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Abstract: This paper presents modeling data to select the optimal industrial unit for the microwave
modification of an epoxy basalt-filled oligomer (EBO) at electric field strength E of an electromagnetic
wave equal to 11.9 × 103 V/m and a uniform distribution of the temperature field over the entire
volume of the modified object. A mathematical description of the electrodynamic and thermal
processes occurring in the object under consideration subjected to microwave exposure includes
the Helmholtz equation for the electric field strength vector and the heat conduction equation. The
joint solution of this problem in a three-dimensional formulation is based on the use of the finite
element method, which in this work was implemented in the COMSOL Multiphysics® 6.1 software
environment. According to the modeling results, the use of microwave chambers with a traveling
wave of a waveguide type is inefficient because the required value of the electric field strength E
is not achieved, while the modeled microwave chamber with a traveling wave on a quasi-coaxial
waveguide makes it possible to achieve the required value of the electric field strength E and uniform
distribution of the temperature field over the entire volume of the modified object by reducing the
generated power for the modification of an EBO from 400 W up to 300 W. Optimal parameters for
modifying an epoxy basalt-filled oligomer in the microwave electromagnetic field in the working
chamber with a traveling wave on a quasi-coaxial waveguide have been developed, which provide a
uniform microwave modification of an EBO with a microwave installation capacity of 11.6 kg/h. A
sketch of an industrial microwave working chamber has been developed, which provides a mode of
the uniform modification of the oligomer at electric field strength E = 12.3 × 103 V/m. The proposed
microwave chamber with a traveling wave on a quasi-coaxial waveguide can be replicated for the
microwave modification of filled oligomers of various chemical compositions.

Keywords: epoxy oligomer; microwave modification; modeling; quasi-coaxial waveguide; electric
field strength; generated power

1. Introduction

Currently, the search for alternative technologies for polymer modification is one of the
priorities for technical progress in various industries. To impart new functional properties
to the material, various electro-physical processing methods are widely used, such as elastic
vibrations of the ultrasonic frequency range [1,2], plasma treatment [3,4], corona electric
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arc [5], radiation processing [6,7], and others [8]. Studies on the use of electro-physical
methods for processing materials and products have shown high efficiency in using the
energy of microwave electromagnetic oscillations for this purpose [9,10]. In Ref. [11],
the preparation of polyionic liquid functionalized MXene particles was accompanied by
processing with microwave radiation for 60 min. Materials based on carbon perceive the
energy transmitted by microwave radiation quite well, which makes it possible to use
them as a receptor for heterogeneous reactions [12]. Examples are reactions occurring with
microwave radiation: Diels–Alder reactions, thermolysis of ethers, pyrolysis of carbamides,
etc. [13]. A variant of carbon nanomaterials synthesis using microwave pyrolysis has
become widespread, which allows for a reduction in the amount of harmful emissions, the
production temperature, and also for the use of new renewable sources of raw materials [14].
Microwave radiation is often used to initiate the curing reaction of various polymers,
examples of such usage being geopolymers [15], thermoplastics [16], lactones, lactides,
etc. [17].

The volumetric processing of polymeric materials and products can significantly speed
up the modification process compared to other processing methods, thus increasing the
quality of finished products, reducing thermo-mechanical effects and the dimensions of the
production unit, and improving the economic performance of the process [18–20].

In recent years, positive results have been obtained that prove the effectiveness of
using a microwave electromagnetic field for modifying various polymeric materials [21–26],
including filled epoxy polymers [27]. Therefore, the use of mathematical modeling methods
both for the study of the processes occurring in polymers and for the development of
microwave units for their modification is currently a promising area of research [28–30].

The mathematical description of the processes of the microwave heat treatment of
dielectrics is based on the system of interrelated equations of electrodynamics and heat
and mass transfer. Depending on the specific modification conditions, the mathematical
model can be supplemented with the equations of thermo-mechanics, hydrodynamics,
and equations describing chemical and biological processes, or simplified, for example, by
transformation to a system of equations of electrodynamics and thermal conductivity.

To develop an industrial microwave installation that will provide the required electric
field strength E and a uniform distribution of the temperature field throughout the volume
of the modified object to obtain a composite with a given set of properties, it is necessary
to determine the optimal parameters of electrical and thermal processes in the composite
under microwave exposure, as well as to choose a microwave chamber design. Modeling
in the COMSOL Multiphysics® 6.1 software environment allows us to predict, without
laboratory studies, the required values of electrical and thermal processes in the material
when choosing an optimal design of the microwave chamber.

In this work, the task of the study is to model an optimal industrial unit for the mi-
crowave modification of a previously developed epoxy basalt-filled oligomer (EBO) [31].
It has been proven that an electric field strength E of an electromagnetic wave equal to
11.9 × 103 V/m has the greatest effect on the structure formation of an epoxy basalt-filled
oligomer, which provides modification of the physicochemical and mechanical properties
of epoxy basalt-filled polymer composite materials (PCMs). Using a laboratory unit, the re-
quired values of electric field strength E are achieved at a generated power of Rmw = 400 W
and exposure time of 24 s, while an epoxy basalt-filled oligomer should not be heated
above 220 ± 10 ◦C.

The novelty of the work consists in the developed method for modeling the process
of modifying an epoxy basalt-filled oligomer in microwave chambers with a traveling
wave, on the basis of which an optimal microwave chamber based on a quasi-coaxial
waveguide has been developed, which makes it possible to provide the required electric
field strength E and a uniform distribution of the temperature field throughout the volume
of the modified object, which are necessary for obtaining a modified composite with a
given set of properties.
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2. Mathematical Models of Electro-Dynamic and Thermal Processes during
Microwave Modification of Oligomers

In this scientific work, the effect of a microwave electromagnetic field on an epoxy
basalt-filled oligomer (EBO) and, as a result, on the properties of an epoxy basalt-filled
polymer composite material (EB PCM), was studied.

Epoxy resin ED-20 manufactured by CHIMEX Limited (St. Petersburg, Russia)
was used as a binder for obtaining polymer composite materials. Trichloroethyl phos-
phate (TCEP) manufactured by Xuancheng City Trooyawn Refined Chemical Industry Co.
(Beijing, China) was used as a plasticizer and flame retardant. Trichloroethyl phosphate-
tris-(2-monochloroethyl) phosphate (C6H12Cl3O4P) is a complete ester of phosphoric acid
and ethylene chlorohydrin. It is an effective flame retardant that significantly improves
the firefighting properties of materials. Trichloroethyl phosphate forms a homogeneous
physical mixture with polymers and does not enter into a chemical reaction with them,
which enhances the flame retardant effect. In addition, trichloroethyl phosphate is a good
plasticizer. The presence of chlorine atoms in the composition of trichloroethyl phosphate
does not reduce its compatibility with polymers. When trichloroethyl phosphate is added
to the composition, a self-extinguishing material is obtained, which quickly goes out after
the termination of an open flame. Crushed basalt rubble with a particle size of ≤140 µm
was used as a filler for epoxy composites. Basalt is an igneous rock solidified in the upper
layers of the earth crust. It has high strength and density as well as high chemical properties,
fire resistance, strength, durability, and sound and heat insulation performance [31].

The mathematical description of the processes of the microwave heat treatment of
dielectrics is based on a system of interrelated equations of electrodynamics and heat
and mass transfer. Depending on the specific modification conditions, the mathematical
model can be supplemented with the equations of thermo-mechanics, hydrodynamics,
and equations describing chemical and biological processes, or simplified, for example,
by transformation to a system of equations of electrodynamics and thermal conductivity
(without taking into account mass transfer when modeling the thermal conductivity of
modification objects).

The electro-dynamic part of the models, as a rule, is unchangeable and represents the
system of Maxwell’s equations, which, when considering wave processes, is converted to
the system of Helmholtz wave equations. It is assumed that all fields (E, H, D, B) have
harmonic time dependence with a known angular frequency and that all properties of the
materials of the computational area (areas) are linear with respect to electric field strength
E of the electromagnetic wave.

Modeling is limited by the Helmholtz equation with respect to the electric field strength
vector E, since the remaining fields can be obtained from the field E according to the known
relationships (boundary conditions and constitutive equations), and also due to the fact
that the power of internal heat sources, because of dielectric losses qv, (besides dielectric
properties and frequency), is mainly determined by the distribution of the field E:

qv = 0.5ωε0ε
′′
r · |E|

2 (1)

whereω = 2πf is the angular frequency, f is the frequency of the electromagnetic field, ε0 is
the electrical constant, and ε′′r is the loss factor (the imaginary part of the permeability).

Relation (1) describes the effect of heat release during dielectric heating and is used to
set the relationship between thermal and electro-dynamic processes in modeling.

The Helmholtz equation for the electric field strength vector E and typical bound-
ary conditions that are characteristic of describing the processes of the microwave heat
treatment of dielectrics are given as:

∇×
(
µ−1

r ∇× E
)
− k2

0

(
ε′r −

jσ
ωε0

)
E = 0 (2)
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n× E = 0 (3)

[H2 −H1, n] = 0; [n, E2 − E1] = 0; n(D2 −D1) = 0; n(B2 − B1) = 0, (4)

where µr is the relative magnetic permeability, k0 = ω
√
ε0µ0 is the wave number, ω is the

circular frequency, ε0 is the electrical constant, µ0 is the magnetic constant, ε′r is the relative
permittivity (real part), σ = ωε0ε

′′
r is the electrical conductivity, ε′′r is the loss factor, H2,

H1, E2, E1 are the magnetic and electric field strength vectors, D2, D1, B2, B1 are the vectors
of electric and magnetic induction for environments 2 and 1, respectively, and n is the unit
vector of the normal to the surface.

Let us consider the formulation of the problem of modeling the processes of the
microwave heating of dielectrics. When modeling microwave heating processes, in which
mass transfer processes can be neglected, the equation of non-stationary heat conduction
with boundary and initial conditions is added to the Equations of electrodynamics (2)–(4):

ρcp
∂T
∂τ

+ ρcpu · ∇T− div(λ · gradT) = qv (5)

−n · q = h(Text − Tc) (6)

−n · q = εσr

(
T4

ext − T4
r

)
(7)

T1 = T2 (8)

λ1

(
∂T1

∂n

)
S
= λ2

(
∂T2

∂n

)
S

(9)

T(0) = T0 (10)

where ρ is the density, cp is the specific heat, T is the temperature, τ is the time, λ is the
coefficient of thermal conductivity, qv is the power of internal heat sources due to dielectric
losses, h is the coefficient of heat transfer from the surface, Text is the ambient temperature,
Tc is the temperature of the convective heat exchange surface, ε is the radiation coefficient,
σr is the Stefan–Boltzmann constant, q is the heat flux density vector, Tr is the temperature
of the radiative heat exchange surface, T1, T2 are the temperatures of the mating heat
exchange surfaces of regions 1 and 2, λ1, λ2, are the thermal conductivity coefficients of
regions 1 and 2, n is the normal vector to the interface, S, T0 is the initial temperature of the
object, and u is the velocity vector (for a moving composite material).

The boundary condition (6) characterizes the convective heat exchange with the
environment according to the Newton–Richmann law. Boundary condition (7) characterizes
radiative heat transfer. Boundary conditions (8) and (9) are set on the mating surfaces
and represent the condition of equality of temperatures and heat fluxes on the contacting
surfaces. The initial condition (10) sets the initial temperature of the heating process.

To model the installation for the microwave modification of an epoxy basalt-filled
oligomer, the COMSOL Multiphysics® 6.1 software was used, which allows us to predict
and optimize physical processes and devices using numerical modeling. With the help of
COMSOL Multiphysics® 6.1, structures, devices and processes are modeled in all areas
of engineering, manufacturing, and scientific research, and one can also analyze both
individual and interconnected physical processes. The modeling environment allows one
to go through all the stages, from constructing a geometric model, setting the properties
of materials, and describing the physics of the problem to performing the calculation and
analysis of the obtained simulation results.

The implementation of a general mathematical modeling algorithm In the COMSOL
Multiphysics 6.1 program usually includes the following steps:

- Constructing a geometric model;
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- Setting equations that describe the process of microwave heat treatment under consid-
eration, taking into account the corresponding relationship of these equations;

- Setting the boundary and initial conditions;
- Setting the properties of the model materials;
- Creating a finite element mesh;
- Developing the solution algorithm;
- Launching a solution or a series of solutions with varying parameters;
- Conclusions and analysis of modeling results.
- Initial data for modeling:
- Physical properties of EBO, its components, and fluoroplastic used as cuvettes and

tubes for moving the oligomer in the microwave chambers are shown in Table 1.

Table 1. Physical properties of dielectric materials.

Physical Properties EBO Fluoroplastic

Thermal conductivity coefficient, W/(m K) 0.124 0.25
Specific heat capacity, J/(kg K) 580 1040

Density, kg/m3 1607 2200
Dynamic viscosity, Pa s 6.519 -
Relative permittivity ε′r 4.921 2.1

Loss ratio ε′′r 1.55 0.000252

3. Modeling of the Process of Oligomer Modification in Microwave Chambers with a
Traveling Wave of a Waveguide Type

The processing of polymers with a microwave electromagnetic field makes it possible
(reducing the duration of the process) to achieve a uniform modification of the object in
less time, while thermomechanical effects are reduced and the quality of finished products
is increased. The reduction in the process time and energy/cost savings are usually in
the focus of manufacturing process improvement. New technologies make it possible to
achieve significant improvements in relevant performance. Therefore, new electrophysical
methods for obtaining a modified epoxy basalt-filled polymer composite material with
a given set of properties are an important area of research and development in the field
of polymer matrix composite technology. The criteria for introducing changes are based
on the scientific theory that the response of an electromagnetic field (EMF) to microwave
exposure is observed only in polar polymers that have an unbalanced covalent bond due
to polar groups [32].

There are three main microwave heating mechanisms: dipole polarization, ionic con-
duction, and interactive polarization. The mechanism is based on the fact that polarized
molecules are subjected to a torque in an electric field, which makes the dipoles rearrange
and become polarized. When an external electric field is applied, the molecules are polar-
ized; that is, the symmetry of the arrangement of their charges breaks and they acquire
a certain electric moment [15,19]. Epoxy oligomers are the most promising among other
organic macromolecular substances and are of great interest as objects of the study of
the effects of microwave electromagnetic fields due to their polarity [33,34]. However,
there is no information in the literature on obtaining optimal parameters of electrical and
thermal processes in the “epoxy oligomer—dispersed filler” system under microwave
exposure, which confirms the relevance of solving the problem of choosing a microwave
chamber design.

Figure 1 shows a block diagram of a microwave unit for heating EBO samples in
a waveguide microwave chamber. To match the microwave generator with the load, in
addition to the microwave chamber of waveguide type, in which the processed EBO is
placed, an additional water load is applied, which absorbs part of the microwave energy
that was not absorbed in the object.
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To select the optimal design of the microwave unit when modeling heating processes in
microwave chambers with a traveling wave of a waveguide type at frequency of 2450 MHz
with chamber dimensions of 45 × 90 × 200 mm, the following options for the location of
the EBO were considered:

3.1. Option I. Microwave Modification of the Oligomer in a Fixed Cuvette 50 × 40 × 10 mm
in Size

A fluoroplastic cuvette 50 × 40 × 10 mm in size with a wall thickness of 1 mm, filled
with an oligomer, is placed on the symmetry axis of the waveguide parallel to the narrow
part of the waveguide (to obtain the maximum electric field strength). The cuvette with the
object does not move in the microwave chamber (Figure 2).
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Figure 2. Geometric model of a waveguide microwave chamber with a fluoroplastic cuvette
50 × 40 × 10 mm in size and the object of modification: 1—waveguide microwave camera;
2—fluoroplastic cuvette with a sample; 3—conveyor belt.

The results of mathematical modeling at a power of 400 W and exposure time of 24 s
of three-dimensional electric and temperature fields are shown in Figures 3–6.

Based on the analysis of the obtained simulation results, the following conclusions
can be drawn:

The maximum electric field strength in the modified EBO is 7.58 × 103 V/m (Figure 3),
which is 36% less than E found during the experiment.
The distribution of the temperature field over the volume of the sample is uneven. For a
heating time of 24 s, the temperature inside (in the middle section) is 160 ◦C, and on the
outer surface of the oligomer it is 138 ◦C (Figure 5). The temperature in the middle of the
outer surface of the sample at an instant of time 24 s is 130 ◦C (Figure 4b).
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3.2. Option II. Microwave Modification of the Oligomer in a Fixed Cuvette with a Cross Section of
40 × 10 mm

A long PTFE cuvette with a cross section of 40 × 10 mm and a wall thickness of 1 mm,
filled with an EBO, is located on the symmetry axis of the waveguide parallel to the narrow
part of the waveguide (Figure 7a). The modeling results for a microwave power of 400 W
and exposure time of 24 s for a fixed cuvette with an EBO are shown in Figures 7b, 8 and 9.

Based on the analysis of the obtained modeling results, the following conclusions can
be drawn:

It has been stated that the maximum electric field strength E near the input of microwave en-
ergy into the chamber is 8.5·103 V/m (Figure 7b), which is 28% less than the experimentally
determined E.
The temperature in the oligomer at 24 s is distributed unevenly. By the thickness of the
sample in the area of the electric field maximum, the temperature varies from 100 ◦C to
182 ◦C (Figure 8b). Along the length of the cuvette, the temperature in the material is also
uneven: the temperature maximum is observed near the microwave energy input in the
region that is about 3 cm wide (Figure 8a).
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3.3. Option III. Microwave Modification of the Oligomer in a Moving Cuvette with a Cross Section
of 40 × 10 mm

Let us carry out mathematical modeling of the modification of an EBO located in
a long fluoroplastic cell moving at a speed of 0.5 cm/s at a microwave power of 400 W.
The modeling results are presented in Figures 10 and 11. The above figures show the
temperature fields in the longitudinal sections of the object in the middle part at an instant
of time 50 s, as well as the dependence of the temperature change in the central part of the
oligomer located in the microwave chamber and on its outer surface.
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Based on the analysis of the results of modeling the microwave modification of the
oligomer located in a moving long cell 40 × 10 mm in size in a waveguide-type microwave
chamber, the following conclusions can be drawn:

The maximum electric field strength E near the input of microwave energy into the chamber
is 8.2 × 103 V/m (Figure 10a), which is 31% less than the experimentally determined E.
For the cuvette movement speed v = 0.5 cm/s at microwave power P = 400 W, the EBO
temperature increases during 50 s to Tc = 265 ◦C in the middle section of the material and
to Tp = 235 ◦C on its surface, which is higher than the EBO destruction temperature. The
temperature maximum in the object shifts in the direction of the cuvette movement along
the microwave chamber. The time to reach the maximum temperature at the control points
of the sample in the center of the microwave chamber is 30–35 s at a speed of v = 0.5 cm/s.
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3.4. Option IV. Microwave Modification of the Oligomer during Its Transportation through a
Rectangular Tube

The oligomer was transported along a fluoroplastic tube of a rectangular cross section
of 40 × 10 mm with a wall thickness of 1 mm (Figure 12). The tube, like the cuvette,
was located on the axis of symmetry of the waveguide parallel to the narrow part of the
waveguide. The microwave chamber is located vertically to let the liquid oligomer flow
through the tube under the action of gravity.
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The dimensions of the cuvette with the oligomer and the tube are limited by the fact
that, at a standard frequency of 2450 MHz, the dimensions of the waveguide chamber in
the cross section are 45 × 90 mm.

The modeling results at a microwave processing power of 400 W for modifying the
oligomer during its transportation through a rectangular tube are shown in Figures 13 and 14.
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Based on the analysis of the results of the modeling of the microwave processing
of the oligomer, when it moves in a rectangular tube 40 × 10 mm in size, located in a
waveguide-type microwave chamber, the following conclusions can be drawn:

The maximum electric field strength E near the input of microwave energy into the chamber
is an order of magnitude lower than the experimental E and is 1.1 × 103 V/m (Figure 13a).
For a motion velocity v = 0.5 cm/s at microwave power P = 400 W, the temperature of
the sample rises during 50 s to Tc = 330 ◦C in the middle section of the material and to
Tp = 190 ◦C on the material surface; at such temperatures in the middle section of the EBO,
the oligomer is destroyed. The temperature maximum in the composite material shifts
in the direction of the motion along the microwave chamber. The time taken to reach the



J. Compos. Sci. 2023, 7, 392 13 of 18

maximum temperature at the control points of the sample in the center of the microwave
chamber is 40 s.

As a result of the mathematical modeling of the microwave processing of the oligomer
in microwave chambers with a traveling wave of the waveguide type, it was established that
regarding the microwave modification of the oligomer in a stationary cuvette (variants I and
II), the maximum electric field strength in the modified EBO ranges from 7.58 × 103 V/m
up to 8.5 × 103 V/m, and the maximum temperature difference in the middle and on the
surface of the oligomer is from 22 ◦C to 82 ◦C, respectively. For the microwave modification
of the oligomer in a moving cell (option III) and during its transportation through a rectan-
gular tube, the maximum electric field strength in the modified EBO is from 1.1 × 103 V/m
to 8.2 × 103 V/m, and the maximum temperature difference in the middle and on the
surface of the oligomer is from 30 ◦C to 140 ◦C, the temperature values being higher than
the destruction temperature of the epoxy oligomer. When modifying EBO in a rectangular
tube, the voltage is 1.1 × 103 V/m, the temperature ranging from 190 ◦C on the surface up
to 330 ◦C in the middle section of the material.

Thus, as a result of modeling the EBO modification process, it has been established
that, in microwave chambers with a traveling wave of the waveguide type, the required
value of the electric field strength E is not achieved, while a large temperature difference is
observed in the middle and on the surface of the epoxy basalt-filled oligomer (option IV)
with the destruction of the oligomer (options III and IV).

3.5. Modeling of the Modification Process of an Epoxy Basalt-Filled Oligomer in a Microwave
Chamber with a Traveling Wave on a Quasi-Coaxial Waveguide

Let us consider the modeling of heating processes in microwave chambers with a trav-
eling wave on a quasi-coaxial waveguide at a frequency of 2450 MHz. The geometric model
of the microwave chamber is shown in Figure 15. The main elements of the microwave
chamber are: a segment of the waveguide 45 × 90 × 200 mm in size; a radio-transparent
vertically located fluoroplastic tube along which the modified EBO moves; a matching tran-
sition and a screen for creating a uniformly distributed electric field in the modified EBO.
Dimensions of the fluoroplastic tube are: outer diameter—20 mm, inner diameter—16 mm.
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Figure 15. Geometric model of a microwave chamber on a quasi-coaxial waveguide.

Technological parameters varied in the following range: the microwave power was
200–400 W; the speed of movement of the oligomer in the fluoroplastic tube was 0.5–1.0 cm/s.
The results of mathematical modeling for the EBO flow through a fluoroplastic tube with
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an inner diameter of 16 mm led to the conclusion that the most optimal technological
parameters of the microwave modification of the oligomer are microwave power—300 W
and movement speed—1.0 cm/s because, under these modes, the required values of the
electric field strength E are achieved, while the epoxy basalt-filled oligomer does not heat
up above 220 ± 10 ◦C (Figures 16–18).

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 14 of 19 
 

 

3.5. Modeling of the Modification Process of an Epoxy Basalt-Filled Oligomer in a Microwave 
Chamber with a Traveling Wave on a Quasi-Coaxial Waveguide 

Let us consider the modeling of heating processes in microwave chambers with a 
traveling wave on a quasi-coaxial waveguide at a frequency of 2450 MHz. The geometric 
model of the microwave chamber is shown in Figure 15. The main elements of the micro-
wave chamber are: a segment of the waveguide 45 × 90 × 200 mm in size; a radio-trans-
parent vertically located fluoroplastic tube along which the modified EBO moves; a 
matching transition and a screen for creating a uniformly distributed electric field in the 
modified EBO. Dimensions of the fluoroplastic tube are: outer diameter—20 mm, inner 
diameter—16 mm. 

 
Figure 15. Geometric model of a microwave chamber on a quasi-coaxial waveguide. 

Technological parameters varied in the following range: the microwave power was 
200–400 W; the speed of movement of the oligomer in the fluoroplastic tube was 0.5–1.0 
cm/s. The results of mathematical modeling for the EBO flow through a fluoroplastic tube 
with an inner diameter of 16 mm led to the conclusion that the most optimal technological 
parameters of the microwave modification of the oligomer are microwave power—300 W 
and movement speed—1.0 cm/s because, under these modes, the required values of the 
electric field strength E are achieved, while the epoxy basalt-filled oligomer does not heat 
up above 220 ± 10 °C (Figures 16–18). 

 
(a) 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 15 of 19 
 

 

 
(b) 

Figure 16. (a) Distribution of the electric field strength in the xz plane; (b) the distribution of the 
electric field strength in the xy plane. 

 
Figure 17. Temperature distribution in the zy plane of the sample (average longitudinal section). 

 
Figure 18. Change in temperature during microwave processing of EBO: 1—the center of the sam-
ple; 2—outer surface. 

Figure 16. (a) Distribution of the electric field strength in the xz plane; (b) the distribution of the
electric field strength in the xy plane.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 15 of 19 
 

 

 
(b) 

Figure 16. (a) Distribution of the electric field strength in the xz plane; (b) the distribution of the 
electric field strength in the xy plane. 

 
Figure 17. Temperature distribution in the zy plane of the sample (average longitudinal section). 

 
Figure 18. Change in temperature during microwave processing of EBO: 1—the center of the sam-
ple; 2—outer surface. 

Figure 17. Temperature distribution in the zy plane of the sample (average longitudinal section).



J. Compos. Sci. 2023, 7, 392 15 of 18

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 15 of 19 
 

 

 
(b) 

Figure 16. (a) Distribution of the electric field strength in the xz plane; (b) the distribution of the 
electric field strength in the xy plane. 

 
Figure 17. Temperature distribution in the zy plane of the sample (average longitudinal section). 

 
Figure 18. Change in temperature during microwave processing of EBO: 1—the center of the sam-
ple; 2—outer surface. 
Figure 18. Change in temperature during microwave processing of EBO: 1—the center of the sample;
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Based on the analysis of the modeling results of an EBO moving along a vertically
located fluoroplastic tube in a microwave chamber on a quasi-coaxial waveguide, the
following conclusions can be drawn:

The dimensions of the microwave chamber on a quasi-coaxial waveguide and the internal
diameter of the fluoroplastic tube, d = 16 mm, through which the EBO is transported, have
been determined.
The maximum electric field strength is 12.3 × 103 V/m, which is comparable with the
experimental data.
At microwave power Pmic = 300 W for a movement speed v = 1.0 cm/s, the temperature of
the oligomer during 10 s increases to Ts = 202 ◦C in the middle section of the object and to
Tsurf = 180 ◦C on the EBO surface; that is, the material is not heated above 220 ± 10 ◦C.

Thus, a microwave chamber on a quasi-coaxial waveguide, in contrast to microwave
chambers of a waveguide type, allows us to obtain optimal modification parameters for
an epoxy basalt-filled oligomer that correspond to a microwave power of 300 W and a
movement speed of the object v = 1.0 cm/s. Modification in the working chamber on a
quasi-coaxial waveguide makes it possible to obtain fairly uniform heating throughout the
entire volume of the EBO, with a temperature gradient of 22 ◦C at an electric field strength
E of 12.3 × 103 V/m.

3.6. Design of the Working Chamber for Microwave Modification of an Epoxy
Basalt-Filled Oligomer

With the selected parameters of the microwave modification, the performance of the
microwave unit for EBO processing is:

W =
πr2lρ
τ

(11)

where r = 0.8 cm is the inner radius of the PTFE tube;
l = 10 cm is the length of the active part of the microwave chamber, in which the

microwave energy is absorbed by the composite material;
ρ = 1.607 kg/cm3 is the density of the epoxy basalt-filled oligomer;
τ = 10 s is the exposure time.

W =
3.14·0.82·10·1.607·10–3

10/3600
= 11.63 kg/h
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Based on mathematical modeling, a sketch of a microwave chamber for modifying the
EBO was developed on a quasi-coaxial waveguide (Figure 19).
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tube; 7—matching element; 8—short-circuit plate; 9—gateway; 10—oligomer; 11—fluoroplastic tube;
v—movement speed.

Using a working chamber on a quasi-coaxial waveguide at power of 300 W and the
movement speed of the oligomer of 1.0 m/s, the productivity of a microwave installation
for modifying an epoxy basalt-filled oligomer is 11.63 kg/h. The maximum electric field
strength corresponds to the experimental value and is equal to 12.3 × 103 V/m. Over a
period of 10 s, the temperature in the material increases to 202 ◦C in the middle section
of the material and to 180 ◦C on the surface of the EBO, which meets the technological
requirements for maximum permissible temperatures and a uniform distribution of the
temperature field and, as a result, has a modifying effect on a basalt-filled epoxy oligomer
under microwave influence.

4. Conclusions

Optimal parameters for modifying an epoxy basalt-filled oligomer in the microwave
electromagnetic field in the working chamber with a traveling wave on a quasi-coaxial
waveguide have been developed, which provide uniform microwave modification of
the EBO in a methodical mode with a microwave unit capacity of 11.6 kg/h. The design
parameters of an industrial microwave working chamber were calculated, which provides a
mode of uniform modification of the oligomer at electric field strength E = 12.3 × 103 V/m.
The developed microwave unit allows us to reduce the generated power and the duration
of exposure for EBO modification while maintaining the required values of electric field
strength E and a uniform distribution of the temperature field throughout the volume of
the object being modified.

Modified basalt-filled PCM can be used in various industries to obtain the cast insula-
tion of high-voltage devices, impregnation and sealing of capacitors, transistor windings,
transformers, cellular structures formed from intersecting flat elements, insulation of elec-
trical boards, industrial self-leveling floors, metal coatings, etc.

The proposed microwave chamber with a traveling wave on a quasi-coaxial waveg-
uide can be replicated for the microwave modification of filled oligomers of various chemi-
cal compositions.
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