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The production of phase shifters for phased-array antennas is typically based on cordierite

glass-ceramics, such as grades ST-32 and ST-38, or on materials of similar composition.

Such materials are required to exhibit water resistance, low dielectric losses in the

microwave frequency range, controlled values of the coefficient of thermal expansion,

and high thermomechanical performance. This study focuses on the development of

low-temperature ceramic compositions in the MgO–Al2O3–SiO2–TiO2 system for the

fabrication of phase shifters with tailored physical, mechanical, thermal, and dielectric

properties. Thermodynamic calculations were performed to evaluate possible reactions

in the MgO–Al2O3–SiO2–TiO2 system involving components of eutectic glass

compositions in the MgO–Al2O3–SiO2 system. The triple eutectic point of this system

was considered, at which the following phases crystallized: cordierite (2MgO⋅2Al2O3⋅5SiO2),

forsterite (2MgO⋅SiO2), and clinoenstatite (MgO⋅SiO2). The thermodynamic analysis

included the determination of Gibbs free energy changes for possible reactions leading to

the formation of cordierite and forsterite phases, as well as reactions involving TiO2. A

relationship between the physical, mechanical, and thermal properties of the developed

ceramics and the technological parameters of their processing (sintering temperature

and TiO2 content) was established. Machine learning methods made it possible to

quantitatively assess the relative contributions of the controlled factors and to improve

the prediction of the properties of the developed ceramics within the investigated

parameter range. The most rational compositions in the MgO–Al2O3–SiO2–TiO2 system

were identified, providing a favorable combination of properties and enabling sintering

at 12000C.
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Introduction
The development of advanced technologies in

aerospace and rocket engineering continuously requires
the design and implementation of a wide range of

dielectric materials, including glass-ceramic and
ceramic systems [1]. These materials must meet
stringent requirements in terms of dielectric, thermal,
and mechanical properties. Glass-ceramic and ceramic
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materials based on aluminosilicate systems satisfy these
requirements and are relatively cost-effective [2]. The
required functional characteristics can be achieved
through the use of ternary compounds such as
spodumene (Li2O ⋅Al 2O3⋅4SiO 2), eucryptite
(Li2O ⋅Al 2O3⋅2SiO2) [3], cordierite
(2MgO⋅2Al2O3⋅5SiO2) [4], celsian (BaO⋅Al2O3⋅2SiO2)
[5] and strontium anorthite (SrO⋅Al2O3⋅2SiO2) [6,7].

Among alkali-free aluminosilicate materials,
cordierite is of particular interest owing to its favorable
combination of high thermomechanical performance,
low density, and low dielectric losses in the microwave
frequency range [8]. Cordierite-based materials are
traditionally used in the fabrication of radio-transparent
components, including phase shifters, which are
essential elements of phased-array antenna systems
for radar applications.

Materials for phase shifters must exhibit low
dielectric losses in the microwave frequency range, a
relative permittivity (ε) within a specified range, and
prescribed values of the coefficient of thermal expansion
(CTE) [9]. Phase shifters are typically produced from
cordierite glass-ceramics such as ST-32 and ST-38 or
compositionally similar materials. These grades are
characterized by CTE values of approximately
32⋅10–7 0C–1 and 38⋅10–7 0C–1, respectively.

Glass-ceramic materials in the MgO–Al2O3–
SiO2 (MAS) system, obtained by glass-based or ceramic
(powder-based) processing routes, require high melting
temperatures of the initial glass (1550–16000C). In
addition, conventional glass and powder technologies
for producing cordierite-based glass-ceramics involve
several challenges, particularly in selecting optimal
glass compositions and efficient heat-treatment regimes.

The active formation of the cordierite phase in
ceramics derived from natural raw materials (kaolinite,
talc, and crystalline alumina) occurs within the
temperature range of 1160–12700C. However, even
sintering at temperatures of 1400–14500C for extended
durations (20–60 h) does not yield a dense material
with minimal water absorption (<0.1%). Moreover,
the formation of significant amounts of secondary
phases such as spinel, mullite, and clinoenstatite
adversely affects the performance characteristics of
such ceramics [10].

This study aims to develop low-temperature
ceramic compositions in the MgO–Al2O3–SiO2–TiO2

system for the fabrication of phase shifters as analogs
of ST-32 cordierite glass-ceramic, with controlled
physical, mechanical, thermal, and dielectric
properties.

Materials and methods

Thermodynamic calculations were performed to
evaluate the possible reactions in the MgO–Al2O3–

SiO2–TiO2 system involving components of eutectic
glass compositions in the MgO–Al2O3–SiO2 (MAS)
system. The triple eutectic point of the MAS system
was considered, at which the following phases crystallize
cordierite (2MgO ⋅2Al 2O3⋅5SiO2), forsterite
(2MgO⋅SiO2), and clinoenstatite (MgO⋅SiO2). The
thermodynamic analysis included the determination
of the Gibbs free energy changes for possible reactions
leading to the formation of cordierite and forsterite
phases involving the eutectic-glass components of the
MAS system, as well as reactions involving TiO2.
Metakaolin (Al2O3⋅2SiO 2), formed by the
dihydroxylation of kaolinite, was considered as one
of the initial components in the analyzed reactions.
Kaolin, whose principal mineral phase is kaolinite,
was used in ceramic compositions as a suspending
additive, making it possible to fabricate products of
varying shape complexity.

The phase composition of the ceramics was
analyzed by X-ray diffraction (XRD) using a DRON-3
diffractometer with Co-Kα radiation.

The raw materials used for the preparation of
the experimental ceramics included eutectic MAS glass,
enriched kaolin (grade ZREF-1, Ukraine), technical
alumina (grade G-0), magnesium hydroxide (analytical
grade), silicon dioxide (grade A), and titanium dioxide
(analytical grade). Ceramic slips with a moisture
content of 26–27 wt.% were prepared by joint wet
milling of the raw components. The samples were
cast into plaster molds in the form of cylinders, bars,
and disks, followed by drying to a residual moisture
content below 1%. Sintering was carried out in an air
atmosphere using an SNOL 15/1300 electric furnace
at temperatures of 1100–12500C.

For the preparation of eutectic MAS glass,
technical alumina (grade G-0), silicon dioxide (grade
A), and boric acid (analytical grade) were used. The
addition of B2O3 (10 weight parts over 100 wt.%)
reduced the glass-melting temperature without
changing the mineralogical composition of the
crystalline phases in the MgO–Al2O3–B2O3–SiO2

(MABS) system. The MABS glass was melted in an
electric furnace with silicon carbide heaters at 13750C
for 1 h using corundum crucibles.

Water absorption (W), open porosity (P), and
apparent density (ρ) of the ceramic samples were
determined by the saturation method followed by
weighing in air and in water.

Compressive strength (σ) of cylindrical samples
(D=H=10 mm) was measured using a PSU-10
hydraulic press.

The coefficient of thermal expansion (CTE) was
determined using an automatic quartz dilatometer
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(DKV-5A) in the temperature range of 20–4000C on
samples of 5×5×50 mm.

Thermal shock resistance was evaluated based
on the maximum temperature difference (∆T, 0C)
sustained by the samples before the appearance of
damage.

The relative permittivity (ε) and dielectric loss
tangent (tan δ) were measured using a setup consisting
of a G4-83 signal generator, an S4-11 spectrum
analyzer, and a biconical resonator connected in a
transmission configuration. Measurements were carried
out at a frequency of 1010 Hz and a temperature of
200C using cylindrical samples (d=8 mm, h=80 mm).

To evaluate the nonlinear influence of TiO2

content and sintering temperature on the properties
of the experimental ceramics, a full factorial design
(32) was applied. The investigated factors were TiO2

content (10–30 weight parts over 100 wt.%) and
sintering temperature (1100–12500C). Experimental
data were processed using regression analysis and
machine learning methods [11]. Based on the obtained
experimental dataset, ML models were developed to
analyze the relationships between technological
parameters and the properties of the ceramics.
Visualization of the results was performed using 2D
heatmaps and 3D response surface plots.

Results and discussion

A technological approach enabling the synthesis
of dense cordierite ceramics at a reduced temperature
of 13500C was proposed in ref. [12]. The approach is
based on replacing part of the components of cordierite
ceramics with a relatively low-melting eutectic glass
in the pseudo-ternary MgO–Al2O3–SiO2 system. In
this case, the cordierite phase is formed during sintering
due to the interaction between components of the
experimental glass and crystalline fillers.

In the present study, the triple eutectic point of
the MAS system (13600C) was selected, at which
cordierite, forsterite, and clinoenstatite crystallize. The
coefficient of thermal expansion of the MABS glass
corresponding to the eutectic composition with the
addition of B2O3 (10 weight parts over 100 wt.%) is
51.5⋅10–7 0C–1. The crystalline phases clinoenstatite
and forsterite are characterized by low dielectric losses
(ε=6–7, tan δ=0.0015–0.003 at 200C) and relatively
high coefficients of thermal expansion, 77.0⋅10–7 0C–1

and 90⋅10–7 0C–1 respectively, and form the basis of
radiotechnical ceramics [13]. Considering the more
stable physical properties of forsterite compared to
clinoenstatite, the possibility of incorporating the
MgO⋅SiO2 component of the eutectic glass into the
forsterite phase was evaluated.

Titanium dioxide is traditionally introduced into
cordierite glass compositions to promote fine

crystallization of the cordierite phase during heat
treatment of glass-ceramics. In addition, TiO2 enables
the adjustment of the coefficient of thermal expansion
within a desired range, ensuring compatibility between
components made of dissimilar materials, and allows
maintaining the relative permittivity within specified
limits while preserving low dielectric losses [14].
Therefore, possible reactions involving TiO2 were also
considered in the thermodynamic analysis.

The compounds considered as initial components
of reactions in the MgO–Al2O3–SiO2–TiO2 system
are as follows: MABS glass (2MgO⋅2Al2O3⋅5SiO2,
2MgO⋅SiO2 and MgO⋅SiO2), Al2O3⋅2SiO2, SiO2, MgO,
and TiO2.

Thermodynamic calculations of 0

T
G∆  were

carried out to assess the feasibility of reactions
(1)–(5) during the sintering of ceramics in the
MgO–Al2O3–SiO2–TiO2 system over the temperature
range of 873–1473 K.

MgO ⋅SiO2+MgO=2MgO ⋅SiO 2,   (1)

2(Al2O3⋅2SiO2)+2MgO+SiO2=2MgO⋅2Al2O3⋅5SiO2,   (2)

2MgO+TiO 2=2MgO ⋅TiO 2,   (3)

MgO+TiO 2=MgO ⋅TiO 2,   (4)

MgO+2TiO 2=MgO ⋅2TiO2.   (5)

During thermodynamic calculations, the change
in Gibbs free energy of reactions ( 0

T
G∆ ) is

determined. Among the possible processes occurring
in the system, the most thermodynamically favorable
is the one associated with the greatest decrease in

0

T
G∆ .

Thermodynamic constants for minerals that are
crystallization products of MABS glass in the glassy
state are not available in the literature. Therefore,
thermodynamic data for the corresponding crystalline
compounds were used. The relatively small differences
between the thermodynamic constants of silicates in
crystalline and glassy states do not lead to significant
changes in the final results.

The values of thermodynamic constants of the
initial individual compounds and reaction products at
standard temperature are presented in Table 1.

The calculated values of 0

T
G∆  for reactions (1)–

(5) in the temperature range of 873–1473 K are
presented in Table 2.

Based on the obtained data, in the temperature
range of 873–1173 K, the cordierite phase is expected
to form first according to reaction (2), as evidenced by
the lowest values of 0

T
G∆  (–493.2÷–512.9 kJ⋅mol–1).
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The compounds MgO⋅SiO2 and TiO2 (rutile),
according to the 0

T
G∆  values of reactions (1) and

(3)–(5), compete for MgO. Therefore, considering
the presence of titanium dioxide in the ceramic
composition, it can be expected that, in addition to
the crystalline forsterite phase, magnesium titanates,
particularly MgO⋅2TiO2, may also form during
sintering.

To verify the results of the thermodynamic
calculations, ceramic materials in the MgO–Al2O3–
SiO2–TiO2 system were synthesized. Titanium dioxide

was introduced in amounts of 10–30 weight parts
over 100 wt.%. The chemical compositions of the
ceramics are presented in Table 3.

Sintering was carried out in the temperature
range of 1100–12500C, followed by X-ray diffraction
analysis of the obtained products (Fig. 1).

It was established that the phase composition of
the experimental ceramic CF-5 is represented by
α-cordierite (d⋅1010=8.30; 4.06; 3.35; 3.11; 3.01;
1.68 m) and forsterite (d⋅1010=3.88; 2.89; 2.75; 2.50;
2.44; 1.74 m). With the introduction of titanium

Table 1

Initial thermodynamic constants [15]

Table 2

Calculated values of 0

T
G∆  for reactions (1)–(5)

Values of 0

T
G∆  for reactions (kJ⋅mol

–1
) at different temperatures 

Reaction No. 
873 K 973 K 1073 K 1173 K 1273 K 1373 K 1473 K 

1 –22.5 –22.9 –23.3 –23.8 –24.3 –24.9 –25.5

2 –493.2 –499.8 –506.4 –512.9 – – – 

3 –26.00 –27.30 –28.69 –30.19 –31.80 –33.54 –35.41

4 –24.29 –24.30 –24.31 –24.39 –24.53 –24.72 –24.97

5 –24.29 –24.91 –25.59 –26.36 –27.24 –28.23 –29.34

Table 3

Chemical compositions of ceramics in the MgO–Al2O3–SiO2–TiO2 system (wt.%)

Composition No. 
Oxide composition 

CF-5 CF-5(1T) CF-5(2T) CF-5(3T) 

SiO2 46.65 42.22 38.56 35.48 

TiO2 0 9.50 17.36 23.95 

Al2O3 24.11 21.82 19.92 18.34 

B2O3 4.77 4.32 3.94 3.63 

MgO 24.47 22.14 20.22 18.60 
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dioxide into the ceramic composition, XRD analysis
(Fig. 1) clearly reveals, in addition to silicate phases,
the presence of titanium-containing phases, particularly
anatase (d⋅1010=3.48; 1.86; 1.63; 1.49 m) and
magnesium dititanate MgO⋅2TiO2 (d⋅10

10=4.82; 3.45;
2.73; 1.86 m), which is consistent with the results of
thermodynamic calculations.

Further, the properties of ceramic materials in
the MgO–Al2O3–SiO2–TiO2 system were studied in
relation to the technological parameters of their
processing. To establish functional relationships
between processing parameters and material properties,
mathematical models were developed using gradient
boosting decision tree algorithms implemented in

Python with the scikit-learn and XGBoost libraries
[11]. Such models make it possible not only to
generalize experimental data but also to predict ceramic
properties within specified parameter ranges, thereby
significantly improving the efficiency of composition
and processing optimization. The input parameters
(features) of the models were TiO2 content and
sintering temperature, while the output parameters
(targets) included water absorption, porosity, density,
compressive strength, and coefficient of thermal
expansion (CTE). The performance of the developed
models was evaluated using the coefficient of
determination (R2), which quantifies the proportion
of variance in the dependent variable explained by

Fig. 1. X-ray diffraction patterns of ceramics in the MgO–Al2O3–SiO2–TiO2 system sintered at different temperatures
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the model. For the XGBoost-based model, the obtained
R² values are presented in Table 4. These results
demonstrate good agreement between predicted and
experimental values and confirm the adequacy of the
ML approach for describing the investigated system.

The feature importance values obtained from
the modeling for the properties of the experimental
ceramics are presented in Fig. 2.

Feature importance analysis revealed that
sintering temperature has a dominant influence
(importance values of 0.91–0.99) on the formation
of such properties as water absorption, open porosity,
apparent density, and compressive strength, whereas
the contribution of TiO2 content is relatively minor.
In contrast, an opposite trend is observed for the
coefficient of thermal expansion (CTE), for which
TiO2 content is the dominant factor (importance value
of 0.99).

For a more illustrative representation of the
modeling results, two-dimensional heatmaps and three-
dimensional response surface plots were constructed,
showing the variation of the physical, mechanical
and thermal properties of ceramics in the
MgO–Al2O3–SiO2–TiO2 system as a function of
processing parameters (TiO2 content and sintering
temperature) (Figs. 3–7).

It was established that the physical, mechanical
and thermal properties of the developed ceramic

materials in the MgO–Al2O3–SiO2–TiO2 system
strongly depend on both TiO2 content and sintering
temperature.

The addition of TiO2 in the range of 10–30
weight parts over 100 wt.% to the cordierite–forsterite
ceramic CF-5 enables the production of a water-
impermeable material (W=0% and P=0%) at a reduced
sintering temperature of 12000C (Figs. 3 and 4). At
the same time, the apparent density increases to
2.45–2.50 g⋅cm–3 (Fig. 5).

The compressive strength (σ) of ceramic materials
in the MgO–Al2O3–SiO2–TiO2 system increases
significantly with increasing sintering temperature from
11000C to 12000C, rising from 130–150 MPa to
295–305 MPa.

The coefficient of thermal expansion (CTE) of
the experimental ceramics sintered in the temperature
range of 1100–12000C is primarily governed by the
TiO2 content. With an increase in TiO2 content from
10 to 30 weight parts over 100 wt.%, the CTE increases
from (31–32)⋅10–7 0C–1 to (35–36)⋅10–7 0C–1.

For ceramic samples with zero water absorption
and zero open porosity, dielectric properties – namely
relative permittivity (ε) and dielectric loss tangent
(tan δ) – as well as thermal shock resistance were
measured (Table 5).

It was established that the developed ceramic
materials in the MgO–Al2O3–SiO2–TiO2 system

Table 4

Coefficients of determination (R2) of the developed ML models for output parameters

Output parameter (target) Coefficient of determination (R
2
) 

Water absorption 0.8263 

Open porosity 0.8889 

Apparent density 0.6958 

Compressive strength 0.9011 

Coefficient of thermal expansion (CTE) 0.9351 

Fig. 2. Relative feature importance of TiO2 content and sintering temperature for the properties of the experimental ceramics
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Fig. 3. Two-dimensional heatmap and three-dimensional response surface showing water absorption (%) as a function of TiO2

content and sintering temperature

Fig. 4. Two-dimensional heatmap and three-dimensional response surface showing open porosity (%) as a function of TiO2

content and sintering temperature
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Fig. 5. Two-dimensional heatmap and three-dimensional response surface showing apparent density (g⋅cm–3) as a function of TiO2

content and sintering temperature

Fig. 6. Two-dimensional heatmap and three-dimensional response surface showing compressive strength (MPa) as a function of

TiO2 content and sintering temperature



192

O.V. Zaichuk, O.O. Amelina, Y.I. Ivanchenko, Y.S. Hordieiev, Y.R. Kalishenko, Y.O. Zaichuk,
D.S. Kalynychenko, G.G. Osinovyy, K.V. Kozis

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2026, No. 3, pp. 184-195

Fig. 7. Two-dimensional heatmap and three-dimensional response surface showing the coefficient of thermal expansion

(CTE, ×10–7 0C–1) as a function of TiO2 content and sintering temperature

Table 5

Dielectric properties and thermal shock resistance of experimental ceramics in the MgO–Al2O3–SiO2–TiO2 system

Sintering temperature, 
0
C 

Dielectric properties 
Composition No. 

ε tan δ 

Thermal shock resistance, 
0
C 

CF-5 1250 5.43 0.0013 850 

CF-5 (1T) 1200 5.77 0.0010 800 

CF-5 (2T) 1200 6.10 0.0008 750 

CF-5 (3T) 1200 6.56 0.0006 700 

exhibit low dielectric losses. The relative permittivity
(ε) values range from 5.43 to 6.56 and gradually
increase with the addition of TiO2 in the amount of
10–30 weight parts over 100 wt.%. The experimental
ceramics are also characterized by low dielectric loss
tangent (tan δ), whose values decrease to 0.0006–
0.001 as the TiO2 content increases up to 30 weight
parts over 100 wt.%.

The highest thermal shock resistance (8500C)
was observed for the cordierite–forsterite ceramic
composition CF-5. The introduction of TiO2 into
the ceramic composition leads to a reduction in thermal
shock resistance. At the same time, the thermal shock
resistance of ceramics in the MgO–Al2O3–SiO2–TiO2

system remains at a relatively high level (700–8000C)
and meets the requirements for phase shifters used as
components of radio-electronic monitoring systems.

Considering the results obtained for the physical,
mechanical, thermal, and dielectric properties of the
experimental ceramics in the MgO–Al2O3–SiO2–TiO2

system, the most rational combination of properties
is achieved at a TiO2 content of 10–20 weight parts
over 100 wt.% and a sintering temperature of 12000C.
Such ceramics exhibit zero water absorption and open
porosity, an apparent density of 2.44–2.47 g⋅cm–3,
and high compressive strength of 295–302 MPa, along
with low dielectric losses (ε=5.8–6.1; tan δ=0.0008–
0.0010). The coefficient of thermal expansion (CTE)
is within (31–32)⋅10–7 0C–1, corresponding to ST-32
glass-ceramics and ensuring high thermal shock
resistance (750–8000C).

Conclusions

By introducing part of the components of the
MgO–Al2O3–SiO2 system in the form of MABS glass,
along with the addition of TiO2, a densely sintered
ceramic material with a combination of functional
properties was obtained, enabling its effective
application in microwave electromagnetic fields.

A relationship was established between the
physical, mechanical, and thermal properties of the
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experimental ceramics and the technological parameters
of their processing (sintering temperature and TiO2

content). Corresponding mathematical models were
developed using gradient boosting decision tree
algorithms implemented in Python with the scikit-
learn and XGBoost libraries. The application of machine
learning methods made it possible to quantitatively
assess the relative contribution of controlled factors
and to enhance the prediction of material properties
within the investigated parameter range.

The most rational ceramic compositions in the
MgO–Al2O3–SiO2–TiO2 system, in terms of achieving
a favorable combination of physical, mechanical,
thermal, and dielectric properties, were identified.
These compositions enable sintering at the relatively
low temperature of 12000C. The resulting combination
of properties makes the developed ceramics suitable
for use as microwave materials in components of radio-
electronic monitoring systems, particularly phase
shifters.
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ÐÀÄ²ÎÏÐÎÇÎÐ² ÊÅÐÀÌ²×Í² ÌÀÒÅÐ²ÀËÈ ÍÀ
ÎÑÍÎÂ² ÑÈÑÒÅÌÈ MgO–Al

2
O

3
–SiO

2
–TiO

2
: Ô²ÇÈ×Í²,

ÌÅÕÀÍ²×Í², ÒÅÐÌ²×Í² ² Ä²ÅËÅÊÒÐÈ×Í²
ÂËÀÑÒÈÂÎÑÒ²

Î.Â. Çàé÷óê, Î.À. Àìåë³íà, ª.². ²âàí÷åíêî, Þ.Ñ. Ãîðäººâ,
Þ.Ð. Êàë³øåíêî, ß.Î. Çàé÷óê, Ä.Ñ. Êàë³í³÷åíêî,
Ã.Ã. Îñèíîâèé, Ê.Â. Êîç³ñ

Âèðîáíèöòâî ôàçîîáåðòà÷³â ôàçîâàíèõ àíòåííèõ ðå-
ø³òîê, ÿê ïðàâèëî, çä³éñíþºòüñÿ ç êîðä³ºðèòîâèõ ñèòàë³â
ìàðîê ÑÒ-32 ³ ÑÒ-38 ÷è àíàëîã³÷íî¿ çà ñêëàäîì ñêëîêåðà-
ì³êè. Òàê³ ìàòåð³àëè ïîâèíí³ âîëîä³òè âîäîíåïðîíèêí³ñòþ,
ìàëèìè ä³åëåêòðè÷íèìè âòðàòàìè ó ÍÂ×-ä³àïàçîí³, çàäà-
íèìè çíà÷åííÿìè òåìïåðàòóðíîãî êîåô³ö³ºíòà ë³í³éíîãî
ðîçøèðåííÿ ³ âèñîêèìè òåðìî-ìåõàí³÷íèìè âëàñòèâîñòÿ-
ìè. Ðîáîòà ïðèñâÿ÷åíà ðîçðîáö³ ñêëàä³â íèçüêîòåìïåðà-
òóðíî¿ êåðàì³êè â ñèñòåì³ MgO–Al2O3–SiO2–TiO2 äëÿ âèãî-
òîâëåííÿ ôàçîîáåðòà÷³â ç ðåãóëüîâàíèìè ô³çè÷íèìè, ìå-
õàí³÷íèìè, òåðì³÷íèìè ³ ä³åëåêòðè÷íèìè âëàñòèâîñòÿìè.
Äëÿ îö³íêè ïåðåá³ãó ìîæëèâèõ ðåàêö³é â ñèñòåì³
MgO–Al2O3–SiO2–TiO2 çà ó÷àñòþ êîìïîíåíò³â ñêëà åâòå-
êòè÷íîãî ñêëàäó â ñèñòåì³ MgO–Al2O3–SiO2 áóëè ïðîâå-
äåí³ òåðìîäèíàì³÷í³ ðîçðàõóíêè. Ðîçãëÿíóòà òî÷êà ïîòð³éíî¿
åâòåêòèêè â ñèñòåì³ MgO–Al2O3–SiO2, â ÿê³é êðèñòàë³çó-
þòüñÿ íàñòóïí³ ôàçè: êîðä³ºðèò 2MgO ⋅2Al2O35SiO2,
ôîðñòåðèò 2MgO⋅SiO2 ³ êë³íîåíñòàòèò MgO⋅SiO2. Ïðè ïðî-
âåäåíí³ òåðìîäèíàì³÷íîãî àíàë³çó âèçíà÷àëè çì³íè åíåðã³¿
Ã³ááñà äëÿ ìîæëèâèõ ðåàêö³é óòâîðåííÿ êîðä³ºðèòîâî¿ ³
ôîðñòåðèòîâî¿ ôàçè çà ó÷àñòþ êîìïîíåíò³â ñêëà åâòåêòè-
÷íîãî ñêëàäó, à òàêîæ ðåàêö³é çà ó÷àñòþ TiO2. Âñòàíîâëåíî
âçàºìîçâ’ÿçîê ô³çè÷íèõ, ìåõàí³÷íèõ ³ òåðì³÷íèõ âëàñòè-
âîñòåé äîñë³äíî¿ êåðàì³êè ç òåõíîëîã³÷íèìè ïàðàìåòðàìè ¿¿
âèãîòîâëåííÿ (òåìïåðàòóðîþ âèïàëó, âì³ñòîì TiO2). Âèêî-
ðèñòàííÿ ìåòîä³â ìàøèííîãî íàâ÷àííÿ äîçâîëèëî ê³ëüê³ñíî
îö³íèòè â³äíîñíèé âíåñîê êåðîâàíèõ ôàêòîð³â ³ ðîçøèðè-
òè ìîæëèâîñò³ ïðîãíîçóâàííÿ âëàñòèâîñòåé ðîçðîáëåíî¿ êå-
ðàì³êè â ìåæàõ ³íòåðâàëó ïàðàìåòð³â, ÿê³ äîñë³äæóâàëèñü.
Âèçíà÷åí³ íàéá³ëüø ðàö³îíàëüí³ ç òî÷êè çîðó äîñÿãíåííÿ
êîìïëåêñó âèñîêèõ ïîêàçíèê³â âëàñòèâîñòåé ñêëàäè êåðà-
ì³êè â ñèñòåì³ MgO–Al2O3–SiO2–TiO2, ÿê³ äîçâîëÿþòü ïðî-
âîäèòè ¿¿ âèïàë ïðè íèçüê³é òåìïåðàòóð³ 12000Ñ.

Êëþ÷îâ³ ñëîâà: ðàä³îïðîçîðà êåðàì³êà, ôàçîîáåðòà÷,
êîðä³ºðèò, åâòåêòè÷íå ñêëî, òèòàí(IV) îêñèä,
òåðìîäèíàì³÷íèé àíàë³ç, âèïàë, ô³çèêî-ìåõàí³÷í³
âëàñòèâîñò³.
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The production of phase shifters for phased-array antennas
is typically based on cordierite glass-ceramics, such as grades
ST-32 and ST-38, or on materials of similar composition. Such
materials are required to exhibit water resistance, low dielectric
losses in the microwave frequency range, controlled values of the
coefficient of thermal expansion, and high thermomechanical
performance. This study focuses on the development of low-
temperature ceramic compositions in the MgO–Al2O3–SiO2–
TiO2 system for the fabrication of phase shifters with tailored
physical, mechanical, thermal, and dielectric properties.
Thermodynamic calculations were performed to evaluate possible
reactions in the MgO–Al2O3–SiO2–TiO2 system involving
components of eutectic glass compositions in the MgO–Al2O3–
SiO2 system. The triple eutectic point of this system was
considered, at which the following phases crystallized: cordierite
(2MgO⋅2Al2O3⋅5SiO2), forsterite (2MgO⋅SiO2), and clinoenstatite
(MgO⋅SiO2). The thermodynamic analysis included the
determination of Gibbs free energy changes for possible reactions
leading to the formation of cordierite and forsterite phases, as
well as reactions involving TiO2. A relationship between the
physical, mechanical, and thermal properties of the developed
ceramics and the technological parameters of their processing
(sintering temperature and TiO2 content) was established. Machine
learning methods made it possible to quantitatively assess the
relative contributions of the controlled factors and to improve
the prediction of the properties of the developed ceramics within
the investigated parameter range. The most rational compositions
in the MgO–Al2O3–SiO2–TiO2 system were identified, providing
a favorable combination of properties and enabling sintering at
12000C.

Keywords: radio-transparent ceramics; phase shifters;
cordierite; eutectic glass; titanium dioxide; thermodynamic
analysis; sintering; physical and mechanical properties.
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