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Abstract: Three different samples were synthesized based on polyepoxide resin, a solidifying agent,
and a Bi; O3 doping compound. The polyepoxide resin and solidifying agent were added in a 2:1
ratio by weight and the Bi;O3 compound was added in ratios of 0, 5, and 10 wt. %. The density
of the synthesized composites was measured using an MH-300A densimeter with an uncertainty

in measurement of 0.001 g/cm?3

. The measurements showed that the density of the fabricated
composite varied from 1.103 g/cm? to 1.20 g/cm? when the reinforcing Bi,O3 compound was raised
from 0 wt. % to 10 wt. %. Furthermore, the y-ray shielding parameters were evaluated based on
the simulated mean track length of y-photons inside the synthesized composites using MCNP-5
code. The simulated results show an enhancement in the shielding parameter when increasing the
Bi,O3 concentration, where the linear attenuation coefficient values increased from 0.101 cm™! to
0.118 cm ! as the BiO3 concentration increased from 0 to 10 wt. %. The increase in the LAC has a

positive effect on the other shielding properties.

Keywords: polyepoxide resin; BiyO3 compound; Monte Carlo simulation; y-ray properties

1. Introduction

In modern technological fields, radiation is of significant benefit in various applica-
tions. However, radiation can also be dangerous, and inappropriate exposure to ionizing
radiation caan bring extra health concerns. Lead (Pb) has been utilized as a photon absorber
in a variety of applications, including personalized radiation protection equipment, glass,
walls, and so on. Despite these advantages, there has been a significant rise in worry about
the drawbacks of lead, including its toxicity and weight. The former is due to the fact that
lead is the cause of a multitude of health issues, in addition to having negative impacts
on the environment when it is discarded [1-3]. A high atomic number, high thickness,
and high density are the most important criteria that need to be satisfied by a material
before it can be used as a radiation attenuator [4-7], and high-quality lead-free materials
should be lightweight and flexible in addition to being eco-friendly. The aim is to develop
materials that are more comfortable than those that have historically used lead, and which
in turn meet the requirements of the ALARA concept. In contrast to conventional ma-
terials, polymer composites, which have preferred qualities, are a modern technique for
developing unique applications [8-10]. Polymers have been employed in several applica-
tions due to their interesting features. These applications include construction, aerospace,
optical devices, radiation protection, biomedicine, automotive, and more. Furthermore,
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polymers have found widespread application in the medical industry as a result of their
biocompatibility, their resistance to heat and chemicals, and the ease with which they may
be manufactured. As a result, polymers are an appealing choice for the development of
innovative radiation protection materials because they are inexpensive, chemically stable,
lightweight, and possess excellent mechanical features. In addition, polymers are able to
considerably reduce the effects of ionizing radiation by utilizing metal structures with both
high atomic weights and densities as composites [11-13].

Epoxy resin is a form of reactive prepolymer and a polymer that contains epoxide
groups in both its monomer and its polymer chains. These resins can either react with one
another in the presence of catalysts or with a large number of other co-reactants. Epoxy
resin is extensively used in the industrial sector for a wide range of projects. For example,
on one hand, epoxy is the most common type of resin utilized in the electronic industry
for overmolding integrated circuits, hybrid circuits, and transistors. On the other hand,
the fabrication of advanced radiation shielding materials may be achieved in an efficient
manner by incorporating heavy metal oxides, such as Bi;Os, into the epoxy matrix [14-17].
As a result of the wide variety of uses that may be found for heavy metal oxides, there has
been a lot of interest in these compounds in both the academic and commercial sectors.
The most obvious feature of BiOj3 is its high density, and thus a relatively high-density
polymer composite is expected when high concentrations of BiO3 are used. In addition,
bismuth (Bi), which is currently under investigation as a possible candidate material for
lead (Pb) replacement in radiation protection, is starting to play a useful role in the creation
of next-generation shielding components with much more favorable characteristics [18-20].
In view of the significance of incorporating Bi»O3 into epoxy resin as a filler, the primary
emphasis of this research was on the radiation-shielding applications of epoxy matrices,
which are inexpensive and simple to manufacture. In order to provide a theoretical and
simulation-based contribution to the ongoing research on radiation protection using epoxy,
Biy O3 particles were introduced into epoxy resin in various mass fractions. Using Monte
Carlo simulations, the radiation shielding capabilities of the prepared composites were
calculated, and a comprehensive study was carried out by matching the findings of the
simulation with the XCOM software results.

2. Materials and Methods

Three samples were synthesized at room temperature based on polyepoxide resin,
a solidifying agent, and a reinforcing Bi;O3 compound. The polyepoxides resin, as well
as its solidifying agent, were bought from SlabDOC (Ivanovo, Russia) at a purity of 98%.
The polyepoxide resin was mixed with the solidifying agent in a 2:1 ratio by weight for
10 min. After that, the required amount of Bi;O3 was weighed using a sensitive electric
balance and added to the mixture with continued stirring for another 15 min. Then, the
mixture was cast in a cylindrical mold and allowed to solidify for 24 h. The final products
of the synthesized composites are presented in Figure 1. A MXBAOHENG MH 300A
(Guangdong, China) density meter was used to measure the density of the synthesized
composites with an uncertainty of 0.01 g/cm?3. The measurements show that the densities
of the polyepoxide-reinforced Bi,O3 composites were 1.103, 1.159, and 1.20 g/cm?. The
composition of the fabricated composites was then determined using X-ray fluorescence
(XRF) (see Table 1).

Table 1. Elemental composition and density of the synthesized composites.

Elemental Composition (wt.%)

Bi, O3 0% Bi, O3 5% Bi, O3 10%
H 6.97 6.61 6.26
C 44.01 41.77 39.54

(@) 36.32 35.00 33.68
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Table 1. Cont.

Elemental Composition (wt.%)

Bi203 0% Bi203 5% Bi203 10%
Na 2.34 222 2.10
Cl 8.48 8.05 7.62
K 1.49 1.42 1.34
Co 0.17 0.16 0.15
Bi 0.00 4.55 9.10
Density (g/cm?) 1.103 £ 0.033 1.159 £ 0.034 1.200 £ 0.036
’.
A
L
/ .d/ i d
BiS % Bi10 %

Bi0 %
Figure 1. Fabricated polyepoxide-reinforced BiO3 composites.

The elemental chemical composition obtained by the X-ray fluorescence and the
density recorded by the MH 300A densimeter were utilized to estimate the y-ray shielding
properties of the samples utilizing MCNP-5 [21]. The simulation was done over a wide
gamma energy (Ey, keV) interval, which varied between 15 keV and 661 keV. The geometry
used in the present work has been described elsewhere [22-24]. A radioactive source was
placed at the origin of the geometry (at 0 0 0), emitting photons along the Z-direction. The
photon energies, emission probability, and the photon distribution were introduced to the
source card (SDEF). The radioactive source was surrounded by a lead collimator with a
1 cm slit to direct the photon flux to the fabricated samples. The sample was placed at a
distance of 7 cm from the radioactive source and 5 cm from the detector. The BiO3-doped
polyepoxide resin composites had a diameter of 3 cm and various thicknesses. The photons
transmitted from the fabricated composite were collimated using a second collimator and
directed to the detector. The tally used in the present work to calculate the average photon
flux per unit cell of the fabricated composite was F4. The average photon flux was utilized
to estimate the mean track length (MTL) of y-photons inside the fabricated composites.
The simulation was carried out and a new output MCNP-5 file, in the form of a txt file, was
created, containing all the information about the mean track length of y-photons inside
the fabricated composites at the selected y-ray energy interval. The relative error in the
simulated data, according to the output file, was in the range of +1%. The obtained MTL
of y-photons was converted to shielding parameters through the following equations:

 (em ) = ih‘(IIt) M

The half-value thickness (A5, cm) is defined as:

os (cm) = 22 @

I
TF (%) = Ii x 100 ©)

0
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I
RPE (%) = Ii x 100 4)
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I, refers to the absorbed photon number inside the synthesized composites.

3. Results and Discussion

The u for the fabricated polyepoxide-reinforced BiO3 composites was evaluated via
determination of the MTL of the emitted y-photons using MCNP-5 code in the y-photon
energy (Ey, keV) interval between 15 and 661 keV, as illustrated in Figure 2. The studied
E, interval contains two different y-photon interaction modes. The first is the photoelectric
interaction (PE) which extends along the interval from 15 to 122 keV, where the p values
suffer from a high reduction with increasing E, values. This high reduction in the p value
can be attributed to the PE cross-section, which varied inversely with E3°. The p values
decreased in the mentioned interval by factors of 95.0, 96.3, and 96.6% for the fabricated
composites Bi;O3 0%, Bi;O3 5%, and Bi;O3 10%, respectively, when the E, increased from
15 to 122 keV. The second mode of y-photon interaction in the current work is Compton
scattering (CS), which extended from 200 keV to 661 keV. In the second mentioned interval,
the p values decreased moderately under the effect of CS cross-section when the E., value
increased, where the CS cross-section was inversely correlated with E. For example, the
values decreased by factors of 27.7, 34.2, and 39.6%, for composites Bi;O3 0%, Bi,O3 5%,
and BiyO3 10%, respectively, when E,, increased from 200 to 661 keV.

b 0.20 - ®m  Bi,0, 0% MC
7] _ ® Bi,0; 5% MC
. T A Bi,0, 10% MC
g 10 — % Bi,0; 0% Phy-X/PSD
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Figure 2. The linear attenuation coefficient of the polyepoxide-reinforced Bi,O3 composites.

The impact of the Bi;O3 doping content on the p of the fabricated composites is
illustrated in Figure 3. The results presented in the figure show that the p increased
significantly with rising Bi,Os ratios. In the PE interaction mode, the p values recorded a
large increase with rising Bi;O3 concentration. This large increase is attributed to the PE
cross-section, which varies directly with Zo*°, where Z refers to the effective atomic
number. In the aforementioned E, interval, the p values increased by factors of 362, 236,
and 218% at E,, values of 15 keV, 59 keV, and 122 keV, respectively, when the Bi;O3 doping
concentration increased from 0 to 10 wt.%. The obtained results show that, in the CS
interaction region, the p values increased slightly with rising Bi;O3; concentration. For
instance, at an E,, of 661 keV, the u values increased by 12% by raising the Bi,O3 doping
concentration from 0 to 10 wt.%.
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Figure 3. Influence of BiO3 concentration on the LAC of the synthesized composite.

The mass attenuation coefficient (L) for the polyepoxide-reinforced Bi,O3 composites
was calculated, first based on the simulated results, then using the free program Phy-
X/PSD [25]. Moreover, the py, for the selected composites was determined experimentally
via the narrow beam transmission method using the y-photons emitted from radioactive
sources Am-241, Na-22, and Cs-137 with energies of 59, 511, and 661 keV, respectively.
The measurements for the unattenuated photons (I,) and the attenuated photons (I) were
detected using a 3” x 3” Nal (T1) detector. Table 2 shows a comparison between the
simulated, theoretically calculated (Phy-X/PSD), and the experimental measurements. The
comparison depicts a difference (6, %) in the range of £1% between MCNP and Phy-X data,
whereas the difference between the experimental measurement and the MCNP simulation
was found to be approximately +6%.

The thickness of polyepoxide-reinforced Bi;O3 composites required to reduce the
emitted photons by a factor of 50% is called the half-value thickness (A(5). Figure 4 depicts
the variation in the A5 values versus E. The A5 values increase with rising E, values
due to the PE and CS interactions, as illustrated in the linear attenuation coefficient section.
In the PE interaction interval (i.e., 15 keV < E, <122 keV), the A 5 rose from 0.20 to 4.01 cm
(for Bi,O3 0%), from 0.07 to 1.94 cm (for Bi,O3 5%), and from 0.04 to 1.26 cm (for Bi,O3 10%).
This rapid increase in Ay 5 values is attributed to the large decrease in the u values under
the effect of the PE interaction. The results in Figure 4 also show that the A 5 values linearly
increase when E,, values increase from 302 keV to 661 keV. For example, the increase in Ag 5
values from 5.54 to 7.66 cm (for Bi,O3 0%), from 4.71 to 7.17 (for Bi,O3 5%), and from 4.12
to 6.81 cm (for Bi;O3 10%) is accompanied by an increase in E,, from 302 keV to 661 keV.
This moderate increase in the A( 5 values is attributed to the CS cross-section, in which the
u values of the fabricated composites decrease exponentially with rising E-, values.

We calculated the relaxation length (A, cm), which is inversely proportional to p
(A =1/p). The calculated values for A show the same trend in variation with E, as the Ag 5
values. In contrast, the A values increased from 0.29 to 11.05 cm (for Bi,O3 0%), from 0.10 to
10.34 cm (for BipO3 5%), and from 0.06 to 9.83 cm (for Bi;O3 10%), by raising the E values
from 15 to 661 keV.
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Table 2. The mass attenuation coefficient simulated by MCNP-5 code XCOM online software.

tm (cm?/g)
Energy/keV Bir O3 0% Bi, O3 5% Bi, O3 10%
MCNP Phy-X/PSD EXP MCNP Phy-X/PSD EXP MCNP Phy-X/PSD EXP
15 3.155 3.152 8.278 8.282 13.396 13.400
20 1.452 1.451 5.442 5.458 9.426 9.459
30 0.565 0.564 1.972 1.973 3.378 3.379
59 0.226 0.226 0.236 0.462 0.464 0.486 0.698 0.702 0.729
74 0.194 0.195 0.323 0.325 0.451 0.456
97 0.171 0.171 0.443 0.446 0.715 0.719
103 0.167 0.167 0.401 0.402 0.635 0.636
122 0.157 0.157 0.308 0.308 0.459 0.459
302 0.113 0.114 0.127 0.127 0.140 0.141
356 0.106 0.107 0.115 0.115 0.124 0.124
511 0.092 0.092 0.096 0.095 0.095 0.099 0.098 0.098 0.103
604 0.085 0.086 0.087 0.087 0.089 0.089 -
661 0.082 0.082 0.085 0.083 0.084 0.087 0.085 0.085 0.089
g [ BiL,O;0%
—&— Bi,0, 5%
—&— Bi,0, 10%
6 -
_
B
=~ 44 3.5
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ol _ 254
E 2]
2 S 1.54
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Figure 4. Variation in the half-value thickness of the polyepoxide-reinforced Bi,O3 composites versus
the y-photon energy.

The Aps and A values were strongly affected by the Bi,O; doping concentration,
as illustrated in Figure 5. The obtained results show that the Aygs and A decreased by
approximately 75% with an increase in the Bi;O3; doping ratio in the PE interval, whereas
they decreased by approximately 16% in the CS interval when the Bi;O3; concentration
increased between 0 and 10 wt. %. For example, at an E., value of 551 keV, the Ay 5 values
decreased from 6.84 to 5.90 cm, whereas the A values decreased from 9.86 to 8.51 cm as the
Bi, O3 concentration increased from 0 to 10 wt. %. This decrease in the A5 and A values
with the addition of Bi,Oj is attributed to the increase in the interaction cross-section with
increasing Z¢s of the fabricated composites.
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Figure 5. Influence of Bi;O3 concentration on Ag 5 and relaxation length (A, cm).

The efficiency of the material can be also estimated through comparison of the number
of transmitted photons (Iy) with the total number of emitted photons (I,), where the
transmission factor, TF, (%) = (It/I,) x 100. In this study, the TF and RPE values were
mainly affected by three parameters: emitted photon E,, BiyO3 doping concentration, and
fabricated composite thickness. Increasing the emitted photon energy, E,, caused a large
increase in the penetration power of the emitted photons, which affects the values of I
and I;. We found that a large increase in the number of I; photons was accompanied by a
decrease in the number of I, photons. So, the TF increase is accompanied by a decrease in
the RPE, leading to an increase in E, values. For example, a 1 cm thickness of the fabricated
BiyO3 10% sample had TF values that varied between 0 and 90 wt. %, whereas it had RPE
values that decreased from 100 to around 9%, when the E, increased from 15 to 661 keV.

The Bi; O3 concentration also affects TF and RPE. Figure 6 shows the TF and RPE versus
the Bi;O3 doping concentration. Raising the Bi;O3 content in the composites increases the
composites’ Z.¢, which causes an increase in the resistance of the composite towards the
passage of the emitted photons. Thus, the increase in photon—electron interactions inside
the fabricated material is associated with a decrease in I; photons and a significant increase
in I, photons. As a result, when TF decreases there is an associated increase in the RPE
values. For example, at an E, of 122 keV, TF values decreased from 84.1% to 57.7% and
RPE values rose from 15.9% to 42.3% as the Bi,O3 concentration increased from 0 to 10 wt.
%. Moreover, it has been found that the composite’s thickness also affects TF and RPE, as
illustrated in Figure 7. For example, at an E, of 122 keV, the TF values of the fabricated
Biy O3 10% composite decreased from 65.8% to 1.5%, whereas RPE values increased from
34.2% to 98.5% as the composite thickness increased from 0.5 to 5 cm. Raising the fabricated
composite thickness from 0.5 to 5 cm caused an bigger increase in the path length of the
photons than the relaxation length of photons. Thus, the emitted photon performs more
collisions inside the fabricated composite before penetrating the composite bulk. As a
result, there is an increase in I, and a significant decrease in the number of I; photons.
Therefore, the decrease in TF is associated with an increase in RPE values.
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Figure 6. Dependence of transmission factor (TF, %) and RPE on the BiO3 concentrations at a
v-photon energy of 122 keV.
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Figure 7. Dependence of TF and RPE on the composite thickness for composites Bi 0% and Bi 10%.

The Zg is the parameter used to examine the attenuation properties of a multi-
element composite in terms of its equivalent element. Figure 8 depicts the Z. for the
current samples versus the y-photon energy. For example, at an E, of 15 keV, the fabricated
composites, BipO3 0%, BioO3 5%, and Bi;O3 10%, have shielding parameters similar to Na
(Z =11), Cr (Z = 24), and Se (Z = 34), respectively. These values for Z.g decrease when
the emitted gamma photon energy increases. For example, at E,, values between 15 keV
and 661 keV, the fabricated composites, Bi,O3 0%, Bi;O3 5%, and Bi,O3 10%, act as Be
(Z=4),B(Z=5),and C (Z = 6), respectively. Figure 8 shows two peaks where the Z.
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has an unexpected increase. This increase in the Z.¢ values is attributed to the L1 and K
absorption edges of Bi that appear at 16.3 keV and 90.5 keV, respectively.

45
_ 10 —&— Bi,0, 0%
40 N —e— Bi,0, 5%
1 —A— Bi,0, 10%
35 - 5.
30 N 7
25 4 ‘]
5 2]
NT 5-
20
_ 4
15+ 1(’)0 2(’]0 3(’)0 4(')0 5(’)0 6(’)0 7(’]0 8(’)0
E v- photon energy (keV)
10 H
5 4
0 T

T T T T T T T T
0 200 400 600 800
v- photon energy (keV)

Figure 8. Variation in the effective atomic number (Z.¢) of the synthesized polyepoxide-reinforced
BipO3 composites versus the emitted y-photon energy.

Buildup factors are also key to clarifying the ability of a material to get rid of the
emitted photons and to prevent their accumulation in the material bulk. The buildup factor
is divided into two parts: the exposure buildup factor (EBF) and the energy absorption
buildup factor (EABF). In order to calculate both the EBF and EABE, it is necessary to first
determine the value of the equivalent atomic number (Zeq), which describes a multielement
material in terms of its equivalent element. However, unlike Z.¢, Zeq depends on the ratio
of the Compton scattering mass, um, to the total py. Calculations of Zgg, Zeq, EBF, and
EABF were performed using Phy-X/PSD software [25]. Figure 9 shows that the values of
Zeq were very small at low E, energies. This decrease in the Zq is related to the reduced
values of (um) Compton scattering due to the predominance of the PE interaction. In the
PE interaction region, Zeq increases from 9.2 to 9.8 for BiO3 0%, from 12.4 to 26.4 for Bi;O3
5 %, and from 14.46 to 32.48 for Bi;O3 10 %. Above 100 keV, the Zqq values were greatly
increased due to the predominance of CS interactions, and the (uy,) Compton scattering
was greatly increased compared to the total um values.

EBF and EABF values were calculated and are presented in Figures 10 and 11 along
with the y-photon energy and Bi;O3 doping concentration. The values of these factors
were very low at low E, values, they then increase gradually with rising E, in the CS
region. For the Bi 0% composite, without Bi;O3, the EBF and EABF tend to reach maximum
values at around 150 keV, where the EBF and EABF values were 117 and 164, respectively.
Then, both EBF and EABF reduce gradually and drop to 29.2 and 32.6 under the effect of
pair production (PP), which consumes the photon energy in the production of an electron
and positron pair. Raising the Bi,O3 concentration in the fabricated composites causes a
high decrease in the EBF and EABF; the EBF values at 15 keV decreased from 1.09 to 1.06,
whereas the EABF values decreased from 1.09 to 1.05. The results show that the addition
of Bi;O3 to the polyepoxide resin reduces the accumulation of photons in the fabricated
composite. This observation can be attributed to the Z.¢ of the composites, where increasing
the Bi;O3 composition causes an increase in the fabricated composite’s Z.g. Hence, the
PE interaction cross-section is directly proportional to Z*°. Consequently, the probability
of this process increases with the increasing Z.g. Thus, the energy of the emitted photon
is totally consumed in the interaction with the composite atoms and electrons. So, the
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EBF and EABF values show a significant decrease with rising BiO3 concentration in the
fabricated composites.

{—8— Bi,0; 0%
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Figure 9. Variation in the equivalent atomic number (Zeq) of the fabricated polyepoxide-reinforced
BipO3 composites versus the emitted y-photon energy.
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Figure 10. Variation in the EBF of the fabricated polyepoxide-reinforced Bi,O3 composites versus the
emitted y-photon energy and Bi;O3 concentration at 10 mfp.
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Figure 11. Variation in the EBF of the fabricated polyepoxide-reinforced Bi;O3 composites versus the
emitted y-photon energy and BipO3 concentration.

Moreover, raising the penetration depth in the unit of a mean free path (mfp) causes an
increase in both EBF and EABF for the fabricated composites. Figure 12 shows that the increase
in the EBF and EABF values is low at small values of penetration depth, whereas the EBF and
EABEF increase greatly at high values of penetration depth (especially for penetration depths
higher than 20 mfp). Increasing the penetration depth forces the incident photons to stay
for longer inside the fabricated samples and perform many collisions with the surrounding
electrons. Therefore, the number of photons accumulated inside the material increases with
increasing penetration depth. Another observation from Figure 12 is that raising the Bi,O3
concentration in the fabricated composites reduces the number of accumulated photons inside
the material. This is ascribed to the increase in the probability of PE interaction with increasing
Bi,O3 concentration at the studied energy of 60 keV. Thus, the photon’s energy is consumed
totally during the interaction (the energy is consumed to eject one of the boundary electrons
from the atoms). Thus, the increase in Bi;O3 concentration is accompanied by a significant
reduction in the EBF and EABF values at low energy intervals.
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Figure 12. Variation in EBF and EABF values versus the penetration depth.
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4. Conclusions

A series of epoxy-reinforced Bi;O3 compounds were synthesized using polyepoxide
resin and a solidifying agent at room temperature. The density of the synthesized compos-
ites was enhanced from 1.103 to 1.20 g/cm? by raising the concentration of Bi;O3 composite
from 0 wt.% to 10 wt.%. The ability of the synthesized composites to attenuate the low
Y-photon energies was estimated using the Monte Carlo simulation N-Particle transport
code in the E interval between 15 keV and 661 keV. The estimated results show that the p
values are enhanced by raising the Bi;O3 concentration in the synthesized composites. For
example, at an E, of 661 keV, the p values are enhanced by a factor of 12.4%, where the p
values increased from 0.091 cm ™! to 0.102 cm ! as the Bi,O3 concentration increased from
0 to 10 wt. %. The aforementioned enhancement in the pu values was also reflected in the
other shielding properties, where the half-value thickness and mean free path decreased
with rising Bi»O3 concentration. Moreover, the TF values decreased and the associated
RPE increased with rising Bi,O3 concentration in the synthesized composites. Furthermore,
the Phy-X/PSD results for buildup factors show a decrease in their values with increasing
Bi; O3 concentration.
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