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Abstract. Composite materials based on epoxy resin and tungsten (W) with varying content from 0 to
80% using the chemical curing method were obtained. For samples with content up to 40%,
agglomeration of W grains have been revealed. Statistical analysis of W grain sizes demonstrated that
their probable diameter size is 475 nm. The effective density varied with the W powder content, and the
relative density was between 91% and 94%, indicating that there were no significant defects. The X-ray
diffraction analysis showed the presence of the main bulk-centered cubic W and WO- phases, indicating
the oxidation of W in the surface layer of the material. Calculating in Phy-X/PSD software allowed to
evaluate the gamma radiation shielding efficiency for composite materials. Samples with 60 and 80% W
content were found to be the most suitable candidates for radiation shielding application. It was found
that the addition of W powder to the epoxy matrix leads to a 3.5 times decrease in the values of the half-
value layer at a gamma-ray energy of 1.25 MeV. The obtained results show the high efficiency of the
proposed composite materials in gamma shielding, which makes them suitable for creating radiation
shields.
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1. Introduction

lonizing radiation destroys molecules and molecular bonds, leading to changes in
the chemical structure of compounds. It encompasses photon radiation, including X-rays
and gamma-rays (Hou et al., 2017; Li et al., 2017). This type of radiation has a negative
impact on human life activity and the environment (Sahin et al., 2021), so the research in
the field of radiation shielding is very relevant. When gamma-quanta interact with
electrons and cores of substances, photo- and Compton effects, the effect of birth of
electron-positron pairs arise. Radiation shields containing such high-density materials as
lead and concrete are used to protect people and equipment from high-energy gamma
radiation (Sayyed et al., 2021b; Tishkevich et al., 2020a; Tishkevich et al., 2020b;
Vorobjova et al., 2019). However, these materials have high mass-dimensional
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characteristics, and lead has a serious disadvantage — significant toxicity (Wani et al.,
2015). As a consequence, great attention is paid to the development of new lightweight
materials with good radiation shielding parameters. Such materials are used in various
industries such as medicine (Abualroos et al., 2019), electronics (Thibeault et al., 2015),
aerospace (Pitchan et al., 2017) and nuclear (Kim et al., 2014) industries.

Many studies have been conducted on radiation-polymer topics covering both
thermoplastic and thermosetting polymers. Materials such as plastics and resins have low
density and are lightweight (Banerjee et al., 2019; Prabhu et al., 2021; Muthamma et al.,
2019; Almurayshid et al., 2021; Shang et al., 2020; irim et al., 2018; Trukhanov et al.,
2022). Polymeric materials are also characterized by easy processing, durability,
chemical and corrosion resistance and good adhesion properties (Lozitsky et al., 2020;
Saba et al., 2015; Shin et al., 2014; Rohini et al., 2019; Alavian et al., 2020; Saleem et
al., 2021; Saiyad et al., 2021). Matrices based on epoxy resin, polyethylene, silicone and
polyimide have been actively studied by the scientific community (Aldhuhaibat et al.,
2021; Alavian et al., 2019; Yilmaz et al., 2021; Pavlenko et al., 2019). Composite
materials with epoxy matrix and 30% WOz and HfO, particles were synthesized (Higgins
etal., 2019). The experimental results showed that when the samples with WO3 and HfO;
were irradiated with 356 KeV energy, the mass attenuation coefficient was only 0.128
and 0.129 cm?/g, respectively. Although tungsten and hafnium are considered high-
density materials, but due to their small content, the degree of protection against ionizing
radiation is limited due to the low density of the samples. In general, epoxy resin
composites are well established for radiation shielding due to its excellent thermal
stability and long-term radiation resistance (Hou et al., 2017). Moreover, epoxy resin is
a low-cost and quite common material (Yu et al., 2021). All these advantages makes
epoxy matrix composites promising materials for their use as radiation shields.

Composites with fillers such as Bi, W-containing compounds, ZnO, CdO, etc. have
been repeatedly used for the development of shielding materials (El-Fiki et al., 2015;
Elsafi et al., 2023; Alsayed et al., 2020; El-Khatib et al., 2019; Tishkevich et al., 2022;
Tishkevich et al., 2019; Dong et al., 2022; Kozlovskiy et al., 2019; Tishkevich et al., 2018 a;
Tishkevich et al., 2018 b). Also, in the literature one can find information about materials
for protection against neutron and gamma radiation simultaneously. These are mainly
multilayer materials or materials containing B4C or B203, BN (Castley et al., 2019; Araz
et al., 2021; Li et al., 2019). In contrast, materials based on carbon fiber, fabrics are not
so effective due to the presence of elements with low atomic number (Z) (Wu et al., 2013;
Sayyed et al., 2016). Epoxy composites with BioOz and WO3 (content up to 30%) were
studied for resistance to gamma radiation (Karabul et al., 2021). The half-value layer
(HVL) for samples with Bi>O3 and WOz (30%) at irradiation energies of 81-1332 KeV
was 0.666-9.160 cm and 0.237-8.156 cm, respectively. At low energies, the thickness of
the sample with WOs is found to be almost 3 times smaller than that for the sample with
Bi»O3, making it a more suitable candidate for radiation shielding material. A study-
comparison of Bi>Oz and WO fillers with PbO in terms of shielding ability and the effect
of micro- and nano-particles on the value of mass attenuation coefficient (MAC) was
performed (Verdipoor et al., 2018). The study confirmed that using nano-sized Bi>O3,
WOs3 and PbO particles (50% content) at an energy of 0.3559 MeV, the MAC increases
slightly compared to micro particles and is 0.1099, 0.1097, 0.1098 cm?/g, respectively.
The values for samples with Bi-Oz and WO3 components are similar to PbO, which proves
the possibility of lead-free materials.
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Recently, mathematical modeling methods have become popular. The main
software packages used for modeling the attenuation processes of the investigated
materials are WinXCOM (Sayyed et al., 2022; Sayyed et al., 2021a) GEANT4 (Abbas et
al., 2021; Canel et al., 2019) and Phy-X/PSD (Sakar et al., 2020; Singh et al., 2020;
Lacomme et al., 2021), as well as the Monte Carlo method (MCNPX) (Afaneh et al.,
2022; Khattari et al., 2022; Liu et al., 2022). In the analysis of the glass system, a
comparative study between the results of attenuation of high-energy particle flux by
experiment and simulation in WinXCOM (Sayyed et al., 2022) was carried out. It was
found that the results were in good agreement with each other. A study of glass system
with WOs particles was discovered (Singh et al., 2020). Gamma-ray shielding results are
derived by simulation methods in Phy-X/PSD and WinXCOM software. As a result, in
the energy range of 0.015-15 MeV, the percentage of deviation between the
measurements of the two programs was not more than 1.5. All this indicates that the
modeling methods are accurate and reliable, and give prospects for their use in planning
the experiment.

The aim of the work is to study the microstructure, chemical and phase composition,
density values and gamma radiation shielding efficiency parameters of epoxy resin-W
composite materials.

2.  Materials and Methods

Composite materials were obtained from ED-20 epoxy resin and tungsten powder
of analytical purity with addition of polyethylene polyamine (PEPA) hardener. The mass
content of tungsten was varied from 0 to 80% with steps of 20%. The experimental
samples were coded according to the cipher given in Table 1.

Table 1. Code names of composite materials of epoxy-W system

Code name Epoxy resin content, % Tungsten content, %
EP100 100 0
EP80W20 80 20
EP60W40 60 40
EP40W60 40 60
EP20W80 20 80

A schematic representation of the experimental methodology is presented in Fig.1.

Epoxy resin and W powder were weighed in stoichiometric ratios and mixed on a
magnetic stirrer for 15 min (Fig. 1 A). The materials were then transferred to a water bath
heated to 50°C to release air bubbles and obtain a more homogeneous composite structure
(Fig. 1 B). After the composites cooled, hardener was added in an amount of 10% of the
resin mass content and the samples were homogenized for 10 minutes (Fig. 1 C). After
this, the composites were poured into silicone molds with cell sizes of 4.8x4.8 cm? (Fig.
1. D). The curing of the materials took place over 24 h. Post-synthesis processing of the
experimental samples was carried out using a FORCIPOL 202 grinding and polishing
machine to obtain uniform and planar samples with a thickness of 1 mm (Fig. 1 E).
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Fig. 1. Methodology of manufacturing of epoxy resin-W composite materials

The morphology and chemical composition of the obtained composites were
studied using a Carl Ziess EVO10 scanning electron microscope (SEM) and an Oxford
attachment for energy dispersive X-ray spectroscopy. The raw data for the statistical
analysis of W grain size distribution conducted using SmartSEM software were collected
from at least three SEM images. Phase analysis and structure of the epoxy resin-W
composites were carried out by X-ray diffraction method on a POWDIX 600/300
diffractometer. The measurements were carried out in the range 20 = 5-140° with a step
of 0.05°. The effective density of the samples was measured according to the Archimedes
method (Crawley et al., 1974).

M
P = ——" PH,o0 (1)

M-m
where M is the mass of the sample in air, g; m - mass of the sample in liquid, g; pn2o -
density of water, g/cm?.

The above formula was used to determine the theoretical density:

1
Ptheor = v 2)
where V is the volume of the composite mixture, which is defined by the formula:

w w
= By W (3)
Pepoxy PW

where wepoxy - Mass content of epoxy resin expressed in fractions; ow - mass content of
tungsten; pepoxy - table value of epoxy resin density, g/cm?; pw - table value of tungsten
density, g/cm?®.

Relative density shows how many percent the density of the experimental sample
(effective density) is close to the reference density value (theoretical density). As the
effective density we take the density calculated by the Archimedes method.

Relative density was calculated by the formula:
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Pre1 = =L~ 100%, (4)

Ptheor

where per — effective density, g/cm?; pmeor — theoretical density, g/cm?.

The presence of porosity may be due to the peculiarity of the purpose of the
obtained material. However, in our case porosity negatively affects the microstructure,
worsening the necessary properties of the material (density).

The porosity was measured as follows:

P =100% — prer, ®)

The gamma-ray shielding efficiency parameters were calculated in Phy-X/PSD
software for the linear attenuation coefficient (LAC), half-value layer (HVL), and mean
free path (MFP). The above calculations were performed in the energy range of 0.8-2.5
MeV for the %°Co source.

When gamma radiation interacts with matter, photo-, Compton effects and the birth
of electron-positron pairs occur. The greater the effect of these effects, the more effective
is the attenuation of radiation. The synergetic action of the effects is characterized by the
LAC of gamma-quanta. The LAC shows the relative decrease of flux density per unit
thickness of a substance and is determined by the formula:

LAC = In (), (6)
where 1 is the intensity of falling radiation; lo - intensity of the passed radiation; X -
material thickness, cm.

The HVL defines the thickness of matter required to shield the radiation by half:

HVL = ¥&%2 ©)
LAC

The MFP describes the distance a gamma-ray quantum traverses without collisions.
However, the greater the number of collisions, the more effectively the radiation flux is
shielded. Also, this quantity is the inverse of the LAC:

1
MFP = —. (8)
3.  Results and Discussion

Fig. 2 shows the SEM image of the initial W powder (A) as well as the W grains
distribution diagram (B).

In order to determine the most probable W grain size, the Gaussian function was
used to approximate the distribution curve. It is shown that the most probable diameter of
W grain size is 475 nm.

The results of the SEM study of the cross section of the composites are summarized
in Fig. 3.
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Fig. 2. Grain distribution of the W powder: (A) initial SEM image; (B) distribution diagram

Fig. 3. SEM images of epoxy resin-W composite materials: (A) sample EP80W20;
(B) sample EP60W40; (C) sample EP40W60; (D) sample EP20W80.
Inserts: Weight content of elements

It can be seen from the results that the W grains are surrounded by a polymer matrix.
In particular, in Fig. 3 (A) and (B), rare clusters of agglomerated groups of W powder are
clearly visible. However, it is observed that as the filler content increases up to 60 and
80% (Fig. 3, C, D), a more homogeneous distribution of W powder is noticed. The grains
are visually visible throughout the entire volume of the matrix, there are practically no
areas in the sample with voids and pores. This is also confirmed by the results of chemical
composition distribution, presented in the inserts. The studied samples contain W and
polymeric component represented by C and O. Also, the weight contents of each element
in percentages are given in the images. The quantitative composition of W varies from
2.2 10 52.4%.
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In general, taking into account the results of SEM analysis only, it can be stated that
the samples EP40W60 (Fig. 3, C) and EP20W80 (Fig. 3, D) are most suitable for the
purposes of the study due to the homogeneous distribution of the filler.

The results of X-ray diffraction analysis are presented in Fig. 4.
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Fig. 4. Results of X-ray diffraction analysis of epoxy resin-W composite materials

It can be observed that the epoxy resin-W composite system consists of two phases:
W phase and tungsten oxide phase WO (Fig. 4). It should be noted that tungsten oxidizes
at 415 °C, which means that the X-ray diffraction analysis should not have revealed the
oxide phase, since the samples were fabricated at temperatures below 50 °C during the
synthesis process. The presence of the oxide phase can only be explained by a surface
phenomenon, which is the oxidation process of the thin surface layer of the initial powder
even at room temperature. In the diffractogram characteristic of pure epoxy resin, an
amorphous halo can be seen (highlighted with a red circle), as expected when analyzing
amorphous substances.

Table 2 presents the values of effective density of epoxy resin-W composite

materials.

Table 2. Values of the effective density of epoxy resin-W composite materials

Code name Effective density, g/cm?®
EP100 1,16
EP80W20 1,40
EP60W40 1,75
EP40W60 2,56
EP20W80 4,36

It was observed that with the increase of W powder content from 0 to 80% there is
an enlargement of effective density from 1.16 to 4.36 g/cm®. Calculation of relative
densities showed that their values vary in the range of 91-94% (Fig. 5).
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Fig. 5. Dependence of the relative density and porosity of epoxy resin-W composite
materials on the percentage of filler content

It can be observed that for all samples it is characteristic that all values are above
90%, which allows us to conclude a high degree of homogenization of the samples and
insignificant porosity. The porosity values for all the experimental samples are almost at
the same level and do not exceed 10%. Consequently, raising the content of W powder in
the system from 0 to 80% did not significantly affect the formation of defects and pores.

Fig. 6 shows the results of calculations in the Phy-X program of the main
parameters describing the shielding efficiency of gamma radiation. As noted earlier, the
larger the LAC values, the higher the shielding efficiency. It can be observed that with
the increase of radiation energy from 0.8 to 2.5 MeV the LAC values reduce and the
shielding properties of the investigated samples epoxy-W after the action of 1.25 MeV
energy significantly weaken (Fig. 6, A). For example, the LAC of the EP20W80 sample
at radiation energies of 0.8 and 1.25 MeV has values of 0.340 and 0.235 cm?,
respectively, which is almost 31% less.

It can be concluded from the graph that the sample with 80% filler content has the
highest LAC values compared to the rest of the samples.

The same can be said about the results of HVL calculating (Fig. 6, B). The
composite materials have a relatively low density, whereas higher energy attenuation
requires samples with higher thickness. Thus, the presented materials are recommended
to be used at gamma-ray energies up to 1.25 MeV, since further with increasing radiation
energy there is a strong build-up of the thickness of the samples.

However, the addition of W powder to the system up to 80% contributed to a
substantial decrease in HVL parameter. For comparison, the values of HVL at gamma-
ray energy of 1.25 MeV for pure epoxy resin samples and those with maximum W content
are 9.488 and 2.672 cm, accordingly. In this regard, it is observed that there was a 3.5
times reduction in the HVL values of the samples.
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Fig. 6. Graphs of dependence of linear attenuation coefficient (A), half-value layer (B) and mean free
path (C) on gamma radiation energy of epoxy resin-W composite materials.

It is showed that the results of calculating of MFP (Fig. 6, B), correlate with the
results of calculation of HVL. Also, it can be said that in the system of composite
materials epoxy resin-W sample EP20W80 stands out by its shielding characteristics,
having significantly lower values of MFP. In particular, the maximum values of MFP for
EP100 and EP20W80 samples are 20.512 and 5.449 cm, simultaneously.

Thus, it can be deduced that composite materials with W filling of 80% and more
are more appropriate for creation of radiation shields due to their high shielding properties
and improved mass-dimensional parameters.

4. Conclusion

Composite materials of epoxy resin-W system with different filler content from 0
to 80% were obtained by chemical curing method. The microstructure of the cross-section
of the samples was investigated by scanning electron microscopy, which showed that with
increasing mass fraction of filler there is a more homogeneous distribution of W grains
in the epoxy matrix. The occurrence of agglomerates of W grains was noted for samples
with filler up to 40%.

A statistical analysis of W grain sizes was carried out, which showed that the most
probable W grain size is 475 nm. The values of effective density of experimental samples
were obtained by experimental method and the values of relative density were determined
by calculation. With increasing W powder content, the effective density changes from
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1.14 to 4.36 g/cm? for the epoxy-W system. The relative density varies between and 91-
94% indicating the least defect free test.

The crystalline structure of the composites was evaluated using X-ray diffraction
analysis. Also, the analysis revealed the presence of the main bulk-centered cubic W and
WO; phases for the two systems studied. The diffractogram corresponding to the pure
epoxy resin shows characteristic broadband peaks.

Based on the results of calculation the shielding efficiency from ionizing radiation
in Phy-X/PSD software, the values of such parameters as LAC, HVL, and MFP were
obtained. The samples EP40W60 and EP20W80 are most suitable for radiation shielding.
For complete absorption of 1.25 MeV energy, EP20W80 samples with a thickness of
2.672 cm would be required, and to shield the same amount of energy, an EP100 sample
would need to be 9.448 cm thick. The results of the study prove the possibility of using
composites as shielding materials against gamma radiation, due to their different values
of shielding efficiency parameters.
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