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Abstract: Polymers are widely used materials that have many medical and industrial applications.
Some polymers have even been introduced as radiation-shielding materials; therefore, many studies
are focusing on new polymers and their interactions with photons and neutrons. Research has
recently focused on the theoretical estimation of the shielding effectiveness of Polyimide doped with
different composites. It is well known that theoretical studies on the shielding properties of different
materials through modeling and simulation have many benefits, as they help scientists to choose
the right shielding material for a specific application, and they are also much more cost-effective
and take much less time compared to experimental studies. In this study, Polyimide (C35HsN2O7)
was investigated. It is a high-performance polymer, well known for its outstanding chemical and
thermal stability, as well as for its high mechanical resistance. Because of its exceptional properties, it
is used in high-end applications. The performance of Polyimide and Polyimide doped with different
weight fractions of composites (5, 10, 15, 20 and 25 wt.%) as a shielding material against photons
and neutrons were investigated using a Monte Carlo-based simulation toolkit Geant4 within a wide
range of energies of both photons and neutrons from 10 to 2000 KeVs. Polyimide can be considered a
good neutron shielding material, and its photon shielding abilities could be further enhanced when
adding different high atomic number composites to it. The results showed that Au and Ag gave the
best results in terms of the photon shielding properties, while ZnO and TiO, had the least negative
lcxr;:edca!\(tfgsr effect on the neutron shielding properties. The results also indicate that Geant4 is a very reliable tool
when it comes to evaluating the shielding properties against photons and neutrons of any material.
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1. Introduction

The characteristics of polymers have made them excellent choices for a wide range of
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P applications since they are inexpensive, flexible, and simple to handle. Recently, scientists
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by combining them with various composites with high atomic numbers. Numerous inves-
tigated polymers also have high thermal neutron cross-sections and high neutron particle
- sensitivity, making them excellent neutron-shielding materials [1-5].

Polyimides (C35H3N»Oy7) are a class of high-performance polymers well known for
their outstanding chemical and thermal stabilities, as well as for their high mechanical
properties [6].

Recent studies have indicated that polymers integrated with composites have a high
potential to provide reasonable protection against radiation. In this study, the effect of
selected composites on Polyimide is investigated theoretically.
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Aluminum, iron oxide, aluminum, zinc oxide, and titanium dioxide composites were
chosen as the most significant composites that have outstanding impacts on polymers’
shielding properties. Silver and gold composites also have a good impact on polymers’
properties, but it is well known that silver and gold composites are expensive; that is why
experimental studies of their effects are limited, and a better approach is to use simulation
to examine the properties of a substance doped with silver or gold composites.

In this work, photon and neutron attenuation properties of Polyimide doped with
different weights fractions of those mentioned composites (5, 10, 15, 20, 25 wt.%) at a
large energy range (from 10 to 2000) keV have been theoretically investigated using Monte
Carlo simulation.

2. Materials and Methods
2.1. Materials

Polyimides (C35H3N»Oy7) are a class of high-performance polymers well known for
their outstanding chemical and thermal stabilities, as well as for their high mechanical prop-
erties [6]. Figure 1 shows the repeating unit of Polyimide, which has a density of 1.2 g/cm3.
Because of Polyimides’ superior thermal, mechanical, and dielectric qualities, Polyimides
have been widely used in the microelectronics industry as materials for electronic packag-
ing and electrical insulation. Functional Polyimides and their uses have recently gained
attention as new study areas, particularly in the areas of polymer electronic memories,
flexible displays, flexible solar devices, and high-performance interlayer dielectrics [7,8].
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Figure 1. Polyimide repeating unit. (Adapted with permission from [8]. Copyright 2012, Elsevier).

2.2. Photon Attenuation

The photon attenuation characteristics of the shielding material can be investigated by
determining different variables. These variables include linear attenuation coefficients, mass
attenuation coefficients, HVLs, effective atomic numbers and effective electron densities [9].

Any beam of photons experiences attenuation by photoelectric absorption, Compton
scattering, and pair production when a material of a certain thickness is being traversed [10];
Equation (1) is used to calculate the photon mass attenuation coefficient (i) [11]:

I = Ipe Fn (1)

where (Ip) is the un-attenuated and (!) is the intensity of the attenuated photon after passing
through a mass per unit area (x) layer of a sample. Equation (2) is used to calculate the
linear attenuation coefficient (y):

= Hmp 2

where (p) is the density of the sample’s material [11,12]. Another important parameter is
the half-value layer (HVL) of the material, which could be found using Equation (3) [11,12]:

HVL = mﬂz 3)

The total molecular cross-section can be found using Equation (4) [13,14]:

_ (B A
Ttm = (P)NA @)
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Moreover, the total atomic cross-section can be calculated by Equation (5) [13,14]:
_1
X (i)

where (N4) is Avogradro’s number, (A; = Xn;A;) is the molecular weight, (4;) is the atomic
weight of an element of the compound, and (#;) is the total number of atoms. While the
total electronic cross-section for the element is given by Equation (6) [14]:

©)

Ota = Otm

1 L fid
Otel = N7A12 lzil (,umt)i (6)

where (f;) is the number of atoms of element (i) relative to the total number of atoms of
all elements in the compound, and (Zi) is the atomic number of the ith element in the
compound. The effective atomic number (Zeff) of the compound could be found from the
ratio between the total atomic cross-section and the total electronic cross-section given by

Equation (7) [13,15]:
Ota

Zo = (7)
o O} el
While the effective electron density is given by Equation (8) [13,15]:
Nefs = £ (®)

O} el

All these parameters are essential when studying the photon shielding properties of
any material, and in this work, they were all investigated theoretically on Polyimide.

2.3. Neutron Attenuation

The effective removal cross-section (Xg) represents the probability of the neutron
reactions within the material and is given by Equation (9) [15]:

Zg =) pi(Zr/p) ©)

1

where (pi) is the partial density, (Xg/p) is the mass removal cross-section, which can be
calculated for any compound by Equation (10) [16]:

ZPR = 0.206A 37029 (10)

where (A) is the atomic weight and (Z) is the atomic number.
The HVL, which is the thickness needed to reduce the neutron intensity to half of its
original value, is given by Equation (11) [15,16]:

HVL = In2/%g (11)

The fast neutron removal cross-section of any element can be calculated using the
empirical formulas indicated by Equations (12) and (13) [2]:

Tg =0.190Z — 0.743 if7<8 (12)

2g =0.125Z — 0.565 ifZ>8 (13)
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3. Results
3.1. Photon Shielding Properties

The photon mass attenuation coefficients of the relatively introduced polymer, Poly-
imide, were investigated at the studied energies using Geant4 [17]. In order to validate the
results, they were compared to those from EpiXS [18], which is a Windows-based program
for photon attenuation, dosimetry and shielding based on EPICS2017 and EPDL9 database
that allows obtaining the photon cross-section data for any sample. Geant4 is a toolkit
based on the Monte Carlo statistical method that simulates the passage of particles in
matter [17]. Version 10.07 of the Geant4 toolkit, developed by CERN, Switzerland was
used in the current work. A simple setup of a sample, a source and a detector were used,
as shown in Figure 2. The green lines represent the track of uncharged particles such as
photons and neutrons where red lines represent the track of charged particles. The source
shoots mono-energetic photons or neutrons in one direction toward the sample. The mass
attenuation coefficient was found using the number of photons/neutrons reaching the
detector with and without the sample. Figure 3 represents a comparison between the mass
attenuation coefficients obtained by Geant4 and EpiXS. The HVLs were also found and
compared to those found by EpiXS using Equation (14), as shown in Table 1. The effective
atomic numbers and effective electron densities of Polyimide were also found in the studied
energy range, as seen in Tables 2 and 3.

% A =100 X (HEpixs — HGa)/ PEpixs (14)

Lead container

Figure 2. Geant4 simulation code setup.
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Figure 3. Validation of Geant4 results of the mass attenuation coefficients by those found by EpiXS.
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Table 1. Half value layers of the investigated Polyimide as found by EpiXS and Geant4.

Photon HVL (cm)

Energy (keV) EpiXS Geant4 % A
10 0.19040 0.1918 —0.74%
20 1.09314 1.0942 ~0.10%
30 2.01375 2.0197 —0.30%
40 2.56578 25672 —0.06%
50 2.89111 2.8809 0.35%
100 3.63350 3.6386 —0.14%
150 4.09191 4.1185 —0.65%
200 448423 45156 —0.70%
250 4.84129 4.8642 —0.47%
300 5.17144 5.1843 ~0.25%
350 5.48591 5.4838 0.04%
400 5.77899 5.7714 0.13%
450 6.06421 6.0431 0.35%
500 6.33206 63013 0.49%

1000 8.67631 8.6105 0.76%
1500 10.6646 10.6311 0.31%
2000 12.4339 12.4220 0.10%

Table 2. The effective atomic number of the investigated Polyimide was found by EpiXS and Geant4.

Photon Effective Atomic Number (Zq¢)

Energy (keV) EpiXS Geant4 % A
10 5.81050 6.41677 —10.43%
20 5.57293 5.54240 0.55%
30 5.15411 4.87071 5.50%
40 4.80646 4.59039 4.50%
50 4.61173 4.47689 2.92%
100 4.36176 4.30716 1.25%
150 4.32577 4.26577 1.39%
200 4.31508 4.25744 1.34%

250 4.31026 4.26223 1.11%
300 4.30772 4.27016 0.87%
350 4.30606 4.28162 0.57%
400 4.30493 4.28786 0.40%
450 4.30427 4.29682 0.17%
500 4.30383 4.30007 0.09%
1000 4.30232 4.30941 —0.16%
1500 4.30380 3.39023 21.23%
2000 4.31066 3.38299 21.52%

3.2. Neutron Shielding Properties

The crucial factor in determining a material’s ability to block neutrons is its neutron
effective removal cross-section, which is defined as; the likelihood that a fast or fission
energy neutron will experience its first collision and thus be eliminated from the group of
penetrating neutrons [19]. Table 4 summarizes the neutron effective removal cross-sections
of Polyimide as found using Geant4.
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Table 3. The effective electron density of the investigated Polyimide was found by EpiXS and Geant4.

Photon The Effective Electron Density Neg (X 10% Electrons g 1)
Energy (keV) EpiXS Geantd % A

10 4.28027 4.72666 —10.43%
20 4.10527 4.08259 0.55%
30 3.79675 3.58781 5.50%
40 3.54065 3.38133 4.50%
50 3.39721 3.29772 2.93%
100 3.21306 3.1727 1.26%
150 3.18656 3.14221 1.39%
200 3.17868 3.13607 1.34%
250 3.17513 3.1396 1.12%
300 3.17325 3.14544 0.88%
350 3.17204 3.15388 0.57%
400 3.17120 3.15848 0.40%
450 3.17071 3.16508 0.18%
500 3.17039 3.16748 0.09%
1000 3.16928 3.17436 —0.16%
1500 3.17037 2.49728 21.23%
2000 3.17542 2.49194 21.52%

Table 4. The neutron effective removal cross-sections of Polyimide in the investigated energy range
as found using Geant4.

The Neutron Effective Removal The Neutron Effective Removal

Neutron Energy (keV) Cross-Sections (cm?/g) Neutron Energy (keV) Cross-Sections (cm?/g)
10 0.76887 300 0.39868
20 0.73592 350 0.37957
30 0.70413 400 0.38153
40 0.67230 450 0.40726
50 0.65358 500 0.33969
100 0.56134 1000 0.28019
150 0.50720 1500 0.19076
200 0.45903 2000 0.15843
250 0.42839

3.3. Polyimide with Composites
3.3.1. Aluminum

The most often employed composites addition in the creation of polymer composites
is aluminum. Their growing popularity is due to the improved thermal and mechanical
qualities they offer. For optoelectronic applications, aluminum composites exhibit distinc-
tive optical properties [20,21]. Polyimide was introduced with different weight fractions of
aluminum composites (5, 10, 15, 20, and 25 wt.%).

Figure 4, which was plotted using Root (6.10/04) software, developed by CERN,
Switzerland [22], shows the values of the mass attenuation coefficients of aluminum-doped
Polyimide for energies from 10 to 2000 keV as found by Geant4.

The neutron-effective removal cross-sections were also found and plotted in Figure 5.
As can be seen, the neutron effective removal cross-section decreased nonlinearly with
the increase of neutron energy for all concentrations. Among the studied concentrations
of aluminum composites added to Polyimide, Al composites (25%) loaded to Polyimide
showed relatively lower values, and Al composites (5%) loaded with Polyimide had the
highest neutron effective removal cross-section.
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Figure 4. Photon mass attenuation coefficients of Polyimide doped with aluminum.
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Figure 5. Neutron effective removal cross sections of Polyimide doped with aluminum.

3.3.2. Iron Oxide

The Polyimide was introduced with different weight fractions of iron oxide composites
(5,10, 15, 20, and 25 wt.%). Fe304 composites have been observed to enhance the magnetic
characteristics of polymers. However, the electrical conductivity frequently decreases after
the addition of Fe;O4 composites, but research has focused on it due to its distinct physical
or chemical properties and being antibacterial agents [23-25].

The mass attenuation coefficients decrease exponentially with the increase of energy,
which agrees with Lambert-Beer law, and this trend means that the attenuation ability of
the samples under evaluation is relatively high at low energy, and the samples can shield
more photons, while this ability to shield photons reduces as the energy increases. The
photoelectric phenomenon clearly affects the attenuation coefficient values at low energy,
and this explains the quick decrease observed. Besides, an increase in the attenuation
coefficients is observed with an increase in the concentration of composites, as can be seen
in Figure 6. This increase occurs since the composites are heavy elements, and it is known
that heavy elements are preferable for shielding applications.
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Figure 6. Photon mass attenuation coefficients of Polyimide doped with iron oxide.

Figure 7 summarizes the neutron effective removal cross-sections of Polyimide doped
with Fe;O4 found using Geant4. It can be seen that Polyimide doped with iron oxide
composites for 5% concentration are the most effective ones among the other concentrations
for neutron shielding.
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Figure 7. Neutron effective removal cross sections of Polyimide doped with iron oxide.

3.3.3. Zinc Oxide

ZnO composites are utilized in polymers to boost surface hardness and corrosion resis-
tance. Enhancing compressive and flexural strengths, as well as reducing shrinkage, have
been made possible by ZnO. The most prized properties of ZnO include its physical and
chemical stability, photocatalytic activity, absorption of UV and infrared light, antibacterial
properties and non-toxicity. The shielding capacity is enhanced by ZnO composites [26,27].

Figure 8 shows a plot of the mass attenuation coefficients for each concentration at
different energies. It was observed that the mass attenuation coefficient decreases rapidly
with increasing the photon energy and increases with increasing the weight fraction of
ZnO composites. Figure 9 is a plot of the investigated radiation shielding properties
against neutrons. The higher the concentration of zinc oxide composites, the lower the
cross-sections of the effective removal of neutrons, as can be seen.
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Figure 8. Photon mass attenuation coefficients of Polyimide doped with zinc oxide.
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Figure 9. Neutron effective removal cross sections of Polyimide doped with zinc oxide.

3.3.4. Titanium Dioxide

TiO, composites are used as fillers frequently because they increase chemical stability
and have a high level of corrosion resistance without being harmful. They are used to
improve the mechanical qualities of polymers. The principal application of titanium dioxide
(TiO,) is a material modification and the increase of impact resistance [28,29].

The measured mass attenuation coefficient values of the Polyimide with titanium
dioxide for energy from 10 to 2000 keV are plotted in Figure 10. Figure 11 shows the
effective removal cross-sections for neutrons, X of the Polyimide doped with titanium
dioxide composites. It can be seen that the values of the effective removal cross-sections for
neutrons at different concentrations of the composites are very close to each other.
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Figure 10. Photon mass attenuation coefficients of Polyimide doped with titanium dioxide.
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Figure 11. Neutron effective removal cross sections of Polyimide doped with titanium dioxide.

3.3.5. Silver

Silver composites are used with polymers to improve their permittivity. Since it
is desirable to have a composite with a high dielectric constant, one typically searches
for fillers with these properties that are also highly polarizable. The addition of silver
composites enhances the material’s physical characteristics, such as flexibility, density, and
attenuation coefficient, making it more suitable for photon shielding applications [30,31].
Silver composites are preferred for this reason, alongside additional functional assets such
as their ductility, electrical, and thermal conductivity [32].

Figure 12 shows a trend of the results for the mass attenuation coefficients with respect
to photon energy. Mass attenuation coefficients reach high values and diverge in the low
energy range. The primary interaction mechanism in this region is the photoelectric process,
which is high energy and atomic number sensitive. Up to 1500 keV, the mass attenuation
coefficient values dramatically decline and then nearly remain unchanged. This is caused
by the pair creation process that predominates above 1500 keV and is dependent on the
chemical makeup of the Polyimide doped with silver composites.
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Figure 12. Photon mass attenuation coefficients of Polyimide doped with silver.

Figure 13 shows the effective removal cross sections of the Polyimide doped with
silver composites. While the concentration of Ag composites increases, the effective neutron

removal cross-sections decrease.
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Figure 13. Neutron effective removal cross sections of Polyimide doped with silver.

3.3.6. Gold

Gold composites are expensive, yet it is simple to manage their size, shape, aspect ratio,
and dispersion stability. Polymer-based gold composites have the benefit of being mechani-
cally flexible. When gold composites are added to polymers, flexural strength is increased.
Gold composites are also a good choice for fillers because they have desirable properties
such as stability, non-toxicity, uniform particle size, and antimicrobial properties [29,33,34].

Figure 14 represents the mass attenuation coefficients with incident photon energy for
the Polyimide doped with gold composites in the studied energy range. Obviously, the
values of the mass attenuation coefficients for all concentrations decrease with the increase
of the photon energy. The Xy values of all concentrations of gold composites added to
Polyimide are given in Figure 15. It decreases with increasing concentrations and also with

increasing energy.
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Figure 14. Photon mass attenuation coefficients of Polyimide doped with gold.

~
S
g e ¥ P,
3 \\'L;: -, :: - ure
5 e M N St . o Au (5%)
S L — B N = Au (10%)
H SEIUY Au (15%)
2 ¢ ms
g N BN ¥y rs‘ Au (20%)
§ 0, R + Au (25%)
§ ‘\; AP, i
£ AN
2 * O\
& [ Ny
5 i
AN
*
‘]0“1 == L L L |
10 102 10°
Neutron energy (keV)

Figure 15. Neutron effective removal cross sections of Polyimide doped with gold.

3.3.7. Comparison between All Studied Composites

In order to compare the effects of all the different composites that were investigated
in this work, the concentration of 5% and 25% of composites added were plotted against
each other in Figures 16-19. We can see from Figure 16 that at low energies, all studied
samples’ mass attenuation coefficients were close except for the Polyimide doped with
zinc oxide composites, which increased by 306.32% at a concentration of 5%. Moreover,
at the energy of 30 keV, gold and silver composites had increased the mass attenuation
coefficient of Polyimide by 633.86% and 474.96%, respectively. At higher energies, results
begin to converge for all composites. The effect was studied at a concentration of 25% for
all composites added to Polyimide, as shown in Figure 17. Zinc oxide composites have
increased the mass attenuation coefficient of Polyimide by 1531.59% at a concentration of
25% at 10 keV energy. Gold composites have increased the mass attenuation coefficient of
Polyimide by 836.97% at an energy of 20 keV. Gold and silver composites had the closest
and strongest effects at energies between 30 keV and 50 keV. They had increased the mass
attenuation coefficient of Polyimide by 3169.28% to 1159.78% for Polyimide doped with
gold composites and 2374.80% to 878.54% for Polyimide doped with silver composites. The
effect of gold composites had the largest impact on the mass attenuation coefficients at
energies between 100 keV and 500 keV, which increased by 206.84% to 0.50%. The Polyimide
with aluminum composites added for the mass attenuation coefficient has the lowest mass
attenuation coefficient. All composites added to Polyimide converge at high energies.
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Figure 16. Mass attenuation coefficients of Polyimide doped with 5% of different composites.
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Figure 19. Effective removal cross sections of Polyimide doped with 25% of different composites.

The same comparison was made on the neutron effective removal cross-sections.
Figure 18 shows that at low energies, the Polyimide doped with the titanium dioxide
composites has the highest removal cross-section. And at the energy of 30 keV, titanium
dioxide composites and iron oxide composites had a greater effect than the rest of the
composites. At higher energies, results begin to converge for all composites, and the
highest values were for Polyimide doped with titanium dioxide composites, followed by
iron oxide, zinc oxide, then aluminum. The lowest values were for Polyimide doped with
gold and silver composites.

The comparison between the composites’ effects on the Polyimide was made at a
concentration of 25% for all composites, as shown in Figure 19. The neutron effective
removal cross-section values were much lower than those with 5% concentrations at low
energies. At medium energies, all values converged. At higher energies, the Polyimide
doped with titanium dioxide and with zinc oxide had the highest removal cross sections
values. The lowest values were for the Polyimide doped with gold and silver composites.

4. Discussion

In this work, the photon and neutron shielding properties of Polyimide were studied
at the energy range between 10 and 2000 keV. The photon characteristics of Polyimide were
investigated utilizing the mass attenuation coefficients, half-value layers, effective atomic
numbers, and effective electron densities to show the ability of Polyimide to act as a photon
shielding material. Polyimide has excellent shielding performance for neutrons and is also
superior to Polyimide doped with various composites. The EpiXS and Geant4 results agree
very well.

Using the Geant4 powerful toolkit based on the Monte Carlo method, we examined
the photon and neutron shielding capabilities of polymer composite materials based on
Polyimide with varied (Al Fe3O4, ZnO, TiO;, Ag and Au) composite contents with weight
fractions of (5, 10, 15, 20, and 25%).

The shielding properties of the Polyimide were very promising, and the addition of dif-
ferent composites enhanced its photon shielding properties. However, it was observed that
the effect of the addition of composites on the mass attenuation coefficients of Polyimide is
very large at low photon energies, then starts to decrease as the energy increases until it
starts to saturate with the coefficients of the pure Polyimide or even slightly decreases. This
decrement becomes larger when the weight factor of the composites increases. This means
that a compromise must be made when choosing the right amount of composites in order
to ensure the increase of attenuation coefficients at certain energy ranges but at the same
time considering that the original coefficients do not decrease at high photon energies.

It was observed that Al and TiO, composites enhance the attenuation coefficients to
photons up to 100 and 150 keV, respectively, while Fe;0,4 and ZnO up to 250 and 300 KeV,
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respectively. Ag composites manage to increase the Polyimide attenuation coefficients up
to photon energy of 500 keV, while Au composites to photons of 1000 keV before it saturates
with the pure Polyimide attenuation coefficients.

Among all studied composites, Al and TiO, were the least to increase the photon mass
attenuation coefficients of Polyimide, with an average change in coefficients among all the
studied energy range between (2.98%) and (9.47%) for Al and between (18.59%) and (85.6%)
for TiO, at the different investigated weight factors (5-25%). Where for Fe;O, composites
the change was between (33.41%) and (167.03%) and between (53.58%) and (243.63%) for
ZnO composites. In contrast, silver and gold composites were the best, with differences
between (98.45%) and (492.27%) for silver and between (127.27%) and (636.34%) for gold.

As for the neutron shielding abilities of the Polyimide, it is well known that the
addition of high Z composites would decrease its effective removal of cross sections. This
decrement increases with the weight factor of the added composites.

Within the studied composites, TiO, and ZnO had the least effect on the removal
cross sections as the average percentage difference between the removal cross sections of
Polyimide with and without the composites were between (—3.39%) and (—16.96%) and
between (—4.09%) and (18.58%) for TiO, and ZnO respectively. Fe;O04 and Al compos-
ites decreased the removal cross sections of neutrons to a range between (—4.04%) and
(—20.20%) and between (—4.05%) and (—20.25%), respectively, at different weight factors.
Ag and Au had the largest impact on removal cross sections as they were decreased by
(—4.47%) to (—22.38%) and (—4.68%) to (—23.39%), respectively.

This study provides a comparison of the effects of different composites on the shielding
properties of both photons and neutron Polyimide at a wide range of energies so that
researchers who need to work with Polyimide can choose among the composites based on
the desired application and how much cost they are willing to provide.

5. Conclusions

The shielding properties of the Polyimide were very promising; those properties were
enhanced when adding different composites. Adding some composites at high concentra-
tions to Polyimide may not give very good results. Further studies of different composites
at energy ranges may be necessary to cover the shielding capabilities of Polyimide fully;
indeed, mixing two or more composites with Polyimide may give even better results and
have different effects on its shielding properties. The results also indicate that Geant4 is a
very reliable tool when it comes to evaluating the shielding properties against photons and
neutrons of any material.
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