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DIELECTRIC PERMITTIVITY OF TWO-COMPONENT COMPOSITES

Abstract. The article presents the results of using computer technologies for data processing
and analysis in dielectric measurements, structural control, and properties of polymer com-
posite materials and heterogeneous dielectrics. The algorithm used allows the identification
of the structure of non-homogeneous dielectrics with conductive inclusions by analyzing the
experimental concentration dependence of static dielectric permittivity. It helps to determine
whether their structure corresponds to known models of matrix systems or statistical mix-
tures. The developed application can be seen as part of the software for creating an automat-
ed system for scientific research in the field of electronics of heterogeneous structures and
materials, and it can also be used autonomously.

Keywords: automation of dielectric research, data processing, heterogeneous dielectrics, ap-
plication, Mathcad program, interface design.

Problem statement. The processing of experimental data to obtain information about
the physical and physicochemical properties of various materials is one of the key tasks in
their research and technical application. This procedure is usually associated with the need to
use appropriate mathematical models and perform non-trivial mathematical operations.

The use of computer technologies for these purposes, in particular, intelligent infor-
mation-measuring systems [1-5], significantly reduces the labor intensity of the process and
improves the accuracy of the results obtained.

One of the areas where such an approach is particularly relevant is the processing and
analysis of experimental data in dielectric research and the control of properties of ceramic
varistor and polymer composite materials and heterogeneous dielectrics in general [6-11].

An important aspect in the development of such semiconductor heterogeneous materials
is the study of the influence of their structure, the properties of the polymer matrix, and the
filler, as well as the physicochemical interaction between them, on the electrophysical proper-
ties of the composites in general [12-14].

Dielectric spectroscopy for this type of two-component systems is one of the most ef-
fective methods for studying the structural features and mechanisms of electrical conductivity
formation.

A particular interest lies in studying the dependence of electrical conductivity and die-
lectric permittivity on the concentration (volume fraction) of the filler, as this allows the anal-
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ysis of percolation phenomena and effects related to the formation of transition phases with
different physical properties from the original components of the composites [15-17].

Research objective. The aim of the research is to create an application for automating
the processing and analysis of experimental concentration dependence of static dielectric
permittivity of heterogeneous dielectrics with conductive inclusions in order to determine
whether their structure corresponds to matrix systems or statistical mixtures.

The algorithm implemented in the application is based on the use of the most well-
known models for describing the dielectric properties of two-component dielectrics: the
Bruggemann-Hanai model for matrix systems and the Boettcher-Hsu model for statistical
mixtures [15, 18].

Presentation of the main material of the research. To develop an effective algorithm
for processing and analysis, it is necessary to analyze the physical foundations of the process.

Within the framework of the matrix system model (Bruggemann-Hanai) [4,12,14], the
concentration dependence of the static dielectric permittivity of a two-component system
£, With conductive inclusions in an insulating environment (matrix) is described using the

following expression:
-1/ A
Emi = €q° (1 —py) 1)
where £; , gy and A are the relative dielectric permittivity of the matrix, volume fraction, and

depolarization factor of the conductive particles, respectively. It is generally assumed that the
particles have an ellipsoidal shape, and A can vary from 0 to 1 [19-21]. In the case of unor-
dered inhomogeneous (isotropic) systems, the particles are considered spherical, and i A =
1/3.

For a statistical mixture, the dependence of static dielectric permittivity £;; on the vol-

ume fraction is described by the Boettcher-Hsu model [18], and it can be written as [20,22]:
st =& Pen” (Pen — Pv}_l (2)

where p.,— is the threshold (percolation) value of the volume fraction of the conducting
component [14].

As can be seen from (2), as py— p.x, the low-frequency dielectric permittivity of the
statistical mixture £; increases infinitely.

For a two-component statistical mixture with spherical particles in the Boettcher-Hsu
model, the theoretical value of p,, = 1/3 [20,22].

It should be noted that in a number of known theoretical models of electrical conduc-
tivity in two-component media, the percolation threshold is determined by an expression of
the form p,;, = z/2, where z — is the number of bonds between homogeneous particles lo-

cated at the nodes of a particular lattice (the bond model) [23]. Depending on the degree of
order and physical properties, it has been shown that the percolation threshold value p,; can
vary from 0,05 to 0,6 [23-26].
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The unknown parameters in (1) and (2) are A and p,;. The condition for applying either

of the models in a specific real situation is the possibility of approximating the experimental
dependence  g(pyg)in  the  coordinates  [log(1 — pye); log(e;e)]  or

[log (p., —pye); log(e;z)] with astraight line [25,27].

The description of the main operations of the developed algorithm can be outlined as
follows:

1. For applying the least squares method [28], the experimental data for the concentra-
tion dependence of the low-frequency dielectric permittivity are presented in relative coordi-

nates such as [vi = log(ele /e ); xky = log (1 — pie)] and
[yé = Iag(efg;’efg); xéz = log (pm - pf}gj]. Here, efE and p.f}E - the experimental values

(i=0,1,...n-1; n—is the number of experimental points).
2. The theoretical approximating expressions (1) and (2) are rewritten as:
y1(py, 4) = —logl(1 — py) /(1 — pP]/A 3)

Y2y per) = —log[(pe —py) /(e — 23] (4)

3. To determine the unknown parameters A ta py, the following target functions must
be minimized:

T i 2
Fe(a,) = 2150 [vE — vi(pie. ap)] (%)
wherek=1-2; a; = Ataa; = pg.

The quality of the approximation can be measured by the root mean square error of the
approximation divided by the empirical mean value (variation coefficient), which is deter-
mined for each section of the relaxation dependence by the formula:

_ [Fel@ag/n-D

Vk = Tymai (6)

=p YE/ Tk

4. To choose the optimal model, the condition of minimizing the corresponding root
mean square error is applied, for example, the rule for the k-th kinetic dependence is as fol-
lows:

IF v,,;, = min(v;,), THEN the k-th model is selected.

To implement this algorithm, the well-known and widely used mathematical software
package Mathcad [29] was chosen as the main tool. The program’s user interface was devel-
oped using Visual Studio tools. Specifically, the monitor for the package was created using
C# within a Windows Forms Application project type. As previously mentioned, the compu-
tational algorithm’s application module consists primarily of Mathcad documents, specifically
version 15, which are utilized for performing the necessary calculations and operations.

In addition, the application supports a range of universal tools that allow users to work
with various file formats, including .xIsx (Excel spreadsheets) and .dat (text data files). The
results of computations are stored in text files, and the content of these files is then displayed
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on the screen in the appropriate form field. The results are added to the ListBox element for
better organization and easier access by the user [30,31].

For easy navigation between different sections of the application, buttons (Button) are
used, allowing the user to move seamlessly from one part of the program to another. The user
interface is designed with the understanding that the application integrates different software
products, which work together to provide a comprehensive solution. It includes various ser-
vice functions to assist users with data processing and analysis. These functions and the over-
all system layout are clearly depicted in Figure 1.

= Dislcometry - n] *
Button Button ListBox
|  Enter data | | Result visualization|
Butten Button
| Analyze | | Bruggeman model | Results
Button
| Bottchermode! |

File .xls, dat or txt
Experimental
data
Transfer File dat - Transfer
data Transfer Parameters data
data
Fle xmecd File .dat :>
Data :[> Farameters
processing
Fle dat
Parameters

Figure 1 — Main user interface window and application operation diagram

The algorithm to interact with the user interface can be described by the following steps:

1. Data input. The operator uploads the corresponding table of experimental measure-
ment data on the concentration dependence of static dielectric permeability into an Excel
spreadsheet (transition to the data file window by clicking the "Enter date" button).

2. Calculation in the Mathcad software package of the model parameters for the speci-
fied dependence for a given factor value and transferring them to the result analysis text file
(transition to the Mathcad software module window by clicking the "Analyze" button). Addi-
tionally, the conversion and transfer of output data to a separate text file is performed auto-
matically.

3. Displaying the results in the ListBox field (clicking the "Result visualization™ but-
ton).

Furthermore, the main window contains the buttons "Bruggeman model™ and "Bottcher
model,” which allow, if necessary, to check the correctness of the entered data and review the
obtained values of the model parameters and relative modeling errors, respectively.
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Conclusions. A variant of the implementation of computer analysis of measurement da-
ta of the concentration dependence of dielectric permeability in two-component composites is
presented, aimed at obtaining information about their structural features.

As a result of this processing, it is possible to obtain information about the structure
model that best describes the electrical properties of the studied heterogeneous material, as
well as determine the optimal parameters of the selected model (depolarization factor for par-
ticles of the component with higher electrical conductivity for the matrix system or percola-
tion threshold for the statistical mixture).

The developed application can be considered as part of the software for an automated
system for scientific research in the field of electronics of heterogeneous structures and mate-
rials and can also be used locally.
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Jlooamok ons 00poodKu ma ananizy OGHUX 6UMIPIO6AHL KOHYEHMPAUIHOT
3anexncHocmi die1eKmpuuHoi NPOHUKHOCHI 0860KOMHOHEHMHUX KOMRO3UMIE

Y cmammi posenadaemuvca pospooka ma 6npoeadsicenns 0OUUCTIO8AILHO20 3ACMOCYH-
Ky, NPU3HAYeH020 Ol 0OpOOKU ma auanizy OaHux, OMpUMAHUX 3 OleIeKMPUYHUX OOCi-
Ooicenn. L]i docnioscennss 30cepedceti Ha 3a2albHOMY AHANIZL MUNY CMpPYKMypu 080KOMNO-
HEHMHUX KOMNO3UMHUX Mamepiaiie ma 2emepo2enHux OleleKmpuKis. 3anponoHo8anutl aneo-
PUMM BUKOPUCTNOBYE eKCNEPUMEHMATIbHI KOHYESHMPAYIUHI 3A1eHCHOCII CMAMUYHOI OiejleKm-
PUUHOI NPOHUKHOCMI 0151 KACUQDiKayii cmpyKmypu KOMRO3UMIG K MAMPUYHUX cucmem abo
CMAMUCMuyHUX cymiuiell Ha OCHOBI 6CIAHOBNIEHUX MeOPeMUYHUX MOOerell.

Bukxopucmosyromscsi mooenv bpyeemana-Xauai ons mampuunux cucmem ma mMooensb
bomuepa-Xcy ons cmamucmuunux cymiweni 0n1s oyiHKu OieleKmpuyHoi no8ediHKU 2emepo-
2eHHUX cucmem, Wo MICmams nposioHuKoei exnouents. Lllnaxom anpokcumayii excnepume-
HMANbHUX OAHUX 3d OONOMO2010 YUX Mooeseli IHCMPYMeHm 8U3HAYAE KAI0UO08l napamempu,
maxi K paxmopu denoasapuzayii abo nopo2osi 3Ha4eHHs NepKoIAYLL, AKI € KpUMUYHUMU OIS
PO3VMIHHA 61ACMUBOCMEN MAKUX MAMepiaie.

Pospobneno 3 euxopucmanuam Mathcad ons ancopummiynoi peanizayii ma Visual
Studio — oz npoexmysanns inmepgeiicy, npoepamue 3ab6e3neuenus 06pPoOOIE eKCnepuMeH-
manvHi Oawui 3 6xiOHuUx ¢aiinie (popmamu Excel abo mexcmosi gaiinu) ma cenepye pe3yiv-
mamu y 3pyuHomy 0.1 Kopucmyeada popmami. OCHOBHI YYHKYIOHATbHI MOIHCTUBOCHLT BKITO-
yaoms nepesipKy 88e0eHUx OaHux, OOYUCIeHHs napamempie Mooleli ma 8i3yanizayio pe-
3ynemamis. Lletl nioxio 3nauno niosuwye epexmusHicms i MOUHICMb OleIeKMPUYHO20 AHALI-
3y NOPIGHAHO 3 PYYHUMU OOUUCTEHHAMU.
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Po3pobnenuii 3acmocynok mae agmoHOMHI MONICIUBOCMI MA ROMeHYian 01 iHme2payii
8 aBMoMamu308aHi HayKo80-00CIIOHUYbKI cucmemu 015 eleKmpOHIKU ma HAYKU npo mame-
pianu. Lle 0036015€ docaioHuKam cnpowyygamu CKiaoOHi Mamemamuiti 00YUCienHs, 00HOYA-
CHO 3abe3neuyiouu HaoTuHUL 6uOIp MoOenel Ha OCHOBT MIHIMALHUX NOMULOK ANPOKCUMAYII.

Knouoei cnosa: asmomamusayis OieieKmpudnux 00CHiodiceHb, 00pobKa 0aHux, ceme-
poeenni dienekmpuxku, 0ooamox, Mathcad npoepama, ousaiin inmepeeticy.

Tonkomxkyp Onexcanap CepriiioBud — 1-p ¢i3.-mar. Hayk, npodecop, npodecop kabeapu
EJIEKTPOHHUX OOYHUCIIIOBATBHUX MAalIvH, [/IHIMPOBCHKUN HALIOHAJIHHHUNA YHIBEPCUTET iMEHI
Onmnecs ['onuapa.

Ilep6ak Auapiii €BrenilioBny — acmipanT kadeapu eleKTPOHHHX OOUYUCIIOBAILHUX Ma-
mvH, J{HINpOBCHKUIT HallioHaNbHUH YHiBepcuTeT iMeHi Onecs ['oHuapa.
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