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GENERAL CHARACTERISTICS OF THE  
RESEARCH WORK 

 
Relevance and degree of elaboration of the topic.  
Presently, the obtaining of composite materials based on 

polymers with the addition of nanodispersed fillers, the study of their 
structure and properties are major research priorities in the polymer 
chemistry and the polymer physics, as well as in the modern 
radiation materials science. Thus, currently polymer-based composite 
systems obtained with the addition of inorganic nanofillers are the 
most relevant and important group of materials in terms of wide 
application range and high hybrid properties. For this reason, in 
modern developed countries, the development of polymer 
nanocomposite systems in various fields of science, technology and 
industry, the identification of modification opportunities and their 
potential application in various fields have become a very important 
strategic task. The rapid development of polymer materials 
technologies and numerous studies have shown that effective 
changes in the properties of composite materials can be achieved by 
reducing the filler size to the nano scale. Nanocomposite materials 
are many times more efficient than microcomposites. Therefore, 
nanocomposites were able to replace microcomposites in a short 
time. 

It should be noted that the addition of inorganic nanoscale 
spherical particles to the polymer matrix, along with modification of 
the properties of polymers, gives the material new smart and hybrid 
properties. Thus, the high-performance properties of a composite 
material are many times better than those of a polymer matrix, 
depending on the size, shape, specific surface area of particles, 
chemical nature, distribution mechanism, interaction with the matrix, 
etc. 

Currently, radiation technologies are widely used to improve 
the physical and chemical properties of polymer and composite 
materials for high-tech applications. Ionizing radiation leads to 
irreversible physicochemical changes at the macromolecular level in 
the structure of the target material. The collapse of macromolecular 
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chains, the breaking of a number of chemical bonds, intermolecular 
construction, the formation of free radicals, the hydrogen yield, and 
some oxidation processes are clear examples of this. 

The composites are more relevant materials due to high 
physical and mechanical properties (high degree of hardness, 
mechanical strength, resistance to impact, friction and corrosion), 
light weight, practical use in a wide temperature range (-80 - 
+120oC), as well as technological simplicity in the production of any 
configured details, in terms of saving on metals and alloys, as well as 
due to the long lifetime. 

Temperature-frequency dependence of electrophysical 
properties of polymer nanocomposite materials, conduction 
mechanisms, polarization and dielectric relaxation processes, as well 
as the study of the structure of this complex multicomponent system, 
the study of filler distribution in polymer matrix, interfacial effects at 
polymer-filler boundary, as well as the study of effect of ionizing 
radiation on the stucture and properties of these materials and 
management of these properties are very important issues. It should 
be noted that polymer-based materials are very promising as an 
electroactive converter element for future generations of electronic 
devices and systems. The nature of interfacial processes and 
dielectric relaxation mechanisms in composite materials is still 
poorly understood from a scientific point of view. Optimization of 
the interfacial boundary layer between the organic matrix and 
inorganic fillers by the surface activation of the filler nanoparticles is 
an important condition for ideal compatibility of the filler polymer. 
Interfacial processes can be used to improve the electrical strength of 
a material or to increase its sensitivity to polarization. The 
dependence of dielectric properties of composites on the chemical 
structure of the polymer and filler and also on the size and 
morphology of the fillers, as well as the optimization of the volume 
share of both fillers in the matrix for nanocomposites with hybrid 
fillers should be investigated in future studies. Extensive studies are 
needed to understand the migration and accumulation of charges on 
the surface of two different fillers and a polymer matrix, as well as 
the dielectric relaxation processes.  
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Considering all of the above, comprehensive study of the effect 
of ionizing γ-radiation on the electrophysical, structural-
morphological and thermophysical properties of high-density 
polyethylene (HDPE) -based HDPE/ZrO2 and HDPE/SiO2 composite 
layers with the addition of nanofillers, as well as the study of changes 
occurring in the properties of the material depending on the radiation 
dose and volume amount of filler is the indicator of the urgency and 
necessity of the work. The selection of different ZrO2 and SiO2 
particles here allowed us to clarify the relationship between the 
surface properties of the filler and its effect on the structure and 
morphology of the HDPE matrix. Possible future perspectives and 
problems in the application and further development of polymer and 
metal oxide-based nanocomposite materials were discussed in the 
dissertation work.  

Aims and objectives of the research:  
The purpose of the dissertation was to study the effects of γ-

radiation on the structure and dielectric relaxation processes of 
HDPE/ZrO2 and HDPE/SiO2 nanocomposites obtained on the basis 
of high-density polyethylene (HDPE) modified with nano-ZrO2 and 
nano-SiO2 metal oxide particles. In particular, it is planned to define 
the correlation between the structural changes that occur under the 
influence of radiation and the relaxation processes of electrophysical 
characteristics, as well as to study the possibility of practical 
application of nanocomposites. 

The following issues have been resolved to achieve the goal 
indicated in the dissertation: 

• Determination of the preparation technology of polymer 
composites based on high-density polyethylene (HDPE) and nano-
ZrO2 and nano-SiO2 metal-oxide particles and obtaining HDPE/ZrO2 
and HDPE/SiO2 nanocomposites with different volume 
concentrations; 

• Irradiation of the obtained HDPE/ZrO2 and HDPE/SiO2 
nanocomposite layers with ionizing γ-radiation at different doses 
(100, 300, 500 kGy) in the MRX-ɣ-25M device based on the 60Со 
isotope; 

• Study of the ionizing γ-radiation effect on the structural 
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morphology of metal-oxide filled HDPE/ZrO2 and HDPE/SiO2 
nanocomposite layers; 

• Study of dielectric relaxation processes and electrophysical 
properties of HDPE/ZrO2 and HDPE/SiO2 nanocomposites before 
and after γ - irradiation; 

Research methods: The following methods were used in the 
study of thin layers of nanocomposite HDPE/ZrO2 and HDPE/SiO2 
obtained by thermal pressing from a mechanical mixture of high-
density polyethylene (HDPE) and components: 

- MRX-ɣ-25M gamma irradiation device working based on 
Co60 isotope for the modification of polymer and composite layers; 

- Study of electrophysical properties of polymers and 
nanocomposites, initial and modified by γ-rays, by the method of 
dielectric spectroscopy; 

- Polarization of obtained HDPE/ZrO2 and HDPE/SiO2 samples 
by coronal discharge method; 

- Thermoactivation spectroscopy - recording of the spectrum of 
thermostimulated depolarization (TSD) currents; 

- Small-angle neutron scattering (SANS), small-angle (SAXS) 
and wide-angle (WAXS) X-ray scattering methods; 

- Atomic force microscopy (AFM) and scanning electron 
microscopy (SEM) 

- Differential scanning calorimetry (DSC), Thermogravimetric 
analysis (TGA), X-ray difraction analysis (XRD), Raman and 
Infrared (FT-IR) Fourier spectroscopy methods; 

The main scientific provisions submitted for defense: 
1. Volume distribution of nano-ZrO2 and nano-SiO2 metal-

oxide particles in a high-density polyethylene (HDPE) matrix and the 
structural changes they cause in the matrix; 

2. Surface morphology of nano-ZrO2 and nano-SiO2 metal-
oxide particles, its role in polymer-nanoparticle interfacial processes 
and in the crystallization kinetics of macromolecular chains, the 
dispersion degree in the polymer matrix and the effect on the crystal 
structure of the polymer; 

3. Effect of ionizing γ-radiation on the fractal-aggregate 
structure of HDPE/ZrO2 and HDPE/SiO2 nanocomposites and its role 
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in polymer-nanoparticle interfacial processes; 
4. Effect of ionizing γ-radiation on the kinetics of melting, 

crystallization and thermal degradation of HDPE/ZrO2 and 
HDPE/SiO2 nanocomposites;  

5. Influence of interfacial processes on the charge state in 
HDPE/ZrO2 and HDPE/SiO2 nanocomposites initial and modified by 
ionizing γ-radiation; 

6. Evaluation of dielectric relaxation processes according to 
the temperature and frequency dispersion of electrophysical 
characteristics (ε, tgδ) of nanocomposites HDPE/ZrO2 and 
HDPE/SiO2 initial and modified by ionizing γ-radiation; 

Scientific innovation of the research: 
1. The effect of ionizing γ-radiation on the structural-

morphological structure, electrophysical and thermophysical 
properties of polymer composites obtained at different volume 
concentrations of nano-ZrO2 and nano-SiO2 metal-oxide particles on 
the basis of HDPE was studied. 

2. It has been experimentally determined that the nature of the 
interfacial region formed at the polymer-nanofiller boundary and the 
polymer-filler interaction are strongly dependent on the dose of 
ionizing γ-radiation and the surface morphology of the nanoparticles. 

3. The effects of ionizing γ-radiation and nanofiller on the 
crystal-lamellar and fibril structure of the polymer matrix were 
studied separately. 

4. The effect of ionizing γ-radiation on the kinetics of melting, 
crystallization and thermal degradation of the polymer matrix in 
HDPE/ZrO2 and HDPE/SiO2 nanocomposites was investigated; 

5. Correlation between the physicochemical changes formed in 
the structure of HDPE/ZrO2 and HDPE/SiO2 nanocomposite layers 
by γ-radiation and their dielectric relaxation and thermophysical 
properties was determined. 

Theoretical and practical significance of the research: 
The study of ionizing γ-radiation effect on the structural 

morphology, electrophysical and thermophysical properties of 
polymer-metal oxide composite systems, (dependence of 
electrophysical and thermophysical characteristics on the size and 
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concentration of the filler, absorption dose of ionizing radiation, 
temperature and frequency); as well as, the determination of 
structural changes and correlation between properties can be used in 
the fundamental research and in the development of next-generation 
multifunctional polymer composite materials for radiation material 
science and nanotechnology. Another practical significance of the 
work is to allow creating new types of special electrical insulation 
systems for the new generation electronic devices and systems with 
desirable properties, as well as in high-voltage technologies by 
improving the basic material properties of the polymer matrix. These 
materials can also provide effective radiation protection of 
navigation devices of spacecraft, instrument panels of special devices 
operating in high radiation background. 

Approbation and application of research work: 
The results of the dissertation were discussed at the following 

international and national scientific conferences: 
 4th International Summer School and Workshop “Complex and 

Magnetic Soft Matter Systems: Physico-Mechanical Properties and 
Structure”, April 19-23, 2021, Timisoara, Romania; 

• International Conference “Condensed Matter Research at the 
IBR-2”, October 12-16, 2020, Dubna, Moscow region, Russia; 

• Multidisciplinary approaches in solving modern problems of 
fundamental and applied sciences (Natural sciences), March 03 – 06, 
2020, Azerbaijan National Academy of Sciences - Baku, Azerbaijan; 

• The 19th International Balkan Workshop on Applied Physics 
and Materials Science, July16-19, 2019, Constanta, Romania;  

• The 18th International Balkan Workshop on Applied Physics 
and Materials Science, July10-13, 2018, Constanta, Romania; 

• The Conference on Neutron Scattering in Condensed Matter 
NSCM-2018, September 17-21, 2018, St. Petersburg, Peterhof, 
Russia; 

• 3rd International Summer School and Workshop “Complex 
and Magnetic Soft Matter Systems: Physico-Mechanical Properties 
and Structure”, June 28 – 30, 2017, Dubna, Russia; 

• International Conference “Condensed Matter Research at the 
IBR-2” October 9-12, 2017, Dubna, Russia; 
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• International Scientific Conference of Students and Young 
Scientists, October 17–20, 2017, Donetsk, Ukraine; 

• Republican Scientific Conference on “Macromolecular 
chemistry, organic synthesis and composite materials” dedicated to 
the 50th anniversary of the Institute of Polymer Materials of ANAS, 
October 20-21, 2016, Sumgayit, Azerbaijan; 

• VII Eurasian Conference “Nuclear Science and Its 
Application” Azerbaijan, Baku, October 21-24, 2014; 

Organizations where the dissertation work is carried out: 
The dissertation work was carried out in accordance with the 

research plan of the Institute of Radiation Problems of the Azerbaijan 
National Academy of Sciences in the “Radiation Physics of Polymer 
and Electroactive Materials” laboratory and the “Frank Laboratory of 
Neutron Physics” of the Joint Institute for Nuclear Research in 
Dubna, Russia. 

Published scientific works. 10 scientific articles (6 foreign, 4 
local), two of which are single-authored articles, related to the 
dissertation were published in the scientific periodicals included in 
the international review and indexing systems of the HAC (Web of 
Science and Scopus databases). In total, 21 research papers (11 
theses and 10 articles) related to the dissertation were published. 

The structure, scope and main content of the dissertation. 
The dissertation consists of an introduction, four chapters, results and 
a list of 180 references. The total volume of the work consists of 210 
pages, including: 64 figures and 23 tables.  

The introduction substantiates the relevance of the 
dissertation topic and the purpose of the research and outlines the 
tasks performed to achieve the goal, the main provisions of the 
defense, the scientific novelty and practical significance of the 
results. 

The chapter I presents a review of the literature covering the 
topic of the dissertation. The literature review mainly discusses the 
technologies and prospects of polymer composite materials (PCM), 
the effects of γ-radiation on the structural morphology, relaxation 
processes, dielectric and thermophysical properties of these 
materials, as well as scientific and technical problems in this field. 
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Analysis of scientific sources has shown that the effect of ionizing 
radiation on these composites has been little studied, which proves 
that our research remains relevant. 

Chapter II describes the methodology for obtaining 
nanocomposite layers, the study of their surface structural 
morphology by microscopic methods (SEM, AFM), and the study of 
nanostructure by SANS, SAXS, WAXS, and XRD methods. This 
chapter also reflects the method of measuring γ-radiation and 
electrophysical parameters of nanocomposites, the method of 
studying the charge state by the method of thermally stimulated 
depolarization and the description of the corresponding experimental 
devices. DSC and TGA methods for determining the thermal 
properties of HDPE/ZrO2 and HDPE/SiO2 composites which are the 
object of research, as well as infrared (FTIR) and Raman 
spectroscopy methods for determining the structural properties of 
materials are also presented.  

Chapter III discusses the mechanisms of the effects of γ - 
radiation on the structure and thermophysical properties of 
composites obtained with different volume fractions of nano-SiO2 
and nano-ZrO2. At the same time, the study of the surface and 
volume structural morphology of the obtained composites by 
microscopic methods (SEM, AFM) gave some insight into the 
distribution of nanofillers in the polymer matrix, the fractal-
aggregate structure of the filler and its parameters. Let's analyze 
cross-sectional images of HDPE/ZrO2 and HDPE/SiO2 composites 
before and after irradiation using a scanning electron microscope 
(SEM) (Figure 1). As can be seen, both nano-ZrO2 and nano-SiO2 
particles are fairly homogeneously distributed in the HDPE matrix. 
The fringed texture observed in the structure of polyethylene in the 
initial images of HDPE is called the fibril structure and is a 
characteristic structure for polyethylene. These fibrils are very tightly 
packed together, compact and provide high elasticity. Sharp 
structural changes in the morphology were detected after irradiation 
at the dose of 100 kGy. Thus, it seems that the polymer matrix has 
undergone not only structural, but also morphological changes. 
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Figure 1. SEM images of the structure of samples of HDPE (a, b), 
HDPE/5% ZrO2 (c, d) and HDPE/5% SiO2 (e, f) before (a, c, e) 
and after (b, d, f) irradiation at the dose of 100 kGy. 

 
Transverse structures occur between highly elastic fibrils under 

the influence of radiation, which leads to the formation of a regular 
structure and a sharp change in the structural texture of polyethylene. 
Studies also show that morphological changes in the structure of the 
polymer have a significant impact on its properties.  

The role of both fillers (ZrO2 and SiO2) in the polyethylene 
matrix was defined based on a comparative analysis of SEM images 
of nanocomposites with the 5% concentration by volume, initial and 
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irradiated at the dose of 100 kGy. The amount of filler has a 
significant effect on the dynamics of polymer macromolecule chains 
in the composite, and the size of the fibril fringes begins to decrease, 
which is an indicator of the effect of nanoparticles on the 
morphology of the matrix. From the SEM images, it is observed that 
the nano-ZrO2 particles in the polymer matrix are located in a special 
cavity and are in poor contact with the matrix, while the nano-SiO2 
particles are in direct contact with the polymer chains. Let's clarify 
the effects of γ-radiation on the structure and morphology of these 
composites. The addition of nanoparticles up to 5% to the polymer 
alters the morphology of the polymer after irradiation at a dose of 
100 kGy. As can be seen, the different interaction of the filler with 
the matrix in both composites leads to a difference in the 
concentration of radiation structures, which indicates a different 
structure of the interfacial region.  

Structural changes in HDPE/metal oxide composites initial and 
irradiated at different doses (100, 300, 500 kGy) have also been 
confirmed in small-angle neutron scattering (SANS) and X-ray 
(SAXS) scattering studies (Figure 2). As a result of the analysis of 
SANS spectra, it was determined that both nano-ZrO2 and nano-SiO2 
particles form a fractal-aggregate structure in the polymer matrix. 
The analysis of the spectra showed that in the HDPE/ZrO2 
composite, while an additional scattering is observed in the range of 
0.06≤Q<0.2 Å-1, reflecting the scattering from the polymer matrix 
(Figure 2, d), the I(Q) dependence remains constant for HDPE/SiO2 
samples, i.e. there is not observed any scattering (Figure 2, c). This 
additional scattering forms low density interfacial region with a 
thickness of about ~10±1 nm, having very inactive, smooth, low-
effective surface area and spherical morphology, formed between the 
matrix and the particle in the immediate vicinity of nano-ZrO2 
particles which is in poor interaction with the matrix. 

Unlike nano-ZrO2 particles, nano-SiO2 particles interact more 
strongly with the polymer matrix because of their porous, uneven 
morphology and active effective surface area, and as a result a strong 
adhesive bond between the filler surface and the polymer matrix is 
generated (Figure 2, c).  
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Figure 2. SANS spectra of nano-SiO2 (a), nano-ZrO2 (b) particles 
and HDPE/ %SiO2 (c) and HDPE/ %ZrO2 (d) nanocomposites. 
 
This gives us a reason to assert that in HDPE/nano-SiO2 composite 
systems, instead of a polymer-filler interfacial region, a boundary 
layer with a thickness of about ~3 nm is formed connecting the two 
phases. 

It was found that the fractal-aggregate structure, the degree of 
aggregation and the distance between the aggregates in the 
composites are practically independent from the radiation dose. The 
effect of radiation was detected only in the polymer matrix itself. A 
schematic description of what we said is given below (Figure 3). 
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Figure 3. Schematic description of the different structure of 
interfacial regions formed at the polymer-filler interface in 
HDPE/%ZrO2 and HDPE/%SiO2 composites. We have 
schematically described the structures that took place after 
irradiation in red. 

 
There are extensive discussions in the scientific literature about 

the processes taking place at the polymer-filler boundary. The results 
of the research proved once again that the structure of this polymer-
filler interfacial region depends on the type, shape (geometric 
structure), structure, properties of the filler and energy activity of its 
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surface (effective surface area). We believe that these regions can be 
considered in one case (nano-ZrO2) as a polymer-filler interfacial 
region (gaps), and in another case (nano-SiO2) as a polymer-filler 
interfacial boundary layer. The nature of the interfacial region plays a 
special role in the formation of many physical properties of 
composites, such as dielectric relaxation processes.  

In conclusion, the results obtained by other physical methods, 
such as differential scanning calorimetry (DSC), thermogravimetry 
(TGA), X-ray difraction (XRD), Raman and Infrared (FT-IR) 
spectroscopy, which we used in the study, confirm the results 
described above.  

Chapter IV presents the effect of ionizing γ-radiation on the 
electrophysical properties and dielectric relaxation processes of 
HDPE/%ZrO2 and HDPE/%SiO2 composites, as well as analysis and 
results of the correlation between polymer-filler interfacial processes, 
structural changes and electrophysical properties. The registration of 
TSD currents is one of the effective analytical methods for studying 
the lifetime (τ), relaxation processes and time (τ0) of the charge 
capture centers in composites. The TSD spectra of HDPE and 
HDPE/ZrO2 polymer nanocomposites are shown below (Figure 4). 
The peaks observed in the TSD spectra of pure polyethylene and 
nanocomposites based on it in the range of 20-60oC are the result of 
thermal activation of localized charge carriers in low-energy surface 
traps during polarization. 

The peaks formed in the temperature range of 100-140oC are 
due to the thermal activation of the volume charges stabilized in the 
polymer matrix and the charge carriers localized in the polymer-ZrO2 
interfacial boundary layer. As can be seen, since the amount of filler 
in the matrix increases, the relaxation peaks in the region of 20-60oC 
shift to room temperature and their amplitude decreases. 

This process can be explained by an increase in the amorphous 
phase and the formation of low-energy traps due to mechanical 
destruction caused by the filler. The results of a comparative analysis 
of the TSD spectra of the initial nanocomposites showed that the 
depolarization peaks appear as a result of relaxation of stabilized 
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charges at characteristic temperatures, both in the polymer itself and 
at the interfacial boundary of nanocomposites.  
 

 
Figure 4. TSD spectra of initial HDPE/%ZrO2 composites: 
a – temperature range of 20÷140oC; b – temperature range of 
100÷140oC; 

 
Peaks with different intensities are observed in the TSD spectra 

of both polymer and composite in the temperature range of 100-
140oC. The peak around 110 ºC is the result of thermal relaxation of 
volume charges stabilized in amorphous phase. In HDPE, the peak at 
a temperature of 122.9ºC is formed due to the accumulated charges 
on the crystalline-amorphous interfacial boundary of the matrix. As 
the amount and crystalline phase of polymer are high in 
HDPE/1%ZrO2 composite, the first of the double peaks which are 
formed at 119.6ºC and 121.9ºC is generated due to the relaxation of 
charges stabilized at the crystalline-amorphous interfacial boundary 
of the polymer matrix, and the second at the interfacial boundary of 
the polymer-filler. Thus, the peak observed at low temperature is due 
to the volume charges accumulated in amorphous phase of 
polyethylene, but the peak observed at high temperature is due to the 
Maxwell-Wagner-Sillars polarization of charges accumulated at the 
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polyethylene-ZrO2 interfacial boundary. The activation energy and 
the amount of electric charge were determined based on the 
parameters obtained from the TSD spectra of HDPE and HDPE/ZrO2 
nanocomposites, and the calculated characteristic relaxation 
parameters are reflected in the table below.  

 
Table 

Characteristic relaxation parameters calculated from TSD 
spectra of HDPE and HDPE/ZrO2 nanocomposites. Tmax is the 
temperature of peaks, and τs and lgτoperating are the relaxation 
time calculated according to the maximum temperature and 
operating temperature. 
 

ω, 
% 

S, 
cm2 

Q,  
10-11 
Kl 

σ, 
10-11 

Kl/cm2 

Im, 
10-11 

A 
τs, sec Tmax, 

°C 
lgτoper, 

day 

0 3.80 240 34.28 5.0 48.40 123 0.54 
1 3.50 165 23.57 2.8 59.00 120 6.81 
5 7.00 757.30 108.2 3.75 201.9 124 96.3 
10 2.66 58.00 8.3 1.50 38.70 122 4.30 
20 2.74 66.28 9.5 2.00 33.15 123 3.74 

 
The table presents the relaxation time calculated for both the 

maximum (Tmax) and the operating temperature (τoper) of peaks. As 
can be seen, the high lifetime belongs to the HDPE/5%ZrO2 
composite, which is due to the relatively weak relaxation nature of 
the charges in this composite. The weak relaxation of the 
HDPE/5%ZrO2 composite is the result of the homogenous 
distribution of the filler in the matrix and is due to the optimal value 
of the effective surface belonging to the polymer-filler interfacial 
boundary in this composite. The subsequent increase in the filler 
volume leads to a decrease in the effective surface area due to the 
formation of nanoscale aggregates by particles and a general 
decrease in the amorphous phase and a decrease in the intensity of 
the high-temperature maximum in the TSD spectrum.  
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Let's analyze the TSD spectra of HDPE/5%ZrO2 polymer 
nanocomposite exposed to γ-quanta radiation before and after 
irradiation (Figure 5). 

 

 

Figure 5. TSD spectra of HDPE/ 5%ZrO2 (a, b) nanocomposites 
irradiated at different doses: b –100-140°C region of the spectra. 
 

As can be seen, in the TSD spectra of irradiated 
HDPE/5%ZrO2 nanocomposite, an orderly high intensity of peaks in 
the temperature range of 20-60oC is an increase in the concentration 
of high-energy surface traps after gamma radiation. In the 
temperature range of 80-150oC, the intensities of the peaks are 
approximately the same for both initial and irradiated samples. 

The peaks formed in the temperature range of 90-130oC are 
probably the result of thermal relaxation of stabilized charges after 
polarization in defects caused by gamma radiation in the matrix. 
Thus, it was found that the depolarization peaks occurring in the 
TSD spectra of HDPE/nano-ZrO2 nanocomposites occur at the 
corresponding temperatures of the charges stabilized due to gamma 
radiation and polarization both at the polymer-filler interfacial 
boundary and at the amorphous and crystalline interface boundary of 
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the polymer. That is, the relaxation processes occurring at the 
interfacial boundary of polymer-filler-type composite materials 
obtained by thermal pressing from a mechanical mixture of 
components occur mainly due to the Maxwell-Wagner-Sillars effect. 
Similar results for HDPE/nano-SiO2 composites were obtained from 
the similar studies conducted for HDPE/nano-ZrO2 composites.  

The temperature dependence of the dielectric parameters of 
composite materials is of great importance in the study of free 
charges, ions, free radicals, relaxation processes of ion pairs formed 
in the polymer matrix during γ-radiation. The volume charges 
generated in the dielectric material during irradiation stabilize in 
various structural traps and radiation defects and lead to changes in 
dielectric parameters. By studying the temperature dependence of the 
dielectric parameters of these materials, it is possible to study the 
dielectric relaxation processes in nanocomposites. Therefore, to 
study the effect of γ-radiation on the electrophysical properties and 
dielectric relaxation processes of HDPE/ZrO2 nanocomposites, we 
conducted a comparative analysis of the temperature dependence of 
the dielectric loss angle tangent (tgδ) (Figure 6). As can be seen, 
relaxation peaks in the temperature dependence tgδ = f(Τ) are 
observed in the temperature range of 80–120ºC depending on the 
radiation dose. These peaks, which characterize ά-relaxation, are 
closely related to the structural changes that occur in the composite.  

We have shown that the interfacial boundary region 
surrounding nano-ZrO2 particles is formed in the matrix at the 
boundary of HDPE-nanofiller. We assume that the mobility of the 
macromolecular chains of the matrix decreases, and relaxation peaks 
move to higher temperatures due to the radiation constructions both 
in matrix and interfacial region by the influence of gamma radiation 
on HDPE/ZrO2 nanocomposites and the increase in the concentration 
of nano-ZrO2 particles. 

On the other hand, as the radiation dose increases, the 
interfacial boundary regions around the temperature of 120oC 
undergo thermal destruction and cause the acceleration of relaxation. 
There is a fairly good correlation between these results and the 
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results obtained from the temperature dependence of small-angle 
neutron scattering of HDPE/ZrO2 nanocomposites. 
  

 
 

Figure 6. tgδ = f(T) dependence of initial and γ-irradiated 
HDPE/ZrO2 nanocomposites (a – 0 kGy; b – 100 kGy; c – 300 
kGy; d – 500 kGy). 
 

The following figure shows the temperature dependence 
tgδ=f(T) of the dielectric loss angle tangent of HDPE/SiO2 
nanocomposites irradiated with γ-radiation at doses of 100 and 300 
kGy (Figure 7). As can be seen, with the increase in the volume 
amount of the filler in the matrix, two relaxation peaks of the 
dependence of both ε= f(T) and tgδ= f(T) are observed in the 
temperature ranges of 70-100ºC and 100-130ºC.  
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Figure 7. Temperature dependence of ε = f(T) and tgδ = f(T) of 
HDPE/nano-SiO2 composites irradiated at different doses: a, b-
100 kGy; c, d-300 kGy. 

 
We assume that the first peak (70–100 ºC) occurs due to the 

melting of crystallites in the matrix under the influence of 
temperature and the relaxation of charges stabilized at the crystal-
amorphous interfacial boundary. Peaks formed in the range of 100-
130 ºC occur as a result of relaxation of charges of Maxwell-Wagner 
polarization in the polymer-nano-SiO2 interfacial boundary layer. 
The shift of relaxation peaks to higher temperatures by the increase 
in the amount of nano-SiO2 is due to the increase in the polymer-
filler interfacial effective surface area in the volume of the composite 
and the strengthening of the interfacial adhesion. We can more 
clearly observe the optimal growth of the effective surface in 
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HDPE/5%SiO2 nanocomposites. This is confirmed by the large 
increase in the amplitude of the peaks of HDPE/3%SiO2 and 
HDPE/5%SiO2 composites. The dispersion of ε = f(T) and tgδ = f(T) 
of irradiated HDPE/SiO2 nanocomposites show that the values of 
dielectric constant and dielectric losses of the composite increase 
with increasing filler concentration. The dependence of tgδ = f(T) 
showed that a sharp relaxation, starting at a concentration of 5%SiO2, 
shifts to higher temperatures with increasing concentration. This is 
the relaxation of the crystal-lamellae and is called α-relaxation. α-
relaxation depends on the average thickness of the crystallites in the 
polymer matrix.  

As a result of small-angle neutron scattering, an interfacial 
boundary layer is formed in HDPE/SiO2 nanocomposites, i.e. a fairly 
normal contact is formed between the particle and the matrix. 
Consequently, high interfacial interactions in HDPE/SiO2 
nanocomposites also lead to high dielectric parameters. 

The processes of dielectric relaxation, which are of great 
importance in the application of dielectric composites, can be studied 
by analyzing their temperature-frequency dependences. In this case, 
the formalism of the M* complex electrical module is used to 
determine the frequencies corresponding to the peaks with sufficient 
accuracy. 

The dependence of the irradiation dose (D) of the calculated 
frequency values corresponding to peaks determined from the 
dependences M″=f(M′) between the values of the real M′ and 
imaginary M″ parts of the complex electrical module for initial and 
irradiated HDPE/SiO2 nanocomposites and the relaxation time (τ), 
corresponding to these frequencies is shown in Figure 8.  

From this dependence, with the increase in absorbed dose, the 
highest value of relaxation time (1600 µsec.) is for HDPE/5% SiO2 

nanocomposites, and the lowest value (18 µsec.) is for 
HDPE/20%SiO2 nanocomposites. We assume that this was due to the 
more homogeneous distribution of SiO2 nanoparticles in the volume 
of the matrix during the production of HDPE/5%SiO2 composites, 
and as a result, the approach of interfacial effective surface to the 
optimal value. 
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Figure 8. Dependence of calculated values of relaxation time (τ) 
of initial and irradiated HDPE/SiO2 nanocomposites on 
irradiation dose (D) 

 
The homogeneous distribution of the filler in the matrix 

reduces the effect of the absorbed dose on the matrix, stimulates the 
construction process and slows down the destruction, which can be 
estimated as an increase in radiation resistance of HDPE/5%SiO2 
nanocomposite material. Both studied composite systems can be used 
as an insulating material capable of operating under ionizing 
radiation at a dose of up to 500 kGy.  

In conclusion, these results can help us to better understand the 
changes caused by nanoparticles with different surface morphology 
and properties in the structure of the polymer matrix, and develop a 
new type of desirable nanocomposite systems. 
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MAIN RESULTS 

 

1. Based on the method of small-angle neutron scattering, it 
was experimentally determined for the first time that a low-density 
interfacial region compared to the matrix, with a thickness of ~10±1 
nm is formed at the polymer-nanofiller boundary in HDPE/%ZrO2 
composites, and interfacial layer with ~3±1 nm thickness is formed 
at the polymer-nanofiller boundary in HDPE/%SiO2 composites. The 
results of SANS and SAXS studies showed that nano-ZrO2 particles 
with inert and smooth surface morphology mainly form mass fractal 
structure in the matrix (SAXS, D ~4.08; SANS, D ~4.12), but nano-
SiO2 particles with active and rough surface morphology mainly 
form a surface fractal structure (SAXS, D ~3.8; SANS, D ~3.7).  

2. It was found that the optimal polymer-filler interfacial 
effective surface of the HDPE+5%nano-SiO2 composite reduces the 
effect of gamma radiation on the matrix, stimulates radiation 
structure and delays destruction, which leads to an increase in the 
degree of crystallinity, radiation and thermal resistance (~20ºC) of 
the composite. In HDPE/ZrO2 nanocomposites, the low-density 
interfacial region formed at polymer-filler boundary and the inactive 
surface of nanoparticles slow down the processes of crystallization 
and radiation structure in the matrix and reduces the relaxation time. 

3. It is established that ionizing γ-radiation affects the melting 
and crystallization kinetics of both metal-oxide filler 
nanocomposites, causing the decrease in their melting, crystallization 
temperature and lamellar thickness with an increase in radiation 
dose, and acceleration of the thermal destruction of the matrix. 

4. It was determined that the low-temperature (20-80oC) peaks 
observed in the TSD spectra of HDPE/ZrO2 and HDPE/SiO2 
nanocomposites arise as a result of the relaxation of volume charges 
stabilized in the surface traps and formed during γ-radiation and 
polarization, while high-temperature (100-130oC) peaks occur due to 
the the relaxation of volume charges stabilized at the crystal-
amorphous and polymer-nanoparticle interfacial boundary of the 
matrix. 
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5. From the temperature-frequency dependence of dielectric 
permittivity and dielectric losses of initial and irradiated (up to 
300kGy dose) nanocomposites, it was found that as the concentration 
of nanoparticles and radiation constructions increases, the mobility of 
macromolecular chains of the matrix decreases and relaxation peaks 
shift to high temperatures and this is an indicator of the weakening of 
the relaxation process. 

6. It has been established that the reason for the increase in 
dielectric relaxation time (τ) of HDPE/5%SiO2 nanocomposite with 
homogeneous distribution and an optimal interfacial effective surface 
(τ=1600 µsec) after γ-irradiation is due to the intensification of the 
construction process and increased polymer-filler interaction in the 
nanocomposite in the dose range of 100-300 kGy. 

7. The bonds Si-O-Si (1083 cm-1), Si-OC (1069, 1086 cm-1) 
and Si-O, Si-C (803 cm-1) observed in the FTIR spectra of the 
HDPE / SiO2 nanocomposites are an indicator of its high ability for 
effective radiation modification in comparison with composites 
HDPE / ZrO2.  
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