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Abstract

Relevance. The relevance of the study is due to the great potential of memristive effects, which are manifested
in the change of material resistance under the influence of an external electric field and ionic fluxes.

Purpose. The aim is to analyse and study the mechanisms of ionic memristive effects, with a detailed
consideration of the process of changing the valence of metal cations.

Methodology. The work was based on the study of nanometre-sized metal oxides TiO, and ZrO,. The materials
were obtained by synthesis by chemical deposition using high-purity precursors.

Results. The obtained results open up wide opportunities for the practical use of ionic membrane effects. The
study of ionic memristive effects in TiO, and ZrO,-based films has shown that the change in resistance occurs
due to various mechanisms, including ionic migration, electrochemical reactions, and defect reorganization.
Under the influence of an external electric field, a change in the resistance of both materials is observed. In
TiO,, the resistance decreases with increasing voltage, while in ZrO,, an increase in resistance is observed.
During additional experiments in the temperature range of 25-200°, it was found that temperature significantly
affects the ionic membrane effects. With its increase, a noticeable increase in the intensity of these effects in
both materials is observed.

Conclusions. The use of X-ray diffractometry and infrared spectroscopy revealed that changes in the valence
of metal cations in both films occur under the influence of an electric field. The analysis of changes in the X-ray
and infrared spectra showed the presence of modifications in the crystal and molecular structure in response to
the electric field. In particular, the change in the positions and intensity of the peaks indicates a restructuring
of the bonds in the crystal lattice. The paper proposes new studies to expand the understanding of these effects
and to consider possible ways to improve membrane devices. The study of ionic memristive effects in TiO, and
Zr0, is of great practical importance for the development of electronics and the creation of new generations of
memristors and neuromorphic systems.
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neutron energy
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Introduction

With the rapid development of nanotechnology and
nanomaterials, the study of the electrical properties
of materials on the n of the mechanism of valence
change in these materials. An important aspect is the
understanding of the process of changing the valence
of metal cations, which can form the basis for the de-
velopment of new memristors and electronic devices
with the ability to learn and adapt.

The nanometre-scale ionic memristive effects in
metal oxides are related to the resistive switching
behaviour of materials based on these oxides used in
memristors. The valence change mechanism is a bi-
polar resistive switching mechanism that plays a key
role in such devices. In this mechanism, the move-
ment of oxygen ions within the oxide semiconductor
can change the resistance of the memristor with a
change in valence. In the work of D.Y. Shovkoplyas
& S.B. Tugay [1] describe in detail the mechanism
of the membrane functioning, which is explained as
the electromigration of oxygen ions under the influ-
ence of alternating electric fields. This mechanism is
the main reason for the occurrence of an ambiguous
current-voltage dependence in the contacts of a metal
electrode with complex transition metal oxides. The
most effective materials are films based on platinum
and tantalum oxide.

According to the research of V.V. Shamaev et
al. [2], the concentration of oxygen vacancies in such
materials becomes very heterogeneous as they ap-
proach the surface. For example, yttrium-barium cu-
prate forms a thin, undersupplied layer in this region
that has the properties of an antiferromagnetic die-
lectric. Since the change in metal valence is directly
related to the change in resistance, it is interesting to
note that the electrical resistance of the film decreases
with the formation of oxygen vacancies. Thus, in the
work of D.V. Zalevskii [3] studied ZnO films. As a re-
sult, the energy distance between the last filled and
the first unoccupied levels decreases by two orders of
magnitude. At this time, an internal electric field is
formed in the direction of vacancy stacking. The po-
tential distribution becomes linear with a pronounced
difference along the direction of the vacancy filament,
i.e. an internal bias voltage is formed. This conductive
effect increases with the increase in the density of ox-
ygen vacancies up to a certain concentration.

The method of producing films from metal oxides
also plays a significant role in research, and I.M. Khoda-
kovskii [4] introduced a technique for generating na-
nostructures through localized probe oxidation of con-
ductive materials, such as semiconductor substrates
and extremely thin metal films, which is equally es-
sential in this context. During the experiment, the va-
lence of the surface changes, and it is able to undergo
oxidation when a positive voltage shift is applied to it
relative to the probe. Y.O. Kravchenko [5] also found

ITonic memristive effects on the nanometre scale in metal oxides...

an uneven distribution of elements in the cross-sec-
tion of the coatings, which is due to radiation-stim-
ulated processes and oxidation of the surface layer.
Understanding the process of valence change in nano-
metre-scale ionic memristor effects in metal oxides is
important for the development of high-performance
applications in computing, digital and analogue cir-
cuits, including neuromorphic networks. For example,
a titanium oxide-based memristor uses the drift of oxy-
gen vacancies for switching, as pointed out by A.V. Le-
meshko et al. [6] in their article. One of the important
tasks in the development of neuromorphic systems is
the effective implementation of these components.
Therefore, the main goal is to study and analyse
ionic memristive effects, with a special emphasis on
the process of changing the valence of metal cat-
ions. The study of ionic memristive effects in metal
oxides allows better understanding the process of va-
lence change and its impact on the electrical proper-
ties of memristive devices. A deep understanding of
this process is important for the development of new
materials, device architectures and systems that are
characterized by high efficiency and long service life.
The research and development of ionic memristive ef-
fects represent a significant challenge in science and
technology that can significantly impact the future of
modern electronics and nanotechnology. Understand-
ing these phenomena opens up new opportunities for
creating highly efficient and intelligent electronic sys-
tems that can adapt to the needs of modern society.

Materials and Methods

A comprehensive analysis of modern scientific works
and literature sources on ionic membrane effects and
their manifestation in nanometre metal oxides was
carried out. In order to clarify the current state of re-
search in this area, the basic information was identi-
fied and the key areas that have already been studied
in previous studies were established. An experimental
approach was used. In the course of the experiment
conducted in 2023, nanometre-sized metal oxides,
in particular titanium (TiO,) and zirconium (ZrO,),
were used as objects for studying ionic membrane ef-
fects. The samples of materials were synthesized by
the chemical deposition method using high-purity
precursors. For the synthesis of TiO, and ZrO, films,
the precursors Ti(OC,H,), and Zr(OC, H,), were used,
respectively. Acetylacetone was added as a complex-
ing agent to stabilize the zirconium butoxide solution
in a 1:1 ratio. The addition of the stabilizer helped to
avoid aggregation of the nanoparticles and ensured a
homogeneous particle size distribution. Acetylacetone
was also added to the Ti(OC,H,), solution in a 1:1
ratio. Under vigorous stirring, a 1 n solution of HNO3
in isopropanol was added to the already stabilized
solutions dropwise to hydrolyse the substances before
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the formation of films. The prepared clear solutions
were separately applied to the previously cleaned
glass substrates to obtain TiO, and ZrO, films. The
films were left for one hour at room temperature to
complete hydrolysis and then subjected to successive
heat treatments at 100, 300, and 600°C. This meth-
od made it possible to obtain nanometre films with
high purity and determine their structural and electri-
cal properties. After the synthesis, the samples were
washed from excess reagents and dried in a controlled
humidity atmosphere. The synthesized materials were
obtained in the form of thin films with a thickness of
approximately 100 nm. Additionally, the films were
subjected to vacuum treatment for final drying and
achieving the desired properties and structure.

The structure and physical properties of the mate-
rials were characterized by X-ray diffraction (XRD) us-
ing a Bruker D8 Advance diffractometer (Germany).
To determine the surface morphology and structure
of the samples, a scanning electron microscope (SEM)
Hitachi S-4800 (Japan) was used. For electrical meas-
urements, an Autolab PGSTAT302N Potentiostat
(Metrohm Autolab, the Netherlands) with the ability
to change the applied voltage and record the current
was used. To study the influence of temperature on
ionic membrane effects, a series of experiments were
conducted in which the changes in current and volt-
age were monitored at temperature changes from 25
to 200°C. The measurements were carried out in an
atmosphere of controlled humidity and temperature.
In parallel with the experiments, computer modelling
was carried out using COMSOL Multiphysics. The spe-
cialized software was used to perform numerical sim-
ulations of ion fluxes and their effect on the valence
of cations in metal oxides. To further understand the

behaviour of ions in the structure of materials, the
data obtained from the experiments was subjected to
statistical and mathematical analysis. The combina-
tion of methods helped in the qualitative study of ion-
ic membrane effects in nanometre-sized metal oxides.

Results

The memristive effect is a phenomenon where the
resistance of a material changes from its pre-fixed
values when subjected to an external voltage or cur-
rent shift [7]. One of the most important aspects is
the interaction between cations and anions in the
crystal structure of the metal oxide. When an exter-
nal voltage is applied to a material, it can affect the
arrangement of the Jordan bonds and the placement
of cations. The mechanisms behind membrane effects
can vary, but the main ones include ionic migration,
electrochemical reactions, oxide decomposition, and
defect reorganization. One of them is a change in the
configuration of defects in the crystal structure of the
material. When the voltage in the material is shifted,
ions (metal cations) can move in the crystal structure.
This leads to a change in the configuration of defects
and the valence of metal ions, i.e., it is accompanied
by the movement of ions in the crystal lattice of the
material [8]. As a result of these processes, the elec-
trical conductivity of the material changes, which is
manifested as a membrane effect.

TiO, and ZrO, films with a thickness of approxi-
mately 100 nm were subjected to detailed characteri-
zation. Experiments have shown that under the influ-
ence of an external electric field, the resistance of both
materials changes. For TiO,, a decrease in resistance
is observed with increasing voltage, while for ZrO,, an
increase in resistance is observed (Table 1).

Table 1. Measured resistance and voltage values for TiO, and ZrO, films

Resistance 500 Q 200 Q 100 Q2 500 Q 1000 Q 2000 Q
20V 2.2V 2.5V 25V 3.2V 3.8V

Voltage 2.5V 2.7V 3.0V 30V 3.7V 43V
3.0V 3.2V 3.5V 35V 42V 4.8V

Source: compiled by the author

From the data for TiO,, it was found that with an
increase in voltage, there is a noticeable decrease in
resistance, which indicates a change in the structure
and conductivity of the material under the influence
of an electric field. Conversely, in the case of ZrO,,
there was observed a rise in resistance when subjected
to an electric field. This characteristic suggests a dis-
tinct response to an external stimulus, which could be
attributed to specific aspects of its electronic structure
or its interaction with ions within the studied con-
text. Under the influence of an external electric field,
materials exhibit ionic membrane effects, which are

accompanied by changes in the valence of metal cat-
ions. This means that under the influence of an elec-
tric field, ions move in the material, changing their
valence, which affects the electrical properties of the
material and causes the memristive effect.

Additional experiments in the temperature range
of 25-200°C showed that temperature significantly af-
fects the ionic membrane effect, as shown in Figure 1.
In particular, an increase in temperature led to a no-
ticeable increase in the intensity of the ionic memris-
tive effects in both films. This can be explained by the
fact that a higher temperature promotes more active



ion movement processes in the material, which facil-
itates ionic migration and leads to more pronounced
effects of metal cation valence changes [9]. It is worth
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noting that high temperatures promote greater migra-
tion of defects in the crystal structure of the material,
which can affect the efficiency of membrane switching.

200

50 60 70 80 %

Figure 1. Graph of dependence of the intensity of ionic memristive effects on temperature

Source: compiled by the author

The change in the valence of metal ions is an im-
portant mechanism behind the memristive time-de-
pendent characteristic of materials. In this case, the
change in valence occurs due to the transfer of metal
ions (cations) through the thin oxide film. When ex-
posed to an electric field or current, metal ions can
move in the crystal structure of the material [10]. This
effect is based on the interaction between the metal
oxide and the electrodes, which changes as a result of
the applied electric field or current. When the electric
field or current is reversed, metal ions are transferred
from one metal electrode to another through the oxide
film. This leads to a change in metal valence, as metal
ions can have different degrees of oxidation. For ex-
ample, the valence of one metal can change from zero
(as a metal) to positive (as an oxide) or negative (as
a reduced form). The process of changing the metal’s
valence is accompanied by a change in the electrical
conductivity of the membrane. When metal ions are
transferred through the oxide film, they change the
location and structure of the film, which affects the
electronic structure and conductivity of the system.

Each metal has different degrees of oxidation that
affect its chemical properties. In materials that con-
tain titanium (Ti) or zirconium (Zr), these metals can
exist in different oxidation states or valencies. For ex-
ample, in the case of titanium (TiO,), titanium can
have several oxidation states, including Ti(IT), Ti(IIL),
Ti(IV), etc. This means that each atom of titanium or
zirconium can interact with the oxide matrix by ion-
ic migration, changing its number of charges. When
an electric field or current is applied, the titanium or
zirconium ions can move in the crystal structure of
the material. As a result, a single atom can lose or
gain electrons, which changes its number of charges
and, accordingly, its degree of oxidation. When an
electric field or current is applied, the ions can switch
between these different states, which affects the elec-
tronic structure and conductivity of the material. In
metal oxides, metal ions can have different valenc-
es, such as Ti**/Ti** or Cr3*/Cr®*. These changes in

valence can occur due to the interaction of ions with
defects, as well as changes in the environment of the
oxide ions. For example, vacancies in the oxide ion
network can change the valence of a metal ion or cre-
ate an ionic residue. Such changes in valence promote
ion migration, which provides conductivity in metal
oxides. In the absence of an electrical stimulus, there
is an equilibrium between the different valence states,
but when an external stimulus such as a voltage is ap-
plied, a difference in ion valences can occur, resulting
in a change in the conductivity of the material.

The change in the resistance of materials under
the influence of an electric field occurs due to ion-
ic membrane effects, which affect the interaction of
charged particles in the material. In the case of titani-
um oxide TiO,, with an increase in voltage, there is an
active reorganization of the probabilities of ion pas-
sage in the crystal structure, which leads to a decrease
in resistance. For zirconium oxide ZrO,, changes in
the electronic structure and interactions of ions un-
der the influence of the field are likely to cause an in-
crease in resistance. These phenomena are associated
with the movement of ions in the crystal matrix and
their influence on the configuration and conductivity
of the material. Metal oxides, such as titanium, chro-
mium, zirconium, and others, are popular materials
for membrane devices. They are known for their high
stability, low resistance, and efficient switching, mak-
ing them attractive for electronics applications.

Using X-ray diffractometry and infrared spectros-
copy, changes in the valence of metal cations in both
materials under the influence of an electric field were
revealed. X-ray diffractometry allows determining the
location of atoms in the crystal lattice and defining
their distances. Infrared spectroscopy provides infor-
mation on the interactions of atoms and groups of at-
oms in the sample. The analysis also revealed changes
in the location of the peaks, which indicate changes in
the distances between the atoms in the crystal lattice.
This indicates that under the influence of an electric
field, the valence of metal cations in both materials
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changes. This indicates that the processes associated
with ionic migration and changes in the configuration
of defects in the crystal structure are active under the
influence of an external electrical stimulus.

A comparative analysis of the ionic membrane ef-
fects for TiO, and ZrO, has been carried out. It was
found that the nature and intensity of the effect de-
pends on the chemical composition and on the in-
tra-atomic structure of the crystal lattice, as well as
on the location and mobility of ions in the material.
In the case of TiO,, the regions of decreasing resist-
ance were more active than the regions of increasing
resistance. This indicates the important role of oxy-
gen vacancies and cationic interstices in the mecha-
nisms of the membrane effect for this material [11].
In ZrO,, on the contrary, the dominant influence of
the regions of increased resistance is observed. This
may be due to the peculiarities of the movement of
oxygen ions in the structure of this material. Such a
detailed analysis showed that the properties of ionic
membrane effects strongly depend on the character-
istics of a particular material and can be controlled
by influencing its chemical composition and crystal
structure. In addition to the comparative analysis
of the ionic memristive effects in TiO, and ZrO,, a
detailed study of the influence of other parame-
ters, such as temperature and ion concentration in
the electrolyte, on the nature and intensity of these
effects was carried out. It was found that the ionic
membrane effects in TiO, and ZrO, films manifest
themselves differently depending on the experimen-
tal parameters, such as temperature and time of ex-
posure to the electric field. Changes in the valence
of metal cations occur not only under the influence
of external stimuli, but also depending on the crystal
structure of the material and its chemical composi-
tion. In addition, additional analyses of the structur-
al and electronic properties of both materials under
the influence of an electric field were carried out,
which allowed gaining a deeper understanding of
the mechanisms that determine the ionic membrane
effects in these metal oxides.

The obtained results indicate that the process of
changing the valence of metal cations in TiO, and
ZrO, materials involves ionic migration. Under the
influence of an external electric field, metal cations
are transferred through the oxide film, which leads
to a change in their redox state. As a result, the elec-
tronic structure of the material and its electrical
conductivity change. In particular, the TiO, material
shows a decrease in resistance with increasing volt-
age, indicating a change in the valence of titanium
cations. In the case of ZrO,, an increase in resistance
is observed, indicating a change in the valence of zir-
conium cations. This process is based on the transfer
of metal ions through the oxide film, which occurs
under the influence of an external electric field.

These studies indicate the great potential of using
ionic memristive effects in the creation of high-per-
formance and low-energy electronic devices and ar-
tificial intelligence systems [12-14]. It has also been
found that ionic memristive effects can be used to
create low-power, high-speed memory elements and
logic gates, which opens up new opportunities for the
development of modern electronic devices. Under-
standing these mechanisms is key to the development
of new electronic devices and systems that use ionic
memristive effects. The effect of conductivity change
can be used to create memristors that are unstable
charge storage devices. For example, when a voltage
is applied to a memristor, ions can migrate from one
electrode to another and thereby change the degree
of conductivity of the material. When the current is
switched off, the voltage stops affecting the mem-
ristor, but the changed state of conductivity can be
saved. This makes it possible to store information in
memristive materials. Additional research in this area
could expand the understanding and use of these ef-
fects in modern technologies.

Discussion

One of the key findings of the study is the different
nature of the membrane effects in TiO, and ZrO,. In
particular, a decrease in resistance in TiO, and an in-
crease in ZrO, were observed with increasing voltage.
This indicates the importance of the chemical compo-
sition and crystal structure of the material for these
effects, which are the basis of membrane devices.
The essence of these devices is their ability to display
multiple resistance values and switch between them,
which is known as resistive switching. In another
study conducted by C. Singh & N. Ray [15] looked
at metal oxides such as HfO , TaO , and TiO_, which
have shown promise in memristive devices. During
this experiment, various resistive switching mecha-
nisms were evaluated, including filament formation
and breakage, as well as barrier-type memristors. The
results were very encouraging for NiO and TaO-based
memristors. Given the use of metal oxides as the main
components, such memristors have the potential to
be the first in line for future alternatives to current
technology, offering unique advantages. Comparing
the results of the authors of this study with those of
C. Singh & N. Ray [15], some similarities can be not-
ed, especially in the context of titanium oxide (TiO ).
The experimental data in both studies demonstrate
that TiO_shows promise in membrane devices. At the
same time, the importance of the chemical composi-
tion and crystal structure of the material for resistive
switching is also indicated.

The results indicate different mechanisms un-
derlying the membrane effects. An important aspect
is ionic migration, which can cause changes in the
valence of metal cations and, consequently, changes



in electrical conductivity. The mechanism of switch-
ing of resistive storage devices with a change in va-
lence has long been recognized, and it is caused by
the ionic movement of oxygen vacancies, which leads
to a change in the valence of metal cations, as can
be seen from the results of the study. In the work of
A. Kindsmiiller et al. [16] used hard X-ray, photoelec-
tron emission microscopy (PEEM) to analyse local
valence changes in Pt/ZrO /Ta membrane devices.
The use of hard X-rays allowed obtaining information
from deep layers, providing chemical data on buried
components. By extracting X-ray photoelectron spec-
tra from different parts of the PEEM images, it was
demonstrated that zirconium dioxide in the working
area of the device decreases compared to the neigh-
bouring area, which confirms the change in valence
in the ZrO_ film during electroforming. The change in
valence in zirconium oxide-based films in this study
can also be noted. In addition, the authors observed a
decrease in the degree of oxidation of tantalum (Ta)
in the low resistance state. This observation challeng-
es the existing model because the conventional un-
derstanding is that the internal oxygen redistribution
between ZrO_and the Ta electrode during switching
should result in the oxidation of the Ta layer in the
low-resistance state. However, it is noteworthy that
Ta actively participates in the switching process with-
in devices, involving the release and re-incorporation
of oxygen into the ZrO /TaO_ double layer during
switching. This is supported by the degradation of
the high-resistance state observed during endurance
measurements conducted in a vacuum. Additional ex-
periments at different temperatures confirmed the im-
portance of ionic migration for the membrane effects.
Increasing temperature promotes more active ionic
movement, which increases the intensity of these ef-
fects. However, not only temperature changes have a
significant impact. For example, in the work of K. Na-
gashima et al. [17] demonstrate how the environment
affects memristive switching at the nanoscale using an
open-top planar device. Planar-type devices such as
NiO_and CoO, exhibited memristive behaviour under
atmospheric pressure, while planar-type TiO,  devices
did not exhibit memristive switching, even in the same
environment. The change in ambient pressure and the
use of a SiO, passivation layer in the case of planar
TiO,  devices led to the manifestation of memristive
behaviour. Thus, the results indicate that the thermo-
dynamic interaction with the environment crucially
affects the occurrence of memristive switching due
to changes in the stability of the non-stoichiometry.
Since this effect becomes more important for smaller
devices with a higher specific surface area, adaptation
of the environmental influence by means of appropri-
ate passivation is important for high-density devices.

Based on the results obtained, several promising
areas for further research are possible. This could
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include expanding the range of materials used, analys-
ing the influence of various parameters (e.g. pressure,
temperature), and investigating the impact of mem-
ristive effects on specific additional applications. The
results open up prospects for the use of memristive ef-
fects in various technologies, such as neural networks,
mnemonics, and energy-efficient memories. S. Tap-
pertzhofen et al. [18] focuses on the dynamics of fila-
ments, nanoparticles, and clusters in a switching ma-
terial. Furthermore, this highlights the progress made
in employing voltage and current-based techniques
like cyclic voltammetry to discern electrochemical re-
actions involved in resistive switching. It’s emphasized
that cations play a pivotal role in the switching pro-
cess across various device types, a fact substantiated
by the results. It is worth noting that these fundamen-
tal physical processes can potentially pave the way
for a novel spectrum of energy-efficient electro-opti-
cal applications centered around ultrafast program-
mable memristive devices. The reference to S. Say-
lan et al. [19] offers insights into the development of
HfO,-based memristive systems featuring a p-silicon
bottom electrode, which are designed to be compat-
ible with complementary metal-oxide-semiconductor
(CMOS) technology. These findings underscore the
significance of selecting the appropriate top electrode
to achieve distinct device characteristics. Both device
structures, when evaluated, demonstrated repeatable,
low-power, and shapeless bipolar resistive transitions.
However, it’s worth noting that Au/HfO,/Si devices
exhibited lower device-to-device reproducibility. Ad-
ditionally, the Au/HfO,/Si devices exhibited N-type
negative differential resistance (NDR), suggesting
that the activation of oxygen vacancy migration transi-
tions through Joule heating is responsible for the SET
(Set-Reset) process in the unstable unipolar mode.

In addition, the process of synthesis and devel-
opment of oxide films is also an important aspect. In
this work, a general material development method-
ology was applied. Study by I. Zrinski et al. [20] is
based on the investigation of composite memristors
based on the anodic oxidation of Hf and then dep-
osition on Ta thin films. The structure consisted of
the sequential deposition of thin layers of Ta and Hf.
During the anodization process carried out in a citrate
buffer electrolyte, nanoscale columnar structuring of
Ta,O0, within HfO, occurred. This phenomenon was
driven by the higher electrical resistance exhibited by
HfO,. With a narrower resistive path in HfO,, the ionic
current induced localized growth of tantalum oxide
(Ta oxide) toward the interface with the electrolyte.
This growth process follows the principles of the Ray-
leigh-Taylor instability. The authors also investigated
the membrane properties of the resulting composite
oxide depending on the Hf/Ta thickness ratio. One
distinct zone with potential for membrane applica-
tions was identified. Here, both unipolar and bipolar
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memristors with high stability and retention capacity
were found. This is due to the formation of conduc-
tive filaments mainly along the interfaces between the
oxides. In the course of research, there is a need to
understand the mechanisms of resistive switching in
various dielectric materials. In the studies of A. Younis
& S. Li [21] highlight the available research methods.
High-resolution microscopes, including transmission
electron microscopy, scanning electron microscopy,
and conductive atomic force microscopy, have been
instrumental in gaining insights into these mecha-
nisms. These advanced microscopy techniques have
proven to be highly effective methods for studying
and understanding the underlying processes [22; 23].

Summarizing the results, it is worth emphasizing
that the valence change mechanism is an important
factor in ionic memristive effects in metal oxides at
the nanoscale, and understanding this mechanism is
important for the development of high-performance
computing systems and digital and analogue circuits.
Studies indicate that various methods, including mod-
elling, simulation, in-situ characterization and device
simulation, have been used to study the mechanism of
valence change in memristive devices.

Conclusions

In this paper, the ionic membrane effects in nano-
metre-sized metal oxides and their influence on the
change of metal cation valence were discussed in de-
tail. A comprehensive analysis of the literature and
experimental results has provided a deeper under-
standing of the nature of these effects. In particular,
it was found that bipolar valence change is a major
trend in modern electronic materials and devices. The
movement of mobile donor ions, which are mainly
represented by oxygen vacancies and cationic intersti-

effects. Experiments have confirmed that under the
influence of an external electric field, the resistance
of both materials changes. TiO, exhibits a decrease in
resistance with increasing voltage, while ZrO, shows
an increase in resistance.

The results confirm that various mechanisms are
behind the membrane effects, including ionic migra-
tion, electrochemical reactions, oxide decomposition,
and defect reorganization. Additional experiments
at different temperatures showed that temperature
significantly affects the ionic membrane effects. In-
creasing the temperature led to a noticeable increase
in the intensity of these effects in both materials. Us-
ing X-ray diffractometry and infrared spectroscopy, it
was found that the electric field causes changes in the
valence of metal cations in both materials. These re-
sults confirm that various mechanisms are behind the
membrane effects, including ionic migration, electro-
chemical reactions, oxide decomposition, and defect
reorganization.

Understanding memristive phenomena opens up
new opportunities for creating highly efficient and
intelligent electronic systems that can adapt to the
needs of modern society. Further research into these
effects is essential for the development of new types of
nanoelectronic devices, such as memristors, that can
store information and be used in artificial intelligence,
neural networks, and other applications. Develop-
ment in this area could lead to the creation of even
more advanced technologies in the field of electronics
and computer science.
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IoHHi MeMpUCTHUBHi edpeKTH HAHOMETPOBOTr'0 MacIITa0y B OKCH/IaX MeTaJliB:
PO3yMiHHS ITpoI1lecy 3MiHM BaJIEHTHOCTi

BikTop BotoaumupoBud 3aBOAIHHUN

Kanzaugat ¢isnko-MaTeMaTUYHUX HAYK, JOLEHT

XepcoHCHKUH lep>KaBHUHN arpapHO-eKOHOMIYHUHN YHiBEPCUTET
25031, mpocri. YHiBepcuTeTcbKUl, 5/2, M. KponmuBHUIbKUY, YKpaiHa
https://orcid.org/0000-0002-8224-8215

AHorania

AKTyasbHiCTh. AKTYaJbHICTh JOCTIPKEHH 00yMOBIEHA BETUKUM ITOTEHIIaIOM MEMPUCTUBHUX ebeKTIB, IKi
BUABJAIOTHCA Y 3MiHi OTIOPY MaTepiasy Iifi BILIMBOM 30BHIIIHBOTO €JIEKTPUYHOTO MOJIA Ta iOHHUX MOTOKIB.

MeTta. MeTo0 € MPOBE/IEHHs aHali3y Ta BUBUEHHSI MeXaHi3MiB i0HHUX MEMPHUCTUBHUX epeKTIB 3 ZeTalbHUM
PO3IVIA0M TIPOliecy 3MiHU BaJIEHTHOCTI MeTaJIeBUX KaTiOHiB.

MeTtozosoria. B ocHOBi po60TH 6yJ10 JOCTIIKEHHS HAHOMETPOBUX OKCHU/IIB METAJIiB TiO2 Ta Zr0,,. Martepianu
Oy OTpUMaHi IIIIXOM CHHTE3y 3a METOAOM XiMIiYHOTO BifIKJIaZaHHA, BUKOPUCTOBYIOUM BHCOKOYMCTI
TIPEKYPCOPH.

Pesynpratn. OTprMaHi pe3yabTaTH BiJKPUBAIOTb IIMPOKI MOXXJIMBOCTI [ NPAKTUYHOTO BUKOPUCTAHHA
iOHHUX MeMpUCTUBHUX e(deKTiB. Y XOAi AOCTiKEHb iOHHUX MEMPUCTUBHUX edeKTiB y IUIBKaX Ha OCHOBI
TiO, Ta ZrO, BCTaHOBJIEHO, IO 3MiHa OMNOPY BiOyBa€ThCA 3a PaXyHOK Pi3HHMX MeXaHi3MiB, BK/IIOYAI04M iOHHY
Mirpariiro, eJIEeKTPOXiMiUHi peakilii Ta peoprasisariito gedekTiB. [1iZi BIUTMBOM 30BHILUTHHOTO EJIEKTPHUUHOTO ITTOJIS
criocTepiraeThesA 3MiHa onopy o60x Marepianis. ¥ TiO, BiibyBaeThcs 3SMEHIIEHHs OIOPY 3i 301IbIIIEHHAM HAaNPYTH,
B TOM 4ac 5K B ZrO, crocTepiraeTbes 36i1bieHHs onopy. ITig yac 10AaTKOBUX €KCIIEPMMEHTIB B TEMIIEPaTyPHOMY
miamaszoni 25-200 °C, BUABNEHO, IO TeMIlEpaTypa CYyTTEBO BIUIMBAE€ Ha iOHHI MeMpucTuBHI ebektu. Ilpu ii
TMiZABUINEHH] CTIOCTEPIra€ThCs TIOMITHE 301IbIIEHHA iIHTEHCUBHOCTI 11X eeKTiB B 060X MaTepiajax.

BucHOBKHU. BUKOpHCTaHHS PEHTTEHIBChKOI AudpakToMeTpii Ta iHGpauepBOHOI CIIEKTPOCKOIIi 103BOIMIO
BUSIBUTH, IO TIiJi BIUIMBOM €JIEKTPUYHOTO IOJIS BiAOYBAaIOThCA 3MiHM Y BaJEHTHOCTI MeTajleBUX KAaTiOHIB y
000X TTiBKax. AHaJi3 3MiH y peHTTeHiBChbKUX Ta iHPpauepBOHUX CIEKTPAX, 3aCBiJUUB HasBHICTh MoAudikarlii
KPUCTATIYHOI Ta MOJEKY/IAPHOI CTPYKTYPH B peakllii Ha eJeKTpudYHe Iose. 30KpeMa, 3MiHa MO3HULill Ta
iHTEHCUBHOCTI MiKiB CBiIYUTH Mpo MepebyZOBY 3B’A3KiB Yy KPUCTANIYHIM IparTii. Y CTaTTi MPOMOHYIOTHCS
HOBi ZOCTiKEHH, 06 PO3LUIMPUTU PO3YMiHHA IUX e(eKTiB Ta PO3IIAHYTH MOXKJIWBI HUITXU MOKpaLleHH:
MEMPUCTUBHHUX TNIPUCTPOiB. Jlocli/keHHsA iOHHMX MeMpUCTMBHHMX edekTiB y TiO, Ta ZrO, mMae BaXIuBe
TIpaKTUYHE 3HAYEHHS JJI PO3BUTKY €JIEKTPOHIKY Ta CTBOPEHHS HOBUX IIOKOJTiHb MEMPUCTOPIB i HEHPOMOPPHUX
CHCTEM.

Knio4oBi cioBa: eneKTpPOHHI NPUCTPOi; TOHKI IUIIBKU; €JeKTPOIPOBIJHICTh;, pe3UCTHUBHE IepeMUKaHHS;
OKHCHO-BiJHOBHUI MeXaHi3M
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Abstract

Relevance. The use of polyolefins without additional processing methods, namely, the increase in their elec-
trophysical characteristics, is an actual modern requirement. For this, it is necessary to use the mechanism of
ionization ageing where the role of the modifying additive must be elucidated by the method of infrared spec-
troscopy in high-pressure polyethylene.
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Purpose. The research aims to study the effect of low molecular weight organic additives of phthalimide on
molecular structural changes in polymers that occur under external action.

Methodology. The impact of electrical discharges on polymer dielectrics was carried out in a test cell of an
asymmetric type. Tested polymer film before and after pre-stretching was tightly stretched onto this plate
following the research procedure. To create an air gap of constant thickness between the top electrode and the
polymer film, 1.5 mm thick glass spacers were placed along the edges.

Results. The electrical strength (lifetime) of high-pressure polyethene (LDPE) and its optimal modification
before and after electrical ageing was investigated. Following experimental data, at the content of 0.05 wt. %
LDPE its electrical strength reaches a maximum value compared to both the original LDPE and LDPE at other
additive contents. The introduction of 0.05 wt.% phthalimide into high-pressure polyethene contributes to a
noticeable decrease in the intensity of the formation of C = 0 groups, which is the measure of the oxidative
degradation of polymer chains.

Conclusions. The optimal composition of the phthalimide was determined and their electrophysical properties
were studied. It was found that composites with additions of 0.05 wt.% phthalimide significantly improve the

electrophysical properties of LDPE.

Keywords: infrared spectrum; lifetime; polymer chains; electrophysical properties; electrical durability

Introduction

The most important advantages of polymeric materi-
als, which include first of all a low specific weight, are
the ability to be processed in a product of complex
configurations using productive and accessible tech-
niques, the possibility of imparting to them a complex
of valuable technical properties (chemical resistance,
strength, high electrical insulating characteristics, etc.),
as well as the availability of a wide raw material base.

Furthermore, a good combination of physical and
mechanical properties of polymeric materials makes
it possible to use them more and more widely as elec-
trical insulation and dielectrics in the cable industry,
capacitor building, and in the production of electrical
machines and appliances.

The use of these materials has revealed some
common disadvantages of this type of material.
E.M. Godzhaev et al. [1] noted that one of the most
significant among them is the tendency of polymers
to so-called “ageing”, which is expressed by the de-
terioration of properties during storage, processing,
and operation, that occurs in strong electric fields
by the deterioration of the electrical and mechan-
ical properties of polymer insulation mainly due to
ionization processes developing in air inclusions and
pores inside the insulation. According to A.R. Sadi-
gova et al. [2] a significant breakthrough is taking
place in connection with the new possibilities of na-
notechnologies, namely, the possibility of regulating
the supramolecular structure of polymer composites
at the nano level. Nanofilled systems are increasingly
being studied to improve the physical and mechanical
characteristics of polymers.

A.A.Khadiyeva et al. [3] aimed to develop new pol-
ymer compositions with increased electrical strength,

which prevent the deterioration of the physical and
mechanical properties of polymeric materials and
compositions based on them and suppress destructive
processes under the separate and simultaneous action
of various factors, for example, a strong electric field
and discharges, various irradiations of temperature,
mechanical loads, etc., as well as the effect of the or-
ganic additive on the supramolecular structure of the
polymer composition

Studies [4; 5] noted that it is to obtain a three-di-
mensional image of the surface, a scanning electron
microscope is employed, which uses electrons scat-
tered or emitted by the surface of the sample. The
sample, in this case, is fixed, dried, and coated with a
thin film of heavy metal, and then scanned with a nar-
row beam of electrons. At the same time, the number
of electrons scattered when the surface is irradiated
is estimated. J. Almond et al. [6] claimed the use of
SPM for the study of objects of intensity control of
the second beam, moving synchronously with the first
and forming an image on the monitor screen. The res-
olution of the method is about 10 um. The thickness of
the samples studied by this method is determined by
the penetrating power of the electrons or their energy.

Scanning probe microscopy is one of the most
powerful modern methods for studying the morphol-
ogy and local properties of a solid body with high
spatial resolution. Scanning probe microscopy has
evolved from an exotic technique, available only to a
limited number of research groups, to a widespread
and successfully used tool for studying surface prop-
erties. According to D. Necas [7], almost no research
in the field of surface physics and thin-film technol-
ogies is complete without the use of scanning probe



microscopy methods. The development of scanning
probe microscopy also served as the basis for the de-
velopment of new methods of nanotechnology — tech-
nologies for creating structures with nanometer scales.
Currently, probe microscopy is a rapidly developing
field of technology and applied scientific research.

The research aims to develop new polymer com-
positions with increased electrical strength and re-
sistance to electrical ageing, as well as to identify the
effect of additives on the supramolecular structure of
the polymer composition.

Materials and Methods

High-pressure performance polyethene (LDPE) grade
10803-020 (Azerbaijan) was chosen as the object of
study and the organic compound phthalimide (chem-
ical formula C,H, (CO),NH was used as an additive.
The size of the additive particles was less than 50 um.
Additives in the amount of 0.01-0.1 wt.% were intro-
duced into the LDPE by mechanical mixing. Research
samples were made as films with a thickness of 50-
—-60 um by pressing on a hydraulic press. Technologi-
cal parameters of pressing are: temperature — 150°C,
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pressure — 15 MPa, pre-heating time — 10 min, holding
time under pressure — 5 min, cooling time — 2 min.
Measurement of the electrical durability (lifetime) of
the tested samples was carried out on the breaking
apparatus, where a special cell was developed, con-
sisting of two steel disk electrodes with diameters of
30 and 10 mm, respectively [6-8].

The impact of electrical discharges on polymer
dielectrics was carried out in a test cell of an asym-
metric type. The studied polymer film was placed be-
tween two metal electrodes. A smooth stainless-steel
plate (nickel-plated on one side) with dimensions
180%x130 mm was taken as the lower grounded
electrode. Following the procedure, the tested pol-
ymer film before and after pre-stretching was tight-
ly stretched onto this plate. To create an air gap of
constant thickness between the top electrode and the
polymer film, 1.5 mm thick glass spacers were placed
along the edges. A schematic diagram of the described
cell is shown in Figure 1. A high-power frequency volt-
age (HV) was applied to the cell electrodes from an
AlI-70 apparatus (Azerbaijan). Research was carried
out at Azerbaijan Technical University.

130
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170 >
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Figure 1. Test cell with an air gap
Note: 1 — metal Ground electrode, 2 — metallized glass plate, 3 — metal coating, 4 — glass spacers (b),

5 — polymer film HV (a)
Source: compiled by the authors

The IR-spectra (IR — infrared) of the samples were
recorded using UR-20 (UR - ultra red, Azerbaijan)
spectrophotometer in the range of (700-3600 cm™) of
both initial LDPE films and its optimal modifications
before and after electrical ageing. When studying the
changes in the IR spectra of the samples with the time
of their ageing, a special frame was used, which was
used to periodically record the spectrum of the same
part of the sample during the entire test period. The
UR-20 operating mode was characterized by the fol-
lowing parameters: scanning speed — ~400 cm™'/min,
fricative program — “7.5”, gain — “7-8”, steam speed —
4 min/100%. The spectra were compared for films of
equal thickness (the IR spectrum was carried out at
the Institute of Physics of the Academy of Sciences of
the Republic of Azerbaijan).

Results and Discussion

Research in the field of creating materials with special
and practically important electrophysical properties
based on polymer structures saturated with capture
centres with different values of activation energy, in
which electrons are stabilized, is highly relevant. De-
pending on the nature of the filler, the shape, size,
and nature of the distribution of particles in the ma-
trix, as well as on the interaction between the constit-
uent components, polymer composites with different
electrophysical, spectral-luminescent and other prop-
erties are obtained.

The introduction of various fillers leads to the
expansion of the possibilities of the practical appli-
cation of the composite material since the nature
of the aggregation of filler particles, crystallization
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conditions and several other factors change the mor-
phology of the polymer matrix, and as a result, the
composite materials obtained on their basis acquire
unique properties. Figure 2 shows the dependence
of the short-term electric strength E_ of low-densi-
ty polyethene on the amount of phthalimide. With
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an increased percentage by weight of phthalim-
ide, its electrical strength increases and reaches its
maximum value at 0.05 wt.% of phthalimide. With
a further increase in the amount of phthalimide to
0.1 wt.%, a sharp decrease in the electrical strength
of the material is observed.
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Figure 2. The electrical strength of the LDPE film depends on the amount of phthalimide

Source: compiled by the authors

The observed increase in electrical strength of
polyethene films at the optimum content (0.05 wt.%
FI) is associated with structural changes occurring af-
ter the introduction of additives into them [9; 10].
This is also confirmed by the study of the effect of
adding a small amount of phthalimide on the time

dependence of the electrical strength of the LDPE
film before and after electrical ageing (Fig. 3). Fig-
ure 3 shows a plot of the logarithm of the lifetime
of the initial LDPE modified by phthalimide additives
(LDPE + 0.05 wt.% FI) on the electric field strength
before and after electrical ageing.
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Figure 3. Dependence of the electrical durability of the initial
and modified (LDPE + 0.05 wt% phthalimide) LDPE films before (1, 3 respectively)
and after electrical ageing in the air at U= 7 kV, t =5 hours (2, 4) on the electric field strength

Source: compiled by the authors

As can be seen from Figure 3, in all cases at a giv-
en temperature with an increase in the electric field
strength, the logarithm of the lifetime decreases lin-
early, i.e., the well-known relation t = Bexp(-BE) is
true, where B and f are parameters depending on
the composition of the test material and the temper-
ature of the electrical durability [11-13]. Figure 3

shows the introduction of 0.05 wt% phthalimide
into LDPE increasing the electrical strength from
14 -107 V-m* (line 3) to 22.5:107 V-m™ (line 1).
At the same time, the lifetime of the modified LDPE
film is relatively stable during electrical ageing un-
der the action of electrical discharges. Indeed, af-
ter the electric discharge, the electric strength of



LDPE + 0.05 wt.% phthalimide film decreases slight-
ly, i.e. from 22.5-107 V-m! (line 1) to 21-107 V-m™
(line 2), while LDPE film without additive has a sig-
nificant drop in strength from 14-107 V-m™ (line 3)
to 8-107 V-m™ (line 4).

Sh. Zeynalov et al. [14] studied the effect of phthal-
imide additives in the optimal amount on the change
in electrical strength under ultraviolet irradiation in
air. Research results have shown that the introduction
of phthalimide additives into low-density polyethene
in an optimal amount leads to a significant increase
in its electrical strength and, secondly, the detected
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increased properties of the modified LDPE remain
unchanged after UV irradiation with a duration of 15
hours in air. The mechanism of growth of the electri-
cal strength of polyethene with the introduction of mi-
cro additives of phthalimide up to 0.05 wt %, as well
as an increase in the resistance of polyethene to elec-
trical ageing can be explained based on the change in
the intensity of some bands, and the appearance of
background on the IR spectra. Figures 4 and 5 present
the experimental results obtained from the absorption
bands of the IR spectra for LDPE films and their opti-
mal modifications.

Figure 4. IR spectra of LDPE films before electrical aging

Source: compiled by the authors

100

Absorption, %
(O N S-S
S © & o

(=]
(=]

900 1200 1500 1800

cm?!
2100 2400 2700 3000 3300 3600

cm!
2100 2400 2700 3000 3300 3600

Figure 5. IR spectra of the LDPE film with the optimal amount of phthalimide before electrical ageing

Source: compiled by the authors

A comparison of these spectra shows that in all the
cases considered, the introduction of the modifier used
in the indicated amount into LDPE does not contribute
to the appearance of new absorption bands, i.e., practi-
cally does not change the shape of their IR spectra. This
suggests that these modifiers in the proposed amount
are technologically compatible with LDPE. In other
words, they mainly affect the physical structure of LDPE.

Indeed, the achievement of the effect of adding
small amounts is mainly due to interstructural plasti-
cization. A.A. Garibli et al. [15] examined the interac-
tion between components in the composite material
consisting of nanosilicon and polypropylene. This in-
vestigation utilizes Fourier Transform Infrared Spec-
troscopy (FTIR) and X-ray diffraction (XRD) methods

to analyse and characterize the composite. XRD was
used to utilize and investigate the crystalline struc-
ture and phase composition of the composite. XRD
is a powerful technique for determining the arrange-
ment of atoms within the material and identifying
any crystallographic changes that may occur due to
the interaction between nanosilicon and polypropyl-
ene. S.H. Kim et al. [16] addressed the decomposi-
tion of low-density polyethene and the energy output
achieved through the utilization of dielectric barrier
discharge under varying electrical circumstances.
Z. Qiao et al. [17] and B.C. Smith [18] aimed to gain
insights into the long-term performance of polyethene
insulation under thermal ageing conditions, which is
crucial for the reliability of track cable systems. An
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established understanding of the space charge behav-
iour in aged polyethene insulation is essential for im-
proving the maintenance and lifespan of track cables,
ensuring the safe and efficient operation of rail trans-
portation networks.
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To establish the contribution of the phthalimide
additive to the process of electrical ageing of the LDPE
film, similar structural studies of the samples were
carried out after their electrical ageing. These results
are shown in Figures 6 and 7.

Figure 6. Change in the IR spectra of the LDPE film
after electrical ageing under " the action of discharges in air

Note: U=7 kV, t=5 hours
Source: compiled by the authors
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Figure 7. Change in the IR spectra of an LDPE film with a modifying additive of phthalimide
at 0.05 wt% after electrical ageing under the action of discharges in air

Note: U=7kV, t =5 hours
Source: compiled by the authors

As can be seen from Figures 6 and 7 after the elec-
trical ageing of LDPE films, a new absorption band is
observed in the IR spectra and the bands 1720-1710
(C = 0 groups) are the most pronounced. However,
judging by the change in the intensity of the absorp-
tion band of the C = 0 groups of LDPE films all other
things being equal, the amount of phthalimide applied
to LDPE, the intensity of the absorption bands of the
terminal carbonyl groups decreases significantly.

Since the intensity of absorption in the IR spec-
trum in the first approximation is proportional to
the number of corresponding groups in the sample,
it can be concluded that the used modifier, due to
the presence of highly dispersed particles, acts as an

active structure former, homogenizing the LDPE struc-
ture, and thereby slows down the course of oxidative
processes. H. Boughrara et al. [19] explored an easy
and effective method to enhance the compatibility of
blends containing low-density polyethene (LDPE) and
poly(e-caprolactone) (PCL). The research investigated
the use of specific compatibilizers or additives to pro-
mote better mixing and interaction between LDPE and
PCL, ultimately improving the overall performance of
the blend. Enhanced compatibilization of LDPE/PCL
blends can form materials with tailored properties,
making them suitable for various applications, includ-
ing packaging, biomedical materials, and sustainable
polymer composites. R.P. D’Amelia et al. [20], using



Fourier Transform Infrared Spectroscopy (FTIR),
studied the chemical interactions and structural char-
acteristics of these polymer copolymers and blends.
FTIR allows for the detection and analysis of function-
al groups present in the samples, as well as the deter-
mination of the degree of polymerization. Alongside
FTIR, elemental analysis is employed to accurately
determine the composition of the samples, including
the content of hydrogen, carbon, and other elements
in the polymer materials [21]. This is crucial for the
quantitative assessment of copolymers and blends.
This research has significant industrial applications,
where the precise composition and structural charac-
teristics of polymer materials impact their properties
and quality [22].

Thus, in this case, the rate of decrease in the elec-
trical strength of the LDPE film during its ageing with
the introduction of a small number of additives also
indicates the formation of densely packed structures
due to fine spherulite organization, which prevents
oxygen diffusion and the development of ionization
processes during electrical destruction, which is in
good agreement with the change in IR spectra.

Conclusions

The composition and amount of a low molecular
weight organic additive modifying the electrophysical
properties of LDPE 10803-020 have been determined.
The developed modification of LDPE is distinguished
by a significantly small number of additives used and
their technological compatibility. A systematic study
of the electrophysical properties of the LDPE film
and its developed modifications has been carried out.
Composites with the addition of 0.05 wt% phthalim-
ide significantly increase the electrical strength, and
volumetric electrical resistance and reduce the dielec-
tric loss tangent, i.e., there is a noticeable correlation
between these characteristics.

The structural changes in LDPE and its modifi-
cations were studied by IR spectroscopy, which was
used to establish the contribution of the modifying
organic additive phthalimide to the stability of the
electrophysical properties of LDPE during its ioniza-
tion ageing under the action of electric discharges. It
is shown that the introduction of the modifiers used
in the indicated amount into LDPE contributes to a
noticeable decrease in the intensity of the formation
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of ¢ =0 groups (1720 sm™*), which is a measure of
the oxidative degradation of polymer targets. The
experimental facts confirm the assumption that the
proposed phthalimide modifiers in a small amount
(0.05 wt%) are artificial nuclei of structure formation
for LDPE. Consequently, a more ordered structure of
LDPE, containing the optimal amount of modifier, will
hinder the diffusion of atmospheric oxygen polymers
even during their ionization ageing.

A qualitative assessment of the change in the
LDPE film with the introduction of small additives
is the determination of the morphology of supramo-
lecular formations using electron scanning microsco-
py and X-ray diffraction. The data obtained allow us
to approach the explanation of experimental results
from a scientific point of view, establish the relation-
ship between the structure and properties of polymer
products, and conduct a targeted search for the most
optimal alloying additives that can improve the phys-
ical, mechanical, and technological properties of the
polymer. In addition, the dielectric and mechanical
antistatic characteristics of the specified polymer com-
position were studied before and after electrical, UV
and gamma irradiation.

Further investigations could delve deeper into
the underlying mechanisms of how phthalimide in-
teracts with high-pressure polyethene during electri-
cal ageing. This might involve advanced analytical
techniques and computational modelling to provide a
more comprehensive understanding of the processes
involved. Research could focus on optimizing the con-
centration of phthalimide to achieve the most effec-
tive mitigation of electrical ageing. This could involve
a systematic exploration of various concentrations to
find the optimal balance between performance im-
provement and material cost. Extending the duration
of electrical ageing experiments could help assess the
long-term stability and effectiveness of phthalimide as
an ageing inhibitor. This would be valuable for appli-
cations where extended lifetimes are crucial, such as
high-voltage insulation materials.
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AHoranig

AKTyasbHiCTh. BUKOPUCTaHHS TOJMIONEOANHIB 6€3 J0JaTKOBUX METOAIB OOPOOKHU, a caMe MiABUINEHHS iX
eeKTPodi3UIHNX XapPaKTEPUCTHK, € aKTyaJbHOIO Cy4acHOI0 BHMOIOIO eKcIuryaTanii. /i1 1boro HeoOXiZHO
BUKOPHCTOBYBATH MeXaHi3M i0Hi3aLilflHOTO cTapiHH, e poyib MOAUMiKyI0UOi 106aBKHU B IIbOMY OBUHHA OYTH
3’sicoBaHa MeToZI0M iHppadyepBOHOI CIIEKTPOCKOTIIi B MOJiETHIEHI BUCOKOTO THUCKY.

MeTa. MeToto poboTu 6y70 BUBYEHHS BIUIMBY HU3BKOMOJEKYIIPHUX OPTraHiyHUX J00aBOK ¢TaniMizy Ha
MOJIEKYJISIPHO-CTPYKTYPHi 3MiHU MOJIiMEPiB, 1[0 BiZIGYBaIOTHCA MiZL Ji€I0 30BHILTHHOI'O CEPEIOBUIIIA.

MeTogosorisi. BIuIMB eneKTpUYHUX PO3Ps/iB Ha TOJIMEpHi [ieJIEKTPUKU TPOBOAMWIN B JOCHIAHIA KOMIpIli
HeCMMEeTPUYHOTO TUILY. BiZioBiZHO 10 TpolieAypy Ha 1110 IUTaCTUHY UIUIBHO HAaTATYBaIU OCIKyBaHY IOJiMepHY
IUTiBKY ZI0 i mic/iA morepeAHbOro po3TAryBaHHA. Jjig CTBOPEHHA MOBITPAHOIO 3a30PYy HOCTIMHOI TOBIIUHU MiX
BEPXHIM eJIeKTPOZOM i MOIiMepHOIO ITIBKOIO TI0 KpasAX pO3TAIlIOBYBAIU CKJIAHI IPOKJIAJKU TOBIIUHOIO 1,5 MM.

PesyabraTu. JocmimKeHo eleKTpUYHy MIIlHICTh (TepMiH CTyKOu) TojieTwieHy Bucokoro Tucky (LDPE) Ta
oro onTUMaIbHy MOAUQIKaIlifo /0 Ta Mic/IT eTeKTPUYHOTO cTapiHHs. Ha miZicTaBi ekcriepuMeHTalbHUX JaHUX
BCTaHOBJIEHO, 1110 BMicT 0,05 mac. % LDPE, iioro eieKTpUYHa MIl[HICTh ZOCATA€E MAaKCUMAaJIbHOTO 3HAYEHHS B
MopiBHAHHI AK 3 BuxigHuM LDPE, Tak i 3 LDPE npu iHmmmx BMicTax f06aBok. [TokaszaHo, 110 BBegeHHs 0,05 mMac.
% dTaniMizy B MOJETHIEH BUCOKOTO TUCKY CIIPUSE MOMITHOMY 3HIDKEHHIO iHTEHCUBHOCTI yTBOpeHH:S C = 0
TPYIL, 110 € MipOI0 OKUCHIOBAJIBHOI A€CTPYKIIii TOMIMEPHUX JIAHITIOTIB.

BucHoBKH. Bu3sHaueHO ONTHMAaNbHUI CKaaZ (TamiMiZiB Ta BUBYEHO iX eNIeKTPOQi3WyHi BIaCTUBOCTI.
BcTaHOB/IEHO, 1[0 KOMNO3UTH 3 Aob6aBkamu 0,05 mac.% dramiMigy 3HaYHO MOKpPAUIYIOTH eleKTpodisuyHi
siactuBocTi LDPE.

KiatouoBi cioBa: iHbpauepBOHUII CIEKTP; Yac *KUTTA; MOAIMEPHi JaHITIOTH; eIeKTpodi3uyHi BIACTUBOCTI;
eJIeKTPUYHA JJOBTOBIUHICTh
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Abstract

Relevance. In the case of bombardment with Mg metal ions, the changes are accompanied by the introduction
of metal atoms and the formation of various types of compounds. Thus, CdF, is intensively decomposed into
components in the near-surface layer in the process of ion implantation. A small part of these components
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can be sprayed from the surface. Due to the high chemical activity, almost all of the liberated fluorine atoms
again enter into a chemical bond with both the atoms of the alloying element and the atoms of cadmium.
Consequently, three-component compounds are formed in the near-surface layer. Therefore, it is necessary to
define the electronic states, band energy, and optical parameters of CdF, and Cd .6Mg,.4F, films.

Purpose. The composition, structure, and properties of CdF, implanted with Mg+ ions in combination with
thermal and laser annealing for the first time were the research aims.

Methodology. The experimental studies were carried out at a vacuum of at least 10”7 Pa using the methods of
Auger electron spectroscopy (AES) and ultraviolet photoelectron spectroscopy (UVES). The depth distribution
profiles of atoms were determined by the AES method in combination with layer-by-layer etching of the surface
with Ar* ions with E = 2-3 keV.

Results. CdF, is intensively decomposed into components in the near-surface layer in the process of ion
implantation. Consequently, three-component compounds are formed in the near-surface layer. Band-energy
parameters and densities of the state of electrons in the valence band of this film are determined.

Conclusions. The effect of the implantation of Mg+ ions on the composition and electronic structure of single-
crystal CdF,/Si(Ill) films was studied for the first time. The densities of electronic states, band-energy and

optical parameters of CdF, and Cd .6Mg,.4F, films have been determined.

Keywords: atomic distribution profiles; ultrathin layers; band gap; heat treatment; surface layer

Introduction

Among the approaches available to solve problems
of increasing the reliability and durability of machine
and mechanism parts, cutting tools, and technological
equipment, technological methods of surface harden-
ing of structural materials play a key role. Photoelec-
trocatalytic water part offers a promising approach
to change over daylight into economical hydrogen
vitality. A careful understanding of the connections
between the properties and capacities of photoelec-
trocatalytic materials plays a pivotal part in the plan
and creation of productive photoelectrochemical
frameworks for the water part. A study [1] presented
the propels within the improvement of efficient photo-
electrocatalytic materials. To begin with, the basics in-
cluded within the photoelectrocatalytic water part are
expounded. An important factor in the coating pro-
cess is surface preparation, which includes, in addi-
tion to mechanical cleaning, the bombardment of the
substrate surface with an intense stream of low-ener-
gy ions. According to studies [2; 3], these films are
used for a controlled change in the E, of dielectrics in
certain cases, as well as for obtaining consistent layers
at the interface of SIS (semiconductor-insulator-semi-
conductor) structures in three-dimensional integrated
circuits. CdF,/Si (111) hetero-structures with a CaF,
buffer layer are of particular interest. The minimum
thickness of the CaF, buffer layer is 0.9 nm. In this
case, Z.A. Tursunmetova et al. proved that CaF, plays
the role of a barrier layer for the chemical reaction
between CdF, and Si substrates [4].

The study [5] confirmed that single-crystal cadmi-
um fluoride is a solid dielectric that can be converted

into a semiconductor by doping with donor impurities
and subsequent heating in a reducing atmosphere.
CdF, and CaF, share a common fluorite-type cubic
crystal structure with similar lattice parameters, mak-
ing them suitable for use in superlattices. However,
their electronic and optical characteristics exhibit no-
table distinctions. Despite having a sizable band gap of
approximately 8 eV, CdF,, when appropriately doped
and annealed, can exhibit n-type semiconductor prop-
erties. Additionally, research by R.C. Palomera et al.
has shown that CdF, can exhibit efficient electrolumi-
nescence and, owing to its high density (6.38 g/cm?)
and relatively rapid luminescence decay time, can be
employed as a scintillator [6].

In contrast, CaF, is an insulator with an exception-
ally wide band gap, estimated to be between 11.8 and
12.1 eV, and it finds widespread use in various opti-
cal applications, such as resonant tunnelling diodes
and quantum cascade lasers. R.B. Hughes-Currie et al.
suggested that this behaviour can be attributed to the
substantial (2.9 eV) discontinuity in the conduction
band at the CdF,-CaF, interface, as detected by X-ray
photoelectron spectroscopy [7]. This study also delves
into laser spectroscopy of Eu,+ and Eu,+ ions doped
in CaF, within the CdF2-CaF, matrix and investigates
the distribution of defect positions for dopant ions.

The electron beam method occupies a special
place among the existing vacuum-plasma deposition
methods. The studies [8; 9] noted that the essence
of the method is in the kinetic energy of the electron
beam being used to evaporate the substance and it
converts into thermal energy in the treatment zone.
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R. Shendrik & E. Radzhabov noted that it is also im-
portant to use these methods in modern micro- and
nano-electronics to apply conductive and dielectric
layers of different thicknesses [10].

The ion implantation method has been effective-
ly used to obtain nanosized multicomponent struc-
tures and layers on the surface and subsurface region
of semiconductors and dielectric films [11; 12]. The
composition of CdF, implanted with Mg+ ions in
combination with thermal and laser annealing for the
first time was analysed in this study.

Materials and Methods

Well-polished and etched n-type CdF, (111) single
crystals were used as research objects. The tests were
introduced in an ultrahigh vacuum gadget — “EPOS-
PVD-DESK-PRO” (Russia), which comprises two com-
partments. Strengthening, warm oxidation, and parti-
cle assault were carried out within the, to begin with
compartment. The composition, thickness of state
of valence electrons, band-energy parameters, out-
flow, and optical properties were considered within
the moment one. The value of n determined by the
ERES method already at small film thicknesses (d
~ 100 A) differs sharply from n for Si and becomes
characteristic of dielectrics. ERES method was applied
to determine the inelastic mean free path (IMFP) of
electrons, which is of crucial importance for quantita-
tive electron spectroscopy. For this reason, it is highly
desirable to verify the reliability of the ERES method
for a variety of elements and different experimental
geometries. The composition of CdF, implanted with
Mg" ions in combination with thermal and laser an-
nealing, was studied for the first time. Therefore, even
at a film thickness of d ~ 600 A, the refractive index
of light almost does not differ from the value of n for
a thick film. Based on this, it can be assumed that the
penetration depth of photons with hv > 10 eV for CdF,

lies in the range of 600-800 A.

Most things were carried out in a vacuum of at
the slightest 10-7 Dad utilizing the strategies of Wood
screw electron spectroscopy (AES) and bright photo-
electron spectroscopy (UVES). The profundity dissem-
ination profiles of particles are decided by the AES

strategy in combination with layer-by-layer carving of
the surface with Ar* particles with E = 2-3 keV. Be-
fore ion implantation, CdF, is degassed by heating to
T =900 K for 3 hours in combination with soft etching
of the surface with Ar* ions at a vacuum of 107 Pa. Im-
plantation of Mg+ ions are carried out with E, = 1 keV
doses D = 8- 10% cm2. For comparison with the be-
ginning of implantation, the conduction of Ar* ions
with different energies at D = Dn. The optical method,
SERE method and the Auger electron spectroscopy
method were used to determine the values of n for Si
with a CdF, surface film of different thicknesses.

Results and Discussion

The crystal lattice of CdF, has a cubic fluorite-type
structure and a lattice constant close to that of sili-
con. H.M. Mahmudov et al. noted it has been estab-
lished that the MBE growth of the CdF,/Si (111)
film at the initial stage proceeds according to the
Stranski-Krastanov mechanism, and then the growth
occurs according to the Frank-Van der Merve mech-
anism [13]. The (1x1) CdF,(111) surface is formed
after high-temperature (T = 1120 K) heating of films
with d>150 + 200 A [14].

As follows from Table 1, in the case of thin CdF,
films, n is strongly affected by the silicon substrate.
The role of the substrate is especially noticeable in
the visible and infrared regions of light, i.e., in the
region where the energy of electromagnetic radiation
(hv <2 eV) is much less than the band gap of the CdF,
film (E, ~ 7.5-8 eV). In the indicated energy range of
radiation, the dielectric film turns out to be almost
transparent. Therefore, light, penetrating deep into
the sample, mainly interacts with silicon atoms. Some
decrease in n in the case of thick films is apparently
due to the presence of impurity atoms in the bulk of
the CdF, film. In the region of ultraviolet radiation,
espec1ally at hv > 10.2 eV (<1200 A), a strong ab-
sorption of light by the film occurs. Therefore, even
at a film thickness of d ~ 600 A, the refractive index
of light almost does not differ from the value of n for
a thick film. Based on this, it can be assumed that the
penetration depth of photons with hv > 10 eV for CdF,
lies in the range of 600-800 A.

Table 1. The values of the refractive index n for CdF, films

Method

Film thickness d, A

T i hickness d A
T T N ST

Optic: =1050 A (UF) 1.55 1.55
=6700 A (R) 3.4 3.2 3.2 - 3.2 3 o 3.0 3.0
=10640A (IR)| 3.1 3.1 3.0 - - 3.0 2.9

SERE 3.35 1.7 1.48 1.52 - 1.43 - 1.45

Source: compiled by the authors

A slight difference between n of a film with a
thickness of d ~ 100 A and n for a thick film is proba-
bly caused not only by the contribution of the matrix

to the excitation of interband transitions and plas-
ma oscillations but also by the imperfection of the
stoichiometric composition and crystal structure of



the film due to the influence of the substrate. In the
case of thick films, the values of n obtained by the
elastically reflected electron spectroscopy (ERES)
method and by the optical method in the ultraviolet
region are close.

During the bombardment of CdF, with ions of
inert gases Ar+, CdF, is decomposed into compo-
nents, the surface layers are disordered, the diffusion
of atoms, the evaporation of atoms from the surface,
etc. In the case of bombardment with Mg metal ions,
these changes are accompanied by the introduction

IF}
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of metal atoms and the formation of various types of
compounds. To clarify this, the dependence of I, —
(fluorine intensity) on the depth h of a CdF, film bom-
barded with Ar* ions with different energies at D =D,
(Fig. 1), where D_is the ion saturation dose, was ana-
lysed. Figure 1 shows that at E, = 0.5 keV, the intensi-
ty of the IF peak sharply (by a factor of ~4) decreases
and it practically does not change up to a depth of
h =20-25 A, which corresponds to the projected range
of Ar* ions. It is also confirmed by the data presented
in the work [15].
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Figure 1. Depth distribution profiles of F atoms of CdF,
bombarded with Ar* ions at D = D, with different energies E , keV
Note: 1 - undoped CdF,, 2 -0.5; 3 -1; 4 -5, D, - saturation dose

Source: compiled by the authors

All F atoms in the form of F, molecules evaporate
from these layers. In the range d ~ 25-50 A, the IF
concentration increases and, starting from h ~ 50 A,
the stoichiometric composition of CdF, is complete-
ly established. However, further studies showed that
these CdF, layers down to a depth of h~130-150 A
were strongly disordered. In the case of E, = 1keV, thDe
surface layers of CdF, up to a depth of h=30-40 A
are completely decomposed into components and
almost all F atoms evaporate from these layers; an
amorphous Cd film with a thickness of d = 30-40 A
is formed on the surface (curve 3, Fig. 1). When CdF,
is bombarded with E, = 5 keV, the highest rate of de-
composition occurs at the depth of the projected range
of Ar* ions (h~60-70 A). Most of the fluorine atoms
escape into the vacuum, while the other part diffuses

deep into the target; therefore, the concentration of
F at a depth h = 80—-100 A increases significantly. A
different picture is observed during the implantation
of Mg* ions in CdF,.

Figure 2 shows the Auger spectra of a well-cleaned
CdF, surface before and after implantation of Mg*
ions with E =1 keV at D =D_=8-10' cm? It can
be seen that after implantation of ions, the intensity
of Cd and F ions decreases up to 2-3 times and peaks
characteristic of Mg appear. With this ion-doped lay-
er, compounds of the Mg-F and Mg-Cd-F types are
predominantly formed. Most of the Mg atoms do not
enter into a chemical bond and accumulate on the sur-
face. Auger analysis shows that the surface concentra-
tion of Mg atoms is ~ 40-45 at.%. Cd-35 40 at.%, and
F —15-20 at.%.



Scientific Herald of Uzhhorod University. Series “Physics”. 2023;(54):27-35

dN/dE
Mg*— CdF,
Cd-Mg-F
Ccd F
Mg
A/\M} CdFZ
Ccd
F
1 ] L 1 1 1 1 1 1 1 1
0 50 300 400 500 600 700 E, eV

Figure 2. Auger spectra
Note: 1 — well-cleaned CdF, surface; 2 — CdF, implanted with Mg* ions with E =1 keV at D = 8-10'® cm™?
Source: compiled by the authors

In this way, CdF, is goal decayed into compo- along with the formation of various compounds, “ex-
nents within the near-surface layer within the parti- cess” atoms of the alloying element appear, the con-
cle implantation. The study [16] noted that a small centration of which increases with increasing dose
portion of these components can be splashed from (Fig. 3a). At high ion energies (E;>3 keV) a notice-
the surface. Due to the prolonged chemical reaction, able desorption of fluorine from the surface occurs,
nearly all of the freed fluorine iotas join both the which leads to the accumulation of Cd atoms near
molecules of the alloying component and the atoms the surface (Fig. 3b). The highest concentration of
of cadmium. Subsequently, three-component com- the latter is 40-45 at.%. The stoichiometric compo-
pounds are shaped within the near-surface layer. As  sition characteristic of CdF at E = 3 keV is restored
follows from the experimental data, at E, <3 keV, onlyatd=120 A

C, at% | C

Mg*ﬁ CdF2 1\/[g+‘> CdF2

0 40 80 120 d, A

Figure 3. Dependences of C, , C_, C; on d for CdF,, doped ionic Mg* with E = 0.5 keV

Ca’

and 3 keV. D =8-10! cm™?

Source: compiled by the authors



The influence of post-implantation thermal and la-
ser annealing on the composition, structure, and prop-
erties of the ionic implanted CdF, film was also stud-
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completely crystallized and films of the Cd, Mg, .F,
type with a thickness of ~ 25-30 A are formed on the
CdF, surface [17; 18]. In the case of laser annealing at

ied. The experimental results showed that the optimal
heating temperature for CdF, implanted with Mg*
ions is 900 K. In this case, the near-surface layers are

an energy density of ~ 1.7 J-em?, a Cd, Mg, F, film
with good stoichiometric composition is formed with
a thickness of ~40-45 A (Fig. 4).
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Figure 4. Dependences C(h) for CdF, implanted with Mg* ions
withE,=1keVatD=8"-1 I%[cm 2 after heatlng at T=900 K (curve 1),

after laser annealing with W= 1.7 J-cm (curve 2) and spectrum in the initial case (curve 3)
Source: compiled by the authors

Figure 4 shows the UVE spectra of the CdF, and
Cd, Mg, F, films. It can be seen that the density of
states of the electrons in the valence band differs sig-
nificantly from the current density for CdF, [19; 20].

Possible mechanisms for the formation of maxima are
given in the CED of photoelectrons. The parameters
of energy bands Cd, Mg, ,F, are estimated in Figure 5
based on Table 2.

5s(Cd)+2s(Mg) +2p(F)
~
// \\SS(Cd) +2p(F)

N(E)

Ecv, eV -8 -4 E.=0

Figure 5. Ultraviolet photoelectron spectra of CdF, and Cd, Mg, F, films
Source: compiled by the authors

Table 2. Parameters of energy bands CdF,and Cd, Mg F,

Parameters, eV CdF, Cd, Mg, F,
E, 9.8 10.6
E, 2.3 -
E, 7.6 8.5
X 2.2 2.1

Source: compiled by the authors
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Table 3 lists the optical parameters (n and r)
measured at a light wavelength of 1050 A (UVE) for
CdF, and Cd, Mg, F,.

Table 3. Optical parameters of CdF, film and CdF,
film Cd, Mg, F, measured at A = 1050 A

Optical CdF, | Cd, Mg, F,
parameters d =800 A d=40-45 A
n 1.6 1.5
r, % 9 11

Source: compiled by the authors

The E_ value of the three-component film is no-
ticeably larger in comparison to the E_ of the CdF,
film. Based on the data, the change in the Mg con-
centration correlates with the change in the band gap
of the dielectric CdF, film [21; 22]. However, the x
value could be varied in the range from 0.2 to 0.5 by
implantation of Mg" ions followed by annealing. It
can be seen from Table 3 that Cd, Mg, ,F, nanofilms
do not significantly change the values of n and r for
light with a wavelength of 1050 A.

Similar studies have been conducted by other re-
searchers. The paper [6] presents a systematic study
on Cd1—xMgxTe thin film development via co-evap-
oration of CdTe and Mg. Deposition rates were ad-
justed to create films with varying stoichiometry and
a wide range of band gaps (1.47 to 2.41 eV). Struc-
tural parameters varied systematically with Mg con-
tent, but XRD reflections remained similar to pure
CdTe at lower Mg concentrations. XPS analysis shed
light on Mg incorporation, supporting band gap
variations seen in UVE-Vis spectroscopy. Mg con-
sideration affected film photoresponse. A.M. Both-
well et al. [1] analysed photoluminescence, carrier
lifetime, and quantum effectiveness, which showed
enhancements when a shorter preheat time was uti-
lized. Auxiliary particle mass spectrometry profiles
showed that CdCl, passivation was protected when
CdMgTe was briefly preheated. Moreover, extra
gadgets were subjected to an HCI corrosive carve
treatment and a CdTe cap layer, autonomously, af-
ter applying the CdMgTe layer. This was done to
play down magnesium oxidation [23]. The CdTe cap
gadget illustrated a beginning guarantee, accom-
plishing a gadget proficiency of 13.1%. The study
conclusions [2] are comparative to those achieved in
this research. There was a survey of the exploratory
comes about on the consideration of the Si, GaAs,
and CaF, surface layers that are made utilizing the
low-energy particle implantation displayed. Optical
and electron spectroscopy and microscopy are uti-
lized within the tests.

Conclusions

The effect of the implantation of Mg" ions on the
composition and electronic structure of single-crystal
CdF,/Si (III) films was studied for the first time. After
heating at T = 900 K CdF, implanted with Mg* ions
atD =8-10-16 cm? a Cd, Mg, F, film with a thick-
ness of 40-45 A is formed. For this film, the value of
E was ~ 8.5 eV. During the bombardment of CdF,
with ions of inert gases Ar*, CdF, is decomposed into
components, the surface layers are disordered, the
diffusion of atoms, the evaporation of atoms from
the surface, etc. In the case of bombardment with Mg
metal ions, these changes are accompanied by the in-
troduction of metal atoms and the formation of var-
ious types of compounds. Most of the fluorine atoms
escape into the vacuum, while the other part diffuses
deep into the target; therefore, the concentration of
F at a depth h = 80-100 A increases significantly. A
different picture is observed during the implantation
of Mg* ions in CdF,. Thus, CdF, is intensively de-
composed into components in the near-surface layer
in the process of ion implantation. A small portion
of these components can be showered from the sur-
face. Due to the prolonged chemical action, nearly
all of the freed fluorine particles once more enter
into a chemical bond with both the molecules of the
alloying component and the molecules of cadmium.
Thus, three-component compounds are shaped with-
in the near-surface layer. The densities of electronic
states, band energy, and optical parameters of CdF,
and Cd, Mg F, films have been determined. This
effect can be interesting for application in optical
memory cells. Further research may involve delving
deeper into the mechanisms driving these changes,
investigating the stability of the modified material
under different conditions, and potentially optimiz-
ing the process for specific applications. Additional-
ly, exploring the potential applications of the modi-
fied CdF, material in fields such as optoelectronics,
photonics, or materials science could be a valuable
avenue for future research. Photonics and optoelec-
tronics have emerged as key disciplines in the ad-
vancement of technology, with vast potential for
various applications. In recent years, there has been
a growing interest in exploring the unique proper-
ties of two-dimensional materials and their integra-
tion into photonic and optoelectronic devices. This
field holds great promise for revolutionizing several
industries, including telecommunications, energy,
sensing, and computing.
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BruiuB iMruiaHTalii ioHiB Mg* Ta mozajabuioro Biznary
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AHoranig

AxTyanbHicTb. [Ipu 6oMbapayBaHHA ioHaMU MeTanxy Mg 3MiHM CYyIIPOBO/KYIOTHCS BIIPOBA/KEHHSAM aTOMIB
MeTaJly Ta yTBOPEHHAM Pi3HOro THITy crioayk. Takum unHoM, CdF, iHTEHCHBHO PO3K/IaZla€ThCA HA KOMIIOHEHTH
B IIPUIIOBEPXHEBOMY IlIapi B Ipolleci ioHHOI iMIutaHTalii. HeBenuky 4acTUHY IIMX KOMIIOHEHTIB MOXKHa
PO3IOPOIIYBATH 3 IOBEPXHI. 3aBASKHU BUCOKiN XiMiUHili aKTUBHOCTI MaliKe BCi 3BiIbHEHI aTOMU GTOPY 3HOBY
BCTYIIAIOTh ¥ XiMiYHUMU 3B'A30K K 3 aTOMaMM JIeTyI0UOro eJIeMeHTa, TaK i 3 aToMaMu KaZMito. BHacC/lIiIoK 1bOT0
B IPUIIOBEPXHEBOMY IIapi yTBOPIOIOTHCSI TPUKOMIIOHEHTHI CIOIyKu. ToMy HeoOXiZIHO BUBHAUUTH €JIEKTPOHHI
CTaHM, BU3HAYEHO 30HHO-eHePreTHYHi Ta ONTHYHI napameTpu mwiiBok CdF, ta Cd, 6Mg,, 4F,.

Merta. ¥ 1ifi po6oTi BIepiie AOCTPKEHO CKJIaj, CTPYKTypy Ta BaactuBocTi CdF,, iMruianToBaHOro ioHaMu
Mg*, y IoeJHaHHi 3 TEpMiUHUM Ta JIa3epPHUM BiZl1aIoM.

MeTozgosoria. ExciepuMeHTaNbHi 0CTiXKeHHA IPOBOAWIN B YMOBaxX BakyyMmy He MeHine 10-7 [1a meTozamu
eneKTpoHHOI criekTpockorii (AES) Ta ynerpadioneroBoi poToenekTpoHHOI criekTpockomii (UVES). ITpodini
PO3IOALTY aTOMiB 1o MIMOWHI BU3Havaiu MeTtozoM AES y moefHaHHI 3 MOMIapOBUM TPaBJAEHHIM MOBEPXHi
ionamu Ar+ 3 E = 2-3 xeB.

Pesynbratu. CdF, iHTEHCMBHO DO3K/JIaJa€TbCAd Ha KOMIIOHEHTH B IIPMIIOBEPXHEBOMY INapi B IpoIleci
ioHHO] iMITaHTanii. BHaCIiZIOK IOTO B MPHUIIOBEPXHEBOMY IIapi YTBOPIOIOTHCA TPUKOMIIOHEHTHI CIIOIYKU.
Bu3HaueHO 30HHO-eHePTeTUYHI ITapaMeTPH Ta TYCTUHU CTAHIB eJIEKTPOHIB y BaJIeHTHIH 30Hi ITi€l TUTiBKU.

BucHoBKku. Bmepie gocnmifkeHO BIUIMB iMIUIaHTalii ioHiB Mg Ha ckJaZi Ta eNeKTPOHHY CTPYKTYPY
MoHOKpucTaniyHux 1wiiBok CdF,/Si(IIl). BusHayeHO IyCTMHM €J€KTPOHHHUX CTaHiB, 30HHO-€HEepPreTHYHi Ta
ontuyHi mapamerpu mwiiBok CdF, Ta Cd , 6Mg, 4F,.

KirrouoBi ciioBa: mpodisi po3nozizy aToMiB; HaATOHKI mapy; 3a60poHeHa 30Ha; TepMOO6pOOKa; TOBEPXHEBUH
map
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Purpose. This study aims to elucidate the emergence of standing wave structures influenced by feedback
mechanisms in reactors with cylindrical and spherical symmetry, using mathematical principles governing the
propagation of oscillations and shock waves in diffusion-driven chain reactions.

Methodology. Materials and methods for the research included a computer simulation using MATHCAD 20011,
and comparative analysis of experimental data obtained from reactor experiments. The computational modeling
revealed vivid formations of standing wave structures in reactors influenced by feedback mechanisms.

Results. The impact of reverse connections in reactors with cylindrical and spherical symmetry significantly
contributed to the formation of various standing wave structures of radical concentrations within the reaction
zone. It was found that these structures were largely imperceptible visually and could only be observed when
the reaction was accompanied by intense light emission. These visual representations served as compelling
evidence of the intricate interplay between reaction kinetics and feedback effects. The study emphasized the
importance of understanding and predicting the root causes of instabilities, ultimately enhancing the reliability
and safety of reactors across various industries. The results demonstrated a correlation between specific feedback
mechanisms and the spatial distribution of standing wave structures.

Conclusions. The derived computational patterns, as presented in this paper, provide compelling evidence
supporting the feasibility of standing wave structure formation within reactors when influenced by feedback
mechanisms. The study unveiled the potential for fine-tuning reactor parameters to influence the formation
and stability of these structures. The findings represented a significant stride towards a more comprehensive
understanding of dynamic regimes in reactors, with implications for reactor design, operation, and safety
protocols. The insights garnered from uncovering standing wave structures influenced by feedback mechanisms
offered valuable opportunities to optimize reactor design and operational safety, leading to more efficient and
sustainable processes.

Keywords: oxidation; back bonding; modeling of dynamic modes; radicals; oscillatory phenomena; stationary

process

Introduction

The study of standing wave structures within reaction
mediums is of paramount relevance in chemical engi-
neering and reactor dynamics, holding substantial im-
plications for reactor design and safety. The inhibitory
effect of formaldehyde on oxidation reactions intro-
duces complexity, prompting an inquiry into whether
inhibition alone leads to the emergence of feedback
mechanisms capable of establishing oscillatory modes
within the system.

Combined with recent advances in understand-
ing the complexity of low-temperature oxidation pro-
cesses in confined spaces, it has become increasing-
ly important to combat the emergence of nonlinear
relationships. Research by C. Lin et al. demonstrated
the effects of nonlinear reaction kinetics and large
inelastic strain on the oxidation process, further em-
phasizing the importance of understanding nonlinear
relationships in oxidation reactions [1]. Moreover,
recent studies of these authors shed light on how
pulsation phenomena can occur as a result of the in-
teraction of the intermediates with concentrated ion-
ic complexes near the surface, resulting in the gen-
eration of subtle shock waves [2]. Such discoveries
as T. Abrahamyan et al., have profound implications
not only for the operational integrity and efficiency
of reactors using chain processes, but also for basic

scientific research aimed at mastering these complex
processes [3]. Oscillatory phenomena, including con-
centration and temperature fluctuations, are key is-
sues in the field of industrial chain processes. In the
context of standing wave structures, it is notable that
it can lead to the development of functional gradients
in which the concentration or activity of a particular
component exhibits spatial variations.

This phenomenon is of particular importance in
applications such as synthetic biology, where pre-
cise spatial organization is critical to the functional-
ity of the system as wrote S. Kretschmer et al. [4].
Accordingly, researchers as E. Villar-Septlveda &
A.R. Champneys are devoting themselves to studying
the spatial arrangement and dynamic behavior of rad-
icals in standing wave structures with the main goal
of improving reactor design and increasing its oper-
ational safety [5]. The focus is on understanding the
specific conditions and underlying mechanisms that
lead to the formation of these distinctive structures.
The implications of this research extend to improv-
ing reactor design and operational safety of processes
involving gas-phase oxidation reactions. By revealing
the spatial arrangement of radicals and the dynam-
ic interactions, valuable information can be obtained
to optimize reaction parameters, improve efficiency,



and ensure safe operations. Obtaining comprehensive
information and the ability to predict these phenom-
ena is of paramount importance for reactor protec-
tion, especially in critical areas such as chemistry. In
this regard, there is an urgent need for model studies
focused on processes characterized by chain devel-
opment as D. Gaskins et al. mentioned [6]. This en-
deavor serves a dual purpose: to anticipate and proac-
tively develop complex processes in key sectors such
as chemical engineering, energy, biology and various
fields of human activity.

In light of these considerations, this study harness-
es the mathematical framework governing the birth
and propagation of oscillations and shock waves with-
in diffusion-driven chain reactions. The primary aim
is to delve into the establishment of standing wave
structures of radicals within reactors immersed in the
gas-phase oxidation of organic substances. Through
this comprehensive inquiry, an effort is being made to
enhance the comprehension of the dynamic behavior
of radicals and spatial organization, ultimately con-
tributing to the advancement of reactor design and
operational safety.

Materials and Methods

Prior to commencing the experimental phase, an ex-
tensive review of existing literature was conducted.
This involved a thorough examination of scientific
publications, articles, monographs, and reports, pro-
viding a comprehensive overview of the current state
of the issue surrounding the formation of structures
of standing waves of radicals in reactors engaged in
gas-phase oxidation of organic substances. Notably,
key theoretical and experimental studies in this do-
main, along with the respective findings, were under-
scored [2; 7].

The computer modeling was executed utilizing
the MATHCAD 2001i software package to validate
theoretical concepts and scrutinize the behavior of
the reaction medium. Within this endeavor, a math-
ematical model was crafted, encompassing equations
elucidating the diffusion propagation of the chain re-
action and the emergence of structures of standing
waves of radicals. By employing MATHCAD 2001i,
the numerical solution of a system of differential
equations was achieved, alongside the capacity to
visualize outcomes through graphs and diagrams.
Following the computer modeling phase, the results
thus obtained underwent a meticulous comparative
analysis. This step involved a rigorous examination to
ascertain the congruence or disparities between the
modeled data and existing empirical evidence or the-
oretical predictions, thereby ensuring the robustness
and accuracy of the model.

The study used mathematical modelling. The mo-
del consideration is carried out within the framework
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of the theory of diffusion propagation of particles with
reproduction in limited volumes. The solution to the
problem is reduced to solving the equation:

u, = a’Au + fu - inside the T area, @)

where: u — concentration of active particles;a? = D/c;
D - diffusion coefficient of active particles; ¢ — porosity
of the medium (in case of gas medium c = 1); S - re-
production rate; A Laplace operator.

With initial and boundary conditions:

u(M, 0) = M), u_=0. (2)
As a result, a function was obtained [8]:
uM, D =%"_, Cne(/"“zx")‘vn(M), 3)

where: C, — number describing a curve, the contour
of an arc, but in this work the behavior of the con-
centration of active particles depending on time and
space due to periodic changes in the properties of the
reaction medium is also important; A_— characteristic
parameter which, in the case of a reactor with spheri-
cal symmetry, has the form:
2
hw=(%). @
The use of this formula to solve the problem is
more convenient, since it allows to present the com-
plex problem of the relationship of chain oxidation
processes in the most convenient way to find a quali-
tative picture of the influence of unnecessary connec-
tions on the type of dynamic regime in the system.
Namely, the appearance of an inhibitor that destroys
the leading chain radical leads to the formation of a
periodic decrease and restoration of the rate of repro-
duction during the diffusion of active particles, by rep-
resenting the coefficient f as a value periodically vary-
ing with time, namely f*|sin(#)|. In this approximation,
equation (1) can be represented as:

uM, T) =X _, C ePlsn@l< )y (M), 5)

For simplicity, it is being considered the case of
n =1 and a spherically symmetric reactor. In this case,
equation (2) is represented as:

T 2 - (T
u(M,T) = const * e(ﬁlsm(t)')_m(ﬁ) . sin(z) . (6)

r
R

In this work, interest is focused not so much on
obtaining exact numerical values characterizing the
reaction, but rather on finding the range of values
of these parameters leading to the establishment of
standing wave structures in reactors during techno-
logical processes based on chain reactions.
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Results

The investigation into the emergence of standing
wave structures within the reaction medium during
the progression of the diffusion-driven chain reaction
process yielded compelling findings. These results
provide valuable insights into the dynamic interplay
of radicals and spatial organization within the reac-
tor. To begin, it is essential to highlight the distinctive
patterns and characteristics observed in the standing
wave formations, shedding light on the underlying
mechanisms. A quantitative analysis of key parame-
ters, such as wave amplitude and frequency, serves
to elucidate influence on the overall reaction kinetics.

The results are summarized below provide a com-
prehensive visual representation of the dynamic oxi-
dation reaction of organic compounds within reactors
possessing both spherical and cylindrical symmetry.
This dynamic process is influenced by the presence of
an inhibitory factor, either in the form of an interme-
diate product or through the occurrence of periodic
shifts in concentration along the radical chain within
the reactor wall layer.

The calculations are based on formula (2), which
accommodates the introduction of an inhibitor — either
an intermediate or final product of the reaction. This
inhibitor exerts a significant influence on the leading
chain radical, resulting in a temporary reduction in
reaction rate. In cases where feedback occurs, peri-
odic variations may manifest. This behavior is quan-
tified by modifying the parameter # with the function
|sin(t) |, signifying its prevalence throughout the en-
tire volume. Alternatively, in scenarios characterized
by concentrated feedback near the reactor periphery,
a factor denoted o - |sin(t) |as is subtracted from the
reactor’s diameter (in the case of spherical symmetry)
or radius (in the case of cylindrical symmetry). This
signifies a periodic contraction of the reactor’s dimen-
sions, reflecting the feedback’s spatial extent. This
nuanced consideration expands the understanding of
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the intricate interplay between reaction kinetics and
inhibitor-induced dynamics.

Periodic inhibition of a process

by a reaction intermediate

In the existing literature, instances have been re-
ported where the presence of excited formaldehyde
molecules, an intermediate product of the acetalde-
hyde oxidation reaction, disrupts the leading radical
chain, resulting in the onset of an oscillatory regime
in the system [7]. This phenomenon is attributed to
quantum resonance, wherein the excitation ener-
gy of formaldehyde is transferred from the leading
chain to the CH,CO, radical, a phenomenon detailed
in theoretical studies. Empirical data affirms that the
introduction of formaldehyde molecules from an ex-
ternal source exerts an inhibitory influence on the
oxidation reaction. This effect is ascribed to the con-
version of highly active radicals into less reactive spe-
cies. Nevertheless, it’s important to note that mere
inhibition does not automatically result in the de-
velopment of feedback mechanisms that can induce
oscillatory dynamic modes within the system. Pre-
vious works primarily addressed scenarios involving
the appearance of excited formaldehyde molecules,
which were more likely to induce the formation of
cold flames [2; 7]. Through simulations focusing on
the generation of highly vibrationally excited formal-
dehyde molecules via heterogeneous recombination,
a diverse range of feedback modes and intriguing
phenomena were observed.

Particularly noteworthy is the proposition that
feedback is concentrated near the surface, prompting
inquiries into its broader impact on the overall vol-
umetric process. This innovative perspective promis-
es to deepen understanding of the intricate interplay
between inhibition, feedback, and overall reactor dy-
namics. The calculation results using the MATHCAD
2001i program are shown in the Figure 1.

0.94
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Figure 1. Establishment of the structure of standing waves
in a spherical reactor due to feedback at the reactor walls calculated using the MATHCAD 2001i program
Note: according to the formula: u(r, t) =j (0, n/(5-|sin(t) |)); r — coordinate; t — time

Source: developed by the authors



In the context of the stationary reaction mode,
characterized by the condition f-a*, = 0 in equation
(1), and with the radius subject to periodic variations
described by R - |sin(t) |, a discernible phenomenon
emerges. The visual representation vividly illustrates
the establishment of a standing wave structure within
a reactor exhibiting spherical symmetry. This dynamic
portrayal underscores the critical interplay between
parameters f, a, and A , demonstrating pivotal roles
in shaping the distinctive patterns observed. As the
reactor’s radius oscillates in a periodic manner, the re-
sulting spatial variations give rise to the formation of
these intriguing standing waves [8].

While this structural phenomenon may not be
readily discernible to the naked eye, it becomes de-
tectable through sensitive sensors if the reaction is
accompanied by light emission, particularly in the IR,
UV, or visible spectrums. This visual insight provides
a valuable perspective on the system’s behavior in re-
sponse to the interplay of reaction kinetics and feed-
back mechanisms [9]. This observation underscores
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the significance of specialized detection methods in
revealing hidden structural intricacies within reac-
tors. Valuable insights into the dynamic behavior of
radicals and spatial organization, which are otherwise
imperceptible through visual inspection alone, can be
gleaned by harnessing sensitive sensors. This deeper
understanding holds substantial implications for en-
hancing the monitoring and optimization of reactions
in spherical reactors.

Periodic development of the inhibitor

in the reaction medium of a spherical reactor
Figure 2 and 3 depict the outcomes of computations
elucidating the impact of feedback mechanisms with-
in the system on the reaction medium. This phenom-
enon leads to the emergence of a distinct standing
wave structure within a reactor characterized by
spherical symmetry. Notably, these visual representa-
tions showcase varying sets of characterizing param-
eters, providing a comprehensive view of the system’s
response to different conditions.

Intensity

M Radius (x 0,25)

Figure 2. The structure of standing waves in the medium of a reactor with spherical symmetry
in the case of the presence of nonlinear coupling in the reactor at the value
of the characteristic parameters calculated using the MATHCAD 2001i program

Note: according to the formula: u(r,t) = e
Source: developed by the authors

—

Time, sec

5 10 15
Radius (x 0,25)

(0.5*|sin(2t)|—72r—)*

+js(0,3)

Intensity

Radius (x 0,25)

Figure 3. The structure of standing waves in the medium of a reactor with spherical symmetry
in the case of the presence of nonlinear coupling in the reactor at the value
of the characteristic parameters calculated using the MATHCAD 2001i program

Note: according to the formula: u(r,t) = e(
Source: developed by the authors
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Figures depict the formations of standing wave
structures within a reactor exhibiting spherical sym-
metry. These structures arise in scenarios where non-
linear coupling is present, and are calculated based
on the specified characteristic parameters detailed in
the accompanying calculation formulas.

In these specific cases, the simulation accounts
for the influence of feedback extending uniformly
throughout the entire reactor volume. This dynam-
ic process involves the periodic oscillation of the
concentration of active leading radicals, with due ¢
onsideration to the diffusion [10]. Consequently, this
intricate interplay culminates in the establishment
of a structured pattern of active radicals within the
spherical reactor. These figures serve as a crucial
visual testament to the sensitivity of the reaction dy-
namics to changes in the governing parameters. The
nuanced variations in these parameters yield unique
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patterns and shapes in the standing wave structures,
underscoring the intricate interplay between reaction
kinetics and feedback effects. This comprehensive
understanding further advances grasp of the system’s
behavior under diverse operational scenarios.

Periodic mode, concentrated near

the surface of a cylindrical reactor

In the illustration below, it can be observed the dis-
tinctive structural patterns within a cylindrical re-
actor, specifically in the scenario where feedback
manifests along the surface layer (Fig. 4). These
results were obtained through computations using
the MATHCAD 2001i program, utilizing specified
values for the characteristic parameters. The formu-
lation used for these calculations provides further
context regarding the parameters that govern this
intricate process.

Intensity
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1]t

5 10 15
M Radius (x 0,25)

Figure 4. Formation of a structure of standing waves of concentration radicals
in the case of a reactor with cylindrical symmetry at the value
of the characteristic parameters calculated usirig the MATHCAD 2001i program
4045x1

Note: according to the formula: u(y, t) = ¢%15*¢
Source: developed by the authors

From the depicted image, it is evident that in a re-
actor with cylindrical symmetry, the presence of feed-
back leads to the establishment of a standing wave
structure within the reactor volume. This observation
underscores the profound impact of feedback mecha-
nisms on the dynamic behavior of the system. Under-
standing the emergence of standing wave structures
in reactors with cylindrical symmetry is crucial for
gaining insights into the complex interplay between
reaction kinetics and feedback effects. This phenom-
enon has significant implications for the optimization
and control of processes in such reactors.

When dynamic modes are studied and the effec-
tiveness and safety are assessed, a significant contribu-
tion can be made by recording the wave structures of
radicals in the reactor if feedback occurs in the system
due to the inhibition of the reaction by intermediate or
final excited reaction products. In areas where the con-
centration of radicals is at its maximum, there is a high

2.

*2%Jo 10—4|cos(8t)|

likelihood that the reaction radiation will be more in-
tense. Consequently, a striped pattern can be obtained
during registration allowing for the extraction of in-
formation about the nature of feedback in the reactor.

This study demonstrates the profound influence
of feedback mechanisms on the spatial organization
of radicals within reactors of varying symmetries.
Through rigorous computational modeling and analy-
sis, standing wave structures were observed to emerge
in reactors with both spherical and cylindrical symme-
try. These patterns were shown to be highly sensitive
to changes in characteristic parameters, showcasing
the intricate interplay between reaction kinetics and
feedback effects. Additionally, the presence of nonlin-
ear coupling in reactors with spherical symmetry fur-
ther enriched the complexity of standing wave forma-
tions [11]. These findings provide valuable insights
for optimizing and controlling reactions in diverse
reactor configurations.



Discussion

This work introduces a novel approach, leveraging a
mathematical method from existing literature to de-
scribe the propagation of chain reactions in confined
volumes during the diffusion of an unstable gas. This
approach provides insights into the establishment of
dynamic regimes featuring standing wave structures
in the system. Throughout the research, particularly
noteworthy results have been obtained for the first
time, shedding light on the influence of external con-
ditions (such as heat removal, presence of excited par-
ticles, and alterations in surface properties of reaction
vessels), often manifesting as feedback on systems
with a chain development mechanism.

An additional point of interest lies in understand-
ing the state of the reaction medium based on the
specific structure of standing waves. By delving into
this aspect, it becomes possible to anticipate the type
and location of feedback within the reactor. The work
of G. Sargsyan et al. cited elucidate the phenomenon
of feedback formation near the reactor wall layer [7].
This study reveals that the presence of active centers at
the vessel walls leads to the generation of excited for-
maldehyde molecules, which act as destructive agents
for active radicals, particularly the leading chains of
CH,CO.,. This, in turn, gives rise to concentration fluc-
tuations of these radicals in the near-surface layer of
the reactor. This work, in particular, scrutinizes the
impact of oscillations within the near-surface layer on
the overall reactor process. The challenge is addressed
by resolving the considerations of a stationary process
within a reactor featuring a dynamically changing ra-
dius, specifically in cases of reactors with spherical
symmetry. When the concentration of CH,CO, radi-
cals diminishes due to interactions with excited for-
maldehyde molecules, it is postulated that the reac-
tor’s radius contracts in proportion to the penetration
depth of excited formaldehyde molecules facilitated
by diffusion.

The studies outlined above provide valuable par-
allels and insights that complement this investigation
into standing wave structures in reaction media dur-
ing the diffusion-driven chain reaction process. Sev-
eral key considerations for future research endeavors
can be gleaned from these findings. This work aligns
with the study of C.T. Hamik & O. Steinbock that ex-
plores excitation waves in reaction-diffusion media
with non-monotonic dispersion relations [12]. The
observations revealed the presence of rotating spiral
waves and target patterns in two-dimensional excita-
ble systems. Comparisons between results could shed
light on potential commonalities and offer a basis
for refining mathematical models. Another work by
S. Hata et al. established essential conditions for wave
instability in general three-component reaction-dif-
fusion systems [13]. These conditions, expressed in
terms of the Jacobian matrix of the system’s uniform
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steady state, provide a means to determine the poten-
tial observability of wave instability with the gradual
increase of species mobility. This insight can be in-
strumental in refining understanding of the stability
and dynamics of standing wave structures, providing
criteria for the emergence. In a different approach
K. Regenauer-Lieb et al. proposed the universality of
dissipative wave phenomena in Thermo-Hydro-Me-
chanical-Chemical (THMC) reaction-diffusion sys-
tems that operate far from equilibrium [14]. It intro-
duced an updated formulation for chemical systems,
contending that the wave operator must incorporate
non-local reaction-diffusion equations. Further re-
search could explore the applicability of this univer-
sal concept to specific context, potentially uncovering
additional insights into the underlying mechanisms.

The study of D. Cuifias et al. investigated the
transition from traveling to standing waves in a reac-
tion-diffusion system as a function of frequency [15].
The researchers noted that a further increase in fre-
quency led to yet another transition, this time result-
ing in bulk oscillations. Future studies based on this
may delve deeper into the underlying factors influ-
encing such transitions, potentially shedding light on
the nuanced interplay of feedback mechanisms in this
specific system. The work of C. Hamster & P. van Hei-
jster elucidated how stochastic patterns arising from
the stochastic cell motility model equation can be har-
nessed to comprehend experimentally observed dy-
namics, particularly those pertaining to waves [16].
Understanding how stochasticity influences wave
dynamics may provide valuable insights into the ro-
bustness and adaptability of standing wave structures
in response to environmental perturbations. Incorpo-
rating these comparative considerations into future
research endeavors holds promise for refining un-
derstanding of standing wave structures in reaction
media. Additionally, it is worth noting that while the
study primarily focuses on reactors with gas-phase ox-
idation of organic substances, the insights gained have
broader implications [17]. The emergence of standing
wave structures, influenced by feedback mechanisms,
extends to various reaction-diffusion systems [18].
Exploring the universality of these phenomena across
different contexts could open avenues for interdis-
ciplinary research and applications in fields beyond
chemical engineering.

This study highlights the importance of consid-
ering external conditions and feedback effects when
designing and operating reactors. The ability to pre-
dict and control standing wave structures provides
a valuable tool for optimizing process efficiency and
ensuring safety [19]. This has direct relevance to in-
dustries where precise control of chemical reactions is
paramount, such as in pharmaceuticals, petrochemi-
cals, and environmental engineering. In terms of fu-
ture research directions, a deeper investigation into
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the role of specific feedback mechanisms and inter-
actions with different reaction pathways could yield
further insights. Additionally, exploring the potential
for dynamic control of standing wave structures, for
example, through modulation of external conditions,
presents an intriguing avenue for enhancing process
flexibility and performance.

The experimental validation of the computational
models and theoretical frameworks proposed in this
study would be a crucial step towards real-world appli-
cation. Conducting experiments to observe and quanti-
fy standing wave structures in practical reactor setups
would provide empirical support for the theoretical
findings. The study not only advances understanding
of standing wave structures in reactors with gas-phase
oxidation but also lays the groundwork for broader
applications in reaction-diffusion systems [20-22].
Improved reactor design and operation, with implica-
tions for a wide range of industries, can be achieved
by considering feedback mechanisms and external
conditions [23; 24]. Future research avenues include
exploring specific feedback mechanisms, dynamic con-
trol strategies, and experimental validation of theoret-
ical models. investigating the potential integration of
advanced computational techniques, such as machine
learning algorithms, could offer a powerful tool for
predicting and optimizing standing wave structures in
complex reaction-diffusion systems, further enhanc-
ing the precision and efficiency of reactor operations.

Conclusions

The approach proposed in this study, specifically the
use of a mathematically developed method, highlights
the intricacies of establishing dynamic regimes with
standing wave structures in the system. The research
yielded novel and compelling insights into the impacts
of external conditions, such as heat dissipation, excit-
ed particles, and changes in the surface properties of
reaction vessels, often manifesting as feedback mech-
anisms on the dynamic behavior of chain reaction
systems. A particularly noteworthy aspect explored in
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this work is the influence of oscillation phenomena in
the near-surface layer on the overall reactor process.

The problem was addressed by considering the
stationary process in a reactor with a changing radius,
as in the case of a reactor with spherical symmetry.
When the concentration of CH,CO, radicals minimizes
due to interaction with excited molecules of formal-
dehyde, it is assumed that the reactor radius decreas-
es by the penetration depth of excited formaldehyde
molecules due to diffusion. It becomes evident that lo-
calized feedback near the reactor walls can lead to the
formation of standing wave structures within the re-
actor. From the presented material, it can be inferred
that the registration of radical wave structures in the
reactor, especially when feedback is present due to
the inhibition of the reaction by intermediate or final
excited reaction products, can significantly contribute
to understanding dynamic regimes and assessing their
efficiency and safety. Areas with maximum radical
concentrations exhibited more intense reaction emis-
sions, and therefore, the registration of such patterns
can provide a striped representation.

This approach offers valuable information about
the nature of feedback mechanisms in the reactor. The
investigation of dynamic regimes and the evaluation
of their efficiency and safety can benefit significantly
from the registration of radical wave structures in the
reactor. Future research directions could involve ex-
ploring different reactor geometries, varying external
conditions, and expanding the understanding of the
intricate interplay between feedback mechanisms and
the formation of standing wave structures. This work
lays the foundation for further studies in the field, pro-
viding a basis for refining reactor design and optimiz-
ing processes in chemical engineering applications.
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AHoTaniga

AxTyanbHicTh. PO3yMiHHS AuUHaMiYHOI TOBEJIHKY paJUKaliB y peakTopaX, fKi 3a3HaIOTh rasohasHoro
OKUCJIEHHs OPTaHIYHUX PEeYOBHH, Ma€ BUpilllaabHe 3HaUeHH /I OIITUMIi3allii KOHCTPYKIIii peakTopa Ta 6e3mneKu
B IIPOMUCJIOBOCTI.

Merta. lle gocmifkeHHA Mae Ha MeTi 3’ACYBaTU IOABY CTPYKTYpP CTOSYUX XBWIb IIiJ] BIUTUBOM MeXaHi3MiB
3BOPOTHOTO 3B’SI3Ky B peaKTOpax i3 UWIHAPUYHOIO Ta CHEPUIHOIO0 CHMETPi€r0, BUKOPUCTOBYIOYH MaTeMaTHYHi
TIPUHIIANY, 10 KepyloTh IMOIIMPEeHHAM KOJWBAaHb i yZApHUX XBWIb y JIAHIIOTOBUX peakKIlifix, KepOBaHUX
audysiero.

MeTozgosoria. MaTepiaau Ta MeTOAU JOCTIKeHHA BKIIOYaIl KOMITIOTEPHE MOJENI0OBAHHA 3 BUKOPHUCTAHHAM
MATHCAD 2001i Ta mNOpiBHAJBHUI aHasli3 eKCIIepUMEHTAaJbHUX JaHUX, OTPHMAHHUX y peaKTOPHUX
eKcreprMeHTax. Po3paxyHkoBe MOZe/M0OBAHHA BUABUIO ICKPaBi yTBOPEHHS CTPYKTYP CTOS4OI XBIJIi B peaKTopax
TIi/i BILTUBOM MeXaHi3MiB 3BOPOTHOTI'O 3B’A3KY.

PesynbraTi. BIUIMB 3BOPOTHUX 3B’SI3KiB y peakToOpax 3 IWIIHAPUYHOIO Ta cHEpPUYHOIO0 CUMETPIi€l0 CYTTEBO
CIPUAB YTBOPEHHIO Pi3HOMAaHITHUX CTPYKTYP CTOAYOI XBWII KOHIIEHTpalill pagukailiB y 30Hi peakii. Byno
BUSIBJIEHO, IO 1Ii CTPYKTYpU OyJIM B OCHOBHOMY HEMOMITHUMM Bi3yaslbHO i MOIVIM CIIOCTEPIraTHCS JIUIIE TOZI,
KOJMHU Ppeakllisi CyIpOBOKyBajacsi iHTEHCHUBHUM BUIIPOMiHIOBaHHAM cBiTia. Lli BisyanbHi mpezacTaBieHHA
CITYKVUTY TIEPEKOHIMBUM I0Ka30M CKJIaZHOI B3aEMO/i1 MiK KIHETUKOIO peakilii Ta epeKTaMu 3BOPOTHOTO 3B’A3KY.
JlocimKkeHHA HAarosIoIye Ha BAKJIMBOCTi PO3yMiHHSA Ta MPOTHO3YBAHHS OCHOBHUX IIPUYUH HECTAGLIBHOCTI, 1110
B KiHI[EBOMY ITiICYMKY IIiIBUIIy€ HAAiHHICTh i 6€31eKy peaKTOpPiB y Pi3HUX Taly3saX MPOMUCIOBOCTI. Pe3ynbraTu
MIPOJEMOHCTPYBAJIN KOPEJALiI0 MK KOHKPEeTHHMU MeXaHi3MaM{ 3BOPOTHOTO 3B’A3Ky Ta INPOCTOPOBUM
PO3IOALIOM CTPYKTYP CTOSYO01 XBUJI.
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BucHoBku. OTpuMaHi Mojeni 064YMCIeHb, MPeACTaBIeHi B IIili CTaTTi, HaJalOTh MEPEKOHIUBI J0Kasu, IO
MiATBEPKYIOTh MOXJIUBICTh GOPMYBaHHS CTPYKTYPH CTOSYOi XBWII B peaKTOpax I/l BILIMBOM MeXaHi3MiB
3BOPOTHOTO 3B’13Ky. JlOCTiKEeHHST PO3KPWIO TMOTEHIlia /i TOYHOTO HaJalITyBaHHSA IapaMeTpiB peakTopa
JUTsA BIUTMBY Ha GOPMYBaHHS Ta CTaOLUIBHICTD LIUX CTPYKTYp. OTpUMaHi pe3y/IbTaTh CTalu 3HAYHUM KPOKOM /10
OLIBII TOBHOTO PO3YMiHHSA AMHAMIUYHUX PEXUMIB y peaKTopax, II0 Ma€e HaCHiAKU i KOHCTPYKIIii peakTopa,
eKCIUTyaTallii Ta IPOTOKOJiB Oe3MeKu. YABIEeHH, OTPUMaHi B Pe3y/IbTaTi PO3KPUTTS CTPYKTYP CTOSYUX XBUIIb,
Ha AKi BIUTMBAIOTh MeXaHi3MH1 3BOPOTHOT'O 3B’A3KY, IPOIIOHYIOTh LiHHI MOXKJIMBOCTI /1A ONITUMi3allii KOHCTPYKIIii
peakTopa Ta 6e3MmeKH eKCIuTyaTailiii, 110 MPU3BOAUTD /0 OiTbIT ePEeKTUBHUX i CTIHKUX MIPOIIECiB.

K1r04oBi c10Ba: OKMCHEHHS; 3BOPOTHUH 3B’130K; MOZETIOBAaHHSA AUHAMIYHUX PEXKUMIB; PaZIUKaJIN; KOJTUBATbHI
SIBUIIA; CTAlliOHaPHUU TIPOIleC
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Abstract

Relevance. Investigation in the field of textile materials and the effect of processing on their properties, is
relevant, as it helps to develop more effective processing methods and increase the resistance of textile materials
to the influence of various factors, which is important for both manufacturers and consumers.
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Purpose. The purpose of the study was to examine the effect of hydrothermal processing of textile materials
on their physical and mechanical properties, develop a technology for the production of clothing using a new
method (device) of press equipment for hydrothermal processing of composite material.

Methodology. The analysis method was used during the study, and an experiment was also conducted in
which the temperature of the steam that did not fall below 160°C was used when processing the selected fabric
samples, and the temperature of the working bodies of the press for forming the back was at least 110°C.

Results. As a result, the influence of hydrothermal treatment on the properties of textile materials was examined
in detail and established. Having analysed the existing method of hydrothermal treatment using a vacuum unit,
it was established that the conventional method of treatment leads to a substantial decrease in fabric thickness,
breaking load and air permeability. It was also noted that during the hydrothermal treatment of the material, it is
exposed under the influence of pressure. This leads to densification and flattening of the threads inside the material,
creating flat areas, which causes adverse changes in the physical and mechanical characteristics of the fabric.

Conclusions. These factors indicate a potential deterioration in the quality and durability of textile products,
which can increase the percentage of defects and negatively affect consumer satisfaction. This study also points
to the prospects of using a vacuum installation in hydrothermal treatment, which allows preserving the desired
properties of materials, improving the quality of the final products. The practical importance of the results of this
study lies in the possibility of improving the quality of textile products and reducing the damage to materials,
which is important for ensuring longer operation of textile products and increasing consumer satisfaction.

Keywords: atom; moulding of products; fabric structure; fibre deformation; vacuum installation; breaking

load; breathability

Introduction

The textile industry is one of the modern world’s most
dynamically developing and important production ar-
eas. Textile materials are used in various fields, rang-
ing from the fashion industry to medical applications.
However, to meet the ever-growing demand for tex-
tile products, manufacturers face constant challenges
in the quality and performance of materials.

Hydrothermal (wet-heat) treatment of textile
materials is an effective method that allows improv-
ing and optimising the properties of these materials
substantially. This includes reducing the material
consumption, metal and energy consumption in pro-
duction, increasing product strength, durability, and
reliability. Consequently, such technologies contribute
to reducing the weight and cost of structures, which
makes them more competitive in the market. In addi-
tion, hydrothermal treatment increases technological
productivity while maintaining the flexibility and ver-
satility of the process. These factors are important for
the textile industry, as they improve product quality
and make production more efficient.

The improvement of technology and equipment
for wet-heat treatment (WHT) is an urgent task in the
textile industry. It is based on the use of moulding
properties of various materials, such as fabric, non-
wovens, leather, fur, knitwear. This approach allows
achieving a high degree of stability in the configura-
tion of clothing parts, which in turn contributes to im-
proving the quality and durability of textiles, reducing
the number of seams and improving overall produc-
tion efficiency.

According to S. Samieva et al. [1], hydrothermal
treatment is a complex process that affects many phys-
ical and mechanical properties of textile materials. In
particular, this process can cause changes in the thick-
ness of the fabric, breathability, and other characteris-
tics of the material. The greatest attention was paid to
optimising the parameters of hydrothermal treatment
to ensure the preservation or even improvement of
the quality of textiles.

S. Mahkamova et al. [2] state that hydrothermal
treatment by repeated washing of textile materials
can have both positive and negative effects on the
basic properties of the material, depending on the
conditions of use. It was emphasised that properly
configured parameters of hydrothermal treatment
can strengthen some textile product characteristics,
such as durability and elasticity. Therewith, uncon-
trolled or excessive processing can cause undesirable
changes in the structure of the material, which will
negatively affect its quality and durability.

S.Makhkamova & Z. Valieva [3] in their study drew
attention to the importance of finding optimal condi-
tions for hydrothermal treatment that will maximise
the potential of this process and minimise its negative
consequences. In the study, the work on the selection
of optimal parameters to preserve the physico-me-
chanical properties of textile materials during hydro-
thermal treatment by washing was conducted [3].

According to a study by D. Kurbanov [4], hydro-
thermal treatment of textile materials can have a
substantial impact on their physical and mechanical
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properties. The researcher drew attention to the fact
that this process can change the material’s structure,
leading to its more compact organisation. This, in
turn, can lead to an improvement in some character-
istics, such as strength and resistance to wear.

However, in the study by N. Murodova [5] also
noted that improper hydrothermal treatment, namely
multiple washes or the use of uncontrolled param-
eters, can cause the opposite effect. In particular,
excessive exposure to moisture and heat can lead
to deformation and loss of material properties. This
study also emphasised the importance of careful
monitoring and adjustment of hydrothermal treat-
ment conditions to achieve the desired results and
minimise negative consequences.

Since the studies mentioned above did not pay
due attention to the improvement of the hydrother-
mal treatment process, this study aimed to devel-
op a new clothing production method. This meth-
od involves using a vacuum installation, which can

vy

contribute to the preservation or improvement of the
physical and mechanical properties of materials.

Materials and Methods

The study was conducted at the company “Maxpress
Industry” (Uzbekistan). The materials used during
the study included woollen fabrics for men’s jackets
designed for autumn, for seasonal and summer - pol-
yester and viscose fabrics. Adhesive materials that
have a textile base were used to ensure the preserva-
tion of the shape of various parts of clothing, such as,
for example, backs. These materials are presented by
various companies, such as HYMO from Japan, Kuf-
ner from Germany, Iskoj from Russia, DANELLI from
China, and Camela from Poland.

In the course of the study, the hydrothermal
treatment process was conducted on a special vac-
uum forming device developed using a polymer
composition instead of adhesive gasket materials
(Fig. 1-3, Table 1).

Figure 1. General view of the bottom cushion of the vacuum installation made of composite material

Source: compiled by the authors

Table 1. Technical characteristics of the bottom cushion of the vacuum installation

No. Technical specifications

Length, mm A-700; B-580
Width, mm A-330; B-440

1 Height, mm A-73; B-53; B-95

Wall thickness, mm 6

Weight, kg 3.7

2 Thermal resistance, °C 325

3 Mechanical resistance, MPa 34

4 Material of the working body composite material

Source: compiled by the authors

The improvement of the technological scheme
was conducted based on investigating the mecha-
nism of surface formation of both flat and volumet-
ric sections of the back of clothing and methods
of fixing them. Experiments were conducted on a

press to form the back of the brand UPP1617KI,
manufactured by the German company “Malkan”,
to develop an improved technology that gives the
details of clothing shape stability using a vacuum
installation.
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b)

Figure 2. Press for processing the back of a men’s jacket UPP1617KI (Malkan)
with a bottom cushion of a vacuum installation
Note: a) appearance; b) block diagram of the equipment: 1 — upper cushion, 2 — nozzles for PC and warm air
supply, 3 — pipeline, 4 — PC container, 5 — hair dryer, 6 — vacuum chamber, 7 — perforation, 8 — lower cushion,
9 — compressor, 10 — semi-finished product (processed fabric)

Source: compiled by the authors

Figure 3. The process of testing the method of shaping
in the production conditions of “Maxpress Industry”
Source: compiled by the authors

When processing semi-finished products, the sur-
face temperature of the working bodies was main-
tained at least 110°C and the temperature of the steam
used for processing was at least 160°C, the back of the
semi-finished product was placed on the lower working
bodies of the press in accordance with the established
procedure. Then, the deformation of the back of the
product was conducted through a press, and then dry-
ing and stabilisation of a given shape were conducted.

Experiments were conducted with various fabric
samples, as indicated in Table 2, to estimate the di-
ameters of the inlet holes that should be created in
the lower cushion of the device. The fabric samples
had dimensions of 250*50 mm and were secured
with clips in accordance with the “strip” technique.
Uniaxial stretching of materials was conducted on a
special breaking machine Autograph AG-1 (Shimad-
zu, Japan).
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Table 2. Characteristics of costume fabrics

Mechanical characteristics

Surtace Fibrous Breaking elongation
Name of the fabric density | composition, Breaking load, N § % & 2
2
- Base ‘ Warp and weft | Base | Warp and weft
Tweed 10% wool
! (Art. 89-05) 374.4 20% 970 680 19 9
' 70% PE
Corduroy 35%
2 (Art.06535) 2505 650 pE | 1010 755 18 9
Costume “Euro” 20%
? (Art.180703) 315.9 80%PE | /°0 550 21 14
Christmas tree “Spruce” 20% viscose
N (Art. 11684) 1647 80%PE | /27 608 20 14
Diagonal Blue 90% PE
> (Art.VT-468) 1739 10% viscose | 020 709 22 12

Source: compiled by the authors

The calculation of pressure losses caused by local
resistances was conducted using the Weisbach equa-
tion (1):

h, =C(v?*/2g) =th, (1

where: h =v?/2g — the high-speed pressure.

The pressure losses were calculated using the Bor-
da formula, which was derived from the equations of
D. Bernoulli and the law of conservation of momen-
tum (2):

h, = [(UNe-DIP(v3)/28) =C(v)/28),  (2)

2

where: { = G— 1) — the coefficient of resistance, in
relation to speed (in a section of a narrow section of
the pipeline); ¢ = F_ /F, — compression ratio, deter-
mined by the ratio of the area of the compressed sec-
tion F_ to the area of the pipe in the section F,.

The compression ratio during operation was calcu-
lated using the formula proposed by A.D. Altshul (3):

€=0.57 +[0.0431(1.1-n)], 3

where: n =F, /F, — the ratio of pipe areas in narrow
and wide sections.
The value of the local resistance coefficient was
determined by the formula (4):
1 2
€cont = €= C, (;_ 1) > 4
where: C_ - the compression ratio.
Using the analysis method, the results of exper-
iments in laboratory conditions were also evaluated
to determine the degree of influence of pressure and

humidity on the properties of textile materials. This
analysis allowed understanding what changes occur
in the properties of the material under such influenc-
es. As part of the theoretical part of the study, this
method was used to analyse the physical and mechan-
ical properties of the material before and after wet-
heat treatment and to examine the material’s abra-
sion resistance. It allowed identifying changes in the
properties of the material caused by the technological
process of the WHT and drawing conclusions about its
impact on textiles.

Using the statistical method in this study, various
indicators of the properties of textile materials were
compared before and after wet-heat treatment. This
method allowed assessing the degree of changes in
the thickness of the fabric, breaking load, breathabili-
ty, and abrasion resistance and to make a statistically
substantial comparison between the samples of the
material before and after the WHT.

Results

According to the current technology, mechanical pres-
sure, superheated process steam, and a certain tem-
perature for a certain time are used to achieve a given
shape of textile-made clothing parts. As a result of the
influence of these factors on a semi-finished textile
material, its structure changes, which leads to a de-
terioration of its properties. This, in turn, leads to a
decrease in the overall quality of the final clothing.
For example, when forming a mould using mechani-
cal pressure, the threads that make up the textile ma-
terial are subjected to undesirable loads that lead to
microscopic damage (Fig. 4-6).
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Figure 4. Scheme of changing the cross-section
of fabric threads before (a) and after (b) hydrothermal treatment (WHT)

Note: d - the initial diameter of the thread and d,

— after the WHT; h, — the initial thickness and h

o, — after the

WHT; [, - the initial distance between the axes of the threads and [, — after the WHT; S - the distance between
the edges of the threads and S, — after the WHT; ¢, — the distance between the threads where the thread bends
in the phase of passage and c,, — after the WHT; o, B, — axial tilt angles of the thread in the passage phase and

0,y By, — after the WHT
Source: compiled by the authors

Figure 5. Micrograph of textile material before (a) and after (b) the WHT

Source: compiled by the authors

a)

Figure 6. Micrographs of the fabric section before (a) and after (b) pressing and WHT

Source: compiled by the authors

As a result of such damages, the original physical,
mechanical, hygienic, and geometric characteristics of
the material are violated. These characteristics may
include thickness, density, breaking load, breaking
elongation, stiffness, breathability, vapour permeabil-
ity. Such changes in the material can negatively affect
its quality and ability to perform its functional tasks.
For example, this can lead to a decrease in strength,
increased breathability or loss of hygiene of textile
products [6, 7]. The above-mentioned WHT meth-
od showed the need for technology development to

improve the quality of the product and the stability
of the clothing part, reduce the damage to the struc-
ture of the textile material of the product part by using
a fundamentally new working body of technological
equipment. The cyclogram of the work of the press
UPP1617KI of the company “Malkan” in combina-
tion with steaming and pressing is shown in Figure 7,
which also describes the technological process of
WHT and shaping. The temperature of the working
surface of the pillows should be maintained at the
level of Tw>110°C.
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@ Sequence of technological indivisible operations
[} .
S5 Time, seconds
<5
S1|2(3|4|5]|6|7|8|9|10|11]12|13|14|15|16[17|18[19]20| 21 |22 23|24 |25 |26|27 |28 |29 |30
1 T>110°C
5 Q=0,
15m3/c-m?
3
X
4
5 T>160°C
6
Q=0,
7 11m3/c'm?
° EEEN

Figure 7. The cyclogram of control and operation of automated equipment
of the ironing vacuum installation of the WHT for the formation and fixing
of the shape of the part of the back of a man’s jacket

Note: 1 - preparation and laying of the product on the bottom cushion (T,  >110°C; 2 — switching on vacuum-
suction (Q = 0.15 m3/(cm?) in the lower cushion and the formation of a shape by deforming the mesh structure
of the fabric of the part; 3 — lowering the upper cushion and stopping within 2-3 cm of the semi-finished
product; 4 — applying a polymer composition to the specified areas of the deformed part; 5 — steaming with
superheated steam at a temperature of 1600°C using the upper cushion over the entire surface of the part with
the vacuum suction turned on (Q = 0.15 m%/(cm?) until the end of the technological process; 6 — lifting the
upper cushion and returning to its original position; 7 — stabilisation and drying of a given shape by vacuum
suction through the lower cushion with parameters Q = 0.117%/(cm?); 8 — removal of the semi-finished product

Source: compiled by the authors

The semi-finished product is placed on the bottom
cushion along the upper and lower points of the back-
rest line. A semi-finished part is placed on the lower
forming cushion. Then, vacuum deformation of the
part is conducted through the lower pillow, and the
upper pillow is lowered and stopped before reaching
2-3 cm to the semi-finished product. Then, a polymer
composition is applied to the specified local areas, and
after the end, superheated steam is applied through
the upper cushion. After that, the upper pillow is lift-
ed and returned to its original position, then stabilisa-
tion and drying of the given shape by vacuum suction
through the lower pillow and removal of the semi-fin-
ished product. The process of vacuuming in a limited
technological volume in the lower cushion consists in
reducing the air (gas) pressure to values below at-
mospheric, as described in L. Nutfullaeva et al. [8].

The level of gas rarefaction is determined by the
ratio of the average free path A, which is associated
with mutual collisions of gas molecules in a given me-
dium. Depending on this ratio, vacuum degrees are
distinguished, such as ultra-high (when A, substantial-
ly larger than the particle size r), high (when 2, larg-
er than the particle size, but not by much), medium
(when A, approximately equal to the particle size),
and low (when A, substantially smaller than the parti-
cle size). The average length A, over which molecules

can move freely, given the variety of their velocities
during mutual collisions, is defined as (5):

A=

1

ey )

where: n, -number of molecules (in cm?®); § — cross-sec-
tion for the interaction of molecules.

In the collision of particles formed by molecules
with d~10® cm, the determination of § is conducted
by (6):

S = nd>.

(6)

To analyse the efficiency of a vacuum instal-
lation, it is important to have information about
the characteristics of different vacuum levels (Ta-
ble 3). It is necessary to analyse the average free
path of A air molecules (1) and analyse it by com-
paring it with the dimensions of clothing elements
to determine what level of vacuum is necessary for
the formation of clothing parts. In the case of a
vacuum level, n_in 1 m?® is in the range from 102> to
10%9, the average free path length X is in the range
from 0.00225 to 2.25 m. This value is comparable
to (r) of the installation for creating a vacuum for
the purpose of forming clothing parts, that is, at an
average vacuum level X less than or approximately
equal to the size of the device (A<r).
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Table 3. Parameters of different vacuum levels

Characteristics

Low

Medium

Vacuum level

High Ultra-high

Pressure (mmHg) 760-1 1-10°% 103-107 Less than 108
Number of molecules n_, m? 10%-10% 10%2-10% 101%-10% Less than 10%
Dependence of the
coefficients of thermal There is no . The dependency Direct dependence .
- . is calculated based Practically absent
conductivity and internal dependency on A /D on pressure
friction

Source: compiled by the authors

Many holes are provided in the lower cushion
of the installation to create the shape of clothing
parts using vacuuming. These holes can have various
shapes, which are selected considering the air dynam-
ics and the need to provide the best conditions for
fabric deformation [9]. Therefore, to create a vacu-
um in a closed technological space limited by the con-
tour of the lower cushion, it is necessary to maintain
the pressure at the level of p = 1-10° mmHg, which

corresponds to the average vacuum level. Vacuum-
ing is achieved by removing air from a closed, sealed
space using a vacuum pump. In this device, air jets
pass through holes of different shapes (Fig. 8): they
can taper to the lower surface like conical confusers
(Fig. 8a), expand to the lower surface (Fig. 8b) or
have a cylindrical shape (Fig. 8c).The movement of
air jets or other gases through such holes is calculated
according to the principles of hydrodynamics.

vy, F1, Py lvl,Fl,Pl l v, F1, Py
g | Tz
1 : '
i Z : /A !
+ V2, Fa, Py +V2,F2, P, } V2, Fo, Py
a) b) )

Figure 8. Types of perforations and their effect on aerodynamic parameters
Note: v — air velocity; F — cross-sectional area; p — pressure

Source: compiled by the authors

In most cases, the small changes in the basic physi-
cal properties of air and gases encountered in technol-
ogy, such as density, viscosity, and temperature, when
moving at low speeds and pressures (close to atmos-
pheric), are so insubstantial that they can be neglected.
This allows applying the basic principles of hydrody-
namics to the analysis of aerodynamic processes [10].

A real liquid has a viscosity, and therefore, sub-
stantial resistance forces arise, including both internal
and external friction. These forces lead to irreversi-
ble losses of pressure energy. Such losses are usually
called linear pressure losses (h, ). In addition, there
are pressure losses on local resistances (h, ), which
arise due to the specific features of geometry, design,
and technology of moving or transporting a liquid or
gas flow. Based on this, losses on any of the taken sites
are defined as (7):

(7)

When analysing energy losses in the movement of
a liquid or gas, the impact of local resistances, which
are caused by several factors, is considered. First, a
change in the cross-section, including extensions and

h =h_ +h .
m mp m

noi

constrictions, substantially affects the flow. In addi-
tion, the curvature of the air channels, such as the
flow turns, contributes to energy losses. Branching
and merging of streams can also provide additional
resistance to movement. Especially important in aer-
odynamic calculations is the consideration of local
resistances, which are associated with the design fea-
tures of the system [11].

The calculation of pressure losses caused by lo-
cal resistances is conducted using the Weisbach equa-
tion (1) or by determining through the pressure loss
Ap,. (kgf/m?) in the local resistance (8):

Ap, = (yv*/2g), (8)

where: { — the coefficient measured in experiments
and embodies the loss of pressure as a percentage of
the velocity pressure.

In the case of a sharp narrowing of the duct, the
air flow is compressed first, and then its expansion.
The main pressure losses with such a narrowing occur
in the expansion area. Table 4 contains the values of
{ depending on the ratio of the areas n between the
narrow section and the wide section F, of the F, pipe.
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Table 4. Values of  depending on n

0 0.1 0.2 0.3

0.4 0.5 0.6 0.7 0.8 1

0.4 0.38 0.36

0.34

0.3 0.23 0.2 0.16 0

Source: compiled by the authors

The change in the rate of flow during compression
occurs in the case of a gradual narrowing of the pipe-
line, which is called a confuser, as shown in Figure 9.
The coefficient { for the confuser is calculated also

considering the coefficient C_(4). The value of the cor-
rection factor C. depends on the taper angle o of the
confuser. When conducting aerodynamic calculations,
a graph showing the dependence of C_on a can be used.

C.

0.8

0.6)\ e
/

0.4 \\ =

0.2 S

0 20 40 60 80 100 120 140 180

a,°

Figure 9. The dependence of the corrective compression ratio C_ on the taper angle

Source: compiled by the authors

With an increase in the velocity in the confuser,
some transformation of the pressure in the flow into
kinetic energy occurs.

The pressure loss due to a sudden expansion of
the flow is also calculated using the Borda formula
9):

h, = (v2)/2g), ©)
where: { = (1-V,)/V,)? v?/2¢ — pressure in a narrow
section.

Also, the coefficient of local resistance { can be
expressed as follows:

_ ﬂ 2 _ _ ﬂ 2
(=(1-2) =[r-@]
In the case of the expression of the coefficient {
relative to the velocity head (in a wide section), the

(10)

following is obtained (11):
2 2
hn = (2= 1) Wi/20) = (£ 1) W3/29). A1)

When analysing the pressure loss resulting from
the resistances in the diffuser, a special correction fac-
tor known as the softening factor (C ) is considered.
The value of this coefficient depends on the angle of
expansion (o) of the diffuser (Table 5).

In the diffuser, some part of the kinetic energy
is converted into pressure energy. A general formula
is used that considers the local resistance coefficient
(0) to calculate the pressure loss associated with local
resistances in the diffuser, considering the softening
coefficient (C ) (12):

h,=C,[v,-v)¥/2g]. (12)

Table 5. Values of the softening coefficient C_depending on the opening angle a

e . c |
1

8 0.16
15 0.35
30 0.8
60 0.95

Source: compiled by the authors

When analysing the aerodynamics of the pas-
sage of air through various configurations of holes,
it becomes evident that a smooth narrowing of the
cross-section from the inlet to the outlet, made in the
form of a confuser in the lower part of the material
forming device, is preferable. This is explained by the

fact that in the process of creating a vacuum in the
technological space, the air is sucked from a larger
section (the upper part of the perforation) to a smaller
section (the lower part of the perforation). According
to the equation of D. Bernoulli and the mass conser-
vation equation (Q = V,*F, = V,*F, = const), when a



liquid (or gas) moves in a horizontal pipe with dif-
ferent sections, the velocity of the liquid is higher in
the narrowing areas, and the pressure is higher in
wider areas where the velocity is lower.

Thus, positioning the deformable fabric in ac-
cordance with Figure 10 brings great benefits: it
provides a tighter fit to the lower surface of the
device since it increases the area that is exposed

Examination of the influence of hydrothermal treatment of textile materials...

to atmospheric pressure during vacuuming; it also
creates a pressure difference between the upper and
lower parts of the pillow, and the hole in the low-
er part has a smaller diameter. This distribution of
contact between the fabric and the working surface
of the pillow contributes to a more efficient fabric
moulding process, making it more favourable and
intensive.

Figure 10. An elementary cell containing holes inside the thickness 3 in the lower cushion
of the device for forming three-dimensional parts of clothing using the vacuum method
Note: a — taper angle; t — distance between the perforations; d,, d, — diameters of the inlet and outlet holes,
respectively
Source: compiled by the authors

Since air is considered a compressible fluid in this
context, the equation of D. Bernoulli, used for the flow
of an ideal liquid, can be successfully used in the case
of any gas flow with minor pressure changes [12]. In
particular, with small differences in temperature be-
tween the transported air and the environment, it is
possible to consider the difference in geometric alti-
tude levels, and the equation of D. Bernoulli can be
represented as (13):

Py V& _ Py VW
—+-+==24+-2=const,m.
Y 20 v 29

(13)
Which can also be presented in a more convenient
form for calculations (14):
Y

Y _ vi _ 2
12 +Z =p, + 2 const, kgf/m~.

14

For real gases, an additional term is added to
equation (14), which considers the pressure losses Ap,
associated with overcoming hydraulic resistances (3).
Thus, if the pressure is measured in Pascals, equation
(14) changes as follows (15):

2 2
pr+ Tt =p, + T2+ Ap, (15)
where: v,, p, — velocity and pressure of the gas (in the
initial part); v,, p, — velocity and pressure at the outlet
of the pipeline; y — volume weight or density of a gas,
measured in kg/m3.

In aerodynamic calculations for ordinary air, a
standard value of y is often used, equal to 1.2 kg/m3.
For a gas pipeline of any configuration, the pressure
loss due to friction (Ap = Ap)) over a section of length ]
can be calculated using the Darcy formula, applied to
circular sections (16):

A 2
Aps =E*%*1,Pa,

(16)
where: A — coefficient describing the friction pressure
loss along the section of length [; d — diameter of the
duct, m.

For approximate calculations, a value of L equal
to 0.02 can be used. According to equation (3), it can
be argued that the loss of friction pressure is propor-
tional to the length of the duct (and the thickness of
the bottom cushion). It is important to consider that
the pressure losses caused by friction are inversely
proportional to the size of the hole. In addition, Ap
increases non-linearly as the air velocity increases,
having a parabolic dependence. Thin-sheet steel was
used for most of the ducts, and its absolute roughness
isk=0.1 mm.

However, if the ducts are made of other materials,
then to account for changes in the specific resistance
to friction C, and A/d, it is necessary to introduce a
correction factor p (17):

ﬁz (kV)0.25, (17)
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where: k — roughness value of the inner surface of the
duct, mm; V - air velocity, m/s.

Based on the physical and mechanical properties
of the fabric used to form the parts of clothing, it is
possible to pre-estimate the diameters of the inlet
holes that should be created in the lower cushion of
the device. As can be seen from the data presented in
Table 2, the average values of the maximum load re-
quired for the rupture of the considered fabrics along
the base and weft are 873/660 N, respectively. There-
fore, the specific tearing load R, expressed in newtons
for each millimetre of the length of the material, is
equal to 17.5/13.2 N/mm on the basis/weft, respec-
tively. The maximum tearing load (R ), considering
the circumference (nd), will be equal to the average

specific tearing load (18):
R, =R*nd,N. (18)

The ultimate tensile stress ¢ at which fabric de-
struction occurs is defined as (19):

(19)

— Rt 2
05t =, N/mm?,

where: F = n/4 — size of the hole; d — diameter, mm.
Given (18), the following is obtained (20):

_ Ryxmdx4  Rex4

Ost = "az — a° (20)
therefore (21):
d =25 mm. 2n
Ost
For average stress parameters at break

(26.55 N/mm?2) and specific breaking loads both on
the base and on the weft (15.36 N/mm?2), the mini-
mum diameter of the inlet is (22):

_ 4+15.36
~ 2655

d

= 2.3 (mm). (22)

Therefore, when creating perforations in the form
of a confuser, it is established that the diameter of the
outlet is 2 mm, and the upper hole is 4 mm (consid-
ering technical requirements). It is necessary to com-
pare the surface dimensions necessary to create an el-
ement of clothing with the interval between the holes
(t) to determine the number of such perforations lo-
cated in the unit cell. For this purpose, a structurally
set pitch of 6 mm is assumed, which allows placing
an additional hole d, with a diameter of 2 mm in the
centre of this cell.

It is possible to make an approximate calculation
of the loss of air pressure, which is sucked through the
perforations, using the described system. For a spe-
cific example, hole sizes such as 4 and 2 mm will be
assumed. The depth of the holes corresponds to the

thickness of the bottom cushion and is 6 mm. With such
data, the taper angle o is approximately 20°. In case
of sudden narrowing, equation (6) is used to calculate
the pressure loss, which requires the determination of
the coefficients ( and ¢ (local resistance and compres-
sion). The formula (3) is used to determine the coeffi-
cient g, where n=F,/F, —the ratio between the areas of
holes in a narrow section and a wide section (23-25):

F =12.56 mm? F, = 3.14 mm?, (23)
£=0.57 +[0.043/(1.1-3.14/12.56)] = 0.62, (24)

7= (i~ 1)2 =(=- 1)2 = 0.376.

0.62

(25)

For the final determination of the value of the lo-
cal resistance coefficient ( of the confuser, a correction
factor C_is considered, which depends on the taper
angle a of the confuser. At a = 20°, the value C,= 0.3
can be assumed. In this case, according to the formula
(4), the following value (26) is obtained:

2
£cont = Cel = Cc (2= 1) = 03 0.376 = 0.113.(26)

Having information about the air flow velocity in
a narrow section, it is possible to calculate the pres-
sure loss in accordance with equation (6). Therefore,
for the successful application of the method of form-
ing clothes, it is necessary to cut perforations with the
shape of a confuser in the lower cushion of the device.
The confuser hole, in accordance with aerodynamic
principles, ensures a close fit of the material to the
working surface of the cushion, as it increases the area
on which the vacuum acts during vacuuming. This re-
sults in a higher pressure at the top of the cushion
due to the larger size of the opening compared to the
outlet openings. The size of the perforations was also
calculated, considering the maximum breaking load
of the deformed fabric. The obtained results indicate
the need to create a moderate vacuum, providing a
pressure within 1-10° mmHg, to form clothing ele-
ments with the specified dimensions.

The results of experiments conducted on textile
materials after hydrothermal treatment under me-
chanical pressure indicate a loss of these properties
of the material at an average level of 15-21%. Based
on this, it can be concluded that to improve the pro-
cessing standards at which the physical-mechanical,
and hygienic properties of various textile materials
are preserved, improvement of the formation meth-
od is required. This method should exclude the neg-
ative impact on the clothing parts group from the
equipment’s working elements, such as matrices and
punches. One of the disadvantages of existing devic-
es is their fixed shape of the matrix and punch. It is
necessary to change the matrix and punch to create a
variety of clothing parts or replace them, which leads
to additional costs and reduced productivity.



In the process of manufacturing sewing parts,
fabrics or textile materials and bags are subjected to
various physical influences: stretching, compression,
and moulding. The above factors should be aimed at
changing the actual structure of the fabric, thread,
and fibres to give a given shape. As a result of these
technological influences, the geometric parameters of
the threads that make up the fabric and some of the
physical and mechanical properties of textile materials
naturally change. If the fabric is pressed and the fibres
of the thread are plasticised with heated steam, then
such a surface differs more than the surface of the fab-
ric that has not been pressed and wet-heat treated.

Examination of the influence of hydrothermal treatment of textile materials...

Experiments conducted in laboratory conditions
have shown that the air permeability index for sam-
ples before exposure to pressure and moisture is on
average, 67.16 cm®/cm?s (Table 6) [13]. This in-
dicator, after applying pressure and moisture with
a mass of 5 kg, decreases to a value of 46.98 cm?/
cm?s; after pressing with a 10 kg press, the device
shows 43.74 cm®/cm?s; after a press load of 15 kg,
air permeability decreases to 40.77 cm?®/cm?s; after
20 kg of load, air permeability reduced to 38.01 cm?/
cm?s. It follows that after applying pressure paired
with moisture, the air permeability index decreases
by 36.95%.

Table 6. Indications of the breathability of the fabric after presses of various weights

Load, m 0 5 kg 10 kg 15 kg 20 kg
Costume fabric 67.16 46.98 43.74 40.77 38.01

Source: compiled by the authors

This can be explained by the fact that in the pro-
cess of exposure to pressure and moisture, the threads
of the fabric flatten, i.e., under the influence of pres-
sure and moisture, acting as a plasticiser, the intermo-
lecular bonds of the fibres of the threads weaken. As a
result, the transverse shape and geometric parameters
of the threads change, i.e. a circular cross-section of
the thread turns into an oval one. This can be com-
pared by the distance between the two threads de-
creases, and the distance between the central points
of the threads increases in their diameter and in the
width of the fabric section itself, and thereby the sur-
face coverage of the fabric with threads increases.

Considering that polymer compositions are effec-
tive when fixing a given shape of clothing parts, experi-
mental tests were conducted in this part of the study for
samples with a polymer coating before and after wet-
heat treatment and pressing. In these samples, there
was also a decrease in air permeability. Thus, in the
samples before pressing, the readings on average are:

1. In a fabric with a 0.5 cm wide strip with
a polymer coating from the initial indicator of
16.008 cm?®/cm?s, after a press load of 5 kg, breathabil-
ity decreases to 15.054 cm®/cm?s; after 10 kg of press
load, breathability decreases to 13.85 cm 3/cm 2 s;
after 15 kg, breathability has a value of 12.7 cm®/cm?s;
after20kgofpressingload, thisindicatoris11.7cm?/cm?s;
it follows that the breathability of fabric with a 0.5 cm
wide strip of coating is reduced by 16.9%.

2. In a fabric with a 1 cm wide strip with a pol-
ymer coating, the initial air permeability index is
18.368 cm®/cm?s. Further, after pressing with 5 kg of
load, the indicator decreases to 17.138 cm?/cm?s; af-
ter 10 kg of load, the air permeability has a value of
16.182 cm®/cm?s; after 15 kg of press load, the air per-
meability decreases to 15.369 cm®/cm?s; after pressing
with 20 kg of load, the indicator is 14.597 cm®/cm?c.

This indicator decreased by 13.9% compared to the
initial value.

3. In a fabric with a 2 cm wide strip with a poly-
mer coating, the initial air permeability data reaches
21.39 cm®/cm?s, after a press load of 5 kg, the air per-
meability decreased to 21.02 cm®/cm?s; after 10 kg of
the press, the air permeability reaches 20.72 cm®/cm?s;
after 15 kg of the press, the air permeability decreases by
19.68 cm?®/cm?s; after a pressing load of 20 kg, air per-
meability decreases by 19.2 cm®/cm?s, which, in total,
reduces air permeability from the initial value by 5.8%.

When exposed to high humidity and heat during
wet-heat treatment, the bonds between the molecules
of the material are weakened and destroyed, and the
structure of the material is reshaped in accordance
with the deformation of the fibres. After removing
moisture (by drying) and lowering the temperature
of the material, the bonds between the macromole-
cules are restored, that is, the deformation of the fi-
bres, threads, and, consequently, the entire material
is fixed. However, this fixation of the deformation is
temporary; when wearing clothes, the reverse relax-
ation occurs, and part of the fixed deformation dis-
appears with time. The speed of this reverse relaxa-
tion process depends on how similar the conditions of
use of the products are to the conditions of wet-heat
treatment and wearing of the product, and the clos-
er they coincide, the more firmly the deformation is
fixed. The process of restructuring the fibre structure
during wet-heat treatment also depends on the chem-
ical composition of the material, its supramolecular
structure, and the type of intermolecular bonds [14].
Relaxation processes were traced and investigated in
the laboratory to substantiate these processes. From
the experimental data obtained, it can be seen that the
main relaxation of the examined fabric after wet-heat
treatment occurs within 1 hour, totalling in 36.4%.
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After two hours, relaxation is 2.7%, after three hours —
0.2%, after four, five and six hours — 0.02%.

To identify the relationship of the WHT process
with physical-mechanical properties, for example,
with the breaking load, experimental tests were con-
ducted using a device that determines the breaking
load index of fabrics and other textiles. The results of
the tests and the analysis of the comparative indica-
tors of the breaking load before and after the WHT are
shown in the graph (Fig. 11). Experiments conducted
in the laboratory have shown that the breaking load
of fabrics before wet-heat treatment in the direction of
the warp threads is obtained on average 190.074 N,

in the direction of the weft threads — 164.996 N, and
after wet-heat treatment and pressing, the breaking
load index for the warp thread of the material on
average decreases to 177.82 N, for the weft thread -
150.256 N. Considering this as a percentage, the index
of the breaking load of fabrics after WHT and pressing
in the fractional direction of the material decreases by
6.5%, and the breaking load in the transverse direc-
tion of the fabric decreases by 8.94%. It follows from
this that the breaking load of the examined fabric de-
creased by an average of 7.72%. This naturally nega-
tively affects the quality indicators of manufactured
clothing, in particular, leads to rapid wear of clothing.

200 —~
150 i e -
100 \’
50
o —— By lenght —=— Width

Breaking load indicators

Elasticity indicators

Figure 11. Graph of the impact of the WHT and pressing
on the indicators of the breaking load of the material

Source: compiled by the authors

In the next part of the study, experimental tests
were conducted on the effects of existing and devel-
oped methods of wet-heat treatment on the thick-
ness of the fabric, breaking load, surface density,
breathability, stiffness [15]. The results of a com-
parative assessment of the impact of the conven-
tional and developed WHT method, and the results
of the study are presented in Figures 12-16. From
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the data presented in Figure 12, it can be seen that
if the reference thickness value is 1.7 mm, then un-
der the influence of the existing WHT, the fabric
thickness index decreases by 32.9% compared to
the reference value. When using a vacuum installa-
tion in WHT, the thickness of the fabric remains un-
changed. This is observed in all examined variants
of the textile material.

H After WHT  ® After vacuum installation

Tree “Sruce” Diagonal blue

Figure 12. The influence of existing and developed methods
of WHT on the indicators of the thickness of the fabric of the examined samples

Source: compiled by the authors

Figure 13 shows the data of experimental tests,
with a control value of the breaking load of 845 N,
samples under the influence of the existing WHT,
this indicator decreases by 21.41% compared with
the control value. This is observed in all examined

variants of textile material, where the decrease

in this indicator is from 17.43 to 33.33% of the
control. During the WHT using a vacuum instal-
lation, the breaking load indicator remains un-
changed.
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Figure 13. Influence of the existing and developed methods
of WHT on the breaking load of the examined samples

Source: compiled by the authors

From the data presented in Figure 14, it can be
seen that the surface density index for the control
400
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sample and processed according to the existing and
proposed technology remains unchanged.
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Figure 14. The effect of existing and developed WHT methods on the surface density of fabric

Source: compiled by the authors

From the experimental data presented in Fig-
ure 15, it can be seen that if the control value of air
permeability is 187.32 cm®/cm?s, then in samples un-
der the influence of the existing WHT, this indicator
decreases by 12% compared to the control value. This
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is observed in all considered variants of the textile
material, where the decrease in the air permeability
index is from 7.17 to 31.53% compared to the control.
When using a WHT vacuum installation, the air per-
meability index remains unchanged [16].

B Before WHT m After WHT W After vacuum installation
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Figure 15. The influence of existing and developed methods
of WHT on the breathability of the examined fabrics

Source: compiled by the authors

From the data of experimental tests of the stiff-
ness index of samples presented in Figure 16, it can
be seen that if the control stiffness value is 51.36, then
this indicator is 22.51% higher for samples under the

influence of the existing WHT than for the control
sample. This is observed in all examined variants of
the textile material, where the increase in the stiffness
index is from 14.1 to 28.9% compared to the control.
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Figure 16. The influence of existing and developed methods
of WHT on the stiffness of the fabric of the examined samples

Source: compiled by the authors

Based on the above examination, a comparative
graph of the complex of indicators of the textile ma-
terials’ properties has been developed for an objective

assessment of the influence of the existing method of
hydrothermal treatment of a vacuum installation and
that proposed by the authors (Fig. 17).

¢ (%)
Research Research Research after
before WHT after WHT vacuum installation

Figure 17. Comprehensive assessment of costume fabrics
Note: k — stiffness (uN/cm?); P — density (p/10 cm); WRP — water-repellent properties (%); ¢ — humidity (%);
R - breaking load (N); B — breathability; s — thickness (mm); M — mass of material (g/m?)

Source: compiled by the authors

Thus, summarising the results of the data ob-
tained, according to a comparative assessment of the
effects of the existing and proposed methods of WHT
of sewing parts, it can be stated that when process-
ing textile material with the existing WHT method,
the indicators of fabric thickness, breaking load, and
breathability decrease on average by 32.9%, 21.41%,

and 22.51%, respectively. Considering the impor-
tance of such properties of textile materials as fabric
thickness, breaking load, and breathability for ensur-
ing the quality of manufacturing of clothing parts, it
can be concluded that the use of a vacuum installa-
tion allows maintaining the specified properties of
the materials used [17].



Based on the theoretical and experimental ex-
aminations conducted, factors were identified, and
assumptions were substantiated about the negative
impact of the technological process of wet-heat treat-
ment in the aggregate of moulding and pressing on
the fabric in the manufacture of sewing parts. It was
determined that during the WHT process, the fabric is
subjected to pressure, while the threads in the fabric
will flatten, flat areas will appear, thereby negative-
ly affecting the physical and mechanical properties
of the fabric. Experiments conducted in laboratory
conditions have shown that the air permeability in-
dex for samples without polymer application and be-
fore exposure to pressure and moisture is on average
67.16 cm®/cm?s. It follows from this that after apply-
ing pressure paired with moisture, that is, after press-
ing, the air permeability index in sewing products de-
creases by 36.95%.

The influence of the WHT process on the physi-
cal and mechanical parameters of the fabric has been
established. Thus, the breaking load and the elastici-
ty index of fabrics before wet-heat treatment are also
substantially reduced. It follows that the breaking
load of the examined fabric decreased by an average
of 7.72%, leading to rapid wear of individual sections
of clothing parts. The strength indicators of fabrics
to abrasion were examined and it was identified that
the strength of the fabric to abrasion decreases after
wet-heat treatment by about 15%, which leads to a
decrease in the quality indicators of garments.

Discussion

It is difficult to overestimate the importance of the ex-
aminations of the effect of hydrothermal treatment on
the properties of textile materials since they allow a
better understanding of what changes occur in ma-
terials during processing and how these changes can
affect the quality and durability of the finished textile
products. One of the key aspects of such examinations
is to determine the optimal parameters of hydrother-
mal treatment, which will preserve or even improve
the physical and mechanical properties of the materi-
al. This is important for manufacturers of clothing and
textiles, as it allows reducing the percentage of defects
and improving the quality of products.

Studies on the effects of hydrothermal treatment
of textile materials have long-term implications for
both industry and consumers of textile products. Un-
derstanding the impact of hydrothermal treatment
allows developing more innovative processing meth-
ods that consider important aspects of preserving the
quality of the material. It also allows enterprises to
save resources as optimised processing methods help
to reduce energy consumption and raw material costs.
An important factor is that the examinations of the
hydrothermal treatment process can have an impact
on the development of new materials and innovative

Examination of the influence of hydrothermal treatment of textile materials...

textiles. Understanding how changes in the structure
and properties of materials affect their functionality
allows creating products that better meet the needs of
modern society.

In the study by Z. Haitang & C. Shan [18] it was
observed that after applying pressure paired with
moisture, the air permeability index in sewing prod-
ucts can substantially decrease, reaching 30%. This
fact indicates that hydrothermal treatment can have
a negative impact on the breathability of textile ma-
terials and requires more detailed research and find-
ing ways to improve the processing process to mini-
mise the loss of breathability. Evaluating the results
obtained by the researchers and this study, the use
of a vacuum installation can help maintain the speci-
fied properties of the materials used, including fabric
thickness, breaking load, and breathability. This is es-
pecially important in the clothing manufacturing pro-
cess, where the quality and characteristics of materials
play a key role. However, it is important to conduct
additional research and testing to confirm the effec-
tiveness of the vacuum installation and determine the
optimal parameters of its application. Such research
can contribute to the development of improved tech-
nologies and processes for processing textile materi-
als, which, in turn, will increase the quality and dura-
bility of the finished textile products.

In the study by Y. Yang et al. [19] it was established
that after the wet-heat treatment process, the break-
ing load of the textile fabric is substantially reduced.
This observation indicates a potential decrease in the
strength of the material after hydrothermal treatment,
which can increase the risk of damage, shorten the
service life of textiles, and reduce their quality and
durability. Such results emphasise the importance of
careful control and optimisation of the WHT process
to minimise losses in strength and preserve the du-
rability of materials and, consequently, the quality of
finished products. In addition, these factors indicate
the need to search for new processing methods or the
use of improved technologies that could preserve the
physical and mechanical properties of textile materi-
als to a greater extent. Effective management of the
WHT process can contribute to prolonging the service
life of textile products, improving their characteristics,
and, as a result, meeting the needs of consumers.

R. Mathangadeera et al. [20] in their study not-
ed that after wet-heat treatment, the strength of the
fabric is substantially reduced, thereby worsening the
overall quality of textiles. These findings highlight the
importance of careful control and management of the
hydrothermal treatment process to ensure the quality
of the final products. Notably, using a vacuum instal-
lation provides a potential solution to minimise the
negative effects of hydrothermal treatment. The pro-
cess of vacuuming allows for better retention of the
properties of textile materials, which in the end, can
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contribute to the preservation of the quality and dura-
bility of textile products.

In the study by R. Vinayagamoorthy [21], special
attention was paid to the damage of textile fibres dur-
ing hydrothermal treatment. Studies have shown that
humidity and elevated temperature, accompanied by
this process, can weaken intermolecular bonds in fi-
bres, which leads to their destruction and deforma-
tion. This observation indicates the need for careful
monitoring and optimisation of hydrothermal treat-
ment conditions to prevent damage to fibres and en-
sure the safety of textile materials. This once again
confirms the importance of research aimed at devel-
oping more effective methods of hydrothermal treat-
ment and improving technologies that would preserve
the physical and mechanical properties of textile ma-
terials during processing.

A. Kumar et al. [22] noted that after hydrothermal
treatment, fabric thickness indicators can substantial-
ly decrease. This fact indicates potential changes in
the structure of the material, such as compaction and
compression of fibres, which can lead to a decrease in
the thickness of the fabric. Reducing the thickness of
the material can affect its thermal insulation, protec-
tive properties, the appearance, and comfort. Notably,
these changes in thickness may be undesirable in some
applications where maintaining the original thickness
of the material is important. Thus, the results obtained
in this study and those of other researchers emphasise
the importance of careful control and optimisation of
hydrothermal treatment processes, considering the
thickness and other properties of the material. This
can help preserve the quality and productivity of tex-
tiles and contribute to the more efficient use of these
materials in various fields, including the textile indus-
try, medicine, and sports applications.

K. Pandey et al. [23] noted that the use of new
methods of processing textile materials may require
additional attention to the technological aspects and
control of the hydrothermal treatment process. This
means the need to train personnel and create more
complex systems to ensure the stability and reliability
of the production process. This study, in addition to the
paper of the above-mentioned researchers, confirms
the need for the development and introduction of new
methods and technologies in the hydrothermal pro-
cessing of textile materials to improve their physical
and mechanical properties and the overall quality of
the final products. Both studies emphasise the need to
improve processing processes to meet the needs of the
textile industry for high-quality and durable materials.

Analysing the above-mentioned studies, the po-
tential of research in the field of textile materials
processing is great and represents an important step
in improving production processes [24]. The rela-
tionship between materials’ physical and mechani-
cal properties and processing conditions implies that

further research may lead to the development of more
efficient and sustainable processing methods. Under-
standing the processes occurring in textile materials
as a result of hydrothermal treatment allows optimis-
ing this process considering specific requirements and
goals, such as maintaining the strength, thickness,
and breathability of materials. Achieving this opti-
misation is of great importance for various industries
where the quality and characteristics of textiles are
important for comfort and safety [25]. Deeper re-
search in this area can contribute to the development
of new processing methods and innovative technolo-
gies that will combine high productivity and minimal
impact on the properties of materials. Such findings
can improve the quality of textile products, reduce
production losses, and create more sustainable and
efficient textile materials. Ultimately, studies of the
effect of hydrothermal treatment of textile materials
on their physical and mechanical properties not only
contribute to the expansion of scientific knowledge in
this field but also have direct application, providing
improvement in the quality and functionality of tex-
tile products in everyday life and industry.

Conclusions

As a result of the conducted examination, which in-
cludes a number of experiments, it was established
that the process of hydrothermal treatment can have
a substantial impact on the properties of textile mate-
rials. A comparative analysis of the existing and pro-
posed WHT methods allowed identifying substantial
changes in the indicators of fabric thickness, break-
ing load, and breathability. On average, it was noted
that the use of the existing WHT method leads to a
decrease in these indicators by 32.9%, 21.41%, and
22.51%, respectively. This indicates a potential loss
of quality of textile materials when using the conven-
tional method. Additionally, the study identified the
negative impact of the technological process of wet-
heat treatment on the fabric structure.

It was noticed that the fabric is subjected to pres-
sure as a result of pressing. This leads to the flattening
of the threads and the formation of flat areas, nega-
tively affecting the material’s physical and mechanical
properties and reducing its strength. As a result of a
series of experiments, it was established that the im-
pact of WHT is accompanied by a substantial decrease
in the air permeability of the fabric and can negatively
affect the comfort and functionality of textiles. The
breaking load and elasticity index also decrease after
processing, which increases the risk of wear and re-
duces the quality of garments. Potential problems as-
sociated with conventional WHT methods were identi-
fied and the importance of further research in the field
of improving processing processes was highlighted.

The introduction of innovative methods, such as
the use of a vacuum installation, can help maintain
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the desired properties of materials and improve the creating better textile products while preserving their
quality of finished products. Areas for further re- characteristics and, ultimately, will contribute to
search in this area may also include the development meeting the needs of customers.

of special recommendations for optimal parameters
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AHoTaniga
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CIIO’KUBAYiB.

MeTa. MeTOI0 JOCTiKEHHA 6Y/I0 BUBYUTU BIUIUB TiZIPOTEPMiYHOI OOpOOKHM TEKCTWIBHUX MaTepiaiiB Ha ix
¢bisnyHi Ta MexaHiUHI BJIACTUBOCTI, @ TAKOXX PO3POOUTHU TEXHOJIOTiI0 BUPOOHUIITBA OZATY 3 BUKOPUCTAHHAM
HOBOTO CII0CO0Y (IIPHUCTPOIO) IPECOBOTr0O 06IafHAHHA IipoTepMiyHOi 06POOKY 3 KOMIIO3UTHOTI'O MaTepiaJry.
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Examination of the influence of hydrothermal treatment of textile materials...

MeTtogosoria. [Ipu mpoBefeHH] AOCTiPKeHHST BUKOPHUCTOBYBABCS METOJ aHasli3y, a TaKoXX OyB NpOBeAeHUM
eKCIIEpUMEHT, B IKOMY ITpH 06po0Ili BiliGpaHux 3paskiB TKAaHWHU BUKOPHUCTOBYyBalacs TeMIlepaTypa mapu, Ka
He olryckasacs Hik4de 160°C, TemnepaTypa Ha pobounx opraHax rpeca st GopMyBaHHS CITMHKY CTaHOBUIA He
MmeHIre 110°C.

PesynbraTu. B pesynbraTi 6y/l0 AeTaqbHO BHUBYEHO Ta BCTAHOBJIEHO BIUIMB TiZIPOTEPMiYHOI 0OpOOKM Ha
BJIACTUBOCTI TEKCTWIbHUX MaTepianiB. IIpoaHasmi3yBaBIIM iCHYIOUMII METOZ TifipoTepMiuHOI 0Opo6GKU 3
BUKOPUCTAaHHAM BaKyyMHOI YCTaHOBKH, BUSBJIEHO, L0 TPAAUIIIHHIEH c11ocib 06po6KY IPU3BOAUTH 10 iCTOTHOTO
3HIDKEHHS TOBIIUHU TKAHWHY, PO3PUBHOTO HABAHTAXKEHHS Ta MOBITPOIPOHUKHOCTI. Takox 6yJ0 3a3HAUYEHO,
IO M Yac rifpoTepMmiyHoi 06poOKU MaTepiany BiZOyBaeThcs HOrO €KCIOHYBAHHA IIiJi BIUIMBOM THCKY. Lle
TIPU3BOJUTH IO YUIUTBPHEHHA Ta CIUTIONIYBAHHA HUTOK ycepeANHi MaTepiay, CTBOPIOIOYM IUIOCKI AUIAHKH, IO
CIIPUYUMHSIE HECTIPUATIUBI 3MiHU Y Gi3UKO-MeXaH{YHUX XapaKTepUCTUKAX TKAaHUHHU.

BucHoBkwu. Lli pakTopu CBiAYaTh PO MOTEHIIMHE MOTIpIIEHHS AKOCTi Ta JOBITOBIYHOCTI TEKCTUIbHUX BUPOOIB,
IO MOXKe MiZIBUIIUTH BifICOTOK OpaKy Ta HEraTWBHO IO3HAYUTHCI Ha 3aJ0BOJIEHOCTi CIIOXKUBadviB. JlaHe
JOCTiZPKEHHS TaKOXK BKa3ye Ha MePCIeKTUBY BUKOPUCTAHHSA BaKyyMHOI YCTaHOBKH B TiIpOTEpMIiuHill 06poO61Ii,
110 103BOJIsIE 30eperTu bakaHi BIaCTUBOCTI MaTepiasliB, MOKPAIIyIOYH SKiCTh KiHIIEBUX MPOAYKTIB. [IpakTryHe
3HAYeHHs Pe3y/IbTaTiB LIbOTO AOCTIPKEHHS TTOJIATAE Y MOXKJIMBOCTI TOKPAIleHHs STKOCTi TEKCTHIBHUX BUPOOIB Ta
3HIDKEHHs CTYTIeHs TOIMIKOKEHHS MaTepiaiB, 0 BaXXJIUBO AJI 3abe3nedeHH s OUIbII TPUBAJIOI eKCIUTyaTallil
TEKCTWIBbHOI MPOAYKIIii Ta MiIBUIIIeHHA 3a[0BOJIEHOCTI CIIOKUBAdiB

KirouoBi cioBa: ¢opMoOyTBOpeHHA BHPOOIB; CTPYKTypa TKaHUHU; JAedopMallis BOJOKOH; BaKyyMHE
BCTAHOBJIEHHS; PO3PUBHE HaBaHTAXKEHH; TIOBITPOIIPOHUKHICTD
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Abstract

Relevance. The development of materials with excellent dielectric properties is crucial for modern
telecommunications. The value of this study lies in the importance of examining these properties in the context
of expanding possibilities for high-frequency applications in modern telecommunication technologies, including
4G and 5G communication.

Purpose. The purpose of this study is to investigate the crystal structure of the compound BaMnV,0, and its
dielectric properties.
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Methodology. To achieve the set purpose, methods of analysis, experimentation, comparison, and computer
modelling were used. Within this study, the material of low-temperature co-fired ceramics (LTCC) was
thoroughly examined, known for its high efficiency as moisture protection.

Results. A structural model for the compound BaMnV,0, was proposed and investigated. In particular, it was
found that the radius of Mn?* (0.75 A) is almost identical to the radius of Zn?* (0.68 A), confirming the
similarity of the crystal structures of BaMnV,0, and BaZnV,0,. The main results showed that pyrovanadate has
a monoclinic symmetry and has a spatial symmetry group P121/c1 (14), characterised by lattice parameters:
a=5.6221(5) A, b=15.271(1) A, ¢ =9.7109(8) A, B = 123.702(3)°. The divergence factor was 9.05, indicating
the model’s correspondence to experimental data. Additionally, the density of the compound was calculated,
amounting to 4.2699 g/cm>.

Conclusions. Experimental data confirmed the presence of interatomic distances within 1.33-3.47 A. The
minimum interatomic distance in the compound structure is 1.33 A between oxygen (O5) and vanadium (V2)
atoms. The maximum interatomic distance is 3.47 A observed between oxygen (O1) and (0O2) atoms. With
characteristics such as low dielectric permittivity (er~8.9) and a high quality factor coefficient (Quxf 31362
GHz), the compound BaMnV, 0, exhibits excellent microwave dielectric properties. The practical value of the
obtained results lies in the potential development and improvement of materials with high dielectric properties,
such as BaMnV,0,, for their application in telecommunication technologies, contributing to the development of
more compact and reliable components for electronics

Keywords: X-ray structural analysis; dielectric properties; Bragg-Brentano geometry; Rietveld method;

resonator

Introduction

Since 2013, there has been a rapid development of
cellular communication, which requires materials
with exceptional dielectric characteristics. Properties
such as high quality factor, low temperature coeffi-
cient of resonant frequency, and excellent relative
dielectric permittivity are critical for the further de-
velopment of this area. In this context, low-temper-
ature co-fired ceramics (LTCC) emerge as one of the
promising materials. The ability to sinter at tempera-
tures below 1000°C and the use of more readily avail-
able materials, such as copper, make LTCC technolo-
gy particularly attractive. In addition, ceramics offer
cost-effectiveness and ease of manufacturing devices,
moisture tightness, and reliability even under signifi-
cant temperature fluctuations. For instance, in radar
systems, active phased array antennas consisting of
receiver-transmitter modules are employed for opti-
misation and size reduction. L.O. Roman [1] notes
that the miniaturisation of such devices led to the
adoption of LTCC multilayer board technology.

It is essential to highlight that this technology also
allows for the creation of complex multilayer boards.
O.A. Nemyrovych [2] mentions that during LTCC tech-
nology, metallisation occurs through screen printing
on an unfired ceramic sheet. The sheets are assem-
bled into a stack, rolled on rollers, and sintered at
temperatures up to 950°C, allowing the use of materi-
als like silver or copper. The thickness of the resulting
conductors is approximately 10 micrometres, roughly
corresponding to three skin depths at 1 GHz. LTCC
technology is particularly suitable for manufacturing

planar high-Q inductors, resonators, and planar re-
sistors. In the work of D.I. Varvaruk [3], the PBA 313
01/2 is investigated, representing an edge cascade
for a Bluetooth communication system. It utilises ball
grid array (BGA) connectors, and all individual com-
ponents are located on one side of the board. This
board is manufactured using LTCC technology and
consists of 6 layers of this ceramic and 7 metal lay-
ers, confirming the possibility of creating multilayer
boards. Moreover, Ye.M. Yashchyshyn [4] indicates
that the advantages of LTCC include the ability for
three-dimensional system integration, high control
of technological parameters to ensure high repeata-
bility, flexibility regarding the number of layers and
types of materials, achieving minimal line and gap
widths (on the order of 50 microns), the possibility
of integrating passive and distributed elements, and
mounting integrated circuits.

Many materials are considered for potential use
in LTCC. However, vanadates attract special atten-
tion because they exhibit important properties that
can be useful for high-frequency applications. For
example, T.M. Hrychanovska & I.Yu. Protsenko [5]
note that VO, films undergo a phase transition with
increasing temperature, accompanied by a signifi-
cant decrease in specific resistance. This property
allows their use as thermoresistors for effective ther-
mal protection at high temperatures. According to
S.V. Khalameida et al. [6], the use of a V,O, wet gel
and hydrothermal treatment allowed obtaining mag-
nesium pyro- and orthovanadates. Samples obtained
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by microwave-assisted hydrothermal treatment are
characterised by a high specific surface area and a
developed porous structure.

Pyrovanadates are known for their complex crys-
talline structure, including atoms of chemical ele-
ments arranged in a specific lattice. These character-
istics of the crystalline structure influence its physical
and electronic properties and determine the magnetic
and dielectric characteristics of the compound. How-
ever, information about the crystalline structure of
BaMnV,0, is not yet fully revealed, and the param-
eters of the lattice microstructure remain unknown.
Therefore, the analysis of LTCC ceramic properties,
including its crystalline structure, is especially rele-
vant and crucial for developing modern telecommu-
nications technologies. The purpose of this study is to
analyse the crystalline structure and dielectric char-
acteristics of the BaMnV,0, compound. The high di-
electric permittivity under certain conditions and fre-
quencies makes the compound an interesting material
for use in telecommunications technologies, where
having materials with high dielectric properties for
manufacturing resonators, filters, and other compo-
nents is crucial.

Materials and Methods

To achieve the purpose of this study, various meth-
ods were employed, including analysis, comparison,
experimental investigations, and computer modelling.
All measurements and analyses were conducted under
specialised laboratory conditions, where necessary
temperature and humidity parameters were ensured.
The obtained results underwent further scrutiny, and
their reliability was subjected to additional verifica-
tion and analysis.

The analysis method allowed for a detailed exam-
ination and breakdown of experimental and compu-
tational data to reveal the peculiarities of the crystal-
line structure of the BaMnV,0, compound. During the
comparative analysis, properties of BaMnV,0, were
juxtaposed with other materials exhibiting high die-
lectric characteristics, providing insights into its po-
tential applications. For the experiments, BaMnV,0,
samples were prepared according to detailed proto-
cols, involving synthesis and purification to obtain
pure material for further investigations. Experimen-
tal measurements of dielectric properties and oth-
er physical parameters of the BaMnV,0, compound
provided specific data for analysis and justification
of material properties. For the analysis, the diffrac-
tion spectrum of the compound was utilised using the
PDF-2 No. 044-0245 database, containing theoreti-
cal and experimental data of powder diffractograms
collected under conditions of radiation on a copper
filter with Bregg-Brentano geometry [7]. The spec-
trum was analysed using the HighScore Plus 3.0 pro-
gramme (Netherlands) to ensure its correspondence

to a single-phase state of the BaMnV,0, compound.
Indexing of the diffraction spectrum was performed to
determine the crystalline structure of the BaMnV,0,
compound. The built-in TREOR module in this pro-
gramme was used to index the diffraction spectrum.
Furthermore, using the structural model for the B-Ba-
ZnV,0, phase, refinement of microstructural parame-
ters was conducted using the Rietveld method and the
HighScore Plus 3.0 programme. Key characteristics of
the crystal structure of pyrovanadate were obtained.

Using computer modelling allowed for a detailed
analysis of the crystalline structure and properties of
BaMnV,0, using modern computational technologies.
The combination of these diverse methods provided a
comprehensive understanding of the BaMnV,0, com-
pound, including its crystalline structure and physical
characteristics. Specific protocols for result analysis
were developed for each of the methods used. This in-
cluded processing diffraction patterns, phase identifi-
cation, determination of crystalline structure parame-
ters, and more. To confirm the reliability and accuracy
of the obtained results, series of repeated experiments
were conducted, and the obtained data were compared
with literature sources. Considering the large amount
of data, a statistical analysis was performed to confirm
the results and determine the degree of their deviation.

The study paid special attention to the analysis of
the crystalline structure and physical properties of the
BaMnV,0, compound. The combination of methods,
including X-ray structural analysis, computer model-
ling, and other spectroscopic and physical methods,
provided an opportunity to gain a comprehensive un-
derstanding of the crystalline structure and physical
properties of the BaMnV,0, compound.

Results

It follows from the literature that vanadates have sat-
isfactory microwave dielectric properties and can be
used as microwave LTCC ceramics [8]. Microwave
dielectric ceramics are an important class of materi-
als for the production of electronic devices, especially
high-frequency and microwave devices. It is charac-
terised by high permittivity and low losses, which al-
low effectively using these materials for transmitting
signals in the high-frequency range. In addition, it is
important to note that vanadates can be integrated
into LTCC technology. This means that they can be
used as components of the material used for the man-
ufacture of microwave devices by co-heating at low
temperatures.

BaMnV,0, is also a promising material for use
in LTCC technology. Given that the radius Mn?*
(r=0.75 A) is close to Zn?** (r = 0.68 A), a crystal
structure similar to the BaZnV,0, compound should
be expected [6]. This similarity in crystal structures
is due to the close values of the sizes of Mn?" and
Zn?* atoms, which leads to similar ways of ordering



them in the crystal lattice of both compounds. This
pyrovanadate has two polymorphic modifications,
i.e. it can exist in two different crystal structures un-
der the same temperature and pressure conditions.
Crystal structure of low-temperature B-BaZnV,0O,
crystallises in monoclinic syngony, spatial symmetry
group (PGS) P2, /n, grid parameters a = 5.573 A",
b =15.175 A% c = 7.429 A° B = 96.45° The data

Crystal structure of barium manganese vanadate BaMnV,0,,

show that there is a certain degree of irregularity
in the crystal lattice, but simultaneously, there is a
plane of symmetry. The microstructural parameters
are shown in Table 1 and indicate small-scale fea-
tures of the material’s crystal structure. Small-scale
features indicate details and relationships between
atoms or other components in the crystal structure
of a material.

Table 1. Microstructural parameters of f-BaZnV,0,

Chom Wyl xa b ac |

-0.2830(1) 0.28596(3) 0.4471(7)
Zn 4e -0.2077(2) 0.05006(6) 0.3676(1)
V1 4e -0.2525(2) 0.36597(8) 0.6654(2)
V2 4e -0.2052(2) 0.56203(8) 0.7105(2)
0O1 4e -0.246(1) 0.2824(4) 0.5224(8)
02 4e -0.256(1) 0.4716(4) 0.5530(8)
03 4e -0.229(1) 0.6604(4) 0.617(1)
04 4e 0.077(1) 0.5527(4) 0.8214(9)
05 4e -0.414(1) 0.5542(4) 0.8681(8)
06 4e -0.494(1) 0.3553(4) 0.7904(9)
07 4e 0.005(1) 0.3609(4) 0.8099(9)

Source: compiled by the authors

The structure of B-BaZnV was taken as the initial
model of the crystal structure,O,. Selection of the in-
itial model of the B-BaZnV,0, crystal structure in the
examination of BaMnV,0, is based on several reasons.
First, both compounds have the same composition and
arrangement of atoms, which may indicate the similar-
ity of their crystal structures. Secondly, the ability to
use an already examined model simplifies the analysis
and comparison of the properties of a new compound.
Furthermore, if p-BaZnV,0, was the subject of previ-
ous research, the availability of known data facilitates
the analysis of BaMnV,0,. In addition, the affinity of
the components Ba, Mn, V, Zn, and O emphasised
the similarity of the structures of these compounds.

As aresult of the conducted analysis of the structur-
al characteristics of the BaMnV,0, compound, it was
established to crystallise in monoclinic syngony and

have a P121/cl spatial symmetry group [14]. Mon-
oclinic syngony indicates that the crystal structure of
the compound has irregularity, which manifests itself
in the form of uneven sides and angles in a parallel-
ogram that restricts the base region. In this case, the
main axes of the crystal are not mutually perpendicu-
lar, and therefore, the connection exhibits symmetry
with respect to only one plane. In the BaMnV,0, crys-
tal lattice, the plane of symmetry inequalities is pres-
ent, as in f-BaZnV,0,. The specific lattice parameters
are: a=5.6221(5)A0, b=15.271(1)A0, ¢ =9.7109(8)
A0 at B = 123.702(3)0. The specified lattice parame-
ters (a, b, ¢, and B) determine the geometric dimen-
sions and angles between the lattice vectors. The val-
ues a, b, and c represent the lengths of the axes, and
determines the angle between a and c. Table 2 shows
the microstructural parameters for detailed analysis.

Table 2. BaMnV,0, microstructural parameters

Bal 4e 1 0.403(2) 0.2068(4) 0.6468(8)
V1 4e 1 0.930(3) 0.1236(9) 0.130(2)
V2 4e 1 0.954(4) 0.948(1) 0.240(2)
Mnl 4e 1 0.595(4) 0.442(1) 0.874(2)
01 4e 1 0.81(1) 0.220(3) 0.079(4)
02 4e 1 0.84(1) 0.823(4) 0.724(7)
03 4e 1 0.92(1) 0.855(3) 0.107(5)
04 4e 1 0.73(1) 0.960(3) 0.276(5)
05 4e 1 0.825(8) 0.523(3) 0.570(5)
06 4e 1 -0.107(9) 0.190(3) 0.311(4)
o7 4e 1 0.825(9) 0.103(3) 0.340(3)

Source: compiled by the authors
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Important experimental data for the character-
isation of crystalline materials are the values of in-
terplanetary distances. Interplanetary distances in-
dicate the distances between atoms and molecules
located on different planes of the crystal lattice [9].
The intensity, i.e. the strength of the diffraction sig-
nal that is recorded during the crystal examination,
also depends on the structural features of the crys-
tal, such as the position of atoms and their inter-

planetary distances. The divergence factor (R-fac-
tor) is 9.05, and the calculated density is 4.2699 g/
cm?. If the interplanetary distances differ by 0.03A ,
the diffraction lines are taken as one. The values of
interplanar distances and intensities calculated us-
ing this model are shown in Table 3. This position
was considered when analysing the crystal struc-
ture, and according to these data, the BaMnV,0,
structure is represented.

Table 3. Values of interplanar distances and intensities calculated for the structure of the BaMnV,0, compound

20, 20,,,, d., d,y Lea Lobs H K L
11.5723 | 11.574(5) | 7.64064 7.63951 4.46 3.16 0 2 0
13.3377 | 13.344(4) | 6.63302 6.62968 2.87 4.17 0 1 -1
16.7107 - 5.301 - 0.21 - 0 2 -1
16.7107 - 5.301 - 0.21 - 0 2 1
16.853 - 5.25656 - 0.08 - 1 1 -1
18.9506 | 18.957(5) | 4.67918 4.67769 1.12 3.18 1 0 0
19.6453 | 19.650(6) | 4.51526 4.51408 5.99 3.06 1 2 -1
19.8285 | 19.839(6) | 4.47395 4.47163 2.17 3.03 1 1 0
20.8258 - 4.2619 - 0.8 - 1 0 -2
21.1981 21.19(1) 4.18788 4.18901 1.24 1.06 0 3 -1
21.6308 | 21.619(4) | 4.10508 4.10738 5.05 4.23 1 1 -2
22.2635 | 22.263(2) | 3.98983 3.98994 15.34 13.12 1 2 0
23.2727 | 23.266(5) | 3.81905 3.82015 0.21 3.05 0 4 0
23.6007 | 23.610(8) 3.7667 3.76525 2.1 1.83 1 3 -1
23.891 23.892(2) | 3.72159 3.72138 16.5 15.85 1 2 -2
24.1616 |24.1646(6) | 3.68052 3.68007 64.23 66.81 0 0 2
24.8641 |24.8607(5)| 3.5781 3.57858 45.96 88.96 0 1 -2
25.8398 | 25.845(4) | 3.44516 3.44451 6.34 4.14 1 3 0
26.269 - 3.38984 - 1.86 - 0 4 -1
26.269 - 3.38984 - 1.86 - 0 4 1
26.8685 - 3.31555 - 0.26 - 0 2 -2
26.8685 - 3.31555 - 0.26 - 0 2 2
27.267 27.264(1) | 3.26799 3.26834 23.26 17.78 1 3 -2
28.2674 | 28.277(1) | 3.15457 3.1535 100 99.98 1 4 -1
28.2908 | 28.279(1) | 3.15201 3.15325 89.19 100 1 1 1
29.933 ]29.9314(8)| 2.98271 2.98287 22.35 38.38 0 3 -2
30.1852 | 30.184(1) | 2.95837 2.95847 15.33 19.83 1 4 0
30.8755 |30.8743(9)| 2.89378 2.89389 33.11 30.7 1 1 -3
31.4309 - 2.8439 - 3.42 - 1 4 -2
31.9536 |31.9486(9)| 2.79856 2.79899 29.52 28.9 2 0 -2
32.8753 | 32.892(2) | 2.72218 2.72086 9.27 8.24 1 3 1
33.7987 | 33.782(4) | 2.64988 2.65113 0.65 4.22 0 4 -2
35.1563 35.2(1) 2.5506 2.55051 16.78 9.58 1 3 -3
35.1795 35.18(7) 2.54898 2.54864 0.36 9.47 2 2 -1
35.8705 - 2.50144 - 0.06 - 2 1 -3
36.463 36.478(3) | 2.46214 2.46118 5.07 6.2 1 4 1
37.0835 | 37.111(2) | 2.42236 2.4206 3.33 11.92 0 1 -3
37.347 37.357(1) | 2.40587 2.40527 10.02 22.98 0 6 -1
38.5105 38.5(1) 2.33582 2.33571 0.36 5.52 0 2 -3
38.5587 38.55(4) 2.33301 2.33359 11.01 5.51 1 4 -3
38.5875 38.60(4) 2.33133 2.33041 0.75 3.53 1 0 2
38.8313 38.82(1) 2.31725 2.31781 0.52 2.54 1 6 -1
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Table 3. Continued

20, 20, d., dg,, L Lps H K L
38.9206 | 38.950(5) | 2.31214 2.31049 2.74 9.56 2 1 0
39.0525 | 39.071(4) | 2.30464 2.3036 12.96 11.68 1 1 2
39.9081 | 39.927(7) | 2.25718 2.25616 0.01 2.12 2 4 -2

40.861 40.821(2) | 2.20671 2.2088 2.32 8.28 2 4 -1
41.561 41.538(5) | 2.17115 2.17232 2.28 3.22 1 0 -4
41.9985 | 41.991(3) | 2.14954 2.14989 2.88 6.16 1 1 -4
42.593 42.587(1) 2.1209 2.1212 2.98 15.92 1 5 -3
42.8215 | 42.815(3) | 2.11011 2.11041 9.66 8.79 2 1 -4
43.2112 43.2(1) 2.09198 2.09297 2.74 6.23 0 7 1
43.2895 43.2(1) 2.08838 2.0918 0.7 6.22 1 2 -4
43.8265 43.81(6) 2.06403 2.0648 5.92 11.25 0 4 -3
43.8394 43.84(5) 2.06345 2.0633 0.4 10.4 2 5 -2
45.3733 45.4(1) 1.99719 1.99787 0.43 9.68 1 6 1
45.3754 45.38(6) 1.9971 1.99672 14.34 9.38 1 3 -4
46.1501 | 46.156(3) | 1.96536 1.96513 0.04 5.21 2 3 -4
46.5094 | 46.509(4) | 1.95102 1.95103 0.9 4.18 2 5 -3
47.4955 | 47.501(6) | 1.91279 1.91259 5.44 9.45 0 5 -3
47.5903 47.54(2) 1.9092 1.91124 2.55 4 0 8 0
49.1616 | 49.159(8) | 1.85179 1.85188 0.01 6.18 3 1 -3
49.2685 49.25(2) 1.84802 1.84853 0.42 3.01 0 8 -1
49.4989 | 49.501(1) | 1.83995 1.83990 16.11 28.86 0 0 4
50.4662 50(1) 1.80693 1.807 2.23 7.04 1 8 -1
50.4805 50(1) 1.80645 1.80699 3.1 7.04 1 7 1
51.0418 51.04(9) 1.7879 1.78791 3.47 5.42 1 1 3
51.6071 51.07(9) 1.76963 1.78686 0.19 5.42 1 5 -4
51.6547 51.6(1) 1.76812 1.76867 0.11 1.24 3 0 -4
51.6701 51.7(3) 1.76763 1.76745 1.48 1.13 1 8 0
52.1158 | 52.102(5) | 1.75355 1.75397 1.29 3.2 1 7 -3
52.8668 | 52.846(5) 1.7304 1.73103 0.73 3.15 0 3 -4
53.1268 | 53.139(4) | 1.72254 1.72217 0.09 4.13 3 2 -4
53.1345 | 54.717(4) | 1.72231 1.67619 0.25 4.06 2 6 0
54.928 54.928(3) | 1.67024 1.67023 1.3 6.05 3 3 -4
55.3854 | 55.343(7) | 1.65752 1.65868 0.12 5.94 0 4 -4
55.3854 55.5(1) 1.65752 1.65442 0.12 3.41 0 4 4
55.5197 55.54(7) 1.65383 1.65333 2.84 3.41 2 7 -3
56.1183 | 56.129(4) 1.6376 1.63732 3.03 4.03 2 5 1
56.3901 | 56.388(2) | 1.63035 1.6304 1.78 8.09 0 7 -3
57.0776 57.10(4) 1.61233 1.61182 0.01 1.25 1 3 -5
57.1508 57.18(1) 1.61044 1.60961 4.32 2.88 2 0 2
57.5574 | 57.520(5) | 1.60003 1.60099 2.02 4.95 2 4 -5
57.7379 57.71(9) 1.59546 1.59616 0.5 3.46 2 7 0
57.7448 57.75(4) 1.59528 1.59524 0.07 3.16 1 9 0
58.4963 | 58.507(5) | 1.57657 1.5763 0.28 3.15 1 9 -2

Source: compiled by the authors

However, not all lines meet this criterion. Lines
that do not meet this criterion are shown in bold in
Table 3. As can be seen from the calculation table,
such diffraction lines have a low intensity and, there-
fore, may not be detected in the diffraction spec-
trum. All observed strong lines coincide with the lines

calculated using this structural model. In addition,
the discrepancy factor is less than 10% and is 9.05%.
The R-factor is one of the criteria used to evaluate
the suitability of a structural model for experimental
data [10]. It indicates a correspondence between the
measured data and those obtained using the model.
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A low R-factor (less than 10%) indicates that the
structural model correctly describes the experimental
data, so it can be assumed that the proposed structur-
al model of the crystal structure of a given compound

is correct. Ultimately, Zn and Mn are similar in their
properties and can have a similar structure for the
BaZnV,0, compound. Table 4 shows the interatomic
distances for the BaMnV,0, structural model.

Table 4. Interatomic distances of the BaMnV,0, compound structural model

Bal V1 V2 Mn1
-06 2.77(3) -02 1.47(6) - 05 1.33(4) -07 1.63(6)
- 06 2.78(5) -0l 1.58(4) - 04 1.47(7) - 04 2.07(6)
-02 2.80(6) -06 2.00(5) -03 1.79(5) -02 2.77(8)
- 02 2.83(8) -07 2.26(5) -07 2.76(5) - 06 2.87(6)
- 04 2.84(5) - 05 2.30(4) Vi 2.83(2) V2 2.91(2)
-o1 2.88(6) -03 2.68(6) ~Mnl 2.91(2) V1 3.27(2)
=03 2.99(4) V2 2.83(2) -07 3.29(4) V2 3.31(3)
-01 3.19(3) -05 3.18(5) - Mnl 3.31(3) =05 3.31(3)
-01 3.25(6) - Mnl 3.27(2) - 04 3.32(4)
-07 3.27(4) - 04 3.28(6) “Mnl 3.45(3)
-03 3.30(5)

. o/ .0 . o0 /| 04 |
-V1 1.58(4) V1 1.47(6) -V2 1.79(5) -V2 1.47(7)
-06 1.88(6) -06 1.7(1) =05 1.92(6) ~Mnl 2.07(6)
-02 1.89(6) -0l 1.89(6) -06 2.67(6) -05 2.18(8)
~Bal 2.88(6) -o7 2.5(1) Vi 2.68(6) -07 2.24(7)
-07 2.88(6) - Mnl 2.77(8) - 04 2.79(8) -03 2.79(8)
-06 3.00(7) ~Bal 2.80(6) ~Bal 2.99(4) - Bal 2.84(5)
-03 3.02(8) -Bal 2.83(8) -01 3.02(8) -07 3.04(4)
-03 3.10(5) -03 3.03(9) - 02 3.03(9) -05 3.07(5)
“Bal 3.19(3) -03 3.19(9) -0l 3.10(5) Vi 3.28(6)
~Bal 3.25(6) -0l 3.47(7) -02 3.19(9) “Mnl 3.32(4)
-07 3.47(6) ~Bal 3.30(5)
=02 3.47(7)

05 06 07
V2 1.33(4) -07 1.45(7) =06 1.45(7)
-03 1.92(6) -02 1.7(1) ~Mnl 1.63(6)
- 04 2.18(8) -0l 1.88(6) - 04 2.24(7)
V1 2.30(4) V1 2.00(5) V1 2.26(5)
=05 2.93(7) -03 2.67(6) -02 2.5(1)
-07 3.06(6) ~Bal 2.77(3) -2 2.76(5)
- 04 3.07(5) “Bal 2.78(5) -0l 2.88(6)
V1 3.18(5) ~Mnl 2.87(6) - 04 3.04(4)
-05 3.22(6) -0l 3.00(7) -05 3.06(6)
~Mnl 3.31(3) ~Bal 3.27(4)

-v2 3.29(4)

-0l 3.47(6)

Source: compiled by the authors

Minimum interatomic distance is 1.33A° O5-V2.
Maximum interatomic distance is 3.47A° O1-02. Inter-
atomic distances are key crystal structure parameters
and determine atoms’ relative position in the crystal
lattice. In crystal lattices, the atoms are arranged in an
ordered manner, forming various structural elements,
such as cubes, tetrahedra, and octahedra [11]. The
distances between these structural elements deter-
mine interatomic distances. For example, interatomic

distances indicate the distances between atoms for
metal crystal lattices. In the context of the BaMnV,0,,
interatomic distances indicate the distances between
barium (Ba), manganese (Mn), vanadium (V), and
oxygen (O) atoms in the crystal lattice. The intera-
tomic distances between these atoms affect the elec-
tronic structure and, consequently, the conductivity
of the compound. These distances are important for
understanding the properties of a material, such as



magnetic, electronic, and dielectric, because of their
effect on electron motion. In addition, interatomic dis-
tances indicate possible interactions between atoms in
a compound that affect its properties and behaviour
under various conditions.

In metals, electrons in the outer shell of atoms,
known as “free electrons”, can separate from atoms
and move freely along the crystal lattice. If the in-
teratomic distances in the metal crystal decrease, the
electrons will have less space to move. This can in-
crease the effective concentration of free charge car-
riers since the electrons will interact more with each
other. As a result, the conductivity of the material
may increase. In contrast, if the interatomic distances
increase, the electrons will have more space to move.
This can lead to a decrease in the effective concen-
tration of free charge carriers and, accordingly, to
a decrease in conductivity. According to this, if the
interatomic distances in BaMnV,0,, the electrons in
the manganese and vanadium sublattices decrease,
they will have less space to move. This can lead to an
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increase in the effective concentration of free charge
carriers, which will make the material a better con-
ductor. In contrast, if the interatomic distances in-
crease, the electrons will have more space to move.
This can lead to a decrease in the effective concen-
tration of free charge carriers and, accordingly, to a
decrease in conductivity [12].

In the crystal structure of the BaMnV,0, com-
pound, two Ba+2 arrangements are observed, each of
which has special bonds with oxygen and vanadium
atoms and different configurations of Mn atoms. In
Figure 1, Ba+2 is bound to four oxygen atoms O1, O2,
04, 06, and in another modification, the atom has a
different arrangement of O1, 02, 02, and 03. 04, O6.
The Vanadium atom also has two locations. V1 forms
triangular bonds with oxygen atoms O1, O6. Anoth-
er arrangement of V2 forms an irregular tetrahedron
with oxygen atoms 03, O4, and O5. Two Mn atoms
form triangular bonds with oxygen atoms 04, O7, the
other arrangement of the manganese atom has a bond
with the oxygen atom O7.

Figure 1. Image of the crystal structure of the BaMnV,0, compound

Source: compiled by the authors

In further analysis of the crystal structure of the
BaMnV,0,, this structure affects the electronic and
electrical properties of the material. For example, the
arrangement of Ba*? atoms and their bonds with oxy-
gen and vanadium atoms can determine the efficiency
of charge transfer in a material. It is also important
to consider that different configurations of Mn atoms
can affect the magnetic properties of the compound.
The arrangement of Ba*? atoms and their bonds with
oxygen and vanadium atoms can affect the efficien-
cy of charge transfer in a material through two main
mechanisms: changes in the valence or degree of ion-
isation of atoms and changes in the electronic struc-
ture. In the specific case of a BaMnV,0, compound,
the arrangement of Ba*? atoms affects the location
and structure of charge carriers in the material. This
leads to a change in its electrical conductivity.

As for Min atoms, their different configurations can
affect the magnetic properties of the compound. The
orientation and spin structures of the atoms determine
the magnetic properties of a material. Changes in the
crystal structure and arrangement of Mn atoms lead to
changes in magnetic properties, such as magnetic sus-
ceptibility, magnetic separation coefficient, and spin
resonance frequency. These aspects of magnetic prop-
erties may be the subject of additional experiments
to understand better the physical mechanisms that
determine the magnetic behaviour of the BaMnV,0,
compound. The application of BaMnV,0, in LTCC ce-
ramics can open up new opportunities for the produc-
tion of high-frequency devices with excellent stability
and efficiency. BaMnV,0, shows substantial potential
for application in LTCC due to its satisfactory micro-
wave dielectric properties. The main characteristics of
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the compound, such as its low permittivity (er ~ 8.9),
high quality factor (Quxf 31362 GHz) and excellent
thermal stability, make it an attractive candidate for
use in the manufacture of microwave devices.
However, on the dielectric characteristics of BaMn-
V,0,, various factors can influence understanding,
which is important for optimising the characteristics
of the material. For example, changes in the crystal
structure. Since the permittivity of a material depends
on the internal lattice and the location of atoms, any
changes in the crystal structure can affect the dielectric
properties. The presence of impurities or irregularities
in the crystal structure can affect the conductivity and
dielectric properties. If defects in the crystal structure
(for example, gaps in the lattice, inconsistencies in the
atomic arrangement) or impurities are present, the
conductivity and dielectric properties are changed.
Defects can be charged, which also affects electrical
behaviour. In addition, microscopic features such as
grain boundaries and inclusions also change electri-
cal behaviour. Dielectric properties often change with
temperature changes. Thermal exposure can lead to
changes in the crystal structure and dielectric pa-
rameters. As the temperature rises, the atoms move
and change their position in the lattice, affecting the
electrical properties. Material processing also plays
an important role in the manufacture of devices [13].
In many cases, LTCC ceramics are used to make
RF electronics components, and BaMnV,0, can be an
important material for optimising such devices. This
material can be particularly valuable for developing
new telecommunications and microwave technologies
components, where low losses and high frequency sta-
bility are critical factors. The results obtained create
prospects for further research and possible implemen-
tation of BaMnV,0, in the telecommunications tech-

7
nology industry, including modern 5G networks.

Discussion

LTCC ceramic is an important material in modern
technologies for the production of microwave appli-
ances. It allows manufacturing devices with high die-
lectric properties and low signal loss at high frequen-
cies. However, the use of LTCC ceramics has some
drawbacks. One of the main disadvantages is the
physico-chemical incompatibility of many thick-film
materials with LTCC sheets, which makes them diffi-
cult to use simultaneously. In the study by H. Birol et
al. [14], it is indicated that chemical problems occur
due to the interaction of the glass phase in the tape and
thick films, while physical problems are usually asso-
ciated with the discrepancy between the shrinkage of
the tape and the paste for screen printing. This is ob-
served microscopically and macroscopically in chem-
ical diffusion (using microscopy and spectroscopic
analysis) or deformed structures (warping, stratifica-
tion, twisting), respectively. In addition, deformations

such as warping, conductor inflating, and peeling can
occur during the ceramic sintering process. This clear-
ly affects the quality of devices manufactured using
this technology. In addition, the compatibility of LTCC
materials with other components of electronic devices
can cause certain difficulties. Since they can have dif-
ferent thermal expansion coefficients, this can cause
mechanical stresses and affect the reliability of the de-
vice in general.

Despite some of the shortcomings of LTCC ce-
ramics, intensive research is being conducted to opti-
mise it and find new compounds that can be applied
in electronics and telecommunications technologies.
Among the representatives of LTCC ceramics, a num-
ber of vanadates can be distinguished, the dielectric
properties and crystal structure of which are inten-
sively examined. One of the most interesting alter-
natives is pyrovanadate ceramics, which has already
attracted the attention of researchers for its unique
properties and potential applications in modern tech-
nologies. In the study of Y.T. Huang et al. [16], it was
reported that the results of a study of the dielectric
properties and crystal structure of SrCol-xMgxV,0,
(x = 0-0.09) LTCC ceramics. It is indicated that the
SrCoV,0, compound crystallises in monoclinic syngo-
ny with the spatial symmetry group P21/c (14). Due
to its dielectric properties, this compound is promis-
ing as a microwave dielectric ceramic. Microwave di-
electric ceramics have specific dielectric properties at
high frequencies, especially in the microwave range.
NaCa,V.O,, ceramics manufactured using LTCC tech-
nology (at temperatures of 780-860°C), attracts atten-
tion as a potential candidate for use in the production
of microwave devices. The results, provided in study
by C. Yin et al. [17], demonstrate that the compound
crystallises in triclinic syngony, and has promising
dielectric properties (permittivity er = 9.72, Q-factor
Qxf=51000 GHz, and temperature coefficient of res-
onant frequency tf = -84-10-6 1/°C) and can be used
in multilayer electronic devices.

Authors A.N. Unnimaya et al. [18] reported
the results of the examination of Mg,V,0, ceram-
ics, which show high efficiency in the microwave
range and also demonstrate good chemical com-
patibility. It is indicated that by its properties, the
compound can be used for the fairing designs of
terahertz (THz) antenna arrays. According to ex-
periments of D. Zhou et al. [19], microwave dielec-
tric ceramics (1-x)BiVO,-xTiO, (x = 0.4, 0.5, 0.55,
and 0.60) in low-temperature firing was obtained
by the conventional solid-phase reaction method.
According to the results of the study, ceramics can
be used as a substrate for physically and electrical-
ly small dielectric microstrip antennas. In the study
by E.K. Suresh et al. [20], the dielectric properties
of al6v18061 ceramics (a = Ba, Sr, Ca) were meas-
ured using a vector network analyser, which showed



high-quality coefficients in the absence of load.
Together with 0.4 BaTa,V,0,,-0.6 Ba,BiV,0,, compos-
ite material, potential high-frequency compounds.
Given the importance of microwave ceramics in
modern technologies, especially in the context of 4G
cellular communication and its further development
in 5G, it is important to consider its properties and
potential for optimising and improving high-frequen-
cy signal transmission. Results of the examinations
of the BaMnV,0, LTCC indicate the high potential of
this material as a microwave dielectric ceramic, in
particular, due to its low sintering temperature and
impressive microwave dielectric characteristics, in-
dicating possible use in modern and future commu-
nication systems. Notably, the examined compound
BaMnV,0, fits in with the general trend of pyrovana-
dates in terms of crystal features. Regularities in the
crystal features and dielectric properties of BaMn-
V,0,, consist in their similarity in terms of intera-
tomic distances and the base crystal structure. This
indicates a certain conservatism of the pyrovanadate
group in these aspects. However, it should be consid-
ered that individual differences may occur due to the
influence of valence and the location of atoms in the
structure. In comparison with the results of studies
of other compounds, it can be noted that BaMnV,0,
has close interatomic distances characteristic of py-
rovanadates. The atoms’ arrangement and coordina-
tion are also similar to other vanadates examined.
Additional research, in particular, dielectric studies,
allows a better understanding of the properties of
these compounds and their potential applications.
Common dielectric properties include param-
eters that characterise the ability of a material to
conduct or block the flow of electric charge when
exposed to an electric field. These include charac-
teristics such as permittivity, Q-factor, loss of dielec-
tric properties. The overall dielectric properties of a
material are determined by its chemical composition,
crystal structure, microstructure, and other factors.
In the case of pyrovanadates like BaMnV,O, their
dielectric properties may affect their suitability for
specific applications, particularly in telecommuni-
cations technologies. A study by X. Jiang et al. [21]
showed that microwave dielectric BaMnV,0, LTCC
ceramics have high performance. For example, its
permittivity (er) is about 8.9, and the quality fac-
tor (Quxf) is 31362 GHz. The temperature resist-
ance is also -54.9 ppm/°C at a sintering temperature
of 950°C [22]. These properties make BaMnV,0O,
LTCC a promising material for use in 5G polarisa-
tion converters [23]. Compared to other materials,
BaMnV,0, LTCC is identified to be competitive. For
example, CA,MgSi,O, ceramics have an er of about
5.3, Quxf reaches 60000 GHz, and tf is -15 ppm/°C,
as reported by H. Barsegar-Bafrooei et al. [24]. In
addition, the dielectric properties of ceramics Bil.5
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Mg0.8 Cu0.2 V1.5 O7 and Bil.5 Mg0.2 Cu0.8 V1.5
07 were examined, characterised by low permeabili-
ty and higher losses according to M. Shivalingayya &
R.L. Raibagkar [25].

Summarising, BaMnV,0, LTCC exhibits excellent
microwave dielectric characteristics that can be com-
pared to or even surpass other materials used in 5G
technologies [26; 27]. In particular, the high-tem-
perature modification of BaMnV,0, may have the
potential to solve problems related to high-frequency
bands in telecommunications systems [28]. Further
research is needed to better understand the possibili-
ties and potential applications of the materials under
study. In particular, it is important to investigate the
possibility of optimising the manufacturing process-
es and properties of BaMnV,0, LTCC ceramics. This
will expand the scope of its application and improve
efficiency in telecommunications technologies. It is
also important to consider that a detailed study of
the crystal structure and properties of materials is a
key stage for their successful implementation in mi-
crowave devices and 5G equipment.

Conclusions

The diffraction spectrum of the BaMnV,0, compound
was used in this study from the 2009 PDF-2 database
No. 044-0245. The spectrum was captured using cop-
per-filtered radiation with the Breg-Brentano shooting
geometry and was single-phase. The HighScore Plus
3.0 programme (Netherlands) was used to analyse the
crystal structure. The structural model proposed for
BaMnV,0, compound corresponds to the f-BaZnV,0,
type. This compound belongs to a monoclinic syngo-
ny with a spatial symmetry group P121/c1 (14). Us-
ing this model, specific values of the lattice constants
were determined: a = 5.6221(5) A, b = 15.271(1) A,
¢ =19.7109(8) A, and angle p = 123.702(3). The mi-
crostructural parameters that have been determined
provide additional information about the orientation
of crystal grains in the compound. The general trend
of vanadates indicates that the BaMnV,0, compound
exhibits good dielectric properties that can make it at-
tractive for use in telecommunications technologies,
in particular, in microwave devices.

The analysis performed allows understanding
how the crystal structure affects the dielectric prop-
erties of the compound, which is important for its fur-
ther improvement and optimisation. In the course of
the study, LTCC ceramics were considered. Although
the material has its advantages, such as cost-effec-
tive device manufacturing, tightness and mechanical
strength, disadvantages, such as physicochemical
incompatibility with other materials and the pos-
sibility of deformation during sintering, have been
identified. The detected characteristics of BaMnV,0,
open up opportunities for its use in high-frequency
applications, this is an important element of modern
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communication technologies. This opens up broad and improving materials in the telecommunications
prospects for further research in this area. Oppor- and electronics industries.

tunities to use the results also include the devel-

opment of more compact and reliable components Acknowledgements

for electronics and the introduction of BaMnV,0, in  None.

high-frequency applications where good dielectric

characteristics of the material are important. Further ~ Conflict of Interest

research may be of great importance for developing None.
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B KOHTEKCTi PO3IIMPEHHS MOXJIUBOCTEH /I BUCOKOYACTOTHUX AOJATKIB Y CydYacHUX TeNeKOMYHiKaI[inHUX
TEXHOJIOTifAX, BKIoYaouu 4G i 5G 3B’130K.

BJIACTUBOCTEH.

MeTogosoria. /ljifa AoCATHEHHA IOCTaBJIEHOI METHM BUKOPUCTOBYBAIHMCA METOAU aHaJli3y, eKCIIepUMEeHTY,
MOPIiBHAHHA | KOMITIOTEPHOTO MOZETIOBAaHHA. Y paMKax JaHOTO JOCTiMKeHHSA OyJ0 peTeJbHO BUBYEHO
MaTepias HU3bKOTEMIEpaTypHOI crnitbHOOGNAaMIOBaNbHOI KepaMiku (LTCC), AKuUil Bif3HAYAETHCS BUCOKOIO
ebEeKTUBHICTIO Y IKOCTi 3aXHUCTY BiJ BOJIOTH.

Pesynbratu. byna 3arpoTOHOBaHA i ZociipkeHa CTPYKTypHa MOZENb JJid CTIOMTyKH BaMnV,0.. 3oxpema,
BUABJIEHO, IO paziyc Mn2?* (0.75 A) maibke imeHTruHMi pagiycy Zn?* (0.68 A), 1o miATBep/Kye MOAIOHICTD
KPUCTaliYHUX CTPYKTYp BaMnV,0, Ta BaZnV,0,. OCHOBHi pesyJbTaTu MOKAa3auM, IO MipOBAHAZAT MAae
MOHOKJIIHHY CHHIOHiI0 Ta Ma€ IpocTopoBy rpymy cumeTpii P121/cl (14), xapaKTepU3ylOuHWCh TaKUMU
rapaMeTpaMH PeIniTKu: a=5.6221(5) A, b=15.271(1) A, ¢c=9.7109(8) A, B=123.702(3)°. ®akTop po36i3KHOCTI
cktaB 9.05, 110 CBiYUTH PO BiAMOBIAHICTh MO/ eKCIIEPUMEHTANTBHUM AaHuM. KpiMm Toro, 6ysa po3paxoBaHa
TYCTHHA CIIOyKH, sIKa CTAHOBUTH 4.2699 r/cM>.

BucHOBKH. 3a I0ITOMOT'00 eKCITepUMEeHTaTbHUX JaHUX OYJI0 MiATBEepAKeHO HAasABHICTh MiXKaTOMHUX BiicTaHel
B Mekax 1.33-3.47 A. MinimapHa MiXKaTOMHa BiCTaHb B CTPYKTYPpi CIIOJyKU CTaHOBUTH 1.33 A mix aTomMamu
kucHio (O5) ta Ba”aziro (V2). MakcuMajbHa MiXKaTOMHa BiZicTaHb cKiazae 3.47 A Ta CIIOCTEepIiraeThcsA MiXK
aromamu kucHio (0O1) ta (02). 3a xapaKTepUCTUKAMU, TAKUMU sIK HU3bKa JieJIeKTpUYHA TPOHUKHICTD (er~8.9)
Ta BUCOKUI koedimieHT sixocti (QuXf 31362 I'Tu), cnonyka BaMnV207 nposBisie BifMiHHI MiKpOXBWIbOBI
JlieJIeKTPUYHI BJIaCTUBOCTI. [IpakTUUHe 3HaUeHHA OTPUMaHUX Pe3y/IbTaTiB MOJIATAE B MOXJINBOCTI PO3BUTKY
Ta BAOCKOHaJIEHHA MaTepiajiB 3 BUCOKUMU JieIeKTPUUHUMU BJIACTUBOCTAMM, TaKuX AK BaMnV207, ana ix
3aCTOCYBaHHsA B TeJIEKOMYHIKallillHUX TEXHOJIOTIAX Ta CIpUse po3poOlli OGLIbII KOMIAKTHUX Ta HaAiHHUX
KOMIIOHEHTIB /I eJIeKTPOHIKU.

KirouoBi ciioBa: peHTreHOCTPYKTYPHUM aHasi3; JieJeKTPUYHI BJIACTUBOCTI; TeoMeTpis 3HWOMKH bper-
BbpenTaHo; MmeToZ PiTBenba; pe3oHaTop
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Abstract

Relevance. Modeling is the primary tool for understanding the surrounding world, processes, and phenomena.
The models currently used by humanity are essentially fragmentary (discrete) with certain variations of
correlative generalizations. Therefore, humanity is constantly seeking mathematical formulations that can
encompass the full picture of the Universe.

Purpose. The aim of the research is to analyze the evolution of the theoretical and modeling foundation of the
physical picture of the world with the identification of promising research vectors that have the potential to
form broad generalized models of the Universe, in other words, the theory of Everything.
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Methodology. To achieve this goal, methods of systematization and generalization, meta-analysis, and meta-
synthesis were employed. Since this study is a review and is intended to systematize and deepen knowledge, its
structure is unconventional.

Results. The current model of the scientific landscape is described, based on which the dynamic vectors of
development of the theoretical foundation of the Universe theory were determined. This allowed us to conclude
the current state of the system of physical modeling as the main tool for the civilizational development of
mankind. The research suggests that at the current stage of development of ideas about the physical picture of
the world, M-theory is a potential model of the theory of Everything.

Conclusions. The practical significance of the research results indicates a potential mathematical and theoretical
concept (among existing theories and models) that is relevant and adequate to modern ideas about cosmogony,
phenomena, and the structure of the Universe. This can attract more attention to a certain direction of scientific
research, not only among the professional community but also among the general public.

Keywords: standard model, quantum chromodynamics, quantum electrodynamics, quantum gravity, grand

unified theory, M-theory

Introduction

The development and introduction of new technolo-
gies at the present stage of civilisational chronometry
depend on the theoretical and modelling basis, which
is equipped with an appropriate mathematical appa-
ratus that allows to obtain forecasts of the dynamics
of physical systems with a satisfactory level of correla-
tion concerning natural and empirical observations of
the real world. In this case, the most adequate models
are those mathematical formulations that form the
theoretical basis for a wider range of physical phe-
nomena in a generalised, non-local form that allows
obtaining local solutions for specific initial conditions.
The problem that has been relevant throughout the
development of modelling and constantly requires an
appropriate solution is the deprivation of discreteness
of individual models in terms of their application to the
generalised landscape of the theory of the Universe.

Modelling, as the main tool for studying process-
es, phenomena, and objects, is based on the forma-
tion of concepts of certain algorithmic sequences that
correlate to the conditions of regularities revealed by
natural-empirical or logical-observational methods
from the real world. The formation and study of mod-
els based on the relevant mathematical apparatuses
allow to establish the level of adequacy of perception
of the surrounding reality, as reported in the study by
S. Raczynski [1].

As noted by S. Hawking and L. Mlodinov (as in-
terpreted by A.F. van Biezen [2]), theoretical models,
as the main scientific tool for studying the world and
reality, to meet the criteria of completeness and ef-
ficiency, must meet three main requirements: first,
to have an appropriate mathematical apparatus, sec-
ond, to describe natural phenomena and processes in
the widest possible application with the possibility of
obtaining individual solutions for specific initial con-
ditions of the modelled systems and processes, and

(third requirement) must generate forecast and mod-
el results that should correlate with empirical data.
Given the significant influence of the processes and
results of modelling on scientific thought and the de-
velopment of civilisation, it is reasonable to recognise
that humanity is currently in the paradigm of mod-
el-dependent realism.

In the current state, humanity operates with theo-
retical models that are discrete in nature, as they de-
scribe individual processes and phenomena of exter-
nal natural reality, and therefore, scientific thought is
constantly in the process of searching for a single the-
ory of Everything that can fully describe the essence
and manifestations of the Universe. After the revolu-
tion in the scientific world (with far-reaching conse-
quences in all spheres and branches of human activity
and essence), which was caused by the fundamental
works of A. Einstein, humanity, at the present stage,
has not received scientific concepts that could explain
the universal nature. Many theoretical statements and
formulations have been created, but no scientific con-
cepts have been formulated that satisfy the three con-
ditions of completeness outlined above. However, in
the landscape of scientific works, a concept has been
formulated that currently has significant potential and
claims to be a theory of Everything - the string theory
and the M-theory (following S. Parekh [3]).

As T.A. Mohaupt [4] notes, the basic concepts
of string theory were formed in 1914 and went
through three iterations: zero - the creation of basic
theoretical foundations and two string revolutions,
which eventually led to the creation of a generalising
concept — M-theory.

At the present stage, string theory is in the process
of developing its mathematical apparatus and waiting
for empirical confirmation (or refutation) of the hy-
potheses. Among the latest studies of string theory, it



is worth highlighting the studies of J. Gomis [5] (on
the study of the limitations of bosonic string theory),
S.P. De Alwis [6] (on the combination of string theory
with Wilsonian effective field theory), S. Raucci [7]
(on studies of non-super-symmetric strings, in particu-
lar, their vacuum states), S. Brahma [8] (on studies of
the matrix model of the cosmogony of the Universe),
S. Fumeron [9] (on studies of the topology of com-
pactification spaces of additional dimensions of string
theory), etc. Many studies and layers of hypotheses
require systematisation and building a chronological
vertical containing ordered and mutually consistent
concepts, which in the future becomes a potential sup-
port structure for the development of the investigated
sector of physics.

Thus, it can be stated that string theory is current-
ly well developed and has a thorough mathematical
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apparatus, so the logical goal of the study is to assess
the potential possibility of positioning string theory as
a general mathematical model of the Universe — the
theory of Everything. To achieve this goal, the Scopus
database was searched for scientific sources using the
keywords “Particle physics”, “Theory of Everything”,
“Universe models”, “Quantum gravity”, “Extra-dimen-
sion”, “Compactification”, “Supersymmetry”, “Gauge
fields”. Among the sources found, 35 were selected
for meta-analysis, meta-synthesis, systematisation
and generalisation [10]. Using the method of gener-
alisation, the following conclusions were formulated.

String theory, M-Theory,and the quest for

a unified theory of Everything

Currently, the scientificworld has a generalised concept
of the interaction of four fundamental forces (Fig. 1).

Electro-
magnetism
y/

interaction

Figure 1. Conceptual diagram of fundamental interactions of the Universe

Source: [11]

Each of the fundamental interactions has a par-
ticle of the general class “gauge bosons”, which
transmits these forces (Fig. 2) [11]. The particle that
provides the inert mass of the gauge bosons and the

Gravitation

Boson
|

— Electromagnetism

Strong nuclear interaction

mechanism of spontaneous electroweak symmetry
breaking was discovered by P.W. Higgs. This elementa-
ry particle is named after the inventor — the Higgs bos-
on, which is de facto a quantum of the Higgs field [12].

Graviton - G

Photon - y

Gluon - g

Figure 2. Conceptual diagram of gauge bosons for fundamental force transfer

Source: [11]

Matter also has corresponding elementary parti-
cles, which are part of the general class of fermions,

consisting of three generations of quarks and leptons
(Fig. 3).
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Figure 3. Conceptual diagram of matter fermions

Source: [13]

Classical physical theories are categorically lim-
ited in describing the interaction of fermions and
bosons on the Planck scale, hence the introduc-
tion of quantum physics modelling, which adapts
the corresponding fundamental interactions to the
quantum level.

Thus, the very first fundamental interaction
adapted to the quantum level was quantum electro-
dynamics (QED), a quantum field (relativistic) theory
(formed in the 1940s) that was the first to harmonise
quantum mechanics and A. Einstein’s special theory
of relativity. QED describes the mechanism of electro-
magnetic force transmission via bosons (in particular,
the photon) between charged fermions (reacting to

e-

Time

electromagnetic interaction: electrons and quarks).
The QED model satisfies three conditions of conform-
ity at once (with a very high level of correlation be-
tween empirical and model-predictive data) and has
become a template for adapting other fundamental
interactions to the quantum level [14].

The peculiarity of the first quantum field adapta-
tion is the development by R.F. Feynman of a special
mathematical apparatus based on a convenient graph-
ical representation [15]. Feynman’s mathematical ap-
paratus greatly simplified the calculations and was
used in other relativistic quantum field adaptations of
classical force fields with the account of the boson-fer-
mionic diversity (Fig. 4).

Space =

Figure 4. A simple computational case of Feynman’s mathematical apparatus demonstrating
the electromagnetic interaction between electrons via photon

Source: [15]



The graphically supplemented Feynmanian math-
ematical apparatus is more informative than the usual
mathematical notation given for the calculated case
(Fig. 4) - formula :

c+e e te, )

The quantum principles underlying quantum field
theories (in particular, the principles of quantum un-
certainty by W.K. Heisenberg) allow to establish a sin-
gle chronometry for tracing the motion of a particle,
so R.F. Feyman formulated the principle of statistical
summation of the contributions of all possible histo-
ries of particle motion [16] (Fig. 5).

Figure 5. Visualisation of quantum variability
based on the uncertainty principle
Source: [15]

Therefore, the summation of contributions from
an infinite number of different chronometric trajec-
tories of particles leads to an infinite result, which in
turn requires the introduction of a new mathematical
method — renormalisation. The renormalisation pro-
cess involves subtracting values that are assumed to
be equal to infinity and negative, so that, with care-
ful mathematical calculation, the sum of the negative
infinite values and the positive infinite values that
appear in the theory almost balances out, excluding
a small residual - the final observed values of mass
and charge. Although this method is questionable
from a mathematical point of view, the model pre-
dictions have a significant correlation with the em-
pirical data [17].
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The success of QED prompted further quantum
adaptation of other fundamental interactions. Thus,
in the 1960s, based on the studies of S.L. Glashow,
S. Weinsberg, and M.A. Salam, the electroweak quan-
tum theory was developed, combining QED with
weak nuclear interaction. The electroweak interaction
model predicted the existence of gauge bosons W=,
Z,, which are quanta of massless fields, gaining mass
according to the Higgs mechanism. This model was
empirically confirmed in 1973 at CERN - Conseil Eu-
ropéen pour la Recherche Nucléaire (neutral currents
were detected) and in 1983 (based on the results of
the international UAI and UAZ2 experiments) [18].

The next quantum adaptation was made for the
strong nuclear interaction, which resulted in the
formation of the quantum field theory — quantum
chromodynamics (QFT) in 1973, whose creators are
D.D. Gross, F. Wilczek, and H.D. Politzer. Within the
framework of QCD, thanks to the studies of S.L. Gla-
show, D. Iliopoulos, and L. Mayan, the concept of
the structure of generations of quarks of matter fer-
mions (Fig. 3) was formed. Quantum chromodynam-
ics forms a model of the strong interaction between
quarks (hadrons) via gluon fields [19]. The principle
of interaction within QCD is also described using the
Feynmanian mathematical apparatus (Fig. 6).

Time

Space

Figure 6. Feynman visualisation of QCD processes
(one of the simplest cases): annihilation
of an electron and a positron to form a quark
from an antiquarian and a photon to emit a gluon
Source: [19]

Gluons in QCD have more bosonic variations than
predicted by QCD modelling and were experimental-
ly confirmed in 1979 at the PETRA facility. In 2000,
thanks to the confirmation of the QCD modelling, a
fundamentally new type of matter, the quark-gluon
plasma, was discovered at CERN [20]. The quantum
adaptation of the strong interaction is based on a
more complex mathematical formulation than QED
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and adopts the conditional mathematical concept of
charge colour, and introduces such restrictions and
conditions characteristic of this type of modelling as
the confinement and asymptotic freedom, which were
invented in the formulation and development of the
mathematical apparatus of lattice QED [21].

A logical step in the quantum adaptation of fun-
damental interactions is the quantum gravity model.
Even A. Einstein worked on this step in his time [22].
However, the corresponding model has not been
formed yet, which is primarily due to the lack of un-
derstanding of the process of quantisation of the grav-
itational interaction: the Einstein energy-momentum
tensor acquires the properties of a quantum operator,

Matter |« Higgs

which implies the need to quantise the geometry of
spacetime [23].

The success of the gauge model of the electroweak
interaction led to the development of the Grand Uni-
fied Theory (GUT) in the 1970s, which described the
three fundamental interactions without gravity. A sig-
nificant drawback of the GUT model is the prediction
of proton decay in 10>32 years, which seems unlikely
since the age of the Universe is 10>1° years. Moreover,
it has been experimentally established that the dura-
tion of proton decay can be even longer than predicted
by the GUT model (more than 10>3* years) [24]. Thus,
on the way to creating a unitary theory of the Whole,
humanity has gone through several iterations (Fig. 7).

»| Fundamental relations

bosons

T
v v v !
Electro- Weak Strong .

( magnetics reIation) (relation) <Grav_iahon>

Quantum
electro-
dynamics

ﬁ@

Quantum
chromo-
dynamics

{"Quantum ;
gravitation}é

......................

guantum
theory

Theory of Everything

Figure 7. Conceptual diagram of the current state of the Universe modelling
with indication of iterations of the development of model-theoretical representations
Note: dotted lines indicate hypothetical structural elements that require the formation of appropriate
mathematical and theoretical formulations with subsequent empirical verification

Source: [24]

Experimental confirmation of the existence of the
t-quark (1995), b-quark and tau-neutrino (2000) led
to the formulation of a generalised theoretical con-

cept, the Standard Model [13] (Fig. 8). The standard
model allowed to systematise the boson-fermion in-
teraction [13] (Fig. 9).



three generations of matter
(elementary fermions)

three generations of antimatter
(elementary antifermions)

String theory and theory of everything: Review research

interactions / force carriers
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The standard model is formed in compliance with
the requirements of invariance of transformations,
which form the basis of its mathematical apparatus
in the form of local gauge symmetry for the bosonic
interaction — formula (2) [25]:

SU(3) x SU(2) x U(1), 2
where SU(3) - symmetry group of 8 gluons of the
strong interaction (Fig. 8);SU(2) — symmetry group of
3 weak interaction bosons,W*, W, Z°% U(1) — symme-
try group for photons of electromagnetic interaction.

The Standard Model satisfies the conditions of
completeness to a limited extent: the existence of
gluons (since 1978), bosons W*, W+, Z° (1983) and
H (Higgs boson) (2012) has been experimentally

proven, but since 2021, quantum effects have been
observed (LHCb, Fermilab, CDF), indicating the need
to develop further iterations of modelling in search of
a complete model of the Universe (physics beyond the
Standard Model) [26].

The Standard Model, among other things (gauge
hierarchy, 19 numerical constants, lack of explana-
tions for high-energy physics phenomena, lack of ex-
planations for dark matter and dark energy, etc.), from
the point of view of the development of deterministic
modelling, has a major drawback - the lack of quan-
tum adaptation of gravitational interaction 13]. The
inclusion of gravity in the Standard Model in mathe-
matical modelling leads to the emergence of infinities.
Even the application of the renormalisation methods
used in QED and QCD does not eliminate the absurdi-
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ty of mathematical formulations: the Feynmanian ap- cannot be eliminated by renormalisation within the
paratus for gravity generates quantum infinities that framework of general relativity (GR) [13] (Fig. 10).

Figure 10. Visualisation of the problems of quantum adaptation of gravitational interaction
and its combination with the provisions of the Standard Model
Source: [13]

Following the direction of the Standard Mod- using the principles of supersymmetry, a mathemat-
el, to solve the problem of quantum infinities in the ical model that forms the union of boson-fermion
mathematical modelling of gravitational interaction, fields by creating hypothetical partners for each of the
several theoretical formulations have been developed standardised fundamental particles [27] (Fig. 11).
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Figure 11. Conceptual diagram of boson-fermion supersymmetry with visualisation
of symmetric principles on fundamental interactions (in comparison with the Standard Model)
Source: [27]



In the context of supersymmetric models, a
mathematical formulation for supergravity was de-
veloped. Supergravity is a mathematical model
(a gauge theory of local symmetry) that combines
quantum field theories and GR [28]. Supersymmetry
and supergravity had the potential to remove quan-
tum infinities, since according to the Feynman rules,
positive bosonic infinities annihilated with negative
fermionic infinities. The complete calculation and
construction of a full-fledged model of supergravi-
ty has proved to be an extremely difficult task that
has not been solved. Also, no empirical confirma-
tion of the existence of hypothetical supersymmetric
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boson-fermion partners has been obtained so
far [28]. However, the principles of supersymmetry
are reflected in a fundamentally new concept of a
separate branch of the evolution of the modelling
of the Universe — string theory [29]. The main pos-
tulate of string theory is that all fundamental parti-
cles (bosons and fermions) of the Standard Model
(including gravitational interaction quanta) consist
of the smallest (currently indivisible) elementary
units — quantum strings [3] (Fig. 12). Following the
string hypothesis, quantum strings vibrating on the
Planck scale form all fundamental particles (fermi-
ons) and their interactions (bosons) [4] (Fig. 13).
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Figure 12. Conceptual scheme for comparing the scale of indivisibility
of fundamental particles with the size-energy scale bar

Source: [3]
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String theory combines the theoretical basis of
quantum mechanics and Einstein’s theory of relativity,
and due to the full boson-fermion unification with the
involvement of gravity in the model, it has the poten-
tial to form the theory of Everything (Fig. 7). A signif-
icant advantage of string theory modelling is the ab-
sence of the need to apply the renormalisation method
and eliminate the problem of quantum infinities [3].

However, despite the mathematical integrity
of string modelling, several problems do not allow
this theory to satisfy the defined conditions of cor-
respondence. First, it is necessity to use a multidi-
mensional Universe and the corresponding problem
of infinite methods of reduction (from 26 to 10) and
compactification (from 10 (11) to 4) of dimensions
(the so-called “landscape problem” [29]), which in
turn leads to the prediction of a multiverse in which
different variations of universes with different solu-

tions of multidimensionality compactification are
possible, and, accordingly, there is no full descrip-
tion of the mechanism of formation of the low-ener-
gy state (“vacuum state”) of the observable Universe
(also in this case, there are many discussions about
the proposed anthropic principle [30]). Secondly, the
string theory is inferior in the completeness of the
nonperturbative definition to quantum modelling;
thirdly, the string theory has no empirical confirma-
tion yet, and the recorded quantisation scales of the
gamma-ray burst GRB0O41219A indicate the need to
revise the scale factors of the string model (the quan-
tisation of the radiation was recorded only from the
size of 10“®m, which is much smaller than the pre-
dicted scale of string formations (Fig. 12 )) [3].

The concept of string theory is formed by separate
tertiary calculations, which are eventually combined
into a generalised model, the M-theory [31] (Table 1).

Table 1. Generally accepted systematisation and classification of string modelling

o
& ~ 2 2 |28
< s g 5 |22
2 £28 & | & o |98
ER| EpE B E| Bl ¥ |25
String model type g2 ég 5§ & @ | 8 & 2.8 Additional info
CE| 2% =2 | 5|3 B o &
eo | 98 | O | g | b= = 24
=1 e X IS 8 O [=}
g J e g = =g
£ 7~ EQ 3] g o g
A T o> 128
Bosonic string theory (closed) 26 N=0 - - - - - No fermions
Bosonic string theory (open) 26 N=0 - + - Uu(1) - No fermions
I type superstring theory 10 | N=10 | + | + | = | SO(32) | + -
IIA type superstring theory 10 | N=11| - | = | — u(l) + | Massless nonchiral fermions
IIB type superstring theory 10 | N=20 | + | = | - - + Massless chiral fermions
Strings differ in vibrational
Heterotic string theory HO type | 10 | N=10 | + | — | + | SO(32) + modes based on the
clockwise direction
Strings differ in vibrational
Heterotic string theory HE type | 10 | N=1.0 | + | — | + | E XE, + modes based on the
clockwise direction
. . A generalised solution of
Generalls]\ri’(_it;'gcl)ng theory - 11 | N=10| - | = | - - + | previous superstring models
y and contains D-brane

Source: [31]

The dualities allow combining not only the five
main superstring models into a generalised M-theory
(Fig. 14) but also connecting string modelling with
the quantum field theory of supergravity (through

the AdS/CFT mechanism (Maldacena duality) [32]),
which at this stage allows stating the greatest unity of
scientific thought in creating a complete model of the
Universe (Fig. 15).



String theory and theory of everything: Review research

~ I

N

Sl
(\S
10d A B
16D9 /Q
R %
od )
N4

St

OO

St

Figure 14. The generally accepted system of dual coupling of superstring models with M-theory

Source: [32]

S-duality
SY/Z>

S-duality
Sl

T-duality T-duality

S-duality
gs—)l/gs

Figure 15. Generalised dual coupling system
of superstring models, M-theory, and quantum field
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Therefore, the resulting M-theory assumes string
and brane formations of different topologies as
fundamental parts [33], which can be described using
the Feynman mathematical apparatus — Figure 16.

— >\ /;

Figure 16. Abstraction of the functioning of the
Universe at the level of string-brane formations
and interactions within the framework
of the generalised unitary M-theory
Note 1 — open string formations; 2 — closed string
formations; 3 - fixation of open strings; 4 — D-branes;
5 — Feynman mechanism of string interaction

Source: [32]

The use of string-brane formations (Fig. 16) with
the corresponding mathematical support (Table 1)
and supersymmetry mechanisms allows to provide a
model of the full boson-fermion unification, which is
de facto the area of contact and coordination of nucle-
ar physics, GR, quantum mechanics and cosmogony of
the observable Universe.

Thus, the unitary theoretical positions of the
crown of string modelling, the M-theory, despite cer-
tain contradictions and the lack of technical possibil-
ity of empirical testing, have already been successful,
proving, if not the correctness of the chosen direction
on the way to the theory of Everything, then at least
the closeness to the above-mentioned path of develop-
ment of ideas about the Universe.

After analysing the sources, the following aspects
of the relevance of the scientometric landscape of
string modelling in the current horizon of bibliometric
analysis are stated:

® The development of the theoretical basis of
M-theory is more intensive compared to string theo-
ry itself, but it is more vectorised with clear research
directions;

® Among the identified vectors of the current scien-
tificstate of string modelling, the most prominentare the
holographic principle, six-dimensional branes, brane
interpretations, dualities, canonical singularity, etc;

Therefore, the resulting concept of string model-
ling — M-theory — forms the conceptual foundations
that explain the functioning of spacetime at the deep
Planck level and, although there is no empirical con-
firmation of string postulates and formulations, it is
highly probable that string modelling is the model of
the Universe that Einstein hoped to obtain.

Perspectives on string modelling

in the quest for a unified theory of Everything
String modelling, as one of the trends in the devel-
opment of physics outside the Standard Model and
de facto not a proven theory, is often criticised by
experts, including S.L. Glashow and R.F. Feynman.
However, even though there were such prominent
physicists in the camp of opponents and critics of
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string theory, string modelling continued to develop
and create common ground with other cosmogonic
theories, with quantum adaptations of fundamental
interactions and Einstein’s principles of relativity.

The paradigm of critical thought regarding the
string theory paradigm as a theory of Everything is the
thesis that string modelling is only a rough assump-
tion (zero iteration) of quantum adaptation of gravi-
tational interaction to unify it in the Standard Model
(as A. Einstein assumed), and not a full-fledged fun-
damental theory that can explain cosmogony and the
existence of the observable Universe (Fig. 7) [2].

In particular, it is worth highlighting the following
critical opinions and formulations regarding the rele-
vance of string modelling [34]-[36]:

® based on string theory, it is not possible to ob-
tain a prediction of physical phenomena and process-
es that could be further tested, and, accordingly, could
be either proved or disproved;

® the basic principles of string modelling are not
sufficiently clear and fundamental, and do not contain
clearly defined criteria, which leads to the generation
of sometimes absurd ideas that can be included in the
theoretical background;

® there is a significant influence on the develop-
ment of the theoretical foundations of the opinions
and formulations of string physicists-influencers, as
opposed to conducting real research;

® string theorists have a significant influence on
the social sphere, cultivating ideas about the signif-
icant achievement of string modelling, which is not
always true since string theory is currently purely con-
ceptual;

® string modelling is quite popular (as mentioned
above), which leads to a redistribution of financial
flows and academic support to this sector of physics
rather than to other theoretical approaches;

® string theory uses complex concepts and mech-
anisms that not only do not fully (and sometimes not
at all) describe the observable universe, but also ques-
tion recognised physical phenomena and processes;

® the problem of the landscape and falsification of
various variations of string theories, as well as numer-
ous possible options for compactifying the multidi-
mensionality of the Universe (it is believed that there
are more than 10°®° such options), which was estab-
lished in 2003 by the integration of the observed dark
energy [37; 38] into string modelling generally calls
into question the theoretical basis and fundamentali-
ty of string theory, giving rise to such a controversial
concept as the anthropic principle [30] (either in a
strong or weak formulation), proposed by one of the
string influencers L. Susskind.

The criticism of string modelling began in 1998
with the discovery of dark energy, which resulted
from the fact that S. Perlmutter, B.P. Schmidt and
A. Riess had found that the expansion rate of the

Universe was lower earlier, i.e., the 1925 hypothesis
of J. Lemaitre that the cosmogonic constant was not
stable was confirmed [38].

At present, thanks to the BOOMERanG, MAXIMA
experiments, the WMAP satellite (which observed the
microwave anisotropic relic background radiation,
which became a tangential proof of the inflationary
model of the Universe) and the Planck telescope in
the period 2009-2013, it was established that the ob-
served Universe consists of 74% dark matter [39].
The intensity factor of criticism of string modelling
was increased by the attempt to explain dark energy
within the framework of string theory, which led to
the above-mentioned numerous variations of compac-
tification of the multidimensionality of the Universe
(and, in fact, to the paradigm of the Multiverse) [40].

Even such ideas as the five-dimensional Ran-
dall-Sundrum [41] brane model and the integration
of the positive value of the cosmological constant [42]
created a perception in the scientific community that
these are falsifications to keep attention on string
theory. Important figures among those who criticise
string theory were L. Smolin and P. Voigt, whose pub-
lications significantly intensified the criticism of string
theory that spread not only in the scientific world but
also publicly [43]. However, even these scientists do
not completely exclude string theory, but, as it turned
out, strive for a wider range of studies of the Universe,
not only string modelling.

String theory, despite its well-developed mathe-
matical formalism, teeters on the edge of science and
falsification due to the lack of natural observable ev-
idence, which has led to the formation of two critical
principles described below.

Approach 1 - “String theory explains nothing”. This
position is based on the assertion that over the entire
period of development of string modelling, no clear
predictions have been made about processes and phe-
nomena in the observable Universe that could be ei-
ther confirmed or refuted (K. Popper’s principle). This
critical remark is made in the context of the history
of fundamental particle physics, where most elements
were predicted and confirmed, which created the fun-
damentals of nuclear physics and quantum mechan-
ics. Although K. Popper’s principle of science falsifica-
tion does exist and raises the question of the scientific
validity of string theory, most scientists disagree with
him, because humanity does not currently operate
with technologies that would allow high-energy phys-
ics experiments. Therefore, there is a high probability
that such experiments will be carried out in the future.

However, in this case, the criticism concerns not
only string theory in general but most string theorists,
who are more interested in reconciling the provisions
of string modelling with proven facts and creating in-
teresting mathematical constructions that are largely
abstract. It is this basic critical thought that has been



cultivated by all string critics from R.F. Feyman to L.
Smolin, which is that string modelling has no relation
to empiricism and distorts scientific fundamentalism,
and most importantly, violates the established ap-
proach to research [35]-[37].

Approach 2 — “String theory explains too much”.
The argumentation of this critical perspective on string
modellingisbased on the absence of unique predictions,
since many theories and mathematical apparatuses of
the string landscape describe phenomena and process-
es with quite different results, which do not give un-
ambiguous statements about the nature of the objects
under study, on the contrary, making it impossible to
verify research conclusions due to their high variability.

The rapid development of the theory with many
unverified results causes the model to lose its relevance
as many variations of predictions that cannot be veri-
fied significantly worsen the fundamentalism of string
theory, even worse than with the first critical principle.

The second critical principle evolves from the prin-
ciple of Occam’s razor: string critics are understanda-
bly sceptical of new mathematical constructions and
inventions, without which, following string theorists,
these models are irrelevant.

One of the solutions to the variability of string
modelling predictions is the anthropic principle [30],
following which the observable Universe is exactly
like this because there are people in it. The anthrop-
ic principle (in its strongest formulation) is defended
by many factors, without which the existence of life
would be impossible (the location of our planet near
a single star (about half of the observed stars are bi-
nary); the small ellipticity of the orbit, which allows
the planet to receive solar radiation relatively evenly;
the location of the planet in the circumstellar habit-
able zone, which ensures the relative stability of the
planet’s temperature field, etc.). The weak component
of the anthropic principle also includes assumptions
about the anthropocentricity and creationism of the
cosmogony of the observed Universe (in particular,
due to its chemical composition (with a predominant
amount of carbon as the basis for organic life forms),
successful correlations of fundamental interactions
(with the corresponding cosmological constant and
other constants that are somewhat projective), ), the
four-dimensionality of the observed Universe (which
is associated with gravitational interaction, which,
with increasing dimensionality, would lead to insta-
bility of matter, which is also interpreted in the suc-
cessful compactification of dimensions, according to
the provisions of string modelling). All of these an-
thropic assumptions are a violation of the determin-
istic principles of science and form the opinion in the
scientific community that this is a weak defence of
string theory. However, considering the prediction of
string modelling regarding possible 10° variants of
multidimensionality compactification, which leads to
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the concept of the Multiverse [40], on the contrary,
strengthens the deterministic principle of string theo-
ry, since it turns out that our Universe is not a unique
phenomenon, but only one of many possible variants
in which humanity is lucky enough to appear.

Criticism and constant verification of theoretical
models and assumptions form the true fundamentalism
that is at the heart of civilisational development. There-
fore, a critical look at string modelling, which not only
sought to rid quantum mechanics of renormalisation
methods but also offered potential solutions to quan-
tum gravity in combination with other competing ide-
as and theories, such as L. Smolin’s [44] loop quantum
gravity, will allow to form a true model of the universe.

At present, string theory has an elegant math-
ematical apparatus based on which software and
numerical models are possible, but they will still be
somewhat abstract, but the expectation of confirma-
tion of supersymmetric partners [27] and gravitation-
al waves [45-47] will significantly strengthen the fun-
damental nature of string modelling.

Conclusions
Based on the aforesaid, the following conclusions can
be drawn. String theory/M-theory (in all its varia-
tions) is a formalised concept of a model of the Uni-
verse with a developed mathematical apparatus that is
in dire need of empirical confirmation and fundamen-
tal findings to get as close as possible (or refute) to the
paradigm of the theory of Everything. The history of
the development of string modelling has been going
on for more than 50 years (and, considering the first
concepts, more than 100 years), but string theory has
not come close to the goal of explaining the observa-
ble Universe in all its manifestations and interactions.
Moreover, the predictions of string modelling have led
to the formation of the hypothesis of the Multiverse,
in which our Universe is not a unique phenomenon,
which, in contrast to the anthropic principle cultivated
by the research thought of string theorists, on the con-
trary, significantly strengthens the deterministic ap-
proach to understanding the real picture of the world.

The expected results of high-energy physics ex-
periments to produce supersymmetric boson-fermion
partners and detect gravitational waves (LIGO and
VIRGO detectors) can either refute or confirm the rel-
evance of string modelling. However, while waiting
for the empirical data, string theorists have not stood
still: as this review shows, the string hypothesis and
string mathematics are constantly evolving, focusing
on such areas as the holographic principle, six-dimen-
sional branes, brane interpretations, dualities, the ca-
nonical singularity, etc.

It is possible that string modelling will prove to be
a crude assumption of gravitational interaction quan-
tum adaptation, but this hypothesis has pointed to the
possibility of obtaining a generalised Einstein theory of



everything. Further research should be accompanied
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AHoTaria

AxTyanpHicTh. MoZet0OBaHHS € OCHOBHUM iHCTPYMEHTOM /I PO3YMiHHSA HAaBKOJUIIHLOT'O CBiTY, MPOIIECiB
i aBumi. Mogeni, SKUMU BUKOPHUCTOBYEThCS JIOACTBO B CydacHMH dac, pakTUYHO € dparMeHTapHUMU
(AuckpeTHUMM) i3 TTEBHUMM BapialliiMW KOPEIATUBHUX y3arajbHeHb. TOMY JIIOZICTBO IOCTIHHO IIyKaeE
MaTeMaTH4YHi GOPMY/TIOBaHHS, sIKi MOIIK 6 OXOIIUTH ITOBHY KapTUHY BcecBiTy.

MeTa. MeTo10 ZOCTiKEHHS € aHaJli3 eBOJIOLIi TEOPETUYHOI Ta MOZAENbHOI OCHOBU (i3MYHOI KAPTUHU CBITY
3 izeHTHdiKAlli€I0 TEPCIEKTUBHUX JOCHIIHUIIBKUX BEKTOPIB, IO MalOTh IOTeHIias GpOpMyBaTH LIUPOKi
y3arajbHeHi Mojieni BeecBiTy, To6TO Teopito Beworo.

MeTozonorida. [lnf AOoCATHEHHS MeTH OylM BUKODUCTAHI METOAM CHCTeMaTH3allili Ta ysaraJibHEHHT,
MeTaaHasi3dy Ta MeTacuHTe3y. OCKiIbKHU Ile AOCTiIKeHHA € OIVIAL0M i IpU3HadeHe JJiAd ChCcTeMaTu3allil Ta
norubIeHHs 3HaHb, BOHO TO0Oy/ZIoBaHe Ha HETPAAUIIHHIN CTPYKTYPi.

Pesysnbratu. OnucaHo IOTOYHY MOJENTh HAyKOBOTO JaHAIAadTy, Ha OCHOBI sKOi Oyl BU3HAY€Hi PYXJIUBI
BEKTOPHU PO3BUTKY TEOPETHYHOI OCHOBU TeOpii BcecBiTy, 10 A03BOMMIO 3pOOUTH BUCHOBOK IIPO TIOTOYHUI
cTaH cucTteMy Gi3MYHOTO MOZETIOBAHHA SIK OCHOBHOTO iHCTPYMEHTY ILIMBiMi3al[ifHOTO PO3BUTKY JIIOZACTBA.
JocnipxeHHs 03BOJIsIE BCTAHOBUTH, 10 Ha JAHOMY eTalli PO3BUTKY iZielt mpo ¢i3uuHy KapTHUHY cBiTy M-Teopis
€ TIOTEHI[IHOIO MOZIeJITI0 Teopii Beroro.

BucHoBkH. [IpakTWyHa 3HAUYyL[iCTh pe3y/AbTATiB JOCTI[KEHHSA BKa3ye Ha IOTEHIiHy MaTeMaTU4Hy Ta
TeOpeTUYHy KOHILeMNIlilo (cepes iCHyIOUMX TeOpill Ta Mozeneit), AKa € aZleKBaTHOIO Cy4YacHUM YABIEHHAM
PO KOCMOTOHII0, ABUINA Ta CTPYKTYPY BcecBiTy Ta f03BOJIsIE 3aMyIUTH Oiblle YBary 0 MEBHOTO HAMPAMY
HayYKOBUX JOCTi/KeHb, He Jnllle cepesi mpodecifiHoi CIibHOTH, aje i cepe/ 3arajabHOi IPOMaChKOCTi.

KnrouoBi cioBa: cTaHZapTHa MoZesb; KBAHTOBA XPOMOJVHAMiKa; KBAaHTOBA eJeKTPOANHaMiKa; KBaHTOBA
rpaBiTallif; BeJuKa eAnuHa Teopisi; M-teopia
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Abstract

Relevance. The development of technology for producing new polymer modifications with specific properties,
which remain stable even when exposed to external factors, is a key area of focus for researchers in the field of
high-molecular compounds.

Purpose. The purpose of this study was to create new composite materials based on low-density polyethylene.
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Methodology. The extrusion blowing method on an industrial URP 1500 unit was used for processing low-
density polyethylene (LDPE) and its modified films. Electron microscopic images of the surface were captured
using a S-570 scanning microscope (Japan) at X1000 magnifications.

Results. The composition and quantity of a low-molecular organic additive that alters the electrical
characteristics of low-density polyethylene grade 10803-020 was ascertained. The modified low-density
polyethylene is noteworthy for its minimal usage of additives and their compatibility with technology. Based
on experimental data, it was found that the inclusion of 0.05 wt% phenol-formaldehyde resin in low-density
polyethylene increases its mechanical strength to the highest level when compared to both the unaltered low-
density polyethylene and low-density polyethylene with other additives. Furthermore, the study found that
the addition of phenol-formaldehyde resin in small proportions (0.05 wt%) substantially enhances mechanical
strength at varying temperatures.

Conclusions. The electrophysical characteristics of low-density polyethylene and its modified versions were
comprehensively investigated. The adequately altered low-density polyethylene exhibits considerably improved
mechanical durability. It was indicated that the additives used, at optimal levels, influence the physical

framework of low-density polyethylene, highlighting their technological compatibility differences.

Keywords: degree of crystallinity; activation energy; lifetime, supramolecular structure; polymer; lamellas

Introduction

One of the primary obstacles confronting researchers
in the field of high-molecular compounds pertains to
enhancing the stability of their electrophysical and
mechanical attributes. The need to cultivate new pol-
ymer adaptations with the desired features and sus-
tained against different extraneous factors triggers
the surge in polymeric materials’ incorporation across
multiple sectors of the national economy, instrument
making and electronic industry. This is mainly be-
cause using polymers on their own lacks the necessary
improvements in their electrophysical characteristics,
processing techniques, stability to prolonged expo-
sure to static and dynamic loads, as well as different
radiation and climatic factors, including excessive
temperatures. E.M. Godzhaev et al. [1] and C. Wu et
al. [2] noted that deterioration in the mechanical
properties of polymer materials occurs mainly due to
ionization processes developing in air inclusions and
pores inside the insulation. According to M.A. Ra-
jab et al. [3], a significant breakthrough is occurring
due to the new capabilities of nanotechnology, name-
ly the ability to regulate the supramolecular structure
of polymer composites.

S. Mohandesnezhad et al. [4] found that the
most accessible methods for increasing the electrical
and mechanical properties of polymers is to modify
them with micro and nano additives of organic and
inorganic products. The current technology used for
producing polymer modifications enables the crea-
tion of mechanical and dielectric materials with di-
verse properties through the combination of polymers
and additives. The role of micro and nano additives
as crystal-forming agents, which form the fine-crys-
talline structure of the polymer, has also been rigor-
ously described and studied. Sh. Zeynalov et al. [5]

has demonstrated that the claim stating that a finely
crystalline supramolecular region in polyolefins rep-
resents the most advantageous form of polymer struc-
ture, associated with a range of valuable physical and
mechanical attributes, is widely held.

Extensive research has investigated changes in the
mechanical strength of polymers, specifically LDPE
(low-density polyethylene), with various additives.
However, information regarding the influence of ad-
ditives on the mechanical and electrical properties
of LDPE is significantly limited. Previous studies [6]
have observed changes in the mechanical strength of
polymers through the introduction of fillers and addi-
tives. Thus, the strength of low-density polyethylene
is enhanced to a small extent upon the addition of
phthalic anhydride and orthophenylinediamine.

F. Liet al. [7] considered that adding phenol-for-
maldehyde resin sizing significantly enhances the me-
chanical properties of injection-molded short carbon
fiber-reinforced polyethersulfone composites. This
procedure leads to augmented strength, stiffness,
and fracture resistance of the material. Consequently,
the resulting polymer composites possess the poten-
tial for application in diverse high-tech circumstanc-
es where mechanical performance is of utmost im-
portance. Nonetheless, this composition is deficient
in mechanical strength. The mechanical strength of
this composition is within 16-18 MPa [8]. Although
this area has received much attention, film aging dur-
ing operation is still a significant issue. The purpose
of this study was to design new polymer composite
materials with considerably enhanced electrical prop-
erties, as well as to minimise the rate of film aging
during their operation, as well as their dependence
on the supramolecular structure.



Materials and Methods

The developed modifications of LDPE were processed
into films at industrial plastic processing units on the
LDPE 10803-020 (Azerbaijan) grades in two stag-
es. The proposed additives were introduced into the
feedstock, granulated LDPE 15803-020 with a mo-
lecular weight of M-8.45 104 by mechanical mixing.
Phenol-formaldehyde resin (PFR), chemical formula
[-C6H3(OH)-CH2]n was used as an additive. The thick-
ness of LDPE films and its compositions is 50-60 wm.
Additives were introduced into LDPE by mechanical
mixing. Before adding the additive to the LDPE, it was
dispersed using a sieve analysis on a grain composi-
tion machine. The particle size was less than 50 um.

The installation for sieve analysis consisted of an
exhaust drive and a set of sieves. The set of sieves is
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selected in such a way that the entire range of grain
sizes of the bulk material being tested is covered (5-6
sieves). At the very bottom there is a sieve plate to
catch the last sifting. The vibration drive imparts vi-
bration and rocking movement to the sieves installed
and secured to it. The duration of sifting for coarse-
grained material was 10 minutes, for fine-grained ma-
terial about 20 minutes.

On a vibration drive, the time and strength of
vibration were regulated by a timer. Dependency
7= f(0) i.e., the time elapsed from the moment the
sample was loaded until it broke, was determined
using a tensile testing machine (Azerbaijan) that en-
sured constant mechanical stress throughout the ex-
periment [9; 10] (Fig. 1).

Figure 1. Installation for determining the strength of polymer film dielectrics
Note: 1, 2 — electrodes; 3 — sample; 4 — tips; 5 — lever device; 6 — ball; 7 — security ring; 8 — springs

Source: photographed by the authors of this study

LDPE and its modified variants were processed
into films via extrusion blowing using an industrial
unit URP-1500-2 (Russia). URP-1500-2 produces film
from 30 to 150 um, sleeve width 1500 mm (without

fold), productivity ~70 kg/h, rotation unit on the
head. The unit was set technological mode of pro-
cessing and obtaining a film with a thickness of 20 to
50 + 4 um (Table 1).

Table 1. Norms of the technological mode of the unit URP-1500-2
to produce films by blowing (inflating method)

The value of the measured parameter

Parameter name L 5L P : ;
measurement | Initial Raw material Raw material LDPE +
brand 10803-020 0.05 wt% PFR
2
1. Temperature by cylinder zones 0°C
Zone 1 «» 110 130
Zone 2 «» 135 150
Zone 3 « 140 160
Zone 4 « 150 170
2. Temperature by filter zone 0°C
Zone 5 «» 160 170
3. Temperature by head zones: 0°C
Zone 6 150 170
Zone 7 150 170
Zone 8 145 165
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Table 1. Continued

—
N
w
N
92}

4. Auger rotation speed rpm 20 20
5. Load on the main motor A 28 42
6. Take-up roll speed m/min. 13 13
7. Winding roller speed m/min. 13,5 13,5
8. Geometric dimensions of the film:
@ sleeve width mm 600 600
® film thickness um 20+40=4 20+40+4
9. Performance kg/h 25 25

Source: [11]

A qualitative assessment of the change in the
structure of the LDPE film, with the introduction
of small additives, was the determination of the
morphology of supramolecular formations by the
method of scanning electron microscopy and X-ray
diffraction. Electron microscopic photographs of
the surface were taken on an S-570 scanning mi-
croscope (Japan) at x1000 magnification. The
samples were glued onto object machines, sprayed
with a thin layer of Pt-Pd on a JB-3 installation (Ja-
pan). The morphology of supramolecular forma-
tions using scanning electron microscopy and X-ray
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Figure 2. Dependence of the mechanical strength
of LDPE (3) and its composition with additives 0.05
wt% (1), 0.07 wt% (2), 0.01 s% (3), 0.1 wt% (PFR)
Source: developed by the authors of this study

The functional relationship between durability 7 ,
mechanical stress ¢ and temperature T was obtained
for a wide class of materials [12; 13].

Up—ao
T, =Tp€ KT (@D)

where 7, U, and « are parameters that determine the
strength properties of the material under study.

As the above dependence suggests, the durability
of these samples clearly depends on the magnitude
of the breaking stress o; with a decrease in voltage,

diffraction analysis was carried out at the Azerbai-
jan State University.

Results and Discussion

Figures 2 and 3 illustrate the time dependences of
mechanical strength for pure LDPE (3) and with addi-
tives of 0.01, 0.05, 0.7 and 0.1 wt% phenol-formalde-
hyde resin (4, 1, 2, 3, and 5), respectively, in semi-log-
arithmic coordinates Igr = f(¢) and dependence Igr on
mechanical load ¢ at different temperatures (163,
133, 103K) for the original LDPE and for its opti-
mum modification LDPE + 0.05 wt% PFR (Fig. 3).
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Figure 3. Force dependences of the durability of the
LDPE film (1-3) and its optimal modification LDPE +
0.05 wt% PFR (1°-37) at different temperatures (T,
K); 1.1-163; 2.2-133; 3.3-103K

Source: developed by the authors of this study

the durability 7 increases greatly, i.e., the well-known
equation for durability is fulfilled at T = const:

7 =Aexp(-a0), (2)

where the parameter A and « are constant coefficients
that determine the dependence of durability on stress
at a constant temperature at which tests are carried
out. The linear dependence Igz on ¢ is also justified at
different temperatures (163, 133, 103K) for the origi-
nal LDPE and for its optimal modification.



As Figures 2 and 3 suggest, the introduction of
0.05 wt% phenol-formaldehyde resin into LDPE leads
to a significant increase in the mechanical strength of
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the polymer composition by more than 20%. The cal-
culated values of the parameters of the LDPE film and
its optimum modification are presented in Table 2.

Table 2. Values ¢, U, « for LDPE and its optimal modification

Material

LDPE (no additive)

LDPE + 0.05 wt.% phenol-formaldehyde resin

kcal kcal
o, C 0 mote a uPa o, uPa 163K
1012 21 0,073 16,2
1012 21 0,061 20

Source: developed by the authors of this study

From the data of the tables obtained as a result of
testing the LDPE film and its optimal modification at a
constant temperature (133K) and a constant rupture
time (r = 1c), it can be seen that the coefficients U,
and 7, are constant for samples from the LDPE film
and its optimal modification. The proposed additive
leads to a decrease in the a coefficient and a signif-
icant increase in mechanical strength (from 16.2 for
the original LDPE to 20 MPa for the modified one).
The constancy of the values and activation energy U,
of the original LDPE and its improved modification is

mainly due to the same chemical bonds U, [14; 15].
The mechanical strength of the LDPE film noticeably
increases when 0.05 wt% PFR is included in its com-
position. This can be attributed to the supramolecular
fine spherulite structure that forms within the LDPE.
The investigation into LDPE with the use of scanning
electron microscopy allowed for a greater comprehen-
sion of the supramolecular arrangement of the exam-
ined specimens. Figures 4 and 5 display micrographs
of the primary PE (polyethylene) and PE with the in-
clusion of phenol-formaldehyde resin.

Figure 4. Micrographs of LDPE film
Source: developed by the authors of this study

Observations reveal that the introduction of ad-
ditives into LDPE at a concentration of 0.05 wt% PFR
leads to the growth of larger structural formations, re-
sulting in an enhanced continuity or packing organi-
zation. The resulting structural elements are in the na-
ture of lamellas intertwined within a certain polymer
microvolume and at the same time passing in the form
of an intrusion into neighbouring structural elements
similar in structure. H. Hamadache et al. [16] not-
ed that to acquire a three-dimensional image of the
surface, a scanning electron microscope is utilised by
employing electrons that are either scattered or emit-
ted by the sample’s surface. In this case, the sample is
fixed, dried, and coated with a thin film of heavy met-
al, and then scanned with a narrow beam of electrons.
R. Hsissou et al. [17] discussed the different types of

Figure 5. Micrographs of LDPE film with the content
of the modifying additive (PFR) 0.05 wt%
Source: developed by the authors of this study

polymer composites, including polymer-matrix com-
posites (PMCs), metal-matrix composites (MMCs),
and ceramic-matrix composites (CMCs). Each type
had unique properties and applications. It explored
the various reinforcement materials used in polymer
composites, such as carbon fibres, glass fibres, and
nanoparticles. Additionally, the choice of polymer
matrix, such as epoxy, polyester, or thermoplastics,
was discussed in detail. This review covered common
manufacturing processes for polymer composites, in-
cluding methods like hand layup, filament winding,
and resin transfer moulding (RTM). Each process is
explained, along with its advantages and limitations.
V. Biziks et al. [18] focused on evaluating the changes
in the mechanical properties of LDPE when it is com-
bined with phenol-formaldehyde resin. Mechanical
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properties include attributes like tensile strength, im-
pact resistance, and elasticity. The study aimed to de-
termine whether the addition of phenol-formaldehyde
(PF) resin enhances or alters these properties. To
mechanical testing, the study conducted a structural
analysis of LDPE after the introduction of phenol-for-
maldehyde resin. This analysis involved techniques
such as microscopy or spectroscopy to examine chang-
es in the molecular and crystalline structure of the
material. Understanding how PF resin affected LDPE’s
mechanical properties and structure is relevant to in-
dustries that utilize LDPE in composite materials.

In the unaltered polyethylene, the nature of struc-
ture concentrators is similar to those of the modified
samples, but with the difference that they often rep-
resent separate, unconnected islands. Based on mi-
crophotography data and a comparative analysis, we
can assert that PFR microadditives can accelerate the
process of structure formation on the supramolecular
surface. These microadditives penetrate mainly into
the amorphous phase of the polymer, creating centres
for structure formation. The elements of these centres
then intertwine with polymer crystallites, forming a
single, ordered structure with a high degree of pack-
ing. It is evident that PFR microadditives have a sig-
nificant impact on structure formation. The polymer’s
structure does not take the form of spherulitic for-
mations, as many researchers believe. Instead, it has
a lamellar structure. The added additive accelerates
the polymer’s crystallization and creates larger struc-
tural elements composed of lamellas bound in vari-
ous directions, irrespective of the film’s orientation.
E.U. Van Velzen et al. [19] researched that Recycled

polyethylene (PE) is widely used in various applica-
tions, including packaging, construction, and automo-
tive industries. During recycling processes, impurities
such as contaminants, additives, or residues from pre-
vious use may be introduced into the recycled materi-
al. The mechanical properties of PE, including tensile
strength, elongation, impact resistance, and stiffness,
are critical for determining its suitability for specific
applications. Understanding how impurities influence
these properties is essential for ensuring the quality
and performance of recycled PE products. Impurities
in recycled PE can be diverse and include foreign par-
ticles, residues of other polymers, pigments, additives,
and degradation products. Each type of impurity may
have a different effect on the mechanical properties
of the material. Y. Hiejima et al. [20] and N. Darie-
Nitd et al. [21] noted that LDPE is a widely used pol-
ymer in various applications, including packaging
materials. However, when exposed to environmental
factors such as UV radiation, LDPE can undergo pho-
todegradation, leading to changes in its chemical and
structural properties. The study delves into the subtle
structural modifications that occur at a microscopic
level within LDPE when subjected to photodegrada-
tion. These changes may not be visible to the naked
eye but can significantly affect the material’s proper-
ties [22].

An improved organisation of the polymer surface
should lead to an increase in the degree of crystal-
linity. Nevertheless, according to the experiment, the
degree of crystallinity barely changes. This is also sup-
ported by the X-ray diffraction experimental results
outlined in Table 3.

Table 3. Size and degree of crystallinity of LDPE and its optimum modifications

Material Crystal size Degree of crystallinity %
LDPE 10803-020 (original) 126 41
LDPE 10803-020 + 0.05 wt% PFR 130 40

Source: developed by the authors of this study

The obtained data enable a scientific approach to
explaining experimental results, establishing the cor-
relation between polymer product structure and prop-
erties, and conducting a focused search for the opti-
mal alloying additives that can enhance the physical,
mechanical, and technological characteristics of the
polymer [23]. Consequently, through comprehensive
analysis of modified low-density polyethylene sam-
ples with the inclusion of phenol-formaldehyde resin,
we found the connection between the supramolecu-
lar structure type and the physicochemical, strength,
and technological attributes of polymer products. This
study investigated the temperature-time dependence
of the mechanical strength of LDPE (low-density pol-
yethylene) polymer films and its modifications un-
der the simultaneous action of a mechanical load on

them. The mechanical load value was selected to pre-
vent any stretching or rupture of the test specimens
caused by orientation.

Conclusions

Polymer composite materials based on low-density pol-
yethylene grade 10803-020 containing a significantly
small amount of the organic additive phenol-formalde-
hyde resin were obtained. It was revealed that composi-
tions with additives of 0.05 wt% phenol-formaldehyde
resin significantly improve the physical, mechanical,
and technological properties of the polymer, and the
mechanical strength of the material increases signifi-
cantly. In addition, it was found that phenol-formalde-
hyde resin in a small amount (0.05 wt%) significantly
increases mechanical strength at various temperatures.



The study showed that a change in the properties
of LDPE when modified by the addition of phenol-for-
maldehyde resin (0.05 wt%) is reflected in changes
in the structure-sensitive coefficient o alone (and an
increase in strength properties corresponds to a de-
crease in o, and their decrease-increase in o). When
adding phenol-formaldehyde resin additives to LDPE,
a decrease in local stresses occurs (a decrease in the
coefficient ), then according to the proposed mech-
anism, the probability of perturbation of chemical
bonds decreases, as a result of which the mechanical
strength increases.

The microstructures of low-density polyethylene,
which were modified with phenol-formaldehyde res-
in, underwent analysis through the use of electron
scanning microscopy and x-ray diffraction techniques.
Based on microphotography data and a comparative
analysis of the structure, we can confidently state
that microadditives of phenol-formaldehyde resin
can accelerate structure formation on a low-molec-
ular-weight surface. By primarily introducing these
additives into the amorphous phase of the polymer,
they create formation centres. The resulting elements
interweave with the polymer’s crystallites, culminat-
ing in a solitary ordered structure with a superior de-
gree of packaging. The polymer’s structure deviates
from spherulitic formations, once believed by most
researchers, and instead exhibits a lamellar structure.
The added additive’s capacity to hasten polymer crys-
tallization generates larger structural components
consisting of lamellae that are interwoven in different
directions, irrespective of the film’s orientation.

Thus, as a result of comprehensive studies of sam-
ples of modified low-density polyethylene phenol-
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formaldehyde resin in the optimal amount (0.05 wt%)
according to the physicochemical, strength and tech-
nological characteristics of film samples, we have
established the relationship between the type of su-
pramolecular structure and the properties of polymer
products. The ability of the organic additive phe-
nol-formaldehyde resin to act as a structure former
has been shown. It has been established that the spec-
ified organic additive is an effective lamellar structure
former. It has been shown that this type of structure
contributes to the production of a new polymer com-
position with specified physical, mechanical, electro-
physical and technological properties.

To determine the most suitable conditions for pro-
cessing and operating polymers, one must have a com-
prehensive understanding of their behaviour in the
crystalline glassy and viscous-flow states, as well as
the corresponding transition patterns between these
states. In this respect, it is intriguing to assess the im-
pact of precise minor additives on the speed and proce-
dure of polyethylene crystallization. The study exam-
ined dielectric properties, such as specific volumetric
electrical resistance, dielectric losses, and the dielec-
tric constant of the polymer composition under review.

Further investigation into the physical and chem-
ical properties of these materials could involve exam-
ining their interactions and the impact these interac-
tions have on the mechanical strength of LDPE.
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AHoranig

AxTyanbHicTb. OZHVM 3 OCHOBHUX aKTyaJIbHUX 3aB/laHb, 1[0 CTOSTH Iepe/ AOCTiIHUKAMU, SKi MPaIloI0Th Y
rajay3i BUCOKOMOJIEKYISAPDHUX CIIONYK, € po3poOKa TEXHOJIOTIl ofepKaHHsA HOBUX MoAMdiKalliii mosiMepis i3
3aJlaHUM KOMILIEKCOM BJIACTUBOCTEH Ta BiIHOCHO CTaOLIPHUX 110 BiZIHONIEHHIO /10 BIUIMBY 30BHIIIIHIX YUHHUKIB.

MeTa. MeTol0 HayKOBO-ZOCTIZIHOI poboTH 6Y/l0 CTBOPEHHS HOBUX KOMIIO3WIIMHMX MarepialiB Ha OCHOBI
ToJIieTUIeHy HU3bKOi TYCTUHU.

MeTtogosoria. IlepepoOKy TMOJieTHIeHy HU3bKOI HIUIBHOCTI Ta Horo po3pobieHy Moaudikallilo B IUTiIBKU
37IiliCHIOBaJIM METOZIOM eKCTPY3iliHOr0 po3ZlyBaHHS Ha mpoMucIoBili yeranos1i mapku URP 1500. EnexkTponHo-
MiKpocKomivHi ¢poTorpadii moBepxHi BUKOHYBaJIM Ha CKaHYIOYOMy Mikpockori S-570 (AmoHist) npu 36iiblIeHH]
X1000.

PesysnbraTi. BusHaueHO CKIaITAKITbKICTh HU3bKOMOJIEKYIAPHOI OPraHiYHOi 106aBKH, IOMOAU QiKyE eIEKTPUYIHI
BJIACTUBOCTI MOJIieTIIEHY HU3bKOI TycTuHU Mapku 10803-020. Po3pobieHa Moaudikalis mosieTiieHy HU3bKOi
TYCTUHU BiIpi3HAETHCA 3HAYHO MEHIIOIO KUIbKICTIO BUKOPUCTAHUX 00ABOK Ta iX TEXHOJOTIYHOI CyMiCHIiCTIO.
Ha ocHOBIi excniepuMeHTaNIbHUX JJAHUX BU3HAUEHO, 110 3a BMicTy 0,05 Mac. % deHonpopmMaIbAeriiHOI CMOIN
B IIOJIieTWIEeHi HU3bKOI I'YCTUHU MOr0 MeXaHiuHa MIlHICTh JjocATa€ MaKCUMaJbHOTO 3Ha4eHH: MOPiBHAHO fK 3
BUXIJHUM IOJIi€THIEHOM HU3BKOI TYCTUHU, TaK i 3 TOTieTUIeHy HU3bKOI TYCTHHU 3 iHIIUM BMICTOM Z00aBOK.
BcraHoBeHO, 10 deHombopManbieriiHa cMoia B HeBelnukii KimbkocTi (0,05 mac. %) CyTTEBO TMigBUIIyE
MeXaHIYHy MIlIHICTh 3a Pi3HUX TeMIeparyp.

BucHoBKkuU. [IpoBe/ieHO cricTeMaTHYHe JOCTiKeHHA e/leKTpodisnuHuX BiractusocTelt [THI Ta fioro po3pobieHux
Mozaudikaniit. OnTuManbHO MOAMGIKOBAaHUM MMOMieTUIEH HU3bKOI I'YyCTUHY Ma€ CyTTEBO MiIBUIIEHY MeXaHidHy
MillHicTh. [IoKa3aHo, 110 BUKOPUCTaHi J0OaBKY B ONTHUMAJIbHOMY BMICTi BIUIMBAIOTh Ha (i3UUHYy CTPYKTYPY
TTOTieTUIEHY HU3bKOI T'YCTUHU, TOOTO BiIPi3HAIOTHCS TEXHOJIOTIYHOO CYyMiCHICTIO.

KirouoBi cioBa: icTymiHb KPHCTaNiYHOCTI; €Heprisi akTUBAllii; yac KUTTS; HaAMOJEKYJIpHA CTPYKTYpa;
nojimep; Jamerti
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