Journal of Metallurgical and Materials Engineering, 36, 3. 2025. (65-84)

LT
Ferdowsi University
of Mashhad

Journal of Metallurgical and Materials
Engineering

$

Iron&Steel
Society of Iran

Heavy Element-Enhanced Polymer Composites for Gamma and Neutron Radiation Shielding:

A Simulation Study

Research Article

Mohammadreza Alipoor! ¥, Mahdi Eshghi?
DOI: 10.22067/jmme.2025.89902.1161

1-Introduction

The implementation of effective safeguards has enabled
safe radiation use in medical and industrial sectors.
Enhancing radiation protection efficiency has been a
significant research focus since ionizing radiation's
discovery. The use of X-rays and gamma rays in medicine
has expanded with new applications and technologies for
diagnostics and therapy. High doses of X-rays or gamma
rays can result in severe biological effects, including
mutations and organ failure. Therefore, protection against
ionizing radiation is essential. Common protective
materials include high-density substances like lead and
concrete, which possess notable drawbacks. Consequently,
researchers have developed innovative radiation
protection mechanisms for low-energy photons. Polymer
composites with metal fillers have been researched as
flexible, non-toxic, and effective alternatives for radiation
protection. These composites consist of a polymer matrix
reinforced with heavy elements, exhibiting potential
efficacy. The unique properties of microparticles and
nanoparticles enhance polymer molecular configurations
and radiation interaction. Many studies have investigated
reinforced polymers for radiation shielding. Obaid et al.
analyzed high-density polyethylene composites with
tungsten oxide, revealing significant effects of particle size
and mass on gamma-ray attenuation. Abu Nahel et al.
created a nanocomposite for X-ray shielding using Bi»O3
nanoparticles, enhancing absorption capacity. Higgins et
al. found that incorporating hafnium oxide and tungsten
oxide nanoparticles improved epoxy resin's mass
attenuation coefficients. These polymer matrices enhance
mechanical and thermal properties, reducing reliance on
lead materials. Various polymer matrices were tested with
heavy metal nanoparticles, demonstrating effective
radiation shielding due to their high atomic numbers.
Research on the simultaneous application of nanoparticles
with differing atomic numbers and similar absorption
edges is limited. This study aims to address this deficiency.
The effectiveness of polymer composite shields with two
types of metal nanoparticles was assessed for medical

photon energy applications. This area has not been
thoroughly explored in earlier research. Utilizing a Mult
metallic polymer composite with high atomic number
fillers may enhance radiation attenuation across various
applications compared to single-metallic composites.
Accordingly, this study investigates the impact of a Mult
metallic polymer composite containing gadolinium,
tungsten, and tellurium at varying concentrations on
photon attenuation efficiency. The influence of tungsten
on the radiation shielding properties of these composites is
quantitatively analyzed using the Geant4 simulation
toolbox, and their attenuation characteristics are
compared. Finally, the most effective composite will be
proposed as a new multi-metallic polymer composite for
radiation shielding applications in the field of
radiotherapy.

2- Materials and methods

The Krafton resin is a composite enhanced for thermal
stability, flame retardancy, and mechanical properties
using boron, silicon, and nitrogen. Its molecular structure
consists of a cross-linked polymer with phenolic
compounds and additional functional groups from boron,
silicon, and nitrogen. The resin forms a three-dimensional
network comprised of methylene bridges, borate esters,
siloxane bridges, and amine bonds. It contains carbon,
hydrogen, oxygen, boron, silicon, and nitrogen. Tungsten
nanoparticles are modeled as 50 nm diameter particles.
Heavy element reinforced polymer composites are named
in Table 1 from P-1 to P-6 based on the varying molar
percentage of tellurium and tungsten.

Geant4 toolkit

Geant4 is a toolbox for simulating particle transport. It
employs Monte Carlo techniques for complex interactions.
This study utilized Geant4 to simulate photon transport
from 15 to 10 MeV. Fast and thermal neutrons were
incorporated for neutron transport calculations. A cubic
geometry of 5 cm was employed to analyze gamma ray and
neutron transport.
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Fig. 1. Simulation schematic in Geant4

4- Results and Discussion

The properties of the polymer composites, including
density and weight fraction of the constituent elements, are
shown in Table 1. Polymer composites with gadolinium,
tellurium, and tungsten additives at different additive
percentages were investigated to evaluate their effect on
neutron and gamma capabilities.

The mass attenuation coefficient for polymer
composites is depicted in Fig. 2. Different energy ranges
exhibit distinct interactions. Three photon energy regions
are identified: below 150 keV, between 150 and 5000 keV,
and above 5 MeV. In the first region, the mass attenuation
coefficient decreases rapidly with increasing photon
energy. The attenuation  coefficient  decreases
proportionally to E® and Z° at these energies. At low
energy, photons are absorbed by inner-layer electrons. The

photoelectric effect requires photon energy exceeding
electron binding energy. As photon energy rises,
absorption probability decreases, favoring transmission
through the material. Clear peaks at 40 keV and 60 keV
indicate absorption edges from tellurium and gadolinium,
respectively. From 100 keV to 1 MeV, the mass
attenuation coefficient's decrease rate significantly slows.
This behavior reflects the inverse relationship of mass
attenuation with energy in the Compton scattering range.
In this range, photons lose energy to electrons and scatter.
Higher photon energy reduces scattering probability,
enhancing material transmission. At energies exceeding
1.022 MeV, photons can create electron-positron pairs.
The attenuation coefficient increases slowly with energy at
these levels. Pair production cross section correlates with
atomic number, amplifying attenuation for higher atomic
number elements. A higher mass attenuation coefficient is
crucial for materials providing effective gamma photon
shielding. Figure 2 illustrates the mass attenuation
coefficient's dependency on both photon energy and
polymer composite composition. Additionally, the
coefficient values remain consistent due to similar
chemical compositions and structural attributes of the
evaluated composites. Moreover, Figure 2 demonstrates
that mass attenuation coefficient values rise with increased
tungsten content below 100 keV, while chemical
composition has minimal effect above this energy
threshold.

Table 1: Weight fraction of chemical compounds of polymer composites

1

Photon Energy (MeV)

]

Weight fraction of elements

Sample Density

H C (0] Si N B w Te Gd
P-1 6/12 | 21/35 | 13/81 | 0/11 | 0/64 | 0/6 | -- | 13/99 | 40/38 | 4/99
pP-2 6/12 | 22/35 | 13/12 | 0/11 | 0/64 | 0/6 | 4/6 | 11/99 | 40/38 | 5/49
P-3 6/12 | 22/35 | 12/61 | 0/11 | 0/64 | 0/6 | 9/2 | 7/99 | 40/38 | 5/98
P-4 5/08 | 14/9 | 13/55 | 0/08 | 0/43 | 0/4 | 9/2 | 15/99 | 40/38 6/44
P-5 5/08 | 14/9 | 12/95 | 0/08 | 0/43 | 0/4 | 13/8 | 11/99 | 40/38 6/94
P-6 5/08 | 14/9 | 12/35 | 0/08 | 0/43 | 0/4 | 18/4 | 7/99 | 40/38 7/44
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Fig. 2. The variation in the Mass attenuation coefficient of polymer
composites in terms of photon energy.

The values of the tenth-value layer for these polymer
composites are plotted in Figure 3. It is important to note
that the tenth-value layer is the thickness of the medium
required to reduce the photon intensity to one-tenth of its
original intensity. It can be seen from Figure 3 that as
energy increases, the tenth-value layer also increases for
the polymer composites. Therefore, this pattern makes
sense, since higher energy photons have a greater capacity
to penetrate. Therefore, higher energy photons may pass
through without significant attenuation before their
intensity is significantly reduced. When the tenth-value
layer values for the six samples at a particular energy are
compared, the effect of density on radiation shielding can
be easily seen, such that the polymer composite with a
lower density exhibits higher tenth-value layer values, and
vice versa. For example, in the case of samples P-6 and P-
1, the values of the tenth-value layer at an energy of 0.511
MeV are 2.85 and 4.56 cm. Thus, at a given energy, the
sample with the higher density (i.e., P-6) has a thinner
tenth-value layer compared to the sample with the lower
density (i.e., P-1). This is consistent with the density of the
denser sample being more efficient at attenuating photons
due to the increased number of atoms available for
interaction.

0.1
P’hoton Energy (MeYV)

Fig. 3. The variation in the tenth layer of polymer
composites in terms of photon energy.

In addition, to investigate the performance of polymer
composites, their ability to resist fast neutrons was also
evaluated. Figure 4 shows the fast neutron removal cross-
section values for polymer composites. According to the
results, the polymer composite sample coded as P-1 shows
the highest neutron removal cross-section.

To evaluate the thermal neutron attenuation, selected
samples were modeled in the Geant4 simulation tool with
sample thicknesses ranging from 1 to 20 mm. The results
show that the neutron shielding ability is ranked as P-3>P-
2>P-6>P-1>P-4 in order. The neutrons passing through the

selected polymer composites are more suitable for thermal
neutron energies, while they also have good performance
in removing fast neutrons. To evaluate the effect of
neutron modulation on thickness, the samples were
bombarded with neutrons at thermal neutron energies. The
results showed that increasing the shielding thickness
reduces thermal neutrons, while increasing the neutron
energy increases the residual particles.
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Fig. 4. Fast neutron removal cross section for polymer
composites.
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Fig. 5. The variation in thermal neutron absorption rates of
polymer composites depending on photon energy.

5- Conclusion

This work reported the gamma and neutron shielding
capabilities of polymer composites reinforced with
tungsten metal nanoparticles. Theoretical evaluations of
the gamma ray attenuation properties of the selected
shields were carried out over a wide range of photon
energies from 15 keV to 10 MeV with the help of the
Geant4 simulation tool, Phy-x code. Accordingly, a
remarkable agreement between the results obtained using
different techniques was reported. The neutron attenuation
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properties of the polymer composites were also
investigated by providing the fast neutron removal cross
section and the variations of the thermal neutron
absorption rate. The results showed that the reinforced
polymer composite exhibited a significant increase in the
linear and mass attenuation coefficients of gamma rays at
energies below 200 keV. It also showed a continuous
increase in the half-value layer of the reinforced polymer
composites with increasing gamma ray energy. For
simultaneous gamma and neutron protection, the P-3
sample could be used as lead-free alternatives in medical

equipment (such as radiology shields or PET chambers).
This study shows that tungsten-reinforced polymer
composites have great potential for radiation shielding
applications, but further research is needed in experimental
areas and advanced compositions. Simultaneous
optimization of the structure and chemical composition
could make these materials an ideal option for industry and
medicine.
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Heavy Element-Enhanced Polymer Composites for Gamma and Neutron Radiation Shielding:
A Simulation Study

Mohammadreza Alipoor Mahdi Eshghi

Abstract Lead-free polymer composite shields are used in radiotherapy to protect patients from unnecessary radiation
exposure. Monte Carlo simulation was used to estimate the gamma ray shielding properties of tungsten-doped polymer
composites in the photon energy range of 15 keV to 10 MeV. The linear and mass attenuation coefficients, half-value
layer, tenth-value layer, effective atomic number, and stacking coefficient were calculated. To validate the simulation,
the results were compared with theoretical data obtained from the Phy-x program. It was observed that the Phy-X
program data and the Geant4 simulation tool were in good agreement. To evaluate the neutron modulation, the fast and
thermal neutron removal cross sections of the polymer composites were investigated. According to the results, it was
observed that sample P-6 showed a significant increase in density due to the addition of tungsten, which led to improved
protection against gamma radiation. The results showed that energy levels significantly affect gamma ray penetration.
The results showed that increasing tungsten in the samples does not always lead to an increase in the fast neutron removal
cross section values. Consequently, according to these results, sample P-3 showed better protection against gamma and
neutron radiation than the other samples. These results indicate that the composition and microstructure of the polymer
composite can be optimized to improve radiation attenuation properties for medical physics applications.

Key words Gamma-ray, Neutron, Shielding, Polymer-Composites, Phy-x, Geant4.
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