Progress in Nuclear Energy 137 (2021) 103795

Contents lists available at ScienceDirect

Progress in Nuclear Energy

journal homepage: www.elsevier.com/locate/pnucene —

ELSEVIER

Check for

Gamma radiation attenuation characteristics of polyimide composite ol
with WO,

N.L Cherkashina®", V.I. Pavlenko?, A.V. Noskov ", V.V. Sirota®, S.V. Zaitsev?, D.
S. Prokhorenkov ?, R.V. Sidelnikov *

2 Belgorod State Technological University Named After V.G. Shoukhov, Kostyukov Str., 46, Belgorod, 308012, Russia
b Belgorod State National Research University, Belgorod, 308015, Pobedy Str., 85, Russia

ARTICLE INFO ABSTRACT

Keywords:

Polyimide composites
Tungsten oxide

y-Radiation sources
Radiation resistance

Linear attenuation coefficient

This study presents the effect of y-sources on polyimide composites with WO,. Experimental studies on the in-
fluence of y-radiation on the samples are carried out using '*’Cs (E = 0.662 MeV) and *°Co (E = 1.252 MeV)
sources. The measurements are carried out both under “narrow” geometry (without considering the scattered
radiation) conditions and under the conditions of a “wide” (considering the scattered radiation) beam of photon
radiation. We present the distributions of the absorbed dose of y-quanta from sources without test samples and
behind test samples of a certain thickness. It is shown that the introduction of the proposed WO filler at 60 wt%
more than triples the linear attenuation coefficient of y-radiation at E = 0.662 MeV and is 2.36 times larger at E
= 1.252 MeV compared to the polyimide without filler. After y-irradiation with a dose of up to 10 MGy (E =
1.152 MeV), no changes in the physicomechanical and electrical properties of the composites were observed. The
flexural strength value before y-irradiation was 88.52 + 4.47 MPa, and after 89.8 + 5.25 MPa. The dielectric

Accumulation factor

constant of the composite before and after gamma irradiation remained unchanged (e = 7.6).

1. Introduction

Ionizing radiation, especially X-ray and y-radiation, is widely used in
many fields, including nuclear power, medicine, the food industry,
research and so on (Rafiee et al., 2017; Dionisio et al., 2009; Pradeep
Kumar et al., 2020). Ionizing radiation has a detrimental effect on
human health and life, and also has a negative impact on the sur-
rounding environment (Bakar et al., 2019). Therefore, protection of the
population and the environment from radiation requires the use of a set
of measures to reduce or completely prevent negative consequences. The
most common protection method is the use of a protective screen
(AbuAlRoos et al., 2019).

The modern development of the nuclear industry is inextricably
linked with the development of new and more effective radiation-
protective materials. Materials intended for protection from radiation
sources at nuclear power plants must have high shielding properties
with respect to both neutrons and y-radiation. For this, the material must
have a certain chemical composition based on the nuclei of light and
heavy elements, and in some cases contain boron (Yastrebinsky et al.,
2011; Harrison et al., 2008; Aygiin, 2020; Sayyed et al., 2021a; Pavlenko
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et al., 2015; Dong et al., 2017). For the creation of protective screens
from y-radiation, the most widespread materials are materials contain-
ing atoms of heavy metals, often lead, with a high density (Sayyed et al.,
2019; Almugrin and Sayyed, 2021). Lead is a highly toxic material,
which makes its use difficult. Heavy concrete is another promising
material for radiation protection (Pomar, 2016; Bagheri et al., 2017a).
However, moisture variation in concretes makes it difficult to predict
radiation protection (More et al., 2021). Much research is devoted to the
development of glass-based radiation shielding materials (Sayyed et al.,
2021b, 2021¢c, 2021d; Yasmin et al., 2018; Abouhaswa and Kavaz, 2020;
Bagheri and Shirmardi, 2021; Bagheri and Adeli, 2020). Composite
materials based on polymers and heavy fillers are currently some of the
promising materials for shielding against y-radiation (Akman et al.,
2021; Nambiar and Yeow, 2012; Pavlenko et al., 2014).

Due to the ease of molding polymer composites, they can be used in
medicine to protect personnel from X-rays during radiation therapy
(Tijani and Al-Hadeethi, 1088). In addition, polymer radiation-shielding
composites are also used in the space industry. Benefitting from the use
of a polymer binder, composites significantly reduce the mass of space
technology, which makes it possible to improve the overall and mass

E-mail addresses: cherkashina.ni@bstu.ru, natalipvl3@mail.ru (N.I. Cherkashina).

https://doi.org/10.1016/j.pnucene.2021.103795

Received 25 February 2021; Received in revised form 14 May 2021; Accepted 24 May 2021

Available online 31 May 2021
0149-1970/© 2021 Elsevier Ltd. All rights reserved.


mailto:cherkashina.ni@bstu.ru
mailto:natalipv13@mail.ru
www.sciencedirect.com/science/journal/01491970
https://www.elsevier.com/locate/pnucene
https://doi.org/10.1016/j.pnucene.2021.103795
https://doi.org/10.1016/j.pnucene.2021.103795
https://doi.org/10.1016/j.pnucene.2021.103795
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnucene.2021.103795&domain=pdf

N.I. Cherkashina et al.

I 0 2 N NN
- OGO
\bl = \6/

polyimide

Fig. 1. Chemical structure of PI

parameters of the spacecraft (Pavlenko and Cherkashina, 2019; Cher-
kashina and Pavlenko, 2018; Pavlenko et al., 2013).

The introduction of special fillers into polymers makes it possible to
increase not only the radiation-protective properties of composites, but
also their mechanical and electrical properties (Maruzhenko et al.,
2019). Fillers, such as Bi;O3, WO3, PbO, BaTiO3 and CaWOQyg,, are often
used to increase the radiation-protective properties of polymers
(Korpinar et al., 2020; Intom et al., 2020; Bagheri et al., 2020).

It was shown that the introduction of BiO3 (44 wt%) not only
significantly improved the gamma shielding ability of poly(methyl
methacrylate) composites, but also improved the microhardness to
nearly seven times that of pure poly(methyl methacrylate) (Cao et al.,
2020). Composites based on unsaturated polyester containing up to 30
wt% PbO have also been synthesized (Bagheri et al., 2018a). The gamma
attenuation performance of the composites was evaluated by 1927, 137
and %°Co gamma radiation sources. The linear and mass attenuation
coefficients of the composites were found to increase with increasing
PbO content; however, the addition of lead monoxide to the polymer
weakened its thermal resistance and tensile properties. The observed
negative effects could be moderated by clay nanoparticles. The prop-
erties of polymer composites are influenced not only by the type of filler,
but also by factors such as the shape of the particles and their sizes, as
well as the nature of their interfaces (Arbuzova and Votyakov, 2018;
Abramyan et al., 2019).

In addition to the ability to attenuate ionizing radiation, materials
used as protective screens must have the required radiation resistance.
Radiation resistance is understood as the ability of a material to retain its
properties (mechanical, electrical and optical) when exposed to ionizing
radiation. The irradiation of polymers and their composites leads to
rupturing of their chemical bonds and the formation of free radicals,
which ultimately can lead to deformation of the material, the formation
of deep cracks and even the complete destruction of the material
(Ramani et al., 2003). The most important processes during polymer
irradiation are crosslinking and destruction processes (Ghobashy and
Abdeen, 2016; Navarro et al., 2018). The radiation resistance of poly-
meric materials is expressed by the dose of absorbed radiation and it
differs for different polymeric materials (Klinshpont et al., 1994; Segu-
chi and Morita, 1999; Wiindrich, 1977).

It was indicated in (Scagliusi et al., 2016) that at a dose above 100
kGy, a significant decrease in the mechanical properties of ethylene
propylene diene monomer rubbers with the predominance of chain
scission with further polymer degradation was observed. Polystyrene
and polyethylene terephthalate become unusable after absorption of a
dose of 5 MGy (Wozniak et al., 2017). Organosilicon polymers and ar-
omatic polyamides are slightly more stable but show significant changes
in their properties after absorbing a dose of 30 MGy (Devasahayam
et al., 2001). Polyimide (PI) materials have the highest radiation resis-
tance. For PI, a twofold deterioration in mechanical properties was
observed after an absorbed dose of ~100 MGy (Apel et al., 2001; Plis
et al., 2019). PI is also one of the few polymers that can be used in space
(Pavlenko et al., 2019).

This study presents data on the gamma attenuation characteristics of
PI composites with WO,. Experimental studies on the influence of
y-radiation on the samples were carried out using 3’Cs and ®°Co sour-
ces. The physicomechanical and electrical properties of the polyimide
and its composites with WO, before and after y-irradiation were studied.
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Fig. 2. Scheme of the experiment in the geometry of a “narrow” beam of
gamma radiation: where 1 - radiation source; 2 - lead blocks; 3 - investigated
material; A - detector.

2. Materials and methods
2.1. Synthesis of materials

Polymer composites based on PI and modified WO, were synthe-
sized. The use of PI as a binder can provide a high radiation resistance
for the composites, which affects the durability of the materials. The use
of WO, creates strong protection against y-radiation. The chemical
formula of PI is shown in Fig. 1. The PI was a yellow pressed powder
with a density of 1.4 g/cm3 (JSC “Institute of Plastics”, Moscow, Russia).
The WO, filler was a fine black-brown powder with a density of 12.1 g/
cm®. One of the ways to create an even distribution of components is to
modify the filler (Yastrebinsky et al., 2013; Matyukhin et al., 2013).
Modification of the filler was carried out using an organosilicon modifier
to create a hydrophobic surface. The use of a hydrophobic filler is
necessary for good compatibility with a non-polar polymer PI matrix.

The mixing of the polymer particles and the modified filler was
carried out in a jet-vortex mill. The homogeneous mixture was then
placed in steel molds and hot pressing was carried out at a pressure of 80
MPa and a temperature of 360-380 °C. The finished product consisted of
plates with dimensions of 25 x 50 mm and thicknesses of 10-50 mm
with a step of 10 mm. A more detailed description of the method of
making composites is presented in our previous work (Cherkashina
et al., 2019).

Samples of the pure PI powder without filler and PI/WO5 composites
containing 60 wt% WO; were prepared. We previously found that the
maximum WO5 content in the PI composite, at which high strength
parameters are maintained, is 60 wt% (Cherkashina et al., 2019).

2.2. Exposure to y-sources

Experimental studies of the effect of y-radiation on the samples under
study were carried out using the following radioisotope sources:

- Isotope source of gamma radiation %’Cs (E = 0.662 MeV) with an
activity of 1.88:10% Bq, a gamma constant of radionuclide of 3.242
Recm?/(h*mCi) and a half-life of 30.17 years;

- Isotope source of gamma radiation *°Co (average energy of gamma
quanta of 1.252 MeV, considering two energy peaks of ®°Co with
energies of 1.172 and 1.332 MeV) with an activity of 2.93°10% Bq, a
gamma constant of radionuclide of 12.853 Recm?/(h'mCi) and a half-
life of 5.27 years.

The used sources had dimensions of 0.5-1.0 cm, which, in the first
approximation, made it possible to consider them as “point” sources.

The measurements were carried out both under the conditions of a
“narrow” geometry (without considering the scattered radiation) and
under the conditions of the “wide” (considering the scattered radiation)
beam of photon radiation. The scheme of the experiment in the condi-
tions of a “narrow” beam is shown in Fig. 2 and the conditions of a
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Fig. 3. Scheme of the experiment in the conditions of the geometry of the
“wide” beam: where 1 - radiation source; 2 - investigated material; A - detector.

“wide” beam are given in Fig. 3.

An MKS-01 R radiometer-dosimeter with a BDKG-02 R detection unit
based on tissue-equivalent scintillating plastic was used. This makes it
possible to record the equivalent dose rate in a wide energy range (from
0.04 to 10.0 MeV) with limiting values and the basic error is <20% with
a confidence level of 0.95.

To exclude the effect of scattered radiation in the experiment under
the conditions of the “narrow” beam geometry, the sample under study
was additionally surrounded by 10 cm-thick shielding lead blocks on
each side along the perimeter (Fig. 2).

Determination of the power of the effective equivalent and absorbed
dose of gamma quanta was carried out under conditions when the
thickness of the layer of the sample under study increases towards the
source. The distance of the air gap between the source and the composite
with a maximum thickness is 45 ¢cm, the maximum thickness of the test
sample is 5 cm and the distance from the test material to the detector is
15 cm.

2.3. Research methods

The linear attenuation coefficient of gamma radiation was calculated
by Equation (1):

I=1Iy-e " (@]

where I is intensity of y-quanta absorption when using a protective
screen; Iy is intensity of y-quanta absorption without a screen; d is pro-
tective screen thickness.

The dose accumulation factor was calculated from the law of atten-
uation of gamma radiation in the conditions of the “wide” (considering
the scattered radiation) beam of photon radiation:

1=1yB(ud,E, Zyy)e " 2

where B(ud, E, ze, is the dose accumulation factor is associated with the
effective atomic number (Zg) composite, energy of gamma radiation
(E) and product pud.

A TESCAN MIRA 3 LMU field emission electron microscope (TES-
CAN, Czech Republic) was used for scanning electron microscopy of the
sample surface before and after gamma irradiation.

The Vickers microhardness of the surface was measured using a
NEXUS 4504 hardness tester. A four-sided diamond Vickers pyramid
with a square base and an apex angle between opposite faces of 136° was
used as an indenter. The load in all dimensions was the same (200 g).

The flexural strength was studied using a universal testing machine
(Instron model 5882, 2007, Instron, USA). Flexural strength was
calculated by Equation (3):

6tm =3Fy x L/(2bh?) (3)

where F,, is the maximum load, N; L is the distance between the lower
supports, mm; b is the sample width, mm; h is the average thickness of
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Table 1

Values of attenuation of the absorbed dose rate of y-radiation from point sour-
ces'®”Cs and®°Co with a sample of pure PI (under the conditions of the geometry
of a “narrow” beam).

No  Sample 137Cs (E = 0.662 MeV) %9Co (E = 1.252 MeV)
S::kness’ Absorbed Attenuation Absorbed Attenuation
dose rate of factor dose rate of factor
y-quanta y-quanta
behind the behind the
sample, sample,
pGy/h uGy/h
1 1 47.5 1.124 302 1.088
2 2 42.2 1.263 277 1.185
3 3 37.6 1.420 255 1.290
4 4 33.4 1.596 234 1.405
5 5 29.7 1.794 215 1.529

the sample, mm.
The dielectric constant € was calculated based on the experimental
value of the electrical capacity according to Equation (4):

C-d
=— 4

¢ S'€0 ( )
where C is the electrical capacity of the sample, F; d is sample thickness,
m; € is the vacuum dielectric constant 8.85 x 10 2Fm! ; Siselectrode
area (capacitor plate), m?>

The tangent of the dielectric loss angle was calculated by Equation
(5):

tg-5=6.28 x f x C xR x 1071 (5)

where f is frequency, 10° Hz; C is the electrical capacity of the sample,
PF; R is the measured equivalent surface resistance, Ohm.

Surface resistance (R) was measured using an RLC measuring bridge
and metal electrodes located at a distance of 1 cm apart.

3. Results and discussion

3.1. Attenuation of absorbed dose rate of y-radiation under “narrow”
geometry conditions

In the experiment, the differential and integral energy distributions
of the flux densities of y-quanta of the incident radiation from the source
without the test samples and behind the test samples were measured. On
their basis, the corresponding distributions of the effective equivalent
dose rate (uSv/h) and the absorbed dose rate (uGy/h) for y-quanta were
obtained.

It is known that for a point source of gamma radiation, the exposure
dose rate is directly proportional to the activity (A) of the radionuclide
and is inversely proportional to the square of the distance (r) from the
source to the point of irradiation:
§:k,.% (6
where K, is the gamma constant of the radionuclide.

Based on the differential and integral energy distributions of the flux
densities of the gamma quanta of the incident radiation from the source
without the samples under study, the corresponding values of the
effective equivalent dose rate at a distance of 65 cm from the source
were obtained: 53.4 pSv/h for the Cs source and 329 pSv/h for the
60Co source.

Since the equivalent dose (dose rate) is related to the absorbed
quality factor and for gamma radiation the value of the quality factor is
1, the absorbed dose rates at a distance of 65 ¢cm from the sources used in
the work are 53.4 uGy/h for the 1’Cs source and 329 pGy/h for the °Co
source.
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Table 2

Values of attenuation of the absorbed dose rate of y-radiation from point sour-
ces'®’Cs and®°Co with a sample made of PI/WO, composite (60 wt%) (under the
conditions of the geometry of a “narrow” beam).

No  Sample 137Cs (E = 0.662 MeV) %0Co (E = 1.252 MeV)
thickness,
cnllc ness Absorbed Attenuation Absorbed Attenuation
dose rate of factor dose rate of factor
y-quanta y-quanta
behind the behind the
sample, sample,
puGy/h puGy/h
1 1 36.77 1.452 269 1.222
2 2 25.33 2.108 220 1.495
3 3 17.44 3.062 180 1.827
4 4 12.01 4.446 147 2.234
5 5 8.27 6.456 120 2.732
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Fig. 4. Distribution of the absorbed dose rate of y-radiation from the 137¢s (a)
and ®°Co (b) source in the materials under study in the conditions of the
“narrow” beam geometry.

The experimentally obtained values of attenuation of the absorbed
dose rate of gamma radiation from point sources 1*’Cs and %°Co by the
materials under study are presented in Tables 1 and 2. For clarity, Fig. 4
shows the distribution of the absorbed dose rate of gamma radiation
from the ¥’Cs and ®°Co sources in the materials under the conditions of
the “narrow” beam geometry.

Analysis of the data presented in Table 1 shows that the attenuation
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Table 3
Linear and mass attenuation coefficients of y-radiation in the materials under
study.

No  Material Density, E = 0.662 MeV E =1.252 MeV
3
(g/em?) ,em™! /ps , /ps
em?*g  em™' em%/
8
1 PI 1.43 0.117 0.081 0.085 0.059
2 PI/WO, (60 wt%) 3.03 0.373 0.123 0.201 0.066
3 Ordinary concrete ( 2.3 0.1813  0.0788 - -
Sharifi et al., 2013)
4 Barite concrete ( 3.35 0.2618 0,0781 - -
Sharifi et al., 2013)
5 Barium-Bismuth- 4.21 0.3544  0.0842 - -

Borosilicate Glasses
(50-20-30) (mol%) (
Bagheri et al., 2017b)
6 Silicate glasses 5.487 0.524
containing Bi,O3 60
wt% (Bagheri et al.,
2018b)

0.0955

factor increases with increasing thickness of the polyimide. With an
increase in the sample thickness PI from 1 cm to 5 cm, the attenuation
factor value increases by 59.6%. A similar situation is observed with
increasing thickness of the PI/WO, composite (Table 2). With an in-
crease in PI/WO; composite thickness from 1 cm to 5 cm, the attenua-
tion factor value increases by 4.44 times. Based on the law of attenuation
of y-radiation in matter (Equation (1)), the attenuation factor value
depends not only on the composition of the substance itself, the energy
of y-quanta, but also on the thickness of the material itself (x), which is
observed in Tables 1 and 2 With the same thickness of the studied
samples, the attenuation factor is the highest for the PI/WO, composite
and the lowest for the pure PI sample. This can be explained by the
content in the composite of a large number of W particles, on which a
greater scattering of y-quanta occurs.

Based on the data presented in Tables 1 and 2 and the law of
attenuation of X-rays and gamma rays when they pass through a layer of
matter with thickness d (Equation (1)), the linear and mass attenuation
coefficients of y-radiation in the materials under study were calculated
(Table 3). Table 3 also shows the linear attenuation coefficient of some
famous shielding materials such as, ordinary and barite concretes, and
some silicate based shielding glass materials in order to compare with
developed polymer composite.

From the data in Table 3, it is noticeable that the introduction of the
proposed WOy filler at 60 wt% more than triples the linear attenuation
coefficient of y-radiation at E = 0.662 MeV and 2.36 times as large at E
= 1.252 MeV. For all of the concrete samples presented in Table 3, the
linear and mass attenuation coefficients of y-radiation are less than P1/
WO, composite.

The linear and mass attenuation coefficients of y-radiation of the
presented glasses (Table 3) are higher than PI/WO, composite. This is
due to the significantly higher density of the glasses compared to the
density of the PI/WO2 composite.

3.2. Dose accumulation factors

The linear coefficient of attenuation of the flux of y-quanta and the
multiplicity of attenuation are not exhaustive characteristics of the
protective properties of materials. The reason for this incompleteness is
the processes leading to the appearance of scattered and secondary ra-
diation. In some cases, such a contribution to the dose behind protection
may exceed the dose from attenuated primary radiation by one to two
orders of magnitude (Benetskii and Plotnikova, 2012). This effect is
considered by introducing a factor B into the exponential law of atten-
uation of the primary beam, which depends on the effective atomic
number Zg. composite, energy of gamma radiation and product pd.
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Fig. 5. Distribution of the absorbed dose rate of gamma radiation in the samples: a, b — PI; ¢, d — composite PI/WO; (60 wt%).

Table 4
Values of dose accumulation factors in the test materials.
No Material Material
thicks 3
iekness, em - py PL/WO, (60 Wt%)
137Cs (E = 0o (E = 137Cs (E = 80Co (E =
0.662 MeV) 1.252 MeV) 0.662 MeV) 1.252 MeV)
1 1 1.05 1.03 1.11 1.10
2 2 1.11 1.08 1.16 1.14
3 3 1.15 1.11 1.19 1.18
4 4 1.18 1.14 1.23 1.21
5 5 1.22 1.16 1.27 1.25

Fig. 5 shows the attenuation functions of the absorbed dose of y-ra-
diation by the materials under conditions that consider the scattered and
unscattered radiation of primary and secondary y-quanta (curve 1,
«wide » beam), as well as only unscattered primary radiation (curve 2,
«narrow » beam). The calculated numerical values of the dose accu-
mulation factor are presented in Table 4.

As can be seen from the data obtained (Table 4), the accumulation
factors monotonically increase with the thickness of the samples under
study, which is explained by an increase in the fraction of scattered
radiation in the material. With the same thickness of the studied sam-
ples, the value of the dose accumulation factor is the highest for the PI/
WO, composite and the lowest for the pure PI sample. This can be
explained by the content in the composite of a large number of W

particles, on which a greater scattering of gamma quanta occurs. It can
also be noted that, other things being equal, the accumulation factor
decreases with increasing radiation energy.

The obtained values of the dose accumulation factor in the materials
under study are not large and fluctuate within the range of 1.03-1.27
(Table 4). Such low values of the accumulation factor are associated
with the small size of the irradiation field of the material 5 x 2.5 cm. It is
known that the dose accumulation factor is associated not only with the
effective atomic number Z¢¢r, composite, energy of gamma radiation and
product pd, but also depends on the size of the irradiation field. An in-
crease in the size of the irradiation field leads to an increase in the dose
accumulation factor (Chetty and Rosu-Bubulac, 2019).

3.3. Radiation resistance of PI/WOgz composite

PI and materials based on it have a high radiation resistance to
gamma radiation. It was revealed that irradiation of PI by a®Co source
up to a dose of 230.4 kGy (the maximum accumulated dose in the work)
does not cause significant changes in the structure and properties of PI,
which were characterized by Fourier transform infrared spectroscopy,
energy dispersive spectroscopy, X-ray phase analysis and scanning
electron microscopy (Mathakari et al., 2014). PI demonstrated
remarkable stability for the properties under study.

It was shown that PI practically did not change either in its physical
or electrical properties at doses of gamma radiation (°°Co) up to 10 MGy
(Markley et al.,, 1969). The tensile strength remained practically
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Table 5
Properties of the materials under study before and after y-irradiation at E = 1.25
MeV and an absorbed dose of 10 MGy.

No  Description of Material
h teristi
characteristics PI PI/WOZ (60 WtOAI)
Before After Before After
irradiation irradiation irradiation irradiation
1 Vickers 37.79+ 36.5+ 57.2+ 56.5+
microhardness at ~ 2.50 2.15 5.65 4.78
200 g load (HV)
2 Flexural 93.71+ 91.75+ 88.52+ 89.8+
strength, MPa 4.73 4.59 4.47 5.25
3 Dielectric 3.05 3.02 7.6 7.6
constant (&)
4 Dielectric loss 0.02 0.02 0.052 0.051

tangent (tgd)

constant up to a dose of 10 MGy but decreased to about half of its
original value at an absorbed dose of 60 MGy. The specific electrical
resistance remained at the level of 10'° Ohm*cm or higher and decreased
only to 3+10'® Ohmecm at a total dose of 100 MGy. The same dose left the
dielectric constant practically unchanged and reduced the breakdown
voltage to ~75% of the original value.

To assess the radiation resistance of the developed PI/WO, com-
posite under y-irradiation, it was irradiated in the barrier geometry of

View field: 1000 ym Det: BSE MIRA3 TESCAN
SEMHV:50kV | SM: RESOLUTION 200 ym 4
BI: 10.00 WD: 10.08 mm I

View field: 1.00 mm Det: BSE MIRA3 TESCAN
SEMHV:50kV | SM:RESOLUTION 200 ym 4
BI: 10.00 WD: 9.99 mm I
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the shielding on a®Co research y-installation with a dose rate from a
source of 0.021 MGy/h at an energy of 1.25 MeV. The maximum
absorbed dose in the experiment was 10 MGy. The set of such a dose was
carried out continuously for 20 days. It was found that at a dose of 10
MGy, the studied samples PI and PI/WO; (60 wt%) completely retain
their physical and mechanical characteristics, as assessed by the Vickers
microhardness and bending strength, as well as the electrical properties
g, tgd (Table 5). A small change in the studied parameters is within the
error of the experiment. Scanning electron microscopy (Fig. 6) also did
not record any changes in the surface structure of the composites. No
cracks or delamination were detected after y-irradiation of PI and a
composite with WO,. Thus, a high radiation resistance of the developed
PI/WO, composites (60 wt%) was established up to a dose of 10 MGy.
Experiments were not carried out at a higher accumulated dose.

4. Conclusions

The high radiation shielding properties of PI/WO, composites (60 wt
% filler) with respect to y-radiation have been established. It is shown
that the introduction of the proposed filler WO in the amount of 60 wt%
more than triples the linear attenuation coefficient of y-radiation at E =
0.662 MeV and increases it 2.36 times at E = 1.252 MeV.

It was found that under the conditions of the “wide” beam geometry,
the value of the absorbed dose rate behind the test sample is higher than
under the conditions of the “narrow” beam geometry. It was found that

b
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Fig. 6. SEM-images of PI sample (a, b) and PI/WO, (c, d): a, c - before y-irradiation, b, d - after y-irradiation (10 MGy).
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the accumulation factors monotonically increase with the thickness of
the samples under study, which is explained by an increase in the
fraction of scattered radiation in the material. With the same thickness
of the studied samples, the value of the dose accumulation factor is the
highest for the PI/WO, composite and the lowest for the pure PI sample.
The obtained values of the dose accumulation factor in the studied
materials are not large and fluctuate within the range of 1.03-1.27.
The high radiation resistance of the developed PI/WO; composites
(60 wt%) was established up to a dose of 10 MGy. At a dose of 10 MGy,
the studied samples PI and PI/WO, (60 wt%) fully retain their physical
and mechanical characteristics, as assessed by the Vickers microhard-
ness and bending strength, as well as the electrical properties ¢, tg5.
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