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Abstract. The paper reports the results of an experimental investigation into the electromagnetic properties of a ceramic 
material obtained from white-burning clay from the Kornilovskoye deposit with the addition of non-ferrous metals (lead and 
copper) at varying concentrations. The relevance of the study is driven by the need to develop effective radar-absorbing 
materials for protection against electromagnetic radiation across a wide frequency range. The purpose of the study is to 
investigate the relationship between the reflection and absorption coefficients of electromagnetic waves and the metallic 
phase content within the ceramic matrix, as well as to identify the optimal composition of the material for radar-absorbing 
coatings formation. The study employs the following research methods: S-parameter analysis in the 0–18 GHz frequency 
range and time domain reflectometry (TDR), which allows for the estimation of the reflected signal level. It has been found 
that the addition of lead and copper significantly affects the electrophysical properties of the material, altering its dielectric 
permittivity and electrical conductivity. It has been shown that at the metal concentration of 20% an insufficient degree of 
electromagnetic radiation absorption is observed, whereas at 40%, the reflectivity increases due to the rise in conductivity 
and surface effects. The most effective radar absorption properties are achieved at the metallic phase content of approxi-
mately 30%, which corresponds to the formation of an optimal material structure that ensures a balance between dielectric 
and conductive losses. The obtained results indicate the promise of using the developed ceramic material as a basis for 
radar-absorbing coatings, shielding structures, and protective elements against electromagnetic exposure.
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Аннотация. В работе представлены результаты экспериментального исследования электромагнитных характери-
стик керамического материала, полученного на основе беложгущейся глины Корниловского месторождения с добав-
лением цветных металлов (свинца и меди) в различных концентрациях. Актуальность исследования обусловлена 
необходимостью разработки эффективных радиопоглощающих материалов для защиты от электромагнитного из-
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лучения в широком диапазоне частот. Целью работы является установление зависимости коэффициентов отраже-
ния и поглощения электромагнитных волн от содержания металлической фазы в керамической матрице, а также 
определение оптимального состава материала для формирования радиопоглощающих покрытий. В качестве мето-
дов исследования использованы анализ S-параметров в диапазоне частот 0–18 ГГц и метод временной доменной 
рефлектометрии (TDR), позволяющий оценить уровень отраженного сигнала. Установлено, что введение свинца и 
меди существенно влияет на электрофизические свойства материала, изменяя его диэлектрическую проницаемость 
и электрическую проводимость. Показано, что при концентрации металлов 20 % наблюдается недостаточная степень 
поглощения электромагнитного излучения, тогда как при 40 % усиливается отражательная способность вследствие 
роста проводимости и поверхностных эффектов. Наиболее эффективные радиопоглощающие свойства достигаются 
при содержании металлической фазы около 30 %, что соответствует формированию оптимальной структуры мате-
риала, обеспечивающей баланс между диэлектрическими и проводящими потерями. Полученные результаты сви-
детельствуют о перспективности использования разработанного керамического материала в качестве основы для 
радиопоглощающих покрытий, экранирующих конструкций и элементов защиты от электромагнитного воздействия.

Ключевые слова: беложгущаяся глина Корниловского месторождения, цветные металлы, радиопоглощающий ма-
териал, электромагнитное излучение, коэффициент поглощения, коэффициент отражения
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добавлением цветных металлов при различных концентрациях: анализ поглощения и отражения электромагнит-
ного излучения // Науки о Земле и недропользование. 2026. Т. 49. № 2. С. ?–?. https://doi.org/10.21285/2686-9993-
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Introduction
Ceramic materials based on clay raw materi-

als are actively used in radio-shielding coatings, 
protective structures, systems for reducing electro-
magnetic pollution, and shielding composites [1–6]. 
The introduction of non-ferrous metals (lead and 
copper) into the ceramic structure makes it possi-
ble to modify its dielectric characteristics, electrical 
conductivity, and, consequently, its ability to reflect 
and absorb electromagnetic waves1, 2 [7, 8].

The aim of the conducted study was to in-
vestigate the relationship between the reflection 
and absorption coefficients of electromagnetic 
radiation and the concentration of non-ferrous 
metals (lead and copper) in the ceramic mate-
rial based on white-burning clay from the Kor-
nilovskoye deposit, as well as to determine the 
optimal concentration for forming an effective 
radar-absorbing layer.

Special attention in the work is paid to the prin-
ciples of electromagnetic radiation measurement 
and the interpretation of its interaction with the 
studied materials. Within the framework of the 
study, the physical fundamentals of recording re-
flected and absorbed signals are examined, as 
well as the specific features of applying spectral 
filtering methods (S-parameters) and time domain 

1 Tretyakov Yu.D. Inorganic chemistry: a textbook for students. Vol. 2: Chemistry of non-transition elements. Moscow: 
Akademiya; 2011, 365 p.
2 Landau L. D., Lifshitz E. M. Course of theoretical physics: a textbook for universities. Vol. 8: Electrodynamics of continuous 
media. Moscow: Fizmatlit; 2005, 656 p.

reflectometry (TDR) for analyzing the properties 
of the medium.

The research objectives include:
– developing a ceramic material based on 

white-burning clay from the Kornilovskoye deposit 
with the addition of non-ferrous metals for protec-
tion against electromagnetic waves;

– determining the potential applications of the 
material;

– investigating the clay materials from the Kor-
nilovskoye deposit;

– studying the impact of electromagnetic radi-
ation on humans;

– developing the batch composition and tem-
perature regime for the production of a material for 
protection against electromagnetic waves based 
on white-burning clay and non-ferrous metals.

Materials and methods
For the study, three samples of clay from the 

Kornilovskoye deposit with lead and three samples 
with copper were used. The material specimens 
are designated as OSV‑1, OSV‑2, OSV‑3, OM‑1, 
OM‑2, and OM‑3. The following methods were 
employed in the investigation:

– spectral filtering method (S‑parameter 
analysis) – to determine the absorption coef-
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ficient of the material in the frequency range of  
0–18 GHz2 [9, 10];

– time domain reflectometry (TDR) – to record 
the reflected signal for estimating the reflection 
coefficient [11].

The measurement of electromagnetic radiation 
characteristics in this work is based on the anal-
ysis of the interaction of the incident wave with 
the interface between media. The main measured 
parameters are the reflection coefficient R and 
transmission coefficient T, which are derived from 
the S‑parameters (S11, S21) recorded using a vec-
tor network analyzer.

The reflection coefficient S11 characterises 
the fraction of energy reflected from the sample 
surface and is defined as the ratio of the reflected 
wave amplitude to the incident wave amplitude. 
The transmission coefficient S21 reflects the ability 
of the wave to pass through the material. Based 
on these parameters, the absorption coefficients, 
which are associated with energy losses in the 
material volume, are calculated [12, 13].

The TDR method is based on recording the 
response of the medium to a short pulse. Analysis 
of the waveform and amplitude of the reflected sig-
nal makes it possible to determine the distribution 
of inhomogeneities and to evaluate the dielectric 
properties of the material. The time resolution of 
the method provides the ability to localise regions 
with different electrophysical characteristics.

An important aspect is the consideration of sig-
nal attenuation, multiple reflections, and dispersion 
effects, which is especially significant when study-
ing composite materials with conductive phase 
inclusions.

Results and discussion
The batch composition is based on white‑burn-

ing clay from the Kornilovskoye deposit. Various 

concentrations of non‑ferrous metals were intro-
duced into it, %: lead – 20, 30, 40; copper – 20, 30, 
40. The same preparation procedure was applied 
to all specimens: mixing, shaping, drying, and firing 
at 1,250°C [14, 15].

For the investigation, the results of refrac-
toriness determination of the clay material with 
non‑ferrous metal additions were used, with the 
aim of employing the material under high‑tempera-
ture conditions (Table). Firing was performed in an 
electric furnace “Nakal” (Nakal – Industrial Furnac-
es JSC, Russia).

The obtained experimental data are consid-
ered not only from the standpoint of the material 
properties, but also as a result of the implemented 
measurement procedure based on the analysis of 
the reflection and absorption parameters of electro-
magnetic radiation. The features of the resonance 
curve shapes and the amplitudes of the TDR sig-
nals make it possible to assess the sensitivity of 
the methods to changes in the medium structure 
and the concentration of the conductive phase.

In the filtering plot (S‑parameter graph) at the 
lead content of 20%, comparatively shallow res-
onance dips are observed in the 9–11 GHz and 
15–16 GHz ranges, which corresponds to a mod-
erate degree of absorption. The TDR graphs con-
firm this – the amplitude of the reflected pulse is 
elevated, which is characteristic of materials with 
a low level of internal losses [16].

An increase in the lead concentration to 30% 
results in the deepest resonance minima, a broad-
ening of the absorption frequency band, and a 
decrease in the reflection level on the TDR dia-
gram. This indicates that an optimal balance be-
tween conductivity and dielectric losses has been 
achieved [17]. 

When the lead content is increased to 40%, 
the absorption intensity is partially preserved; how-

Results of refractoriness determination of the clay material with non-ferrous metal additives
Результаты определения огнеупорности глинистого материала с добавлением цветных металлов

Sample 
number

Heavy  
metal

Heavy metal  
content, %

Refractoriness  
temperature, °С

Refractoriness
classification

ОСВ-1 Свинец 20 1250 Refractory
ОСВ-2 Свинец 30 1250 Refractory
ОСВ-3 Свинец 40 1250 Refractory
ОМ-1 Медь 20 1250 Refractory
ОМ-2 Медь 30 1250 Refractory
ОМ-3 Медь 40 1250 Refractory
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Fig. 1. Filtration (a) and time domain reflectometry (b) graphs at the lead concentration of 20%
Рис. 1. Графики фильтрации (а) и временной доменной рефлектометрии (b) при концентрации свинца 20 %
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Fig. 2. Filtration (a) and time domain reflectometry (b) graphs at the lead concentration of 30%
Рис. 2. Графики фильтрации (а) и временной доменной рефлектометрии (b) при концентрации свинца 30 %
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Fig. 3. Filtration (a) and time domain reflectometry (b) graphs at the lead concentration of 40%
Рис. 3. Графики фильтрации (а) и временной доменной рефлектометрии (b) при концентрации свинца 40 %

Fig. 4. Filtration (a) and time domain reflectometry (b) graphs at the copper concentration of 20%
Рис. 4. Графики фильтрации (а) и временной доменной рефлектометрии (b) при концентрации меди 20 %
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Fig. 5. Filtration (a) and time domain reflectometry (b) graphs at the copper concentration of 30%
Рис. 5. Графики фильтрации (а) и временной доменной рефлектометрии (b) при концентрации меди 30 %

Fig. 6. Filtration (a) and time domain reflectometry (b) graphs at the copper concentration of 40%
Рис. 6. Графики фильтрации (а) и временной доменной рефлектометрии (b) при концентрации меди 40 %
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ever, the spectrum becomes less uniform, and 
the amount of reflected energy increases. This is 
attributed to excessive conductivity and enhanced 
surface reflection [18]. 

The studies of copper samples with concentra-
tions of 20, 30, and 40% are presented in Figs 4–6.

At the copper concentration of 20%, only ini-
tial resonance features of absorption are formed, 
and the TDR graphs confirm a high amplitude of 
the reflected signal, indicating weak attenuation 
of the electromagnetic wave within the material 
volume [13, 14].

At the copper concentration of 30%, the most 
developed absorption band with deep resonance 
dips and a substantial reduction in reflection is 
recorded.

When the copper fraction is increased to 40%, 
the spectra again become less uniform, the dip 
depth decreases, and the reflected pulse inten-
sifies. This effect is attributed to the increase in 
conductivity and the reduction in wave penetration 
depth, which leads to enhanced surface reflec-
tion [19].

For both lead and copper, a common trend 
is observed: the best absorbing properties are 
achieved at the concentration of 30%, whereas 
at 20% the material is insufficiently effective, and 

at 40% it begins to exhibit excessive reflectivity. 
This confirms the critical role of the percolation 
threshold of the metallic phase in the formation 
of the electromagnetic properties of ceramic ma-
terials [20].

Conclusion
The study has demonstrated the effectiveness 

of applying S‑parameter analysis and TDR for the 
quantitative assessment of electromagnetic radi-
ation characteristics upon interaction with com-
posite materials. It has been shown that these 
methods are highly sensitive to changes in the 
medium structure and can be used in problems 
of geophysical monitoring, remote sensing, and 
materials diagnostics.

Based on the analysis results, it should be not-
ed that products manufactured from white‑burning 
clay from the Kornilovskoye deposit with non‑fer-
rous metals represent a promising basis for ra-
dar‑absorbing panels and shielding elements. The 
introduction of heavy metals into the clay matrix 
significantly affects the electromagnetic properties 
of the material. At concentrations below 30%, the 
material exhibits insufficient absorbing capacity; 
at concentrations above 30%, reflection increases 
due to excessive conductivity.
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