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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—AlL,0,—Si0,—TiO, 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—AIL,0,—Si0,—TiO, system involving components of eutectic glass
compositions in the MgO—Al,0,—SiO, system. The triple eutectic point of this system
was considered, at which the following phases crystallized: cordierite (2MgO-2Al,0,-5Si0,),
forsterite (2MgO-Si0,), and clinoenstatite (MgO-SiO,). 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 TiO,. A
relationship between the physical, mechanical, and thermal properties of the developed
ceramics and the technological parameters of their processing (sintering temperature
and TiO, 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—AIL,0,—Si0,—TiO, system
were identified, providing a favorable combination of properties and enabling sintering
at 1200°C.
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Introduction dielectric materials, including glass-ceramic and
The development of advanced technologies in ceramic systems [1]. These materials must meet
aerospace and rocket engineering continuously requires ~ stringent requirements in terms of dielectric, thermal,
the design and implementation of a wide range of 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 (Li,0-Al,05;-4Si0,), eucryptite
(Li,0-Al1,05-2Si0,) [3], cordierite
(2MgO-2A1,05-5Si0,) [4], celsian (BaO-Al,0,-2Si0,)
[5] and strontium anorthite (SrO-Al,0,-2Si0,) [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 (¢) 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
321077 °C~ ' and 38-1077 °C™!, respectively.

Glass-ceramic materials in the MgO—ALO,—
SiO, (MAS) system, obtained by glass-based or ceramic
(powder-based) processing routes, require high melting
temperatures of the initial glass (1550—1600°C). 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—1270°C. However, even
sintering at temperatures of 1400—1450°C 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—ALO;—Si0,—TiO,
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—AlL,O;—

SiO,—TiO0, system involving components of eutectic
glass compositions in the MgO—ALO;—SiO, (MAS)
system. The triple eutectic point of the MAS system
was considered, at which the following phases crystallize
cordierite (2Mg0O-2A1,0,-5Si0,), forsterite
(2Mg0-Si0,), and clinoenstatite (MgO-SiO,). 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 TiO,.
Metakaolin (Al,0,-2Si0,), 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) usinga DRON-3
diffractometer with Co-Ka 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—1250°C.

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 B,0; (10 weight parts over 100 wt.%)
reduced the glass-melting temperature without
changing the mineralogical composition of the
crystalline phases in the MgO—AlL0O,—B,0,—Si0,
(MABS) system. The MABS glass was melted in an
electric furnace with silicon carbide heaters at 1375°C
for 1 h using corundum crucibles.

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

Compressive strength (o) 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

Radio-transparent ceramics in the MgO—AL,0;,—SiO,—TiO, system: physical, mechanical, thermal and

dielectric properties



186

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

(DKV-5A) in the temperature range of 20—400°C on
samples of 5x5x50 mm.

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

The relative permittivity (¢) and dielectric loss
tangent (tan 8) 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 10° Hz and a temperature of
20°C using cylindrical samples (d=8 mm, h=80 mm).

To evaluate the nonlinear influence of TiO,
content and sintering temperature on the properties
of the experimental ceramics, a full factorial design
(3%) was applied. The investigated factors were TiO,
content (10—30 weight parts over 100 wt.%) and
sintering temperature (1100—1250°C). 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 1350°C 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—AL0,—SiO, 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 (1360°C) 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 B,0; (10 weight parts over 100 wt.%) is
51.5-1077 °C~!. The crystalline phases clinoenstatite
and forsterite are characterized by low dielectric losses
(e=6—7, tan 5=0.0015—0.003 at 20°C) and relatively
high coefficients of thermal expansion, 77.0-1077 °C™!
and 90-1077 °C~! 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-SiO, 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, TiO, 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 TiO, were also
considered in the thermodynamic analysis.

The compounds considered as initial components
of reactions in the MgO—AIl,0,—Si0,—TiO, system
are as follows: MABS glass (2Mg0O-2Al,0,-5Si0,,
2MgO-Si0, and MgO-Si0,), Al,0,-2Si0,, Si0,, MgO,
and TiO,.

Thermodynamic calculations of AG;) were
carried out to assess the feasibility of reactions
(1)—(5) during the sintering of ceramics in the
MgO—AlL0;—Si0,—TiO,system over the temperature
range of 873—1473 K.

MgO-SiO,+MgO=2MgO-SiO,, (1)
2(ALO;25i0,)+2MgO+Si0,=2Mg0-2AL,0,58i0,, (2)
2MgO+Ti0,=2MgO-TiO,, (3)
MgO+Ti0,=MgO-TiO,, (4)
MgO+2Ti0,=Mg0-2TiO,. (5)

During thermodynamic calculations, the change
in Gibbs free energy of reactions ( AG? ) is
determined. Among the possible processes occurring
in the system, the most thermodynamically favorable
is the one associated with the greatest decrease in
AGY.

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 AG? 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 AG? (—493.2+—512.9 kJ-mol ™).
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The compounds MgO-SiO, and TiO, (rutile),
according to the AG? 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-2TiO,, may also form during
sintering.

To verify the results of the thermodynamic
calculations, ceramic materials in the MgO—Al,O;—
Si0,—TiO, 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—1250°C, 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
a-cordierite (d-10°=8.30; 4.06; 3.35; 3.11; 3.01;
1.68 m) and forsterite (d-10'°=3.88; 2.89; 2.75; 2.50;
2.44; 1.74 m). With the introduction of titanium

Table 1
Initial thermodynamic constants [15]
C =a+b-T+c- T
Compounds - AH§98.15 J AG§98A15 ) S;}s‘ls ’ ? N ’ Temperature
kJ-mol™ kJ-mol™ J-mol ™K J-mol '3K — range, K
a b-10 c-10
MgO 601.78 569.53 27.08 42.61 7.28 -6.19 298-2100
MgSiO; 1548.92 1462.10 67.86 102.77 19.84 -26.29 298-1800
Mg,SiO, 2171.91 2052.93 95.19 149.90 27.38 —35.66 298-1800
o-tridymite 905.98 852.19 43.53 57.10 11.05 0 390-2000
Al,Si,0, 3316.15 3102.29 124.24 229.68 36.84 —-14.57 298-1173
Mg, Al;SisOqg 9158.36 8648.19 407.10 602.22 108.0 -161.62 298-1650
TiO, (rutile) 943.87 888.61 50.33 75.20 1.20 -18.20 298-1800
Mg, TiO, 2164.01 2047.44 115.10 150.53 35.75 -28.84 298-1800
MgTiO; 1571.93 1483.59 74.56 118.42 13.73 -27.33 298-1800
MgTi,05 2507.89 2367.47 135.56 170.29 38.51 -30.77 298-1800
Table 2
Calculated values of AG;) for reactions (1)—(5)
. Values of AG? for reactions (kJ-mol ') at different temperatures
Reaction No. r
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—Al,0,—Si0,—TiO, system (wt.%)
Oxide composition Composition No.
CF-5 CF-5(1T) CF-5(2T) CF-5(3T)
SiO, 46.65 42.22 38.56 35.48
TiO, 0 9.50 17.36 23.95
Al,O4 24.11 21.82 19.92 18.34
B,0; 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-10°=3.48; 1.86; 1.63; 1.49 m) and
magnesium dititanate MgQ-2TiO, (d-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—Al,0,—Si0,—TiO, 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 TiO, 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 (R?), which quantifies the proportion
of variance in the dependent variable explained by
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Fig. 1. X-ray diffraction patterns of ceramics in the MgO—ALO;—SiO,—TiO, system sintered at different temperatures
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the model. For the XGBoost-based model, the obtained
RI 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 TiO, content is relatively minor.
In contrast, an opposite trend is observed for the
coefficient of thermal expansion (CTE), for which
TiO, content is the dominant factor (importance value
0f 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—Al,0,—SiO,—TiO, system as a function of
processing parameters (TiO, 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—Al,0,—SiO,—TiO, system
strongly depend on both TiO, content and sintering
temperature.

The addition of TiO, 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 1200°C (Figs. 3 and 4). At
the same time, the apparent density increases to
2.45—2.50 g-cm™ (Fig. 5).

The compressive strength (o) of ceramic materials
in the MgO—AIl,0,—Si0,—TiO, system increases
significantly with increasing sintering temperature from
1100°C to 1200°C, 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—1200°C is primarily governed by the
TiO, content. With an increase in TiO, content from
10 to 30 weight parts over 100 wt.%, the CTE increases
from (31—32)-1077 °C! to (35—36)-1077 °C~".

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

It was established that the developed ceramic
materials in the MgO—AIL,0,—SiO,—TiO, system

Table 4

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

Output parameter (target) Coefficient of determination (R”)
Water absorption 0.8263
Open porosity 0.8889
Apparent density 0.6958
Compressive strength 0.9011
Coefficient of thermal expansion (CTE) 0.9351
1.0 0.01
3
S 0.81
8
8 o TiO: content
o, U0 1U:= conien
g 0.99 0.95 0.98 L 0.99 o
P 0.4 Sintering temperature
:
0.2 1
0.0 0.01 0.05 0.02 0'99 .
w i p G CTE

Fig. 2. Relative feature importance of TiO, 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 TiO,
content and sintering temperature
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Fig. 4. Two-dimensional heatmap and three-dimensional response surface showing open porosity (%) as a function of TiO,
content and sintering temperature
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Fig. 5. Two-dimensional heatmap and three-dimensional response surface showing apparent density (g-cm™) as a function of TiO,
content and sintering temperature
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Fig. 6. Two-dimensional heatmap and three-dimensional response surface showing compressive strength (MPa) as a function of
TiO, content and sintering temperature
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exhibit low dielectric losses. The relative permittivity
(¢) values range from 5.43 to 6.56 and gradually
increase with the addition of TiO, in the amount of
10—30 weight parts over 100 wt.%. The experimental
ceramics are also characterized by low dielectric loss
tangent (tan 8), whose values decrease to 0.0006—
0.001 as the TiO, content increases up to 30 weight
parts over 100 wt.%.

The highest thermal shock resistance (850°C)
was observed for the cordierite—forsterite ceramic
composition CF-5. The introduction of TiO, 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—AL0O,—SiO,—TiO,
system remains at a relatively high level (700—800°C)
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—AILO;—SiO,—TiO,

2D heatmap "Coefficient of thermal expansion (CTE)"

system, the most rational combination of properties
is achieved at a TiO, content of 10—20 weight parts
over 100 wt.% and a sintering temperature of 1200°C.
Such ceramics exhibit zero water absorption and open
porosity, an apparent density of 2.44—2.47 g.cm™,
and high compressive strength of 295—302 MPa, along
with low dielectric losses (¢=5.8—6.1; tan §=0.0008—
0.0010). The coefficient of thermal expansion (CTE)
is within (31—32)-1077 °C~!, corresponding to ST-32
glass-ceramics and ensuring high thermal shock
resistance (750—800°C).

Conclusions

By introducing part of the components of the
MgO—Al,0,—Si0, system in the form of MABS glass,
along with the addition of TiO,, 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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Fig. 7. Two-dimensional heatmap and three-dimensional response surface showing the coefficient of thermal expansion
(CTE, x1077 °C") as a function of TiO, content and sintering temperature

Table 5

Dielectric properties and thermal shock resistance of experimental ceramics in the MgO—Al,0;—SiO,—TiO, system

. Sintering gemperature, Dielectric properties Thermal shock resistance,
Composition No. C DS
€ tan &
CF-5 1250 543 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
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experimental ceramics and the technological parameters
of their processing (sintering temperature and TiO,
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—Al,0,—SiO,—TiO, 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 1200°C. 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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PAIIOITPO30PI KEPAMIYHI MATEPIAJIN HA
OCHOBI CUCTEMM MgO—AL0,-Si0,-TiO,: ®I3UYHI,
MEXAHIYHI, TEPMIYHI I JIEJEKTPUYHI
BJIACTUBOCTI

O.B. 3aiiuyk, O.A. Ameaina, €.1. Ieanuenxo, I0.C. Iopoces,
FO.P. Kaaiwmenko, A.0. 3aiivyk, /I.C. Kaainiuenro,
I.I. Ocunosuii, K.B. Ko3ic

BupoGHuurBo hazoodbeprauiB azoBaHUX aHTEHHUX pe-
LITOK, SIK TPAaBWIO, 3MIMCHIOETBCS 3 KOPAIEPUTOBMX CHUTAJIiB
mapok CT-32 i CT-38 yu aHayJOTiUHOI 3a CKJIQJIOM CKJIOKepa-
miku. Taki Marepiasiv MOBUHHI BOJIOAITH BOJLOHENPOHUKHICTIO,
MaJluMU JiesieKTpuuHuMK BTpatamu y HBY-nianasoni, 3ana-
HUMU 3HAYEHHSMU TeMIlepaTypHoro kKoedillieHTa JiHiiiHOro
PO3LIMPEHHST i BUCOKMMM T€PMO-MEXaHIYHUMU BJIACTUBOCTSI-
mu. PoGora mpucssyeHa po3poOLi CKIaaiB HU3bKOTEMIEpa-
TypHOi Kepamiku B cucteMi MgO—Al,0,—SiO,—TiO, nyis1 Buro-
TOBJIEHHS (Da3oobepTaviB 3 peryjboBaHUMU (Di3UUHUMU, Me-
XaHIYHUMU, TEPMIYHUMM 1 Ni€JIEKTPUUYHUMU BJIACTUBOCTSIMU.
Hdns ouwiHKkM mepediry MOXJIMBUX peakliil B cuUCTeMi
MgO—Al,0,—SiO,—TiO, 3a y4yacTio KOMIIOHEHTIB CKJla €BTe-
KTU4YHOro ckiany B cuctemi MgO—AL,O,—SiO, Oynu mnpose-
JIeHi TepMOAMHAMIUHI po3paxyHKU. Po3risiHyTa Touka noTpiiiHoi
eBTeKTuKM B cucteMi MgO—Al,0,—SiO,, B sKiil Kpucramidy-
10TbCsl HacTynHi ¢asu: kopaiepur 2Mg0O-2A1,0,5Si0,,
dopcrepur 2MgO-SiO, i kninoeHcratur MgO-SiO,. Ilpu npo-
BEJICHHI TEPMOAMHAMIYHOTO aHaJli3y BU3HAYaJIM 3MiHU €Heprii
[i66ca nast MOXJIMBUX peaklliii YyTBOPEHHSI KOPIAIEPUTOBOI i
dopcrepuToBoi a3y 3a yyacTiO KOMIIOHEHTIB CKJIa €BTEKTH-
YHOTO CKJIajy, a TaKoX peakuiii 3a yyactio TiO,. BctaHosieHo
B3aEMO3B’SI30K (hi3MYHMX, MEXaHIUHUX i TEPMIYHUX BJIACTH-
BOCTEi1 1OCITHOT KepaMiKu 3 TEXHOJOTIYUHUMHU MapameTpaMu ii
BUTOTOBJIEHHSI (TemMmiepaTypoio Bumnaiy, Bmictom Ti0O,). Buko-
pUCTaHHS METO/IB MAIIMHHOTO HABYAHHSI JO3BOJIMJIO KiJIbKiCHO
OLIHUTH BilHOCHWII BHECOK KepoBaHUX (hakTOpiB i po3LIMpu-
TH MOXJIMBOCTI MTPOTHO3YBAHHSI BIACTUBOCTEH PO3pO0IeHOT Ke-
paMiku B MeXax iHTepBasly mapaMeTpiB, SIKi JOCHTiIKyBaJIUCh.
BusHaueHi HaiOLIbII pallioOHAIbHI 3 TOYKU 30pYy AOCSITHEHHS
KOMIUIEKCY BUCOKHMX TMOKA3HMKIB BJIACTUBOCTEN CKJIaau Kepa-
miku B cucremi MgO—ALO;—SiO,—TiO,, siKi 103BOJSIOTH TIPO-
BOIMTH 11 BUIAI MpM HU3bKiK Temneparypi 1200°C.

Kmowosi cioBa: pamionposopa kepamika, azoobepray,
KOpHOiepuT, eBTeKTHUYHe ckjao, tutaH(lV) okcun,
TepMOJAMHAMIYHUIN aHa’ii3, BUMmaji, QidMKo-MexaHiuHi
BJIACTHUBOCTI.

RADIO-TRANSPARENT CERAMICS IN THE MgO-
ALO,—Si0,~TiO, SYSTEM: PHYSICAL, MECHANICAL,
THERMAL AND DIELECTRIC PROPERTIES

0.V. Zaichuk = *, 0.0. Amelina “, Y.1. Ivanchenko °,
Y.S. Hordieiev ¢, Y.R. Kalishenko ¢, Y.0. Zaichuk °,
D.S. Kalynychenko *, G.G. Osinovyy *, K.V. Kozis ®

» Ukrainian State University of Science and Technologies,
Dnipro, Ukraine

> Yuzhnoye State Design Office, Dnipro, Ukraine
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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—Al,0,—SiO,—
TiO, 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—AIl,0,—SiO,—TiO, system involving
components of eutectic glass compositions in the MgO—Al,0,—
SiO, system. The triple eutectic point of this system was
considered, at which the following phases crystallized: cordierite
(2MgO-2A1,0,-5Si0,), forsterite (2MgO-Si0,), and clinoenstatite
(MgO-Si0,). 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 TiO,. A relationship between the
physical, mechanical, and thermal properties of the developed
ceramics and the technological parameters of their processing
(sintering temperature and TiO, 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—AlL,0,—Si0,—TiO, system were identified, providing
a favorable combination of properties and enabling sintering at
1200°C.

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