombic
phase is stable up to 16000C, and only under excess
conditions transforms into BaAl2Si2O8. However, this
transition requires higher temperatures and longer
durations. Typically, BaAl2O4 forms if the Al2O3/SiO2

ratio >0.5. To prevent its formation, synthesis
conditions should be adjusted: modify the molar ratio
of phase-forming oxides for celsian synthesis toward
an excess of SiO2, ensure maximum homogenization
of the mixture, and increase synthesis temperature
and duration.

It is evident from Fig. 3 that the reflections of
target phases in the XRD patterns of most samples
have low intensity and a diffuse character. As is known

Fig. 2. Appearance of synthesis products (example of the CW mixture): a – after cooling; b – after calcination at 9500C
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Fig. 3. XRD patterns of exothermic synthesis products of different compositions before and after the treatment at 9500C
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[1], broadening and low intensity of reflections are
typical indicators of high dispersity of the crystalline
phase. Considering the significant effect of particle
size on sintering processes and the properties of radio-
transparent ceramics, particle size evaluation of the
obtained ceramic powders was further performed.
Analysis of the XRD patterns allowed estimation of
crystallite sizes in the synthesis products. Average
particle size was calculated using the Scherrer method
based on the width of diffraction maxima [22]. The
calculations showed that crystallite sizes in the
pyrosynthesis products obtained with the experimental
exothermic mixtures ranged from 35 to 70 nm. It
should be noted that the Scherer equation only
estimates particle size, since it accounts for peak
broadening related only to size effects, while neglecting
the influence of internal lattice stresses.

SEM micrographs (Fig. 4) illustrate, at different
magnifications, the morphological features of an ultra-
dispersed powder of slawsonite+willemite composition
obtained from the SC exothermic mixture.

The SEM images show that the synthesis products
consist of porous agglomerates 2–12 µm, composed
of delicate primary crystalline formations of irregular
shape with dimensions up to 1 µm. Individual particles
exhibit submicron sizes (≈300–500 nm). Increasing
the calcination temperature of the synthesis products
to 10000C and above results in growth of the primary
ceramic particles and their agglomeration, regardless
of the synthesis products’ composition.

Conclusions

1. Experimental studies demonstrated the
feasibility of the nitrate-citrate pyrosynthesis method
for obtaining target compounds that determine the
ability of ceramic materials to transmit electromagnetic
waves in the radio-frequency range. Using this method
under laboratory conditions, ultra-dispersed powders

of refractory compounds (celsian, slawsonite, and
willemite) and their combinations (slawsonite+celsian,
s l awson i t e+wi l l emi t e , ce l s i an+wi l l emi t e ,
slawsonite+celsian+willemite) were synthesized. The
nitrate-citrate method is flexible and can be adapted
for synthesizing other refractory compounds and their
mixtures.

2. It was shown that the phase composition of
the obtained ceramic powders depends not only on
the composition of the exothermic mixture but also
on the temperature provided by a given exothermic
reaction. Using citric acid as a reductant ensures
complete transformation of the initial components of
the exothermic mixtures and the formation of ultra-
dispersed ceramic powders of the desired composition.
Alternative reductants (urea or glycine) may adjust
synthesis temperature, differing composition, chemical
structure, and the amount of gaseous products released.
The temperature and duration of thermal treatment
mainly influence the particle morphology of ceramic
powders. It was established that short-term heating at
9500C increases the crystallinity of the synthesis
products, while treatment above 10000C is undesirable
due to the growth of primary crystalline particles.

3. The synthesized ultra-dispersed powders can
produce ceramic and hybrid composite materials for
radio-transparent protective structures of electronic
devices operating in the microwave range. It can be
expected that the high dispersity of pyrosynthesized
ceramic powders will enable the formation of fine-
grained microstructures in radio-transparent ceramics,
thereby improving their functional and mechanical
properties.

4. The results confirm the advantages of the
illustrated synthesis method of ultra-dispersed refractory
compounds regarding energy efficiency and economic
feasibility. This approach allows the reduction of energy

Fig. 4. SEM images of SC mixture synthesis products after thermal treatment of the powder at 9500C



130

O.Yu. Fedorenko, G.V. Lisachuk, N.A. Kryvobok, K.V. Bilogubkina, E.V. Chefranov

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 6, pp. 122-132

costs for the synthesis of refractory compounds and
shortens the production cycle of radio-transparent
ceramic materials. Future research will focus on
optimizing the pyrosynthesis parameters within the
nitrate-citrate method and exploring scaling pathways
for industrial production of radio-transparent ceramics.
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ÅÍÅÐÃÎÅÔÅÊÒÈÂÍÈÉ ÑÈÍÒÅÇ
ÓËÜÒÐÀÄÈÑÏÅÐÑÍÎÃÎ ÏÎÐÎØÊÓ ÄËß
ÎÄÅÐÆÀÍÍß ÐÀÄ²ÎÏÐÎÇÎÐÎ¯ ÊÅÐÀÌ²ÊÈ ÒÀ
ÊÎÌÏÎÇÈÒ²Â

Î.Þ. Ôåäîðåíêî, Ã.Â. Ë³ñà÷óê, Í.À. Êðèâîáîê,
Ê.Â. Á³ëîãóáê³íà, ª.Â. ×åôðàíîâ

Ñèíòåç òóãîïëàâêèõ ñïîëóê âèìàãàº ñïåö³àëüíèõ óìîâ
òà ìåòîä³â äëÿ çàáåçïå÷åííÿ åôåêòèâíîãî ïðîâåäåííÿ
ðåàêö³é ôàçîóòâîðåííÿ äëÿ îäåðæàííÿ ö³ëüîâèõ ñïîëóê.
Îñíîâíèì íåäîë³êîì òâåðäîôàçíîãî ñèíòåçó ñïîëóê, ùî
ñòàíîâëÿòü íàéá³ëüøèé ³íòåðåñ äëÿ îäåðæàííÿ íîâèõ
ôóíêö³îíàëüíèõ êåðàì³÷íèõ ìàòåð³àë³â, º âèñîêà åíåðãî-
ºìí³ñòü ÷åðåç âèñîê³ òåìïåðàòóðè ôàçîóòâîðåííÿ, òðèâàë³ñòü
ïðîöåñó òà íàÿâí³ñòü äîì³øîê ó ñèðîâèí³, ÿê³ ïîã³ðøóþòü
âëàñòèâîñò³ ïðîäóêò³â ñèíòåçó. Ñàìå ÷èñòîòà òà â³äòâîðþ-
âàí³ñòü ïðîäóêò³â ñèíòåçó, âèñîêà äèñïåðñí³ñòü êðèñòàë³-
÷íî¿ ôàçè òà îäíîð³äí³ñòü ðîçïîä³ëó çåðåí çà ðîçì³ðàìè
çàáåçïå÷óþòü íå ò³ëüêè âèñîêó ì³öí³ñòü êåðàì³÷íèõ òà êîì-
ïîçèòíèõ ìàòåð³àë³â ðàä³îòåõí³÷íîãî ïðèçíà÷åííÿ, àëå é
íåîáõ³äíèé ð³âåíü ¿õ ôóíêö³îíàëüíèõ âëàñòèâîñòåé,
çîêðåìà åëåêòðîô³çè÷íèõ. Ó äàí³é ðîáîò³ ïðîàíàë³çîâàíî
ìîæëèâ³ øëÿõè âèð³øåííÿ ïðîáëåìè åíåðãîñïîæèâàííÿ
ïðè ñèíòåç³ òóãîïëàâêèõ ñïîëóê. Îáãîâîðþþòüñÿ ðåçóëü-
òàòè äîñë³äæåíü, ñïðÿìîâàíèõ íà ñèíòåç ñïîëóê ñèñòåìè
BaO (SrO, ZnO)–Al2O3–SiO2, íåîáõ³äíèõ äëÿ âèãîòîâëåí-
íÿ ðàä³îïðîçîðèõ êåðàì³÷íèõ òà êîìïîçèö³éíèõ ìàòåð³àë³â
çà òåõíîëîã³ºþ åêçîòåðì³÷íîãî ñèíòåçó ³ç ñóì³øåé, ùî
ì³ñòÿòü í³òðàòè áàð³þ òà ñòðîíö³þ, êðåìíåçåì òà îðãàí³÷í³
â³äíîâíèêè. Ðîçðîáëåíî ðåöåïòóðó òà òåõíîëîã³÷í³ ïàðà-
ìåòðè äëÿ îäåðæàííÿ ö³ëüîâèõ ñïîëóê òà ¿õ êîìá³íàö³é
í³òðàò-öèòðàòíèì ìåòîäîì. Ó ëàáîðàòîðíèõ óìîâàõ îòðè-
ìàíî óëüòðàäèñïåðñí³ ïîðîøêè òóãîïëàâêèõ ñïîëóê (öåëü-
ç³àíó, ñëàâñîí³òó òà â³ëëåì³òó), à òàêîæ ¿õ êîìá³íàö³é
(ñëàâñîí³ò+öåëüç³àí, ñëàâñîí³ò+â³ëëåì³ò, öåëüç³àí+â³ëëåì³ò,
ñëàâñîí³ò+öåëüç³àí+â³ëëåì³ò). Çà äîïîìîãîþ ðåíòãåíî-ôà-
çîâîãî àíàë³çó òà ñêàíóþ÷î¿ åëåêòðîííî¿ ì³êðîñêîï³¿
äîñë³äæåíî ñòðóêòóðí³ òà ôàçîâ³ îñîáëèâîñò³ ïðîäóêò³â
ðåàêö³¿, à òàêîæ âèçíà÷åíî ôàêòîðè, ùî âèçíà÷àþòü ¿õ
÷èñòîòó òà ìîðôîëîã³þ ÷àñòèíîê îòðèìàíèõ êåðàì³÷íèõ ïî-
ðîøê³â.

Êëþ÷îâ³ ñëîâà: ðàä³îïðîçîð³ñòü, êåðàì³÷í³ òà
êîìïîçèö³éí³ ìàòåð³àëè, óëüòðàäèñïåðñí³ ïîðîøêè,
ï³ðîñèíòåç, í³òðàò-öèòðàòíèé ìåòîä, ôàçîâèé ñêëàä,
ìîðôîëîã³÷í³ îñîáëèâîñò³.

ENERGY-EFFICIENT SYNTHESIS OF ULTRA-
DISPERSED POWDERS FOR OBTAINING RADIO-
TRANSPARENT CERAMICS AND COMPOSITES
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K.V. Bilogubkina, E.V. Chefranov
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The synthesis of refractory compounds requires special
conditions and methods to ensure the effective conduct of the
phase formation reactions to obtain target compounds. The main
disadvantage of solid-phase synthesis of compounds that are of
most significant interest for obtaining new functional ceramic
materials is the high energy consumption due to high phase
formation temperatures, the duration of the process, and the
presence of impurities in raw materials that impair the properties
of the synthesis products. It is the purity and reproducibility of
the synthesis products, the high dispersion of the crystalline phase,
and the uniformity of the grain size distribution that ensure not
only the high strength of ceramics and composite materials for
radio-engineering purposes, but also the necessary level of their
functional properties, in particular, electrophysical properties. This
work analyzes possible solutions to the problem of energy
consumption in the synthesis of refractory compounds. The results
of research aimed at the synthesis of compounds of the BaO(SrO,
ZnO)–Al2O3–SiO2 system, necessary for the manufacture of radio-
transparent ceramic and composite materials using the technology
of exothermic synthesis from mixtures containing barium and
strontium nitrates, silica, and organic reducing agents, are discussed.
The formulation and technological parameters for obtaining the
target compounds and their combinations using the nitrate-citrate
method have been developed. Ultra-dispersed powders of refractory
compounds (celsian, slawsonite, and willemite), as well as their
combinations (slawsonite+celsian, slawsonite+willemite,
celsian+willemite, slawsonite+celsian+willemite), have been
obtained under laboratory conditions. With the involvement of
X-ray phase analysis and scanning electron microscopy, the
structural and phase features of the reaction products have been
studied, and the factors determining their purity and particle
morphology of the obtained ceramic powders have been identified.

Keywords: radio-transparent; ceramic and composite
materials; ultrafine powders; pyrosynthesis; nitrate-citrate method;
phase composition; morphological features.

REFERENCES

1. Nag A, Rao RR, Panda PK. High temperature ceramic
radomes (HTCR) – a review. Ceram Int. 2021; 47: 20793-
20806. doi: 10.1016/j.ceramint.2021.04.203.

2. Varghese J, Joseph N, Jantunen H, Behera SK,
Kim HT, Sebastian MT. Microwave materials for defense and
aerospace applications. In: Mahajan YR, Johnson R, editors.
Handbook of advanced ceramics and composites. Cham: Springer;
2020. p. 165-213. doi: 10.1007/978-3-030-16347-1_9.

3. Zhang L, Olhero S, Ferreira JMF. Thermo-mechanical
and high-temperature dielectric properties of cordierite-mullite-
alumina ceramics. Ceram Int. 2016; 42: 16897-16905.
doi: 10.1016/j.ceramint.2016.07.188.

4. Kenion T, Yang N, Xu C. Dielectric and
mechanical properties of hypersonic radome materials and
metamaterial design: a review. J Eur Ceram Soc. 2022; 42: 1-17.
doi: 10.1016/j.jeurceramsoc.2021.10.006.



132

O.Yu. Fedorenko, G.V. Lisachuk, N.A. Kryvobok, K.V. Bilogubkina, E.V. Chefranov

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2025, No. 6, pp. 122-132

5. Fu YP, Chang CC, Lin CH, Chin TS. Solid-state
synthesis of ceramics in the BaO–SrO–Al2O3–SiO2 system. Ceram

Int. 2004; 30: 41-45. doi: 10.1016/S0272-8842(03)00059-2.

6. Ganesh I, Mahajan YR. Slip-cast fused silica radomes
for hypervelocity vehicles: advantages, challenges, and fabrication
techniques. In: Mahajan YR, Johnson R, editors. Handbook of

advanced ceramics and composites. Cham: Springer; 2020. ð.
251-317. doi: 10.1007/978-3-030-16347-1_55.

7. Nesterenko R, Magdin A, Kudryavcev D, Zhanzakova D.
Composite use in nose cone designing for aircraft. Bull Bryansk

State Techn Univ. 2021; (2): 13-20.

8. Kryvobok RV, Bilogubkina KV, Fedorenko OY,
Lisachuk GV, Voloshchuk VV, Tarasenko OM. Technology of
production of radio-transparent ceramic materials. IEEE 5th KhPI

Week on Advanced Technology (KhPIWeek). Kharkiv, Ukraine.
2024. p. 1-6. doi: 10.1109/KhPIWeek61434.2024.10878028.

9. Zaichuk AV, Amelina AA, Karasik YV, Khomenko YS,
Lementareva VA, Saltykov DYu. Radio-transparent ceramic
materials of spodumene-cordierite composition. Funct Mater.
2019; 26(1): 174-181. doi: 10.15407/fm26.01.174.

10. Gorelova L, Britvin S, Vereshchagin O, Pankin D,
Bocharov V, Silyukov O, et al. Structural anatomy and thermal
transitions of barium feldspars, BaAl2Si2O8. J Eur Ceram Soc.
2024; 44: 6402-6412. doi: 10.1016/j.jeurceramsoc.2024.04.030.

11. Lee KT, Aswath PB. Role of mineralizers on
the hexacelsian to celsian transformation in the barium
aluminosilicate (BAS) system. Mater Sci Eng A. 2003; 352: 1-7.
doi: 10.1016/S0921-5093(02)00118-1.

12. Long-Gonzalez D, Lopez-Cuevas J,
Gutierrez-Chavarria CA, Pena P, Baudin C, Turrillas X.
Synthesis of monoclinic celsian from coal fly ash by a one-step
solid-state reaction process. Ceram Int. 2010; 36: 661-672.
doi: 10.1016/j.ceramint.2009.10.008.

13. Radosavljevic-Mihajlovic AS, Prekajski MD,
Zagorac J, Dosen AM, Nenadovic SS, Matovic BZ. Preparation,
structural and microstructural properties of Ba0.64Ca0.32Al2Si2O8

ceramics phase. Ceram Int. 2012; 38: 2347-2354.
doi: 10.1016/j.ceramint.2011.10.087.

14. Lisachuk GV, Kryvobok RV, Zakharov AV,
Fedorenko EY, Prytkina MS. Thermodynamic analysis of solid
phase reactions in SrO–Al2O3–SiO2 system. Funct Mater. 2016;
23(1): 71-74. doi: 10.15407/fm23.01.071.

15. Lee KT, Aswath PB. Enhanced production of celsian
barium aluminosilicates by a three-step firing technique. Mater Chem

Phys. 2001; 71: 47-52. doi: 10.1016/S0254-0584(00)00525-3.

16. He P, Fu S, Yuan J, Rao J, Xu J, Wang P, et al.
Celsian formation from barium-exchanged geopolymer precursor:
thermal evolution. J Eur Ceram Soc. 2017; 37: 4179-4185.
doi: 10.1016/j.jeurceramsoc.2017.04.074.

17. Sung YM, Kim S. Sintering and crystallization of off-
stoichiometric SrO⋅Al2O3⋅2SiO2 glasses. J Mater Sci. 2000; 35:
4293-4299. doi: 10.1023/A:1004880201847.

18. Shchegoleva NE, Lebedeva YE, Voronov VA,
Kovaleva VS, Chainikova AS. Sol-gel production of
alkaline-free aluminosilicate glass ceramic and investigation
of its properties. Glass Ceram. 2022; 79: 121-129.
doi: 10.1007/s10717-022-00468-3.

19. Hwang CC, Wu TY, Wan J. Design and modify
the combustion synthesis method to synthesize ceramic
oxide powders. J Mater Sci . 2004; 39: 4687-4691.
doi: 10.1023/B:JMSC.0000034172.24954.d9.

20. Podbolotov KB, Volochko AT, Lisachuk GV,
Krivobok RV, Voloshchuk VV. Exothermic synthesis of ceramic
materials based on barium and strontium aluminosilicates. Voprosy

Khimii i Khimicheskoi Tekhnologii. 2021; (6): 57-64.
doi: 10.32434/0321-4095-2021-139-6-57-64.

21. Polla MB, Nicolini JL, Venturini J, da Cas Viegas A,
Vasconcellos MAZ, Montedo ORK, et al. Low-temperature
sol–gel synthesis of magnetite superparamagnetic
nanoparticles: influence of heat treatment and citrate–nitrate
equivalence ratio. Ceram Int . 2023; 49: 7322-7332.
doi: 10.1016/j.ceramint.2022.10.182.

22. Gunashekar GS, Krishna M. An overview on powder
X-ray diffraction and its current applications. Res Rev J Phys.
2015; 4(3): 6-10.




