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Abstract

Purpose. To substantiate the feasibility of using feldspar concentrate obtained from beneficiated pegmatites of the
Lozuvatka deposit as a domestic fluxing raw material for low-temperature electrical porcelain production and to determine the
formulation and processing parameters for energy-efficient firing.

Methods. The chemical and mineralogical composition of the raw materials was investigated using chemical, petrographic,
and X-ray diffraction analyses. The radiological properties of the pegmatites were determined by gamma-ray spectrometry.
The fluxing ability of the feldspar concentrate was evaluated by graphical-analytical calculations in the Na,O-Al,03-Si0O; and
K,0-Al,03-Si0; systems. Body compositions were optimized using a full factorial experimental design. Specimens were
shaped plastically from bodies prepared by the slip method and fired at 1150-1250°C. Sintering behavior and mechanical,
thermophysical, and electrophysical properties were determined using standard methods. Structural and phase characteristics
were examined by dilatometry, X-ray diffraction, optical microscopy, and scanning electron microscopy.

Findings. A rational clay : kaolin : feldspar concentrate ratio of 40:22:28 was established at a quartz sand content of
15 wt.%, with additions of 2 wt.% dolomite and 0.3 wt.% TiO,. Firing at 1200°C produced dense electrical porcelain with zero
water absorption, dielectric strength of up to 30 kV/mm, volume resistivity above 4-10' Q-m, flexural strength of 77 MPa, and
a mullite content of approximately 30 vol.%. No signs of high-temperature deformation were observed within the range of
1150-1250°C. The firing temperature was reduced by 150°C compared with industrial counterparts.

Originality. The mechanism of accelerated electrical porcelain sintering in the presence of a feldspar melt modified with
CaO and MgO and a TiO, mineralizing additive was established. Early melt formation, reduced melt viscosity, and intensive
formation of needle-like secondary mullite were shown to promote maximum densification and improve the material’s
mechanical and dielectric properties.

Practical implications. The use of exclusively domestic raw materials can reduce dependence on imported feldspar for porce-
lain insulator production, lower firing energy consumption, and improve the competitiveness of Ukrainian electrical porcelain.
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1. Introduction raw material reserves in Ukraine are estimated at 258 million
The full-scale war and mounting economic pressure from  tonnes, includipg 51.9 milli.on tonnes in categories A + B + Cl1
the aggressor state have made import substitution a particu- ~ a1d 206.1 million tonnes in category C2[4]. At present, 12

feldspar deposits are officially recorded, most of which are
represented by pegmatite veins occurring within the Ukrainian
Shield. The main sources of feldspar raw materials include
low-iron alkaline granites, pegmatites, nepheline syenites,
feldspathic sands and sandstones, microgranodiorites and
porcelain stone. The distribution of feldspar raw material de-
posits, based on the data reported in [5], is shown in Figure 1.

The Ukrainian Shield (USh) is essentially a pegmatite
province comprising seven districts: Middle Dnipro, Western
Azov, Eastern Azov, Inhul, Ros-Tikych, Dniester-Buh, and
Volyn [6]. Each of these districts contains known resources
of ceramic-grade pegmatites that represent high-quality
quartz-feldspar raw materials.

larly pressing issue for Ukrainian industry. The production of
electrical porcelain, which has traditionally relied on import-
ed feldspar, has become increasingly vulnerable due to dis-
rupted supply chains and rising costs of imported raw mate-
rials and energy. One promising way to reduce this depend-
ence is to increase the use of domestically sourced feldspar.
Ukraine has deposits of quartz-feldspar raw materials
(QFRM) that can serve as an alternative to sodium- and potas-
sium-bearing feldspars, which have traditionally been imported
from other countries [1], [2]. Currently, 33 pegmatite fields are
known in Ukraine, each containing hundreds, and in some
cases thousands, of pegmatite bodies [3]. The total feldspar
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25 — Smila pegmatite field

26 — Novomyrhorod pegmatite field
27 — Talne pegmatite field

28 — Novoukrainka pegmatite field
29 — Kirovohrad pegmatite field

30 — Kremenchuk pegmatite field
31 — Oleksandriia pegmatite field
32 — Zhovta Richka pegmatite field
33 — Inhulets pegmatite field

34 — Komendantivka pegmatite field
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5 — Pobuzhzhia granites
6 — Kirovohrad-Bobrynets granites

36 — Dnipro pegmatite field

37 — Zaporizhzhia pegmatite field

38 — Sursko-Mykhailivka pegmatite field
39 — Tomakivka pegmatite field

40 — Yelyseivka pegmatite field

41 — Andriivka pegmatite field

42 — Rodionivka pegmatite field

43 — Fedorivka pegmatite field

44 — Manuilivka pegmatite field

45 — Katerynivka pegmatite field

46 — Kamiani Mohyly pegmatite field
47 — Oktiabrske pegmatite field

48 — Vali-Taramske pegmatite field

20 — Bohuslav pegmatite field
21 — Lypovets-Illintsi pegmatite field

3. Nepheline syenites

50 — Oktiabrskyi massif 51 — Southern Donbas

35 — Bazavluk pegmatite field

4. Feldspar sands and sandstones

49 — Anadol and Hruzko-Yelanchyk pegmatite fields

5. Microgranodiorites and porcelain stone
53 — Berehove, Dobryn and Verhel deposits

52 — Dnipro-Donets Depression (DDD)

Figure 1. Distribution of feldspar raw material deposits and electrical porcelain plants (after D.S. Hurskyi et al.)

Historically, electrical porcelain manufacturers, including
Sloviansk High-Voltage Insulator Plant LLC, Pershotravensk
Electrical Porcelain Plant LLC, Olevsk Electrical Porcelain
Plant JSC, and Poliankivskyi Porcelain LLC, were located
directly within these pegmatite districts, particularly the
Western Azov and Volyn districts.

Other occurrences of quartz-feldspar raw materials
include the Dubryntsi deposit of “porcelain stone”
(microgranodiorite) in Zakarpattia and the Novakivska site of
the Maidan-Vilskyi deposit in Khmelnytskyi region, where
local granitoids and their grus meet the quality requirements
for porcelain production. Beneficiation products from apatite-
ilmenite ores of the Nosachiv deposit in the Cherkasy region
may also serve as a source of feldspar raw materials [7].

The Mazurivske deposit in the Donetsk region represents
a technogenic source of feldspar. Since the beginning of the
full-scale invasion, Ukraine has also lost control over one of
its richest pegmatite deposits, Balka Velykoho Taboru, which
was being mined in the Azov region. Nevertheless, substantial
feldspar resources, particularly pegmatites, remain available
in other regions of Ukraine. This study focuses on the pegma-
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tites of the Lozuvatka deposit, located south of the village of
Lozuvatka in the Kirovohrad region. Its reserves of approxi-
mately 2.01 million tonnes were approved in 2012. Georesurs
LLC holds a special subsoil use permit for pegmatite extrac-
tion and plans to beneficiate the pegmatite raw material.

A detailed assessment of the physicochemical properties
and technological suitability of domestically sourced fluxes
offers considerable potential to replace imported feldspar raw
materials without compromising final product quality. Such
substitution may also reduce production costs associated with
the transportation and customs clearance of imported materials.

It should be noted that raw materials used in the produc-
tion of porcelain insulators are subject to stringent require-
ments regarding the content of coloring impurities, as these
impurities can impair the dielectric properties of the products
and cause defects such as dark specks and fused inclusions.

At the same time, the suitability of quartz-feldspar raw
materials (QFRM) for electrical porcelain production de-
pends not only on the concentration of transition elements in
dark-colored compounds but also on the mineralogical forms
in which these elements occur [8]. In particular, the presence
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of mafic minerals in quartz-feldspar materials (QFM) deter-
mines both their suitability for various silicate technologies
and the appropriate beneficiation methods. For example, un-
like magnetite, pyrite is non-magnetic and hydrophobic, mak-
ing flotation a suitable method for its removal. Magnetite and
moderately magnetic Fe-bearing minerals, such as biotite and
ilmenite, are more effectively removed by magnetic separa-
tion, whereas weakly magnetic minerals, including hematite,
goethite, and siderite, as well as amorphous or poorly crystal-
line iron-bearing phases such as hydrogoethite, limonite, and
ferrihydrite, can be removed by chemical leaching [9].

Transition elements in minerals that adversely affect
QFM quality are primarily Fe?*, Fe’*, and Ti*". Fe*" can
isomorphically substitute for AI*" in the crystal lattice of
natural alkali aluminosilicates. Bound forms of iron also
include hematitic coatings on mineral surfaces, commonly
referred to as “iron coatings”. Their removal requires a com-
bination of beneficiation methods, such as mechanical or
ultrasonic scrubbing followed by chemical treatment with
oxalic, hydrochloric, or sulfuric acid. Although this approach
can provide high beneficiation efficiency, it is economically
unattractive for large-scale ceramic production [10]. Titani-
um in feldspar-bearing rocks, in turn, occurs predominantly
as rutile and/or anatase, both of which are sparingly soluble
and non-magnetic.

As reported in [11], the content of iron oxides in quartz-
feldspar materials (QFM) suitable for electrical porcelain
production should not exceed 0.3 wt.%. The free quartz con-
tent is also limited to 30%. Therefore, the main objectives of
quartz-feldspar raw material (QFRM) beneficiation are the
removal of coloring oxides and dark-colored minerals, as
well as the separation of excess quartz. However, separating
quartz from QFM is challenging because both quartz and
feldspars are non-magnetic, have very similar electrophysical
properties, and exhibit only a small difference in density —
2.65 and 2.55 g/cm?, respectively [12].

The beneficiation behavior of various quartz-feldspar rocks
from Ukrainian deposits was investigated in [13]. The results
demonstrated that electromagnetic separation can effectively
reduce the content of Fe-bearing impurities while offering a
relatively simple and economically viable beneficiation meth-
od. When the total content of iron- and titanium-bearing inclu-
sions does not exceed 4.0 wt.%, combined beneficiation in-
volving air, electrical, and magnetic separation can reduce the
content of coloring oxides to the level required for QFRM
used in electrical porcelain production. The recommended
parameters for dry electromagnetic separation are a magnetic
field strength of H =200-225 A/m and a magnetic flux density
of B~ 1.4 T. Under these conditions, weakly magnetic inclu-
sions of dark-colored minerals can be effectively removed,
while beneficiation products with the required proportions of
quartz and feldspar components can also be obtained.

Another important challenge, particularly in the context
of the European transition toward resource and energy effi-
ciency and the instability of the natural gas market, is the
development and implementation of energy-efficient tech-
nologies for producing electrical porcelain entirely from
domestic raw materials. In our view, one effective way to
reduce energy consumption in porcelain insulator production
is to use technological additives that intensify sintering and
phase formation. This approach can promote the formation of
a homogeneous electrical porcelain structure with the re-
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quired phase composition at lower firing temperatures. Con-
siderable research attention is currently focused on this is-
sue [14]-[17]. At the same time, the search for alternative
natural and technogenic raw materials to replace expensive,
scarce, or rare materials remains equally relevant [18]-[22].
Growing environmental awareness is also driving the adop-
tion of more sustainable manufacturing practices to reduce
emissions and waste [23]-[26].

Compared with alternative dielectric materials such as
polymers and glass, electrical porcelain offers high perfor-
mance and stable electrical, thermal, and electromechanical
properties, together with resistance to environmental expo-
sure, including high humidity, temperature fluctuations,
ultraviolet and solar radiation, and aggressive chemical emis-
sions from industrial facilities. Electrical porcelain is widely
used in high-voltage engineering to manufacture insulators
for power transmission lines, transformers, and other high-
voltage equipment. Typical products include pin, disc, sus-
pension, post, and bushing insulators, as well as components
for circuit breakers and fuses [9], [27].

The properties of porcelain insulators play a crucial role in
ensuring electrical safety and reliable operation in various
electrical applications. Among the most important are their
dielectric and mechanical properties [27], which depend on the
phase composition of the ceramic body, particularly the ratio
of mullite to glassy phases formed during firing [28], [29].
This relationship should be taken into account when develop-
ing compositions for low-temperature electrical porcelain.

Conventional electrical porcelain consists of three main
components:

— the clay component, which provides plasticity and con-
tains the principal phase-forming oxides;

— the quartz component, which acts as a filler and reduces
shrinkage and high-temperature deformation during firing;

—the feldspar component, which promotes densification
through the formation of a liquid phase during firing.

Alumina is sometimes added as a partial replacement
for quartz to improve the dielectric properties of porcelain;
however, this approach requires higher firing temperatures.

Since the beginning of the war, and particularly following
the full-scale invasion, many deposits of high-quality clay,
feldspar, and dolomite have been located in temporarily occu-
pied territories. Consequently, current research on the formula-
tion and processing parameters of electrical porcelain is increas-
ingly focused on raw materials from other domestic deposits.

The search for effective solutions to replace imported raw
materials is not only a technical challenge but also an economic
and strategic priority. Given that feldspar imports have ex-
ceeded 300 thousand tonnes over recent decades [30], a thor-
ough assessment of domestic quartz-feldspar raw materials
(QFRM) and their suitability for electrical porcelain produc-
tion is particularly important. Expanding the raw material base
by using quartz-feldspar materials (QFM) from currently un-
developed deposits, together with alternative mineral re-
sources, is essential for developing domestic electrical porce-
lain production and reducing the industry’s dependence on
imports. Therefore, domestic sources of feldspar materials that
can replace raw materials traditionally imported from Turkey,
Finland, India, and other countries need to be identified, while
maintaining the high quality of porcelain insulators.

This study aims to develop formulation and processing
parameters for the production of high-voltage electrical
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porcelain using exclusively domestically sourced alternative
fluxing mineral raw materials, and to investigate the proper-
ties and structural and phase characteristics of the resulting
products produced under energy-efficient firing conditions.

2. Materials and methods

2.1. Geological characteristics of the raw material base

Considering the raw material quality requirements for
porcelain insulator production, readily available natural raw
materials of Ukrainian origin with minimal contents of
variable-valence oxides (FeO, Fe, O3, TiO) were selected for
the production of low-temperature electrical porcelain. These
included kaolin from the Pyshchyky deposit in Kyiv region,
Vesco-Extra kaolinite-hydromica clay (Vesco PJSC), quartz
sand from the Novoselivka deposit in Kharkiv region, feld-
spar concentrate obtained by beneficiation of pegmatites
from the Lozuvatka deposit in Kirovohrad region, and dolo-
mite from the Nehrebivka deposit in Zhytomyr region. These
raw materials have stable reserves and are comparable in
quality to domestic materials traditionally used by the indus-
try, particularly before 2014.

The Pyshchyky secondary kaolin deposit represents a
major reserve base of high-quality kaolin raw material, with
explored reserves of 14.8 million tonnes in categories
A+ B+ Cl and 33.4 million tonnes in category C2. The

secondary kaolin occurs as three lenses of varying thick-
ness, with an average thickness of approximately 4.5 m for
the commercial-grade layer. The kaolins are classified as
high-alumina materials: according to previous studies, the
ALO3 content is 27-30 wt.% in one lens and exceeds
40 wt.% in the other two [31].

Dolomite from the Nehrebivka deposit is comparable in
quality to that from the Olenivka and Stylske deposits, which
were developed by the Dokuchaievsk Flux and Dolomite
Plant in the Donetsk region and have been located in tempo-
rarily occupied territory since 2014. Nehrebivka dolomite
can be used in the production of electrical insulating ceram-
ics, flat glass, container glass, and other types of glass at
Ukrainian plants. Commercial reserves of 36.2 million
tonnes of carbonate rocks were approved in 1986 [5].

Pegmatites from the Lozuvatka deposit are light beige
with gray inclusions and have a massive, homogeneous tex-
ture. The feldspar concentrate (hereafter, FSC) is produced
from these pegmatites by dry electromagnetic separation.

2.2. Chemical and mineral composition
of the raw materials

The chemical composition of the raw materials, deter-
mined by chemical analysis of representative samples, is
presented in Table 1.

Table 1. Chemical composition of the raw materials

Component content, wt.%

Materials Si0»  ALOs; Fex0s  Ti0»  CaO  MgO KO NaO  LOI
Vesco-Extra clay (Vesco PJSC) 53.94 30.56 0.80 1.44 0.45 0.54 1.89 0.49 9.89
Kaolin from the Pyshchyky deposit 48.53 35.60 0.71 0.44 0.42 0.18 0.89 0.22 13.01
Feldspar concentrate (FSC)* 68.09 18.15 0.1 0.04 0.65 0.21 8.27 3.96 0.53
Dolomite from the Nehrebivka deposit 2.00 1.00 0.50 — 28.00 22.00 — — 46.50
Quartz sand from the Novoselivka deposit 99.12 0.39 0.04 — 0.20 0.04 — — 0.21

“Beneficiation product of the Lozuvatka pegmatites

2.3. Experimental methods

The mineral composition of the Lozuvatka pegmatites
was investigated by petrographic analysis and X-ray diffrac-
tion (XRD) using a DRON-3M diffractometer. The specific
activities of the natural radionuclides *?°Ra, 2**Th, '32Cs, and
40K in the investigated pegmatites were determined by gam-
ma-ray spectrometry using an SEG-001 “AKP-S” scintilla-
tion spectrometer. The effective specific activity (Cerr) was
also calculated. According to the Radiation Safety Standards
of Ukraine, this parameter is used as a criterion for assessing
the suitability of raw materials for industrial applications.

The fluxing ability of the feldspar concentrate (FSC) was
evaluated using a graphical-analytical calculation method
[32]. Based on the rock’s chemical composition, this method
allows a preliminary assessment of melt formation, including
the amount, composition, and properties of the liquid phase
that governs sintering at a given firing temperature.

The specimens were prepared by plastic forming from a
body produced by the slip method, followed by partial dewate-
ring. After drying to a residual moisture content below 1%, the
specimens were fired in a muffle furnace at 1150, 1200, and
1250°C, with a 1 h soak at the maximum temperature.

In accordance with GOST 7030-75 requirements for sili-
cate porcelain containing less than 30 wt.% AlLOs, the fol-
lowing properties of the laboratory specimens were deter-

mined: water absorption (W), apparent density (pgp), com-
pressive strength (o.), flexural strength (oy), tensile strength
(0v), coefficient of linear thermal expansion (CLTE, a), and
electrophysical properties, including volume resistivity (py),
dielectric strength (E},), dielectric permittivity (¢), and die-
lectric loss tangent (tan J).

The compressive strength of the specimens was measured
using a GMS-50 testing press with a maximum load capacity
of 500 kN. Flexural strength was determined on rectangular
specimens measuring 35 x 120 x 10 mm using an MP-100
laboratory testing device. For tensile strength testing, the
specimen was secured in grips and subjected to a uniformly
increasing tensile load. The load was monitored using a
DPU-0.5/2 No. 1874 dynamometer. Upon reaching 30 MPa,
the load was held at that level for 1 min, then gradually in-
creased until specimen failure. The reported strength values
represent the arithmetic mean of measurements obtained for
five specimens of each experimental composition.

The electrophysical properties of the specimens were de-
termined in specialized laboratories of the Research Institute
of High Voltages and Kharkivelektronaladka. Dielectric
strength was measured using specimens of standard dimen-
sions in accordance with DSTU 2203-93. Volume resistivity
was determined using a Zahner Elektrik IM6e instrument after
depositing thin gold films on the specimen surfaces to serve as
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electrodes. The reported values were calculated as the arithme-
tic mean of five measurements for each batch of specimens.

Shrinkage behavior of the porcelain bodies during hea-
ting from 20 to 1200°C was investigated using a DIL 402 PC
dilatometer with Proteus Software for Thermal Analysis. The
thermal treatment program consisted of heating from 20 to
1200°C at 8°C/min, holding at the maximum temperature for
60 min, and cooling to 30°C at 7°C/min.

The phase composition of the specimens was examined by
X-ray diffraction, optical microscopy, and scanning electron
microscopy. Microstructural features were studied using a
REMMA-101Az scanning electron microscope. Prior to exam-
ination, the glassy phase was removed from the specimens by
etching with a 5% hydrofluoric acid solution, allowing the
microstructural features to be observed in greater detail.

3. Results and discussion

The study investigated the composition and technological
properties of pegmatites from the Lozuvatka deposit and
their beneficiation products, and developed a process for
producing low-temperature porcelain using these materials.

The qualitative mineral composition of the pegmatites, de-
termined by X-ray diffraction analysis, is shown in Figure 2.

o
| 2
2o e

S8 S6 5S4 52 S0 48 46 44 42 40 38 36 34 32 30 28 26 24 2 20 18

O -SiO0, (quartz), - KAS (microcline), A —NAS; (albite), O — biotite

Figure 2. X-ray diffraction pattern of pegmatite from the Lozuvat-
ka deposit

Georesurs LLC has developed a beneficiation process
that not only removes mafic Fe-bearing minerals that ad-
versely affect the quality of the pegmatite raw material, but
also produces concentrates with a desired mineral composi-
tion. By varying the proportions of albite, orthoclase, and
quartz during beneficiation, concentrates can be obtained that

meet the chemical and mineralogical requirements of fluxing
raw materials for different ceramic industries.

The fluxing ability of the Lozuvatka pegmatites and their
beneficiation product (FSC) was evaluated using graphical-
analytical calculations in the ternary systems of the major
rock-forming oxides (Na,O-ALOs3-SiO; and K,0-AlOs-
Si0;). These calculations were used to determine the onset
and complete melting temperatures of the investigated mate-
rials, as well as the amount (Q,) and chemical composition
of the melt formed at 1100, 1150, and 1200°C.

Based on the calculated chemical composition of the
melts, the properties governing the intensity of ceramic body
sintering were determined: viscosity (#, Pa‘s), surface ten-
sion (o, N/m), and activity coefficient (K., which character-
izes the ability of the melt to dissolve residual clay minerals
and quartz. The dielectric properties of the glassy phase,
namely dielectric permittivity (&) and dielectric loss tangent
(tan J), were also calculated. The fusibility and radiological
properties of the investigated materials were determined
experimentally. The results are summarized in Table 2.

Given the need to reduce the firing temperature of electri-
cal porcelain, it was considered appropriate to modify the
properties of the feldspar melt using alkaline-earth metal
oxides acting as modifiers. Dolomite from the Nehrebivka
deposit, whose composition is given in Table 1, was used as
a source of CaO and MgO.

The porcelain body compositions were designed within
the following ranges of raw materials (wt.%): 35-55 kaolin-
ite-hydromica clay, 10-25 kaolin, 25-35 feldspar concentrate,
13-17 quartz sand, and 2-4 dolomite. Experimental results
showed that adding 4 wt.% dolomite, calculated as an addi-
tion above 100% of the dry batch, led to the formation of
closed pores, which adversely affected the mechanical and
electrophysical properties of the specimens.

Using a planned factorial experiment (22 full factorial de-
sign), the following rational component ratio was estab-
lished: clay : kaolin: FSC =40:22:28, with a fixed quartz
sand content of 15 and 2.0 wt.% dolomite added above 100%
of the dry batch (Fig. 3).

Maintaining the specified proportions of raw materials in
the experimental bodies and adding 0.3 wt.% TiO» as a miner-
alizer (above 100% of the dry batch) enables, at a firing tem-
perature of 1200°C, the production of a material whose overall
properties (Table 3) meet the requirements for electrical porce-
lain (Group 110) according to the existing classification. No
signs of high-temperature deformation were observed in the
specimens over the firing temperature range of 1150-1250°C.

Table 2. Properties of the Lozuvatka pegmatites and their beneficiation products

Effective specific

Melt properties at a firing

Glassy-phase

Material activity of radionu- temperature of 1200°C properties Fire-test specimen
clides” (Cep), Bq-kg™! Om,% n,Pas  o,N/m Kact e tgd
Pegmatite 98.86 10332 0.279 0.103 791 0.11 I
199.7
FSC 95.44 10342 0.285 0.155 791 0.01

*Gamma-ray spectrometry identified the radionuclides **Th, **Ra, and “’K
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FSC + quartz sand + dolomite

X3

/ X2=10wt.%

X1 =50 wt.%

X1 =30 wt.%

Water absorption
W=0-0.1 wt.%

X2
Kaolin Intensity of mullite formation
X3 = 40 wt.% D I =1.13-1.35 rel. units

E Total shrinkage
L=11-14%

Clay \ X
X3 =60 wt.%

quartz sand - 15 wt.%
dolomite - 2 % (above 100%)

Figure 3. Investigated range of raw material compositions and the
optimal composition of the low-temperature electrical

For comparison with the low-temperature electrical
porcelain developed in this study, previous research on alter-
native fluxing raw materials aimed at reducing the energy
consumption associated with firing porcelain insulators was
reviewed. The authors of [19] demonstrated that high me-
chanical and dielectric properties can be achieved at lower
firing temperatures using a porcelain body based on kaolin
from the Djebbel Debbagh deposit (Guelma, Algeria) and
high-purity quartz from the Tamanrasset deposit (Algeria),
with Spanish feldspar partially replaced by waste automotive
glass. The glass contained, wt.%: SiO, — 70.22; CaO — 12.09;
Na,O — 13.13; MgO — 1.55; and Al,O; — 1.08. After firing at
1150-1200°C, the specimens contained residual quartz, anor-
thite, primary short-columnar mullite, and a glassy phase.
The measured dielectric properties of the glass-ceramic ma-
terial (¢ =2.5-4.0, tan J = 0.55-0.06) indicate its suitability

porcelain body for use as an electrical insulator.
Table 3. Properties of specimens fired at 1200°C
Properties Sample code GOST 20419 / IEC
NEF-1 NEF-2 NEF-3 NEF-4 672-3 (Group 110)

Dielectric strength” (Ep), kV/mm 26 27 29 30 >25

Volume resistivity™ (p7), Q'm 3.0.10% 3310 4010  4.2-10" 10'2

Relative permittivity”, & 3.37 3.06 2.95 2.70 6.0-7.0

Dielectric loss tangent”, tan §-10° 12.3 12.2 12.0 11.5 <25

Compressive strength (o), MPa 125 152 163 170 -

Flexural strength (g7), MPa 63 68 71 74 >60

Tensile strength (ov), MPa 30 31 33 34 >30

Water absorption (W), % 0 0 0 0 0

Apparent density (p), kg/m? 2820 2835 2850 2870 >2300

Coefficient of linear thermal expansion, a-10° 1/°C 5.05 4.97 4.94 4.90 3.0-6.0

*Values determined at a current frequency of f= 50 Hz;

“Values determined at 20°C.

The glass-containing specimens had a higher proportion dL/Lo (%) ik (%fmin)

of crystalline phases than conventional porcelain, which was 0 ieating > 1 04
attributed to their higher dielectric strength. Although these 1 [FempC  TApha/K)
results are of interest for high-voltage insulation applications, -2~ [550.0, 580.0 : 32.6963E-06 |02
the authors did not address deformation during firing. Given -3
the substantial shrinkage (18%) in specimens containing | R L
waste glass, such deformation appears quite likely. Moreo- -5 | 02
ver, implementation of the proposed approach would require -6 % 3
either an addi.tional high-temperatu.re glass-melting opgration 74 ;2’(‘)"%;280-0 , l&g‘;ggé_‘d‘é" P B
or the collection of waste automotive glass accompanied by g} \ \!
control of its composition. _g| Cooling s

Dilatometric analysis was performed for the optimal
NEF-1 composition. Analysis of the dilatometric curve
(Fig. 4) showed that changes in the specimen’s linear dimen-
sions during heating remained relatively small until the mate-
rial approached its maximum degree of densification. During
both heating and cooling, the curve representing the rate of
linear dimensional change (dL/df) showed minor deviations
from the baseline in the temperature range of 550-600°C.
These deviations correspond to a dimensional change of
approximately 0.3% associated with the polymorphic trans-
formation of quartz (f <> ). As the temperature increases,
liquid-phase sintering of the porcelain begins, as reflected in
a further decrease in the specimen’s linear dimensions. The
relatively low sintering onset temperature, at about 920°C, is
attributed to earlier melt formation from a combined fluxing
system consisting of feldspar and dolomite. With further
heating, the sintering rate increases; however, between 980
and 1060°C, the process slows due to crystallization of the
primary mullite phase.
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Figure 4. Dilatometric curve of the optimal composition (NEF-1)

As reported in [33]-[35], the formation of a crystalline
phase increases the melt viscosity and therefore retards
porcelain densification.

The highest sintering rate is observed at 1160°C, where
the dL/dT curve shows the largest deviation from the base-
line. The maximum degree of densification, corresponding to
zero water absorption (W = 0%), is reached at 1200°C. The
total decrease in specimen dimensions during heating to
1200°C and holding at this temperature is 6.42%. During
cooling from 1200 to 1150°C, the specimen undergoes an
additional 2.61% dimensional decrease, indicating continued
densification due to thermal inertia. No extrema are observed
on the dL/dT curve during cooling, which suggests that the
phase-formation processes have been completed.
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The structural and phase characteristics of the resulting
low-temperature electrical porcelain are shown in Figure 5.
According to quantitative X-ray diffraction and petrogra-
phic analyses, the bulk of the low-temperature porcelain
body (sample NEF-1) consists of colorless isotropic aggre-
gates of a glass-mullite matrix. The crystalline phase con-
sists mainly of mullite (~30 vol.%) and quartz (~12 vol.%).
The predominant size of newly formed mullite crystals is
approximately 0.007-8.0 pum.

(a)

% — mullite

* 0.3438% 0.3396

24 28 32 36 40 44 48 52 56

Figure 5. X-ray diffraction pattern fragment (a) and SEM micro-
graph of the NEF-1 specimen (b)

The low-temperature porcelain produced using the devel-
oped formulation underwent comprehensive testing at the
certified laboratories of the Research Institute of High
Voltages and Kharkivelektronaladka (Kharkiv). Based on the
test results, the developed material was recommended for the
manufacture of products requiring enhanced electrophysical
and physicomechanical properties, including high-voltage
pins and suspension insulators.

Table 4 presents a comparative analysis of the properties
of the developed electrical porcelain and its industrial coun-
terparts manufactured in Ukraine.

As shown by the data, the electrical porcelain produced
using the developed body composition achieves complete
densification, a volume resistivity exceeding 4-10'* Q-m, and
improved dielectric and mechanical strength, making it a
promising material for the production of high-voltage insula-
tors. Thus, the use of feldspar concentrate from the Lozuvat-
ka deposit with the addition of 2 wt.% dolomite from the
Nehrebivka deposit intensifies the formation and densifica-
tion of electrical porcelain while reducing the firing tempera-
ture by 150°C compared with industrial counterparts.

Table 4. Properties of electrical porcelain produced using the developed and conventional technologies

Properties lovl/)-teevne)lp?epr Z(tiure Olevsk Porcelain Polignkivskyi
. . Plant LLC Porcelain Plant JSC
electrical porcelain

Firing temperature, °C 1200 1350 1350
Volume resistivity (p¥), Q-m (f= 50 Hz) 4.4-10' 1-10 2.5-10"
Dielectric strength (Epr), kKV/mm (f'= 50 Hz) 30 25 25
Relative permittivity, & 34 6.5 6.1
Dielectric loss tangent, tan J 10.5-1073 — -
Tensile strength (ov), MPa 35 30 —
Flexural strength (o7), MPa 77 65 62
Water absorption (W), % 0 0 0
Apparent density (p), kg/m? 2875 2450 2400
Coefficient of linear thermal expansion, (a-10°), 1/°C 4.92:10° 4.50-10° 4.60:10°°

The results also provide insight into the mechanism of
structure and phase formation in low-temperature porcelain.
It involves accelerated sintering and complete densification
in the presence of a feldspar melt modified with CaO and
MgO, accompanied by intensive formation of needle-like
secondary mullite. The mullite content reaches approximate-
ly 30 vol.% when the established optimal ratio of raw mate-
rials (clay : kaolin : FSC = 40:22:28) is maintained and
0.3 wt.% TiO; is added as a mineralizer.

Implementation of the developed approach in porcelain in-
sulator production would enable the use of alternative mineral
raw materials readily available in unoccupied regions of
Ukraine while reducing industrial energy consumption during
firing. This is particularly important for reducing Ukrainian
manufacturers’ dependence on imported raw materials and
advancing energy-efficient production of electrical porcelain.

Further research will focus on refining the processing pa-
rameters for shaping porcelain products by plastic forming
and slip casting, which is necessary to optimize the complete
production cycle of porcelain insulators.

4. Conclusions

The results of this study are of considerable practical im-
portance for sustainable development, the technical moderniza-
tion of national production capacities, and the supply of strategic
industries with domestically sourced mineral raw materials.
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Based on the analysis of the fluxing ability of pegma-
tites from the Lozuvatka deposit and their beneficiation
product (FSC), the conditions for their effective use in
porcelain insulator production were established. The chem-
ical and mineralogical composition of the alternative flux-
ing raw material was determined, and the possibility of
modifying the properties of the feldspar melt, which govern
sintering intensity and phase formation, was demonstrated
using FSC in combination with 2 wt.% dolomite. The
mechanism of electrical porcelain formation under energy-
efficient firing conditions, with the firing temperature re-
duced by 150°C, was established for a combined fluxing
system consisting of FSC and dolomite together with
0.3 wt.% TiO; as a mineralizer.

The structure of the low-temperature electrical porcelain
is formed through accelerated sintering and maximum densi-
fication in the presence of a modified feldspar melt. This
effect is associated with earlier melt formation, lower melt
viscosity, and an enhanced ability of the liquid phase to dis-
solve residual clay minerals and quartz grains. At the same
time, the mineralizing additive improves the phase composi-
tion of the porcelain by increasing the mullite content to
approximately 30 vol.%. Mullite microfibers form a felt-like
network that reinforces the glassy phase, improves structural
homogeneity, and contributes to the high mechanical and
dielectric properties of the resulting products.
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The findings support the development of domestic porce-
lain production for electrical applications and help strengthen
Ukraine’s raw material and technological independence,
while also creating new employment opportunities in the
mining sector. The results are particularly relevant to manu-
facturers seeking to optimize production costs amid rising
energy prices and the increasing cost of imported feldspar
raw materials. Implementation of the proposed technological
solutions could reduce dependence on feldspar imports and
enable more energy-efficient production of electrical porce-
lain, thereby supporting the stable operation and further
development of domestic manufacturers.
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IMermaTuTH YKpainu ik CHPOBUHA /IJISI BAPOOHUIITBA eJIEKTPOTEeXHIYHOT0 hapdopy
0. ®enopenko, P. Kpusobok, K. boraanora, B. Bosnomiyk, 1. Hikitenko, C. IlleByenko

MeTta. OOTpyHTYBaHHS MOXIIHBOCTI BUKOPHCTAHHS IIOJILOBOIINATOBOTO KOHIIEHTPATY, OJEPKaHOTO 31 30aradeHux rnermarutiB JlozysaTt-
CBKOTO POJIOBUINA, SK BITYM3HSIHOI (UIIOCYIOUOi CHPOBHHU UISI BUPOOHUITBA HU3bKOTEMIIEPATypPHOTO EIEKTPOTEXHIYHOTO (apdopy Ta BH-
3HAUCHHS PEeNTyPHO-TEXHOJIOTIIHUX MTapaMeTpiB HOro eHeproomia HoOTro BUIAIY.

Metoauka. XiMiYHUIA 1 MiHEPaJIbHUI CKJIa]] BUXiTHOI CHPOBHUHH JIOCIIKYBAIA METOJaMHU XIMIYHOTO, ETPOrpadiyHOro Ta peHTreHo-
(azoBoro ananiziB. PanmianiiiHi BIacTUBOCTI MErMaTHTIB BH3HAYaJIM IaMMa-CHEKTPOCKOMIYHIM MeTonoM. Dirocyiody 31aTHICTh MOJIBOBO-
ILINTATOBOTO KOHIIEHTPATy OLIHIOBAIM rpad)oaHATiTHYHUMH po3paxyHkamu y cucteMax NaxO-Al203-SiOz i K20-Al03-SiO2. Cxnamu mac
ONTHMI3yBaJli METOJJOM MOBHOTO (haKTOPHOTO EKCIIEPUMEHTY. 3pa3ku (HOpMyBallM [UIACTUYHUM CIIOCOOOM i3 Mac, OJepIKaHUX HUTIKEPHUM
METOZAOM, 1 BunamoBanu npu temmnepatypi 1150-1250°C. CnikaHHs, MeXaHi4Hi, TeII0(i3U4HI Ta eNeKTpo(i3uyHi BIACTHBOCTI BU3HAYAIH
cTaHJapTHUMH Metoaamu. CTpyKTypHO-(a30Bi OCOONMBOCTI BUBYAIM METOJAMHU IWIIATOMETPii, peHTTeHiBChKoi audpakmii, onTH4HOi Ta
CKaHYBaJIbHOI EJIEKTPOHHOI MiKPOCKOTTii.

Pe3yabTaTn. BecraHoBNEHO palioHaJbHE CIIIBBIAHOIICHHS TJIMHH, KAaOJiHY Ta MOJBOBOLINIATOBOro KoHIeHTpary 40:22:28 mpu BMicTi
15 mac. % kBaproBoro Iicky, 2 mac. % monomiry i 0.3 mac. % TiOz. 3a temmeparypu 1200°C oxeprxaHo HIiIbHUH enekTpodapdop i3 Hy-
JIbOBUM BOJIOTIOTTIMHAHHSM, CJICKTPUYHOI MilHicTIo 10 30 kB/MM, muToMuM 06’eMHMM omopoM moHaa 41014 OM M, MIIIHICTIO MPU 3TH-
HauHi 77 MIla ta BMicToM MyiiTy 6mu3bko 30 00.%. O3Hak BHCOKOTeMIlepaTypHoi medopmarliii B inTepami 1150-1250°C He BHUSBICHO.
Temmnepatypy Bumnany 3HmkeH0 Ha 150°C mopiBHAHO 3 IPOMHUCIOBUMH aHAJIOTAMHU.

HaykoBa HOBH3HA. BCTaHOBIIEHO MEXaHi3M NPUCKOPEHOTO CHiKaHHS enekTpodapdopy B IPUCYTHOCTI MOJIBOBOLINATOBOTO PO3ILIABY,
MoaudikoBanoro CaO i MgO, Ta minepanizyrodoi no6asku TiOz. [TokazaHo, 0 paHHE YTBOPEHHS PO3IUIABY, 3HIDKEHHS HOTO B’S3KOCTI Ta
iHTeHCHBHE (HOPMYBaHHS TOYaCTOrO BTOPHHHOTO MYJITYy 3a0€3MeUyI0Th MaKCUMAIbHE YIUIGHEHHS 1 MiIBUIIEHHS MEXaHIYHUX Ta JTiCJICKT-
PHUYHHX BIIACTHBOCTEH MaTepiaiy.

IpakTnyna 3HaYHMicTh. BUKOpHCTAaHHS BHKIIIOYHO BITYM3HSIHOI CHPOBHHHU Ja€ 3MOTY 3MEHIIUTH IMIIOPTO3AJIEKHICTh BUPOOHHIITBA
(bapdopoBux i30JIATOPIB, CKOPOTUTH SHEPTrOBUTPATH Ha BUMNAJ 1 IMiJBUIIUTH KOHKYPEHTOCIIPOMOXKHICTh YKPaiHCBKOTO enekTpodapdopy.

Knwuogi cnosa: necvmamumu; nonvogownamosuti KOHYeHmpam, eneKmpomexuiunuil Gapgop,; HuzbKomemnepamypHuil 6Unai; Myaim;
CHIKaHHA; OieleKMpPUyHi 61aCmueocmi
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