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Work was completed to develop technological processes for the industrial production of radiation shielding
composite material samples. The composites consisted of polystyrene, steel microparticles, and aluminum
nanoparticles. The characteristics of radiation shielding composites with different component contents and particle
sizes were examined. These composites can be used for both ionizing radiation shielding and electromagnetic radiation
shielding. Composites in which the volumetric polystyrene content was slightly greater than the total metal content
were studied. lonizing radiation absorption coefficients were measured experimentally using standard gamma-ray
sources (?**Am, 152Eu). lonizing radiation flux attenuation coefficients were determined using mathematical modeling
methods (Monte Carlo method, Geant4 v11.04 code). The experimental results and calculated data show good
agreement. Tensile strength tests on a break were conducted on composite material samples at temperatures of 250,

290, 320 K.

PACS: 81.05.Qk, 87.55K-, 87.55N, 61,80.Fe, 81.40.Wx

INTRODUCTION

Various types of ionizing radiation are widely used in
the industrial and agricultural sectors, as well as in energy
and medicine. The application of radiation technologies
across diverse fields of human activity has significantly
advanced these sectors.

Key properties of ionizing radiation include its ability
to act at a distance and to penetrate deeply into the
volume of the object under study. These characteristics
enable the use of ionizing radiation for examining the
internal structure of objects and for flaw detection.

lonizing radiation is widely used in medicine for
diagnostics, therapy, and the sterilization of medical
equipment, instruments, and pharmaceutical products.

Inagriculture, ionizing radiation is employed in a vast
array of technological processes, such as stimulating crop
growth, decontamination, and more.

The use of ionizing radiation in science also deserves
special mention. A great number of ionizing radiation
sources of various types are in operation at nuclear
energy facilities.

Facilities involved in the extraction of radioactive
isotopes play a significant role; waste rock storage sites
and open-pit mines are particularly important in this
context. Natural deposits of radioactive isotopes, granite
formations, and similar geological features serve as
sources of ionizing radiation.

Avreas designated for the storage and disposal of spent
nuclear fuel (SNF) and radioactive waste (RAW) — as
well as equipment that has reached the end of its service
life or failed — occupy a position of particular concern.

Consequently, the cumulative exposure of biological
organisms (humans) to ionizing radiation is steadily
increasing. Furthermore, the potential for critical
incidents and accidents must be taken into account, as
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these events could lead to the release of ionizing radiation
sources into the environment.

Exposure to ionizing radiation contributes to the onset
and development of various diseases. Furthermore,
ionizing radiation disrupts the stable operation of various
types of equipment.

Protection against ionizing radiation is achieved
through three primary methods: a) using low radiation
doses and intensities, b) minimizing the time spent in the
active zone, and c) creating a layer of radiation-shielding
material.

The use of various radiation-shielding materials is an
effective method of protection.

To protect against neutron fluxes, elements with low
atomic mass and a wide cross-section are used (B, Br,
various paraffins).

Traditionally, concrete structures with the addition of
lead and oxides of heavy materials are used to protect
against ionizing radiation. The technology for their
production has been developed. They have high radiation
protective characteristics.

These materials absorb X-ray and gamma radiation
well, accelerated beams of high-energy protons, ions, and
electrons. The main disadvantages of these protective
materials are their significant weight, bulkiness, rigidity,
and toxicity (presence of lead).

Therefore, the challenge lies in creating lightweight,
versatile, and wear-resistant materials. Various
composite materials are being developed for this purpose,
specifically those based on polystyrene with various
additives. These materials offer high strength and low
density, while also being wear-resistant and flexible.
Importantly, these polymer composites are lead-free.

Radiation-shielding composite materials were
produced by blending a polymer matrix with radiation-
shielding particles. High-atomic-number elements — such
as tungsten, bismuth, or steel powders, mixtures of other
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heavy materials, and heavy metal oxides — can be used as
these shielding particles [1-9].

Work has been carried out to improve the production
technology for radiation-shielding composite materials.
The processes for mixing the composite components
were refined, and the parameters for heating, curing, and
polymerizing the mixture were established. It is also
necessary to determine the shape and component
composition of the composite material.

Pilot-scale batches of polystyrene-based composite
materials were produced. Tungsten and steel powders
were used as radiation-shielding additives, while
aluminum powder was employed to form the composite
matrix.

Composite materials of this type are used not only for
radiation shielding but also for electromagnetic
shielding.

The shielding mechanism varies depending on the
content of the metallic component. At low metallic
content, metal particles act as scattering centers, leading
to the re-radiation of the incident wave. At high metallic
content, the composite provides shielding by acting as a
conductor.

PURPOSE OF WORK

The aim of this work is:

1. To refine the compression molding technology for
composites based on a polystyrene matrix with a steel
radiation-shielding additive. To determine processing
parameters and composite compositions that enhance
uniformity and strength. To select component materials
and dimensions to improve interfacial compatibility
between the matrix material and the functional radiation-
shielding particles.

2. Experimental measurement of the change in
gamma-ray exposure dose when using polystyrene-steel
composite materials. Numerical calculation of gamma-
ray absorption coefficients for composite layers of
varying thickness.

3. Experimental measurement of tensile strength
values for polystyrene-steel composite samples.

CONDUCTING EXPERIMENTS
AND DISCUSSION OF RESULTS

PSM-115 (GOST 20282-86, TU U 24.4-00481318-
025-2003) was used as the base material for the
composite. Polystyrene is lightweight, exhibits high wear
resistance, and is highly resistant to aggressive
environments. It is easy to process, and a vast number of
certified manufacturing procedures already exist for it.
Polystyrene is well-suited for processing and the
fabrication of various products. Given its softening
temperature of 86...92 °C, and melting point of 198 °C,
it is suitable for use under diverse climatic conditions and
across a wide temperature range.

Note that polystyrene has a very important property.
When polystyrene is irradiated with ionizing radiation,
two opposite processes occur. One process is the process
of destruction. The second process is the process of
radiation crosslinking of polystyrene molecules [11].

The stitching process occurs as follows. As a result of
exposure to ionizing radiation, polystyrene molecules are
destroyed. But at the same time, open radicals are
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formed, which have the ability to interact with each other.
As a result of the interaction of molecules, transverse
covalent bonds are created between macromolecules. A
spatial grid is formed. These processes slow down the
destruction of polystyrene and improve its performance
characteristics.

To provide radiation shielding, a component with a
high atomic number is added to the composite. Materials
such as tungsten, bismuth, lead, and steel are commonly
used in practice. In this study, steel serves as the
radiation-shielding component. The steel was utilized in
the form of microparticles, with various particle sizes
being employed. The choice of steel was based on its
effective  radiation-shielding  properties.  Another
significant factor influencing the selection of the
radiation-shielding component was the cost of the steel
powder. The steel powder of the specified sizes was
obtained from turning and grinding waste [12-14]. To
produce particles of this size, the metal scrap (metal
chips) underwent preliminary comminution and sorting.

Steel exhibits poor interfacial compatibility with
polystyrene; steel particles are only weakly anchored
within the polystyrene. To reinforce the composite, the
polystyrene matrix was doped with nanoparticles
characterized by a high coefficient of interfacial
compatibility (wettability). Doping polymer matrices
with nanoparticles enhances their properties, leading to
increased bonding between polymer radicals and chains.
Enhanced interaction between the filler nanoparticles and
the polymer matrix results in greater composite strength
and hardness. It is essential to use nanoparticles with a
high surface-area-to-volume ratio; these particles
disperse within the base matrix, forming an interfacial
region and strengthening the bond between the particle
surface and the matrix [11].

Aluminum powders were used to reinforce the
composite material. The powders were derived from
aluminum grades ASD-6, 2014, and 6111 (ISO 209-1,
TU 1791-007-49421776-2011) [15, 16]. In accordance
with standard specifications, the aluminum particles had
sizes of 10...20, 30...40, and 70...80 um. Aluminum
exhibits high interfacial compatibility with polystyrene.
Incorporating aluminum particles into the polystyrene
matrix reinforces the material, thereby increasing its
strength. The aluminum particles surround the steel
microparticles, securing them within the composite; this
leads to a significant increase in the composite material's
strength.

Equipment improvement. Composite materials are
produced using various methods [17]. In this study,
several injection molding machines were employed. The
majority of the work was carried out using a
Windsor SP 80 horizontal injection molding machine
(injection pressure: 180 MPa; injection volume: 50 cm?).
Originally, the Windsor SP 80 was a standard injection
molding machine designed for the production of simple
polystyrene products. The layout and design features of
the Windsor SP 80 allowed for significant modernization
and the implementation of upgrades to enable the
production of polystyrene-steel composite materials.

The primary improvement was the addition of a
second screw (plunger). This enables the separate feeding
of the component mixture and polystyrene into the
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extruder, thereby enhancing the uniformity of component
distribution throughout the composite’'s volume. A
second key modification involved installing a rotating
device within the hopper, where the metal components
are mixed. The hopper's rotation speed was adjustable,
ranging from 4 to 70 rpm. This speed range allows for the
selection of optimal operating conditions to achieve a
more uniform composite structure.

The cooling process for the finished products was
smoothly regulated. Additional heating elements were
incorporated into the feedstock supply circuit. A
temperature monitoring system for the equipment and
feedstock was also implemented. Temperature
monitoring was performed continuously, utilizing optical
methods and infrared radiometry (using Lend Ti-814,
Fluke-10, and Fluke-25 instruments).

Samples of polystyrene steel composites were
fabricated. Composite materials of the PS08FeYYAIZZ
type were obtained. The Y'Y and ZZ values correspond
to the number of steel and aluminum components. In
accordance with the technological process, the content of
components was measured in volumetric units.
Therefore, the numbering of composites is given taking
into account the number of volumetric parts of the
components [7, 9]. Composites of the PS8Fe4Al3 type
were manufactured. This composite material contained
8 volumes of polystyrene, 4 volumes of steel powder,
3 volumes of aluminum powder. The mass content of the
components was as follows: PS — 0.182, Fe — 0.6504,
Al —0.1676. The density was 3.22 g/cm?®,

The steel particles had dimensions close to 280 um.
Steel chips obtained from lathe machining waste were
used to produce the particles. The steel chips underwent
preliminary comminution, followed by a sorting process
using sets of sieves [12-14]. The aluminum powder
consisted of particles with a standard size of 30...40 pm.
During composite fabrication, the hopper rotation began
at 20 rpm. Since aluminum and steel particles differ in
size and weight, uniform mixing is achievable only at a
specific rotation speed. An optimal rotation speed was
determined for the steel powder and aluminum powder of
these dimensions. Experimental testing established that
the optimal hopper rotation speed is 42 rpm. At this
speed, a uniform distribution of the steel and aluminum
components within the mixture is observed.

Decreasing or increasing the rotation speed leads to
mixture separation, resulting in component non-
uniformity within the composite.

The composites were examined using a microscope,
with analysis focused on the cross-section. It was found
that the steel particles were uniformly distributed
throughout the composite volume. All microparticles
were surrounded by aluminum nanoparticles and
embedded in the polymer matrix.

Samples of several types were produced. The
composites were manufactured in the form of spheres,
plates, and rods. Production focused primarily on
composites in the form of spheres. The spheres varied in
size. Composites with different component proportions
had been investigated previously. Composites in which
the volume of polystyrene significantly exceeded the
volume of the metallic component were considered; these
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exhibited poor radiation-shielding properties and lower
strength characteristics.

Measuring the absorbed dose. Experimental
measurements of the absorbed dose were conducted for
specific types of composite materials.

Samples measuring 7x4x1 cm were used for the
measurements. Samples of these dimensions were
suitable for mounting in the measurement equipment.
Furthermore, such samples are convenient to install when
constructing stationary shielding structures or protective
screens.

Measurements were performed using an 2*!Am
ionizing radiation source with a gamma-ray energy of
60 keV [18-20]. The experiments were conducted using
a setup designed and manufactured at the NSC “KIPT”
[18]. An “Amptek” spectrometric system [19] was
employed for the measurements; it consisted of a
preamplifier, an “XR-100T” CdTe detector (dimensions
5x5x1 mm), and a “PX5” microprocessor-based signal
processing unit [20]. Spectra were acquired over a period
of 20 min, ensuring high statistical reliability of the
results. The spectral line distribution was obtained
[9, 21]. Based on these spectra, absorption coefficients in
composite materials can be determined. Absorption
coefficients were measured within specific energy range

Measurements were performed in the 13...20 keV
range, as well as at 26.34 and 59.54 keV. The detector
resolution was found to be 1.1% for the 59.54 keV peak
and 3.3% for the 13.9 keV peak. To experimentally
determine the absorbed dose coefficients, the variation in
photopeak area at different energies was investigated.
The photopeak area decreases as the absorbing properties
increase.

Absorbed dose coefficients were determined for
gamma quanta with an energy of 59.54 keV. The relative
absorption coefficient &, was determined from the
expression:

S
Soo =1——=",
S0
where S; — represents the photopeak areas measured in the
presence of the shielding material, and Sy — represents the
photopeak area in the absence of the shielding material.
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Fig. 1. Dynamics of the 2*!Am photopeaks

in the 13...18 keV range. With shielding material
(blue line). Without shielding material (pink line)
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To accurately determine the absorption coefficients,
the following quantities were also calculated: the relative
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absorption coefficient (&), the linear absorption
coefficient (), the mass absorption coefficient (s/p) ,
and the tenth-value layer thickness for gamma-ray flux
attenuation (Lio). The results are presented in [9, 21].
Absorption coefficients for gamma-ray photons with
energies of 12...19 keV were also measured (Fig. 1).
From Fig.1 shows that a significant number of
gamma quanta with energies of 13...18 keV are
absorbed. For gamma quanta with energies of 13.9 and
17.8 keV, the coefficients (&, w, tlp , L1o) are given in
Table 1.
Table 1
Coefficients &, g, /0, L1o, for gamma-ray quanta
with energies of 13.9 and 17.8 keV

Ly, tualp, Lo,

By keV o l/cm | cmg cm
13.9 0.977 1.290 1.112 1.8
17.8 0.922 1.225 1.056 1.9

The key radiation-shielding characteristics of the
composite materials are determined based on these
parameters.

Absorption coefficients were measured in the energy
range from 10 to 60 keV using an 2*!Am ionizing
radiation source.

For higher gamma-ray energies, absorbed dose
measurements were performed using a >?Eu gamma-ray
quanta source [7, 9, 21]. The resolution for the
121.78 keV peak is 1.5%. Consequently, the ionizing
radiation absorption coefficients of our composite
materials can be experimentally determined over a wide
range of gamma quanta energies. Notably, the majority
of instruments used in medical diagnostics and materials
science operate within the 10...120 keV energy range.

The radiation-shielding composite material is
designed to reduce the exposure (absorbed) dose of
gamma radiation. This radiation is generated by either
medical diagnostic equipment or industrial fluoroscopic
systems. The maximum gamma quanta energy in such
systems does not exceed 150 keV; therefore, the
absorption of gamma quanta with energies in this range
was investigated.

Experimental measurements [7, 9, 21] indicate that a
10 mm thick PS8Fe4Al3 composite material completely
absorbs gamma quanta with energies between 10 and
20 keV. Significant attenuation of the gamma-quantum
flux also occurs in the 50 to 80 keV energy range.
Effective protection against gamma quanta with energies
exceeding 100 keV requires a substantial increase in the
thickness of the PS8Fe4AlI3 composite shielding layer.

Previous studies [3, 5, 7, 9, 21] investigated specific
types of composite materials with varying component
proportions or particle sizes.

Theoretical calculations of absorbed dose values were
performed. The results of experimental measurements
were found to be in close agreement with the theoretical
calculations.

Calculation of radiation-shielding characteristics.
Numerical modeling of the radiation-shielding properties
of composite materials was performed using the Monte
Carlo (MC) method. The Geant4 v11-04 software
package [22] was employed. The model shown in Fig. 2
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was used to calculate the ionizing radiation absorption
coefficients of the composite material.

Fig. 2. Flow geometry model for calculating the
absorption coefficient in a composite material
(Geant4 method)

In the case of Geant4, we use a parallel beam of
monoenergetic gamma quanta incident on a shielding
layer of a specific thickness. We record the number of
incident quanta at the surface and the number of absorbed
quanta. At the exit from the layer, we record the spectrum
of the emerging quanta.

In practical medical radiology, the XMuDAT
software package [23, 24] is used to determine the mass
absorption coefficient.

Absorbed dose calculations were performed for the
composite material PS8Fe4Al3. One result was obtained
using the Geant4 v11-04 software package, and the other
using the XMuDAT software package. The results of the
numerical calculations are presented in Fig. 3.

PS8Fe4Al3
—a— Geant4
—— XMuDat

107" 4

0.01 0.1
E,, MeV

Fig. 3. Mass absorption coefficient of the
polystyrene-steel composite PS8Fe4AI3

As shown in the graphs in Fig. 3, the calculation
results are in good agreement. The results also show good
agreement with experimental data [7, 9, 21]. Therefore,
the Geant4 v11-04 software package was used for the
calculations.

Table 2
Exposure dose in the absence of a protective layer.
Gamma-quanta with energies of 60 keV
E,, keV Dair, uR/quantum 5, %
60 2.223-10° 2.17

Dair— calculated exposure dose in a modeled air volume.
& — standard deviation (SD) of the exposure dose value.
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The exposure dose in the absence of a protective layer
was calculated using the Monte Carlo method. Gamma
quanta with energies of 60 keV were used (Table 2).

For practical applications, the exposure dose in the
presence of a protective layer is required. The
dependence of the exposure dose on the thickness of the
protective layer must be determined. Calculations of the
exposure dose were performed for cases of attenuation by
a factor of *e* (Table 3,a), two (Table 3,b), and ten
(Table 3,c).

Table 3

Efficiency of exposure dose reduction for 60 keV

gamma-rays near the exit surface of a polymer
composite shielding sphere

a
Radiation |Hyye,
dose Cﬁ] Dy, UR/g 3{; Dair/ D1se
Dyse 0.36 |6.732E-05 | 2.38 0.330
b
Radiation | Ha, 3, _
dOSG Cm DZ, UR/q % Da|r/ D2
D, 1.29 |1.102E-05 | 4.24 2.017
C
Radiation | Hjio, 0,
dose | cm D10, UR/Q % Dair/ D1o
Do 2.48 |2.318€E-06 | 7.02 9.594

Duse — radiation dose. The thickness of the protective layer
reduces the gamma-ray flux by a factor of e; D2 — radiation
dose. The thickness of the protective layer reduces the gamma-
ray flux by a factor of two; Do is the radiation dose. The
thickness of the protective layer ensures a tenfold reduction in
the gamma-ray flux; Hi — thickness of the protective layer for
the options listed above; & — standard deviation (SD) of the
exposure dose value; Dair/Di — the ratio of the radiation dose
without a protective layer to that with a protective layer of
thickness i.

For these thicknesses, gamma-ray spectra were
obtained using numerical methods after the radiation had
passed through the shielding layer. The incident gamma-
ray energy was 60 keV.

Fig. 4 shows the gamma-ray spectra after passage
through a shielding layer that attenuates the incident
gamma-ray flux by a factor of *e*.

107

1054 |PS8Fe4Al3
[ J60keV,I/1,=1/e

102 -
10'
T r r

T
0,01 0,02 0,03 0,04 0,05 0,06

E,, MeV

Fig. 4. Gamma-ray quanta spectrum for attenuation by
a factor of e. Initial energy: 60 keV. Shielding layer:
PS8Fe4Al3 composite. Shielding layer thickness (Huse)
was 1/ = 0.36 cm
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Fig. 5 shows the spectrum for the case where the
incident flux of gamma-ray quanta is attenuated by a
factor of two.
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[ S0 0 O . !
0,01 0,02 0,03 0,04 0,05 0,06

E,, MeV
Fig. 5. Gamma-ray quanta spectrum for a twofold
attenuation. Initial energy: 60 keV. Shielding layer:
PS8Fe4Al3 composite. Shielding layer thickness (Hy):
1.29cm

Fig. 6 shows the spectrum for the case where the
incident flux of gamma-ray quanta is attenuated by a
factor of ten.
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Fig. 6. Gamma-ray quanta spectrum for a tenfold
attenuation. Initial energy: 60 keV. Shielding layer:
PS8Fe4Al3 composite. Shielding layer thickness (H>):
248 cm

For gamma-ray quanta with an initial energy of
60 keV and a shielding layer thickness of 1/ =3.59 mm,
maximum absorption occurs in the range below 10 keV,
with high absorption observed in the 10...38 keV range.
The graphs show that as the number of gamma-ray
quanta decreases by a factor of e =2.71828, a significant
number of low-energy quanta appear; these quanta are
the result of Compton scattering. Lower-energy gamma-
ray quanta are absorbed more effectively by biological
tissues. Consequently, near the exit surface of the
shielding layer, the actual reduction in exposure (or
absorbed) dose is significantly less than the reduction in
the incident gamma-ray quanta flux.

To achieve a genuine reduction in radiation dose, an
additional protective layer should be applied beyond the
sphere with a thickness of Hie. This increases the total
shielding thickness. Figs.5 and 6 demonstrate that
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increasing the shielding layer ensures the absorption of
Compton (low-energy) gamma quanta; only isolated
Compton gamma quanta originating in the near-surface
layer are observed. A reduction in the number of gamma
quanta in the 40...60 keV energy range is also evident.
The thickness increased non-linearly as shielding
performance was enhanced: the ratio Ha/Hie is
approximately 3.2-3.8, while the ratio Hio/Hie is
approximately 6.5-6.9.

These calculations are valid for a parallel beam of
gamma quanta; under these conditions, the radiation dose
is at its maximum. This factor must be taken into account
when solving the inverse problem in medical radiology.
In medical radiology, the delivery of the exact prescribed
dose is essential during radiation therapy, as an
inaccurate dose reduces treatment effectiveness.

It should be noted that if the radiation source is a point
source or if gamma quanta are emitted over a significant
solid angle, the absorbed dose depends on the square of
the distance between the protective layer and the
radiation source. In such calculations, the D, and Dy
values would be lower than those obtained in our study.
Nevertheless, our calculations remain valid because they
represent the scenario of maximum ionizing radiation
absorption; in practical applications, therefore, shielding
with the composite material layer would be even more
effective.

Tensile strength measurement. Strength and wear
resistance are key characteristics in the practical
application of composite materials. These properties are
related to tensile or compressive strength; in this study,
tensile strength was investigated.

A tensile testing machine was used for the
experiments. Measurements were conducted in
accordance with the requirements of GOST 11262-80
(“Plastics: Tensile properties”), ASTM D638-14, and
ASTM D3039/D3039M [25, 26]. Specially shaped
specimens were fabricated for the experimental
measurements; these took the form of rods 12 c¢m in
length and 1 cm in diameter. The following values were
determined: tensile strength, elongation at break, and
yield strength. Measurements were performed at
temperatures of 250, 290, 320 K. These specific
temperature points were selected because they
correspond to temperatures naturally occurring on the
European continent.

The PS8Fe4Al3 composite contains nearly equal
volumetric proportions of polystyrene and metallic
components. This allows for maximum loading of the
polystyrene matrix with aluminum nanoparticles and
steel microparticles. Processing parameters were
optimized to achieve a homogeneous distribution of the
components throughout the composite material. Cross-
sections of the composite samples were examined using
a Bresser 2500 microscope, revealing a uniform
distribution of metal particles within the composite.
Notably, the steel microparticles were anchored within
the polystyrene by the aluminum nanoparticles; the
aluminum nanoparticles enveloped and surrounded the
steel particles, thereby enhancing the composite's
strength.
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It was found that at a temperature of 290 K, the tensile
strength was 42.8 MPa. At 320 K, the strength was
42.4 MPa. At 250 K, the tensile strength was 41.6 MPa.

The fracture surfaces were examined using a Bresser
2500 microscope. At temperatures of 290 and 320 K, the
fracture exhibited an elongated shape, and necking was
observed. In the case of the fracture at 320 K, the neck
was more elongated and thinner. Elongated polystyrene
segments were observed in the fracture zone; this resulted
from the heating and softening of the polystyrene,
allowing the long polymer molecules to slide parallel to
one another. At 250 K, the strength was slightly lower, as
the polystyrene underwent embrittlement. Fracture
occurred via cleavage, with the cleavage plane running
across the neck. The cleavage occurred primarily along
the steel particles, and the fracture surface displayed a
pattern of small, randomly distributed steps.

Thus, we have determined the trends in tensile
strength variation across a wide temperature range,
enabling us to predict how composite strength will
change under various temperature and weather
conditions.

Our findings align with research on composites of
similar composition. For instance, studies [27, 28] report
results on compressive strength measurements for
polyethylene-zinc composites. The results presented in
[27, 28] are generally consistent with those obtained in
our own research; the agreement regarding the trends in
strength variation is particularly notable.

Based on the obtained results, we can determine the
attenuation of the incident ionizing radiation flux
(specifically 60 keV gamma-ray photons) for various
thicknesses of a polystyrene-steel composite shielding
layer. For applications in medical radiology (radiation
therapy), we can calculate the radiation dose absorbed by
the irradiated object. Furthermore, based on measured
strength data, we can determine the maximum
dimensions of the shielding layer and the conditions
under which it retains its mechanical properties.

CONCLUSIONS

1. The equipment for producing polystyrene-metal
composite materials has been upgraded. An additional
mixture component mixing system and a preheating
system were added to the basic equipment setup. The
composite homogeneity monitoring system was
improved using optical and IR-radiometric instruments.
Heating parameters and processing speeds were
optimized for the manufacture of PS8Fe4Al3 composite
materials, and the production process itself was refined.
These improvements were implemented for composites
utilizing steel powder microparticles (280 um) and
aluminum powder nanoparticles (30...40 um).

2. Numerical methods were used to simulate the
absorption of a flux of y-quanta (initial energy 60 keV).
Spectra of y-quanta were obtained at the exit from
protective layers of different thicknesses. The spectra
were obtained for the PS8Fe4AI3 composite material. It
was found that a PS8Fe4Al3 composite layer with a
thickness of 3.59 mm weakens the flux of y-quanta by a
factor of e. A composite layer with a thickness of 1.29 cm
weakens the flux of y-quanta by 2 times. A composite
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layer with a thickness of 2.48 cm weakens the flux of y-
quanta by 10 times.

3. Tensile strength limits were determined using a
tensile testing machine. For the PS8Fe4Al3 composite
material, tensile strength was measured at fixed
temperatures of 250, 290, 320 K. The maximum tensile
strength value was 42.8 MPa, obtained at 290 K. Fracture
occurred with necking (at 290 K). Fracture morphologies
were characterized: at 250 K, the fracture was of the
cleavage type, whereas at 320 K, it involved drawing.
The fracture process was accompanied by necking and
the sliding of individual long molecules.
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BIIJIMB CKJIAZY NNOJIMEPHO-CTAJIEBUX HAHOMATEPIAJIIB
HA PAJTAIIMHO-3AXHUCHI TA MEXAHIYHI XAPAKTEPUCTUKH

E.M. Ilpoxopenko, B.B. /lumeunenxo, 0.0. 3axapuenko, M.A. Xaxcmypaoos, C.O. Cokonos, T.I'. IIpoxopenxo

BukoHaHo po0OOTH 3 PO3pOOKH TEXHOJOTIYHUX IPOLECIB MPOMKCIOBOIO BHUIOTOBJICHHS 3pasKiB paiialiiiHo-
3aXHUCHUX KOMIIO3WLIHHHUX MatepiaiiB. KoMIO3NTH CKIagaiaucs 3 MOJICTHPOIY, MIKPOYaCTHHOK CTaji Ta HAHO-
YaCTHHOK ANIOMiHII0. Po3rissmanucs xapaKTepUCTHKH PaialliifHO-3aXUCHUX KOMIIO3WTIB, SKI Majdd Pi3HHHA BMICT
KOMIIOHEHTIB Ta Pi3Hi pO3MipH YaCTHHOK KOMIIOHEHTIB. L{i KOMITO3UTH MOXYTh BUKOPHUCTOBYBATHUCS K 3aXHCT BiJl
10HI3YI0YOTO BHITPOMIHIOBaHHS, TaK i 3aXUCT BiJ] €JIEKTPOMArHITHOTO BHIIPOMIHIOBaHHs. BHBYANCS KOMIIO3UTH, Y
SKHX 00'€MHa KUIBKICTh TIONICTHPONY TPOXH OifbIle CyMapHOTO 00’€eMy MeTalneBOl KOMIIOHCHTH.
ExcnepuMeHTaNbHUM OUIIXOM  OyJiO0 BHUMIPSHO KOS(IIiEHTH TIOTIMHAHHS 10HI3YIOUOTO BHIIPOMIHIOBAHHS.
BuMiprOBaHHS BUKOHYBAJIU 32 JIOIOMOTOO ETAJIOHHHX JUKEPE) raMMa-Bunpomintosanns (24LAm, 12Eu). KoediuienTtu
ociabJIeHHsS [MOTOKY IOHI3YIOYOrO BHIPOMIHIOBAHHS 3HAHJIEHO 3a JOMOMOIOK METOMIB MATeMaTHYHOTO
MmojentoBanHs (MeToa Monte-Kapno (MC), kon Geant4 v11.04). Pesynbratu ekcriepuMeHTaIbHUX BUMIPIOBaHb Ta
PO3paxyHKOBI JiaHi MaloTh rapHuii 30ir. [lyis 3pa3kiB KoMIo3uuiiiHOro marepiany 3a temneparyp 250, 290, 320 K
MIPOBEJICHO EKCIIEPUMEHTH 3 3HAXO/PKEHHSI MEXI1 MIIIHOCTI Ha PO3PUB.
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