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ARTICLE INFO ABSTRACT

Keywords: The presented work investigates the photon, charged particle and neutron radiation shielding performances of

Barit ) polyester-based composites filled with barite and/or tungsten boride by using experimental, theoretical, and

Tungsten boride Monte Carlo simulation techniques. The amount of barite/tungsten boride varying from 0 wt% to 50 wt% in the

Shielding efficiency . . . ) . . . .
material and polyester resin were exploited as filler and base materials, respectively. Experimental evaluation of

Gamma-ray spectrometer . . 22

Monte-Carlo codes BaWB composites has been performed with help of an HPGe detector based gamma spectrometer as well as ““Na,
133Ba, 137Cs and °Co radioactive point sources with energies in the range of 276.4-1332.5 keV. The experi-
mental data were compared to those theoretically calculated in WinXCOM as well as Monte Carlo (MC) simu-
lations, i.e., MCNP6, GEANT4 and FLUKA codes. The obtained mass attenuation coefficients for the produced
composites were in good agreement with the results of MC simulations and WinXCOM software. Comparing to
the other polymer composite samples, the sample with the maximum tungsten boride weight percentage has the
best radiation shielding property because of having the highest attenuation coefficients and lowest absorption
thicknesses.

it could be safely stated that minimum exposure time, maximum dis-
tance to the radiation source and using shielding materials are vital in
the radiation environment. The rule that aims to eliminate the effect of

1. Introduction

Since its discovery, radiation has started to be widely used in many

fields, especially in medical applications. It was first used for the diag-
nosis of diseases by taking advantage of the absorption feature of X-rays.
Later, it was used in the treatment of diseases, including internal and
external radiotherapy. The use of ionizing radiation has expanded with
the advancement of science, technology, and industry. While the usage
of radiation has expanded, the necessity of radiation protection against
its harmful effects has also started to become crucial. In order to avoid
from the harmful effects of ionizing radiation, it is necessary to pay
attention to three parameters: time, distance, and shielding. Therefore,

the dose by placing the material between the radiation source and the
people exposed to the dose caused by the source is called the shielding
rule. In order to be protected from the harmful effects of ionizing radi-
ation, it is necessary to determine the radiation shielding properties of
the materials used in radiation centers beforehand. Experimental tech-
niques or theoretical and simulation methods have to be utilized in order
to determine the used shielding materials.

There are many different shielding materials that are used for radi-
ation protection. These shielding materials are generally chosen taking
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Fig. 1. Production stage of polymer composites.
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Fig. 2. Experimental arrangement.

Table 1
The chemical contents and densities for the prepared composites.
Sample Code Compositions (%) Exp. Theo.
H B ¢ o S Co Ba w p (g/cm®) p (g/cm®)
BaWB-0 0.9025 - 12.1200 28.9989 10.9746 0.0024 47.0017 - 2.7325 2.8002
BaWB-10 0.9025 0.4417 12.1200 26.8182 9.8820 0.0024 42.3224 7.5108 2.8153 2.9016
BaWB-20 0.9025 0.8873 12.1200 24.6181 8.7797 0.0024 37.6013 15.0887 2.8962 3.0115
BaWB-30 0.9025 1.3310 12.1200 22.4277 7.6822 0.0024 32.9012 22.6331 3.0454 3.1223
BaWB-40 0.9025 1.7746 12.1200 20.2373 6.5848 0.0024 28.2010 30.1774 3.1185 3.2574
BaWB-50 0.9025 2.2183 12.1200 18.0469 5.4873 0.0024 23.5008 37.7218 3.2775 3.3948
radiation type into account. For example, the materials prepared to keep
the photon radiation are generally constructed from high atomic num-
ber of elements. Although lead is the most used shielding material for
photon radiation, researchers are working on different shielding mate-
Gama-ray rials such as composites (Medhat and Singh, 2014; Singh and Mudahar,

Detector

Fig. 3. Simulation arrangement.

source

1992; Singh et al., 2007; Bastug et al., 2011), building materials
(Cakiroglu et al., 2021; Tekin, 2016; Shirmardi et al., 2013), glasses
(Al-Hadeethi et al., 2019; Aloraini et al., 2021; Alqahtani et al., 2021;
Ozdogan et al., 2022a; Sekerci et al., 2019), etc. On this regard, Alavian
et al. (Alavian and Tavakoli-Anbaran, 2019) investigated the shielding
properties of light-density polyethylene reinforced with tungsten parti-
cles by using Monte Carlo simulations. Besides, in another work, the
radiation shielding properties of fiber-reinforced polymer composites
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Fig. 5. p/p values versus photon energy for the prepared composites.
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Fig. 6. p values versus photon energy for the prepared composites.
neutron shielding capacities. In addition to radiation shielding proper-
ties of charged particles, alpha and proton stopping powers have been
further computed.

2. Materials and method

2.1. Preparation

Materials formed by combining two or more materials with superior
properties in a single material or combining them at a macro level in

order to reveal a new feature are called composite materials. Polymer
concrete is a composite material consisting of resin and hardener in a
continuous polymer matrix, supported by a filler material that hardens
with chemical reaction. The composite production process was carried
out in three different stages. In the first stage, polymer matrix was ob-
tained by mixing C;607H14 (unsaturated polyester resin), CgOgHig
(methyl ethyl ketone peroxide, MEKP) as hardener and CoC;gH3004
(cobalt octoate (6%)) as reaction accelerator. In the second step, the
control sample was produced by adding the unsaturated polymer resin
and barite mineral as a filling material into the polymer matrix. In the
third stage, polymer composite samples were obtained by keeping the
polymer matrix amount constant in the produced samples and replacing
the barite mineral with tungsten boride at the rate of 10%, 20%, 30%,
40% and 50% by weights. The production stage of polymer composites is
given in Fig. 1.

2.2. Theoretical basis

Shielding research and simulation studies are widely used to eval-
uate gamma-ray shielding factors in order to choose the best material
available (Kilicoglu and Mehmetcik, 2021). In this work, the photon
shielding properties of six different composite samples were studied. The
following equation computes the mass attenuation coefficient (MAC) in
cmz/g. It is linked to density, and linear attenuation coefficient (LAC)
expressed in the Beer-Lambert rule.

1 In I
ﬂ/ﬂipx Iy

where, I and Iy represent the transmitted and the original intensities of
photons, respectively. y represents the LAC parameter, p represents the
density of the material and x represents the thickness of the absorber. On
the other hand, the mixture rule computes the total MAC of any mixture,
or a composite made up of several elements, taking into consideration

@
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Table 3
HVL (cm) results for the prepared composites.
Energy BaWB-0 BaWB-10 BaWB-20 BaWB-30 BaWB-40 BaWB-50
k
(keV) Exp. Theo.  Exp. Theo.  Exp. Theo.  Exp. Theo.  Exp. Theo.  Exp. Theo.
276.4 1.608 + 1.572 1.432 + 1.393 1.234 + 1.244 1.106 + 1.095 1.059 + 0.996 0.936 + 0.886
0.112 0.090 0.069 0.071 0.077 0.064
302.9 1.798 + 1.748 1.640 + 1.566 1.505 + 1.413 1.297 + 1.254 1.226 + 1.148 1.078 + 1.028
0.058 0.053 0.048 0.046 0.039 0.038
356.0 2.164 + 2.060 1.922 + 1.879 1.771 + 1.722 1.565 + 1.550 1.528 + 1.436 1.352 + 1.300
0.049 0.044 0.041 0.036 0.037 0.032
383.9 2.185 + 2.204 1.996 + 2.026 1.866 + 1.869 1.822 + 1.692 1.614 + 1.577 1.467 + 1.434
0.118 0.124 0.095 0.117 0.089 0.084
511.0 2.903 + 2.748 2.736 £ 2.583 2.560 + 2.433 2.368 + 2.244 2.120 £ 2.128 2.046 + 1.968
0.078 0.074 0.069 0.063 0.058 0.056
661.7 3.457 + 3.246 3.257 + 3.091 3.098 + 2.949 2.794 + 2.754 2.779 + 2.641 2.543 + 2.469
0.076 0.072 0.068 0.062 0.061 0.057
1173.2 4.685 + 4.501 4.558 + 4.351 4.347 + 4.211 4.082 + 3.988 3.992 + 3.878 3.880 + 3.675
0.108 0.106 0.101 0.095 0.092 0.090
1274.5 4.772 £ 4.707 4.841 + 4.554 4.656 + 4.412 4.203 + 4.182 3.999 + 4.071 4.079 + 3.861
0.124 0.125 0.120 0.109 0.106 0.107
1332.5 4.902 + 4.819 4.873 £ 4.664 4.845 + 4.520 4.303 + 4.286 4.259 + 4.174 4.240 £ 3.960
0.109 0.109 0.108 0.097 0.095 0.095
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Fig. 7. HVL, TVL and MFP values versus photon energy for the prepared composites.
the contribution rates in the mixed material. |
MFP =— 5)
2) H

() e = 25),

where W; and (p/p); indicate the weight fraction and mass attenuation
coefficient of i.th element in composites. Half Value Layer (HVL, cm),
Tenth Value Layer (TVL, cm), and Mean Free Path (MFP, cm) indicate
the thickness of the sample needed to lower photon intensity to 50%,
90% and 36.8% respectively (Ozdogan et al., 2022b; Kilicoglu et al.,
2022). These parameters are determined using the following equations
(3)-(5) in order; they are all dependent on the relevant material’s LAC.

av—"2 @)
u
TV — In 10 @

The important factor in establishing the shielding effectiveness of
any combination is the effective atomic number (Zf), a dimensionless
quantity that is stated as follows.

;fiAi (%)1

Lo = A
) g %(5)1

(6)

where f; represents the fractional abundance of the relative element in
the composite, A; and Z; represent the atomic weight and number,
respectively (Kilicoglu et al., 2021; Kilicoglu, 2019).

An important factor that determines a shielding material’s effec-
tiveness is the radiation protection efficiency, which is stated as follows:

)

1
RPE = (l 77) x 100
Iy
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Table 4
Zgt results for the prepared composites.
Energy BaWB-0 BaWB-10 BaWB-20 BaWB-30 BaWB-40 BaWB-50
k
(keV) Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo.
276.4 14.641 + 14.982 16.078 + 16.535 18.275 + 18.126 19.538 + 19.734 20.091 + 21.367 21.787 + 23.026
1.020 1.009 1.025 1.262 1.457 1.479
302.9 13.810 + 14.204 14.849 + 15.555 15.906 + 16.948 17.757 £ 18.366 18.546 + 19.816 20.308 + 21.300
0.448 0.483 0.509 0.624 0.591 0.717
356.0 12.515 + 13.148 13.887 + 14.208 14.890 + 15.313 16.281 + 16.448 16.558 + 17.621 18.115 + 18.834
0.285 0.315 0.341 0.373 0.398 0.433
383.9 12.881 + 12.767 13.927 + 13.718 14.740 + 14.712 14.619 + 15.737 16.413 + 16.801 17.506 + 17.905
0.695 0.868 0.750 0.936 0.908 1.001
511.0 11.149 + 11.778 11.738 + 12.432 12.469 + 13.123 13.121 + 13.843 14.651 + 14.597 14.797 + 15.388
0.298 0.316 0.336 0.347 0.400 0.403
661.7 10.595 + 11.284 11.182 + 11.783 11.719 + 12.311 12.677 + 12.865 12.780 + 13.448 13.651 + 14.063
0.233 0.247 0.257 0.280 0.282 0.303
1173.2 10.377 £ 10.801 10.632 + 11.140 11.140 + 11.500 11.607 + 11.880 11.933 + 12.282 12.036 + 12.709
0.240 0.247 0.259 0.271 0.276 0.280
1274.5 10.636 + 10.783 10.453 + 11.112 10.863 + 11.463 11.773 + 11.833 12.442 + 12.224 11.962 + 12.640
0.276 0.270 0.280 0.306 0.329 0.314
1332.5 10.596 + 10.777 10.628 + 11.103 10.683 + 11.450 11.771 + 11.816 11.960 + 12.204 11.781 + 12.615
0.237 0.237 0.239 0.264 0.267 0.263
24 T T T T
. > =2nX ®
? —o— BaWB-0 R 7 Rlp
22 ~ \\ —o— BaWB-10
" —o— BaWB-20 .
\ \ =) w
0 O —o— BaWB-30 ; 2w % ©
\ \ —o— BaWB-40 '
\\°;é > . . . . . .
18 \ ) —o— BaWB-50 where wj is the weight ratio and p; is the partial density of the elements
5 “ (Kara et al., 2020a).
N - The SRIM (Stopping and Range of Ions in Matter) software tools were
used to simulate the amounts of energy lost and the rates of particle
14 4
Table 6
Total macroscopic cross sections, mean free paths and number of transmitted
12 4 neutrons of 10 mm thickness sample and 10 neutrons at 4.5 MeV for the pro-
duced composites.
10 T T T T T Sample Total macroscopic cross Mean free Number of transmitted
200 400 600 800 1000 1200 1400 section (cm ™) path (mm) neutrons
Energy (keV) BaWB-0  2.0459 4.8878 8713484
BaWB- 2.0460 4.8874 8700237
Fig. 8. Z. values versus photon energy for the prepared composites. 10
BaWB- 2.0461 4.8872 8687140
20
The prepared samples’ neutron removal cross sections were BaWB- 2.0494 4.8794 8646862
computed using the mixing rule. Formulas (8-9) provide the equations 30
for the mass removal and neutron removal cross sections. BanB' 2.0501 4.8779 8640665
BaWB- 2.0515 4.8745 8601998
50
Table 5
Effective removal cross section results for the produced composites.
Element BaWB-0 (p =2.7325g BaWB-10 (p =2.8153 g BaWB-20 (p =2.8962 g BaWB-30 (p = 3.0454 g BaWB-40 (p =3.1185 g BaWB-50 (p = 3.2775 g
em %) em%) em™%) cm ) cm %) em %)
Partial TR Partial TR Partial TR Partial TR Partial TR Partial TR
density (cm’l) density (cm’l) density (em™) density (em™H) density (em™) density (em™)
H 0.024662 0.014748 0.025408 0.015194 0.026139 0.015631 0.027486 0.016436 0.028146 0.016831 0.029580 0.017689
B - - 0.012435 0.000715 0.025698 0.001478 0.040533 0.002331 0.055342 0.003182 0.072704 0.004180
C 0.331181 0.016625 0.341209 0.017129 0.351016 0.017621 0.369101 0.018529 0.377965 0.018974 0.397230 0.019941
o 0.792401 0.032092 0.755003 0.030578 0.712984 0.028876 0.683013 0.027662 0.631106 0.025560 0.591485 0.023955
S 0.299883 0.008307 0.278205 0.007706 0.254275 0.007043 0.233954 0.006481 0.205348 0.005688 0.179845 0.004982
Co 0.000065 0.000001 0.000067 0.000001 0.000069 0.000001 0.000073 0.000001 0.000074 0.000001 0.000078 0.000002
Ba 1.284331 0.016568 1.191487 0.015370 1.089003 0.014048 1.001972 0.012925 0.879457 0.011345 0.770236 0.009936
w - - 0.211450 0.002326 0.436997 0.004807 0.689268 0.007582 0.941092 0.010352 1.236326 0.013600
Total 2.7325 0.0883 2.8153 0.0890 2.8962 0.0895 3.0454 0.0919 3.1185 0.0919 3.2775 0.0943
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Fig. 9. The transmitted neutron numbers versus sample thicknesses between 1
and 19 mm for the prepared composites.
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Fig. 10. The transmitted neutron numbers versus neutron energies between 0.1
and 10 MeV for the prepared composites.

damage. It computes many characteristics of ion transport in the matter.
Depending on the dose and energy levels, radiation has different effects
on different materials. The conventional SRIM code computes using the
beam model. Additionally, the disparate SRIM results can be explained
by the radiation damage caused by the ions in the material. All particles
are thought to be at the same location, angle, and energy level during the
SRIM code computation. As a result, without taking into account particle
dispersion, the SRIM results reflect the normalized values. On the basis
of the SRIM method, the particle beam-which corresponds to the actual
experimental setup-was used. Six different materials made from com-
posite samples had their mass stopping power (MSP) values calculated
using the SRIM software for energies between 0.015 and 15 MeV. This
equation represents the Bethe-Bloch formula for computing MSP values:

dE _4nkiZ*e*n 2mc*p? > 10)
= - )

dx mc2p* " (1 -p

where the MSP is a function of the ion’s mass (m), velocity (p), and
charge (e), as well as and density of the material (p) and the atomic
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Fig. 11. MSP values versus kinetic energy of proton for the pre-
pared composites.
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Fig. 12. MSP values versus kinetic energy of alpha for the prepared composites.

number (Z).

While using ionizing radiation, it is crucial to understand the amount
of energy lost in charged particles. MSP is a function that represents the
loss of kinetic energy and indicates the rate of energy loss for charged
particles. The protection offered by the shielding material is revealed by
the MSP results. The average distance of an alpha or proton particle’s
penetration is indicated by its projected range (PR). These computed
metrics provide quantifiable evidence of the composite samples’
radiation-beam-blocking abilities. The ideal material is assessed at the
lowest projected range values for the radiation protection characteristic.
In addition, the PR value is a calculation used to understand the charged
particle transport patterns. The formula determines PR values.

#) = (M1 )R, an

MSP and PR values for both H' and He*? particles were estimated in
this work using the SRIM algorithm for composite samples with energy
ranging from 0.015 to 15 MeV. MSP and PR values have been recognized
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Fig. 13. The projected range values versus kinetic energy of proton for the
prepared composites.
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Fig. 14. The projected range values versus kinetic energy of alpha for the
prepared composites.

as crucial factors in estimating the level of radiation protection (Aloth-
man et al., 2021; Kara et al., 2020b; Kilicoglu and Tekin, 2020).

2.3. Experimental details

Photons emitting at various photon energies utilizing '**Ba (276.4,
302.9, 356.0 and 383.9 keV), *Na (511.0 and 1274.5 keV), *'Cs
(661.7 keV) and ®°Co (1173.2 and 1332.5 keV) radioactive point sources
have been detected by gamma ray spectrometer to determine the orig-
inal and attenuated gamma ray photons for 0%-50% barit/tungsten
boride filled composites at Giresun University Radiation Protection
Laboratory. The gamma ray measurements have been applied with help
of spectrometer equipped with an High Purity Germanium (HPGe) de-
tector (GEM-SP7025P4-B model) as well as an high voltage source of
2600 V with multichannel analyzer (MCA), positive polarity, ternary
composites and collimators in geometrical setup as shown in Fig. 2. The
distance of the composite to the source and detector window was set to
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35 and 28 cm, respectively. The measurements for all samples were
repeated three times in order to minimize the statistical error of the
conducted experiment. More experimental details are found in previous
published works (Akman et al., 2021, 2022).

2.4. Monte Carlo simulations

Mass attenuation characteristic of the shielding materials can be
tested by calculating mass attenuation coefficient. Besides experimental
results of mass attenuation coefficients, these parameters were simu-
lated by using the WinXCOM (Gerward et al., 2001) program. After
entering the chemical composition of the samples into the WinXCOM,
mass attenuation results were obtained (see Table 1).

MCNP6, FLUKA and GEANT4 Monte Carlo codes have been
employed to evaluate sensitively the photon attenuation performances
of BaWB coded samples. The simulations findings have been reported
along with those of experimental and WinXCOM results. Transportation
of various ionizing radiations like electrons, photons, heavy-ions and
neutrons through targets of interest could be simulated with MCNP6
(Goorley et al., 2012), GEANT4 (Agostinelli et al., 2003) and FLUKA
(Battistoni et al., 2015) codes. Sketch of the geometry used for the
simulations have been shown in Fig. 3. Additionally, more details on
codes have been mentioned in our previous works (Ozdogan et al.,
2022b; Ogul et al., 2022; Ozkalaym et al., 2020).

3. Results and discussion

The presented study provides some detailed analyses for polyester
based composites reinforced with barite and/or tungsten boride. The
first considered analysis for the prepared composites is the determina-
tion of gamma attenuation characteristics of the chosen materials. In
order to conduct a proper discussion on the gamma attenuation pa-
rameters, experimental, theoretical and simulation techniques are uti-
lized. In this context, Fig. 4 provides radiation protection efficiency
values for each material. The highest efficiency is obtained with BaWB-
50 composite, and the efficiency values could be ordered as: BaWB-50 >
BaWB-40 > BaWB-30 > BaWB-20 > BaWB-10 > BaWB-0. The difference
between the samples is greater at lowest energy and decreases with in-
crease of the energy of the gamma radiation.

Besides the RPE values, Table 2 gives the numerical values for y
coefficients. The table includes the results for experiment, theory
(WinXCOM) and MC simulations (MCNP6, GEANT4 and FLUKA). Once
each result is compared to each other, it could be safely stated that the
theoretical calculation and all used MC simulations are in well agree-
ment with the experiment since the maximum deviation is found to be as
about 6%. These numerical numbers are illustrated in Fig. 5. The biggest
MAC value is observed for BaWB-50 sample, and the lowest values is
obtained for BaWB-0. In other words, based on the evaluation of MAC
values, the best gamma attenuator is BaWB-50 sample. It should be also
noted here that the MAC values decrease exponentially by the increase
of the gamma energy as expected. In addition, linear attenuation values
are further shown in Fig. 6. The order of LAC values for the produced
samples is exactly the same as the order of the MAC values.

Another considered parameter in the gamma shielding section of the
samples is HVL, which could be easily obtained with help of the
measured LAC parameter. Table 3 provides the numerical numbers of
the HVL for each considered material. As can be seen easily, with its
lowest HVL values, the best gamma attenuator is BaWB-50 sample
among the produced composites for each considered gamma energy.
Fig. 7 presents the HVL values versus photon energy for the prepared
composites. In other words, HVL is a significant parameter for the
determination of the gamma attenuation capability of the chosen ma-
terial. Mostly, in literature, this parameter is compared to other alter-
native shielding materials at 661.7 keV since many reported work
provide the HVL numbers at this certain energy level. The obtained HVL
values could be further compared with literature. The HVL values
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calculated in this work are could be listed as 3.457 cm, 3.257 c¢cm, 3.098
cm, 2.794 cm, 2.779 cm and 2.543 cm for BaWB-0, BaWB-10, BaWB-20,
BaWB-30, BaWB-40 and BaWB-50, respectively. The base polymer ma-
trix without any additive was examined experimentally by Ozkalayci
et al. (Ozka]ayu et al., 2020). The reported HVL value for the chosen
polymer matrix is 6.98 cm, which is 2.74 times greater than the HVL
value of BaWB-50 sample at 661.7 keV. Based on these numbers, all
samples proposed in the presented study has better gamma shielding
capability than the chosen polymer matrix. Therefore, it could be safely
stated that addition of barite and/or tungsten boride at any amount
improves the gamma shielding capability of the chosen polyester ma-
terial. Ogul et al. (Ogul, 2022) used the same base polymer matrix and
reinforced the matrix with addition of boron and tin, and then, exam-
ined the gamma shielding performance of produced samples. They re-
ported that their N-BOSn50 sample showed the best gamma attenuation
capability with 4.572 cm HVL value at 661.7 keV. Based on the reported
values, BaWB-0 is even better than N-BOSn50 material. Rajanna and
Ningaiah (2022) produced composites based on isophthalic polyester
and doped with WOs3 and investigated their gamma radiation shielding
properties at some energies. The HVL values of the ISO+50 wt% WO3
composite were determined as 2.6, 3.49, 5.63 and 6.19 cm at 356, 662,
1173 and 1332 keV photon energies. In the presented study, these values
were calculated as 1.300, 2.469, 3.675 and 3.960 cm for the composite
coded as BaWB-50 at the same energies. Considering the HVL results,
BaWB-50 composite has 100%, 41.4%, 53.2% and 56.3% better gamma
shielding properties compared to ISO+50 wt%WO3 composite at 356,
662, 1173 and 1332 keV energies, respectively. Additionally, Fig. 7
shows the TVL and MFP values versus photon energy for the prepared
composites. TVL and MFP graphs convey the same information as the
HVL graph.

The following gamma shielding parameter is Z¢ values that defines
the probability of gamma ray interactions with the considered absorber.
Table 4 gives the numerical values of the obtained Ze, and Fig. 8 il-
lustrates these numbers. It is clear that the parameter decreases expo-
nentially with increase of the gamma energy, and BaWB-50 sample has
the biggest Z.g value for each gamma energy. In other words, the
interaction probability of gamma rays with BaWB-50 is greater than the
rest of the fabricated materials. These interactions make the gamma rays
lose their energy while passing through the material, and BaWB-50
material will show better gamma attenuation property.

The second analysis considered for the prepared composites is the
determination of neutron attenuation characteristics of the chosen ma-
terials. On this purpose, effective neutron removal cross sections of the
prepared sample and the simulated neutron numbers passing through
the absorbers as a function of neutron energy and material thickness are
determined. Table 5 provides the effective neutron removal cross sec-
tions of the prepared sample, and it is clearly seen that the highest value
(0.0943 cm™ 1) is obtained with BaWB-50. Based these numbers, it is
expected that neutron shielding performance of the prepared materials
should be in order of BaWB-50 > BaWB-40 > BaWB-30 > BaWB-20 >
BaWB-10 > BaWB-0. In Reference (Ogul, 2022), the validity of GEANT4
for neutron shielding tests is previously discussed, and significant con-
sistency is reported with experiment, FLUKA and MCNP6. Therefore,
GEANT4 simulation package is used for further neutron shielding
evaluations due to the lack of experimental apparatus. On this regard,
Table 6 provides total macroscopic cross sections, mean free paths and
number of transmitted neutrons for the produced samples of 10 mm
thickness. Here, 107 neutrons at 4.5 MeV are sent over the modelled
composites. As it is expected from effective neutron removal cross sec-
tions, the lowest transmitted neutron numbers are obtained with
BaWB-50 material. However, it should be noted here that the difference
between the samples are not significant, and the maximum difference is
about 1% level. On the other hand, Figs. 9 and 10 illustrate the graphs
for the transmitted neutron numbers versus sample thicknesses and
neutron energy, respectively.

The mass stopping power (MSP), sometimes referred to as the
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radiation-stopping power, is the average energy loss per unit path length
brought on by bremsstrahlung photon emission. Therefore, the total
average energy loss per propagation distance of a charged particle owing
to collisions and photon emission determines a material’s overall stop-
ping power for that charged particle. In this study, the mass stopping
power and predicted range values of the composites BaWB-0, BaWB-10,
BaWB-20, BaWB-30, BaWB-40, and BaWB-50 were examined between
energies of 0.015 and 15 MeV. As the kinetic energy increases, the MSP
values reach a peak and then begin to decline until they reach their
minimum value. Figs. 11 and 12 show the proton and alpha MSP values,
and both show that the BaWB-0 composite has the highest collision MSP
estimates for H' and He'? particles. Furthermore, Figs. 11 and 12
indicate that the BaWB-50 has the lowest proton =Y and alpha (Het?)
MSP values. The amount of H! and He*? penetration at a resting location
as well as the accessibility of shielding materials are represented by the
projected range (PR). The six composite samples were subjected to
proton and alpha PR calculations using the SRIM technique, and the
results are represented in Figs. 13 and 14, respectively. The BaWB-50
exhibits the lowest PR values for proton (HY) and alpha (He*?) parti-
cles, as seen in Figs. 13 and 14. Additionally, it is obvious that the BaWB-
50 sample has the best H! and He+2 shielding properties, as the com-
posites with the best shielding materials had the lowest PR values.

4. Conclusion

It is well-known that polyester-based filler doped composites put
forward low cost, durable as well as effective photon absorber which
may further provide promising upgrade on shielding features. Herewith,
barite ad tungsten boride compounds at different proportions in the
present study have been exploited as additive filler into unsaturated
polyester and evaluated as radiation shields over gamma energy region
ranging from 276.4 to 1332.5 keV. The experimental mass attenuation
coefficients of the prepared samples have been found in line with those
of WinXCOM computer program and MC simulations with help of
MCNP6, GEANT4 and FLUKA codes. Based on all shielding parameters,
the addition of BaWB filler to polyester material reveals a positive effect
for the shielding performance. Thus, BaWB-50 polyester sample with
high content of the studied BaWB composites possessessuperior atten-
uation effectiveness and may be evaluated in the fields required durable
and lightweight materials such as medical, spacecraft and so on. In the
present study, the shielding capacities of ternary composites containing
polyester, barite and tungsten boride, which were not included in the
literature, for gamma, neutron and charged particle radiations were
extensively investigated. It is seen from the literature review that there is
no such comprehensive study in the literature. When the obtained re-
sults were examined, it was observed that the produced composites,
especially the BaWB-50 sample, had superior ionizing radiation shield-
ing capacity despite the high energies. The present data might
contribute significantly to the literature to improve the quality and
quantity of shields.
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