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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Chris Chantler Materials with high atomic numbers are effective for shielding ionizing radiation. However, some, such as lead,
are toxic, and their disposal causes environmental damage. Polymer composites are a good choice for radiation
shielding because they are environmentally friendly, lightweight and non-toxic. This study investigated the
possibility of using high-density polyethylenhe (HDPE) composites doped with three different materials
comprising the carbide (such as tungsten carbide, and molybdenum carbide) and ceramic (silicon carbide) as a
kilo-voltage radiation shield. The linear attenuation coefficients of the composites ranged from 0.21 to
2.82 cm™!. The measured results are in good agreement with XCOM with an average error of 13.82%. Through
meticulous empirical analysis, including the assessment of linear and mass attenuation coefficients, half-value
layer (HVL), and mean free path (MFP), our findings suggest that HDPE composites doped with 15% MoC
present the most promising configuration for low-energy X-ray shielding (30-50 keV). This work concludes that
HDPE composites decorated with MoC and W could be used as an alternative and environment-friendly material
for shielding of kilo-voltage X-rays in medical diagnostics and research environments.

1. Introduction

Nowadays, several ionizing radiations are widely used in various
practical applications such as industrial inspection of device integrity
via non-destructive techniques, scientific research, space exploration,
nuclear engineering, medical imaging, and therapy (Wu et al., 2023).
Among the various types of ionizing radiation, X-rays have demon-
strated remarkable applications in the medical field, particularly in
dentistry, mammography, and radiology. X-rays are electromagnetic
radiation with wavelengths between 0.01 and 10 nm. They are classified
into two forms, characteristics and bremsstrahlung. Characteristic
X-rays are important because they can be used to produce
quasi-monochromatic X-rays. Quasi-monochromatic X-rays have several
advantages over polychromatic X-rays, including superior image quality
and reduced patient dosage. This makes them ideal for use in applica-
tions such as coronary angiography, phase-contrast radiography, and
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mammography (Raza et al., 2013). On the other hand, Bremsstrahlung
radiation is also widely employed in medicine, contributing significantly
to the generation of photon spectra for diagnostic imaging and inter-
ventional radiology (Andreo et al., 2017).

Due to the extended use of radiation in various fields, the ALARA (As
Low As Reasonably Achievable) principle is developed. and aims to
minimize exposure to ionizing radiation by implementing proper
shielding measures (Siegel et al., 2017). In Addition, the materials used
in shielding design differ according to the type and energy of the radi-
ation to be shielded (Almurayshid et al., 2021a; Can et al., 2021). Lead
(Pb) is commonly employed as gamma and X-ray radiation shielding due
to its high atomic number, high density, and high linear and mass
attenuation coefficients, but it is also toxic and can have negative im-
pacts on the environment. There is a need for sustainable radiation
shielding materials that are non-toxic, flexible, lightweight,
cost-effective and environmentally friendly (AbuAlRoos et al., 2019;
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Chen et al., 2023). In this regard, Polymer composites consist of a
polymer matrix, such as polyethylene or polypropylene, reinforced with
a filler material containing high atomic numbers, such as tungsten or
molybdenum. High-density polyethylene (HDPE) is one of the most
widely used plastics in the world due to its strength, moisture barrier,
and solidity at room temperature. It is widely used and easily recycled,
with no toxic emissions or poisonous chemical leaks (Mahmoud et al.,
2018). Tungsten, with a density of 19.3 g cm-, exhibits good corrosion
resistance, high heat/electrical conductivity, and a low expansion co-
efficient. For these reasons, tungsten can be employed as a substitute for
Pb for gamma and X-ray shielding (Can et al., 2021). In addition,
tungsten carbide (WC) is a widely used material for various applications
due to its physical and mechanical features, including radiation shield-
ing (Azman et al., 2023; Pak et al., 2020). The employment of tungsten
carbide may provide a balance between low weight and high absorption
(Giménez and Lopasso, 2018). Besides this, due to its mechanical
strength, thermal conductivity, oxidation resistance, and radiation
resistance, silicon carbide (SiC) has received a lot of attention from the
scientific community (Yan et al., 2023). Moreover, silicone is the second
most abundant element in the Earth’s crust, making it a viable choice to
use in shielding while also making it easier to mass produce (Kaur and
Greger, 2019). Furthermore, molybdenum carbide (MoC) is an ideal
material for radiation shielding in a range of adverse conditions. It has
excellent electrical conductivity, and good thermal and chemical sta-
bility (Liu et al., 2020).

The polymer matrix imparts flexibility and processability to the
material, while the inclusion of high atomic number fillers enhances its
shielding effectiveness (AbuAlRoos et al., 2019; More et al., 2021;
Pavlenko et al., 2019). However, there is still a gap in understanding
how the properties of the polymer matrix and filler material impact the
overall shielding effectiveness. For example, it is not yet clear how the
properties of the polymer matrix and the filler affect the shielding
effectiveness. This study aims to fill this knowledge gap and contribute
to the development of advanced radiation shielding composites that not
only offer effective protection but also meet the environmental and
health safety standards required in medical settings. The outcomes of
this study could lead to advancements in radiation protection technol-
ogy, particularly in medical diagnostics and treatment procedures where
minimizing radiation exposure is critical. The innovative aspect of our
research lies in the detailed analysis of how different proportions of
these fillers influence the shielding effectiveness against low-energy
X-rays. Additionally, this study delves into the potential of these com-
posites to provide safer, non-toxic, easy to be shaped, and environ-
mentally friendly alternatives to conventional lead-based shielding
materials. The overall objective of this study is to experimentally
fabricate and investigate the potential use of low-weight shielding ma-
terials based on a mixture of HDPE polymer with proportions of silicon
carbide (SiC), tungsten carbide (WC), and molybdenum carbide (MoC).
We evaluate the X-ray shielding efficiency of the manfuctured
polymer-based composites by analyzing various parameters, including
the linear and mass attenuation coefficients (p and py,), half value layer
(HVL), mean free path (MFP), and radiation protection efficacy (RPE).
The findings of this study have the potential to lead to the development
of new and improved radiation shielding materials that are non-toxic,
lightweight, and environmentally friendly, thus addressing critical
needs in various applications.

2. Theory on attenuation of radiation and relevant parameters

Photons interact with matter in various ways, which can be catego-
rized based on the energy of the interacting photon, the type of target
and the effect of the interaction on the photon (absorption or scattering).
The removal of a photon from a gamma or X-ray beam based on the
photoelectric effect, Compton scattering, or pair production is known as
attenuation. The linear attenuation coefficient (i), which can be stated
as the likelihood that a photon would interact with matter per unit
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length, can be used to characterize this process (Jawad et al., 2019).
Typically, when a greater reduction of radiation intensity is needed, the
thickness of the interacting material is increased. This gives a longer
path for X-rays to travel, giving a higher probability of absorption. The
percentage of absorption for any material follows an exponentially ris-
ing curve where the percentage of intensity that is transmitted through a
material gets exponentially less or shows an exponential decay curve as
the thickness of the interacting material increases. This is empirically
demonstrated as:

I(x)=Ie™* (¢})

Where I, is the intensity of the incoming photon before interacting with
the shielding material, I is the intensity of the transmitted photon, i.e.,
after passing through the barrier, which is defined as the fractional drop
of the interacting radiation (Halliwell et al., 2021; Thiele et al., 2021;
Yasmin et al., 2018). The terms p and x in Eq. (1) represent the total
linear attenuation coefficient (cm™!) and material thickness
respectively.

The mass attenuation coefficient (y,) is another measure of a ma-
terial’s ability to absorb radiation. The pp, is defined as the radiation
attenuation performance per gram of the interacting material. The p,,
value is calculated by dividing the value of p by the density (p) of the
material, and it is independent of the material’s physical state and

density, as shown in Eq. (2) (Eren Belgin, 2022).

P =H1/P ®))

The most common quantitative measure for quantifying the ability of
a particular radiation to penetrate the objects is the half-value layer
(HVL). The term HVL refers to the thickness of a shield or any material
where 50% of incoming energy has been attenuated. It is a substitute for
measuring an X-ray spectrum’s penetrability and is also known as beam
quality. Like the attenuation coefficient, they depend on photon energy.
HVL values offer helpful information regarding the radiation’s ability to
penetrate a certain substance (Almurayshid et al., 2021b; Alshareef
et al., 2023). HVL is expressed by the following formula:

HVL=In (2) /u 3

Additionally, the mean free path (MFP), measured in (cm), is the
average separation between two consecutive interactions (Kumar,
2017). The formula used to measure it is as follows.

MFP=1/u (€]

where p (cm~!) represents the material’s linear attenuation coefficient.

Radiation protection efficiency (RPE) could be used to evaluate the
shielding capabilities of composite materials, depending on the linear
attenuation coefficient (n). The following relation can be used to obtain
the RPE of any material (Naseer et al., 2021).

RPE=(1— ¢") x 100 (%) 5)
3. Materials and methods

In this study, we chose HDPE, a thermoplastic polymer, which be-
longs to a class of polymers mainly derived from petrochemical feed-
stocks. compared to Low Density Polyethylene (LDPE), HDPE has
outstanding properties such as tensile strength, moisture resistance,
chemical resistance, and low cost, which makes it ideal for various in-
dustrial applications (Alkan et al., 2016; Kilic et al., 2017). Fig. 1 shows
that various concentrations of SiC, MoC, and WC were used as fillers
with the HDPE matrix in this study. HDPE’s sample (density: 0.94
g/cm®) was obtained from the Saudi Basic Industries Corporation
(SABIC) (Riyadh, Saudi Arabia) and SiC (density: 3.21 g/cm®), MoC
(density: 8.90 g/cm®) and WC (density: 15.63 g/cm®)were provided by
Thermo Fishers (Waltham, USA).

As shown in Table 1, sample A was 100% pure polyethylene, and
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Fig. 1. Concentration of composite materials prepared in this study.

Table 1
Formulations of HDPE samples with different Additives.

Sample ID HDPE Concentration of the additives
A 100% 0%

B 70% SiC (30%)

C 85% MoC (15%)

D 85% WC (15%)

sample B contained 30% silicon carbide, which is not considered a metal
and has a lower density, so its percentage in the composite was higher.
Samples C and D only contained 15% of molybdenum carbide (MoC) and
tungsten carbide (WC), respectively, which are considered heavy metals,
making this concentration sufficient.

3.1. Preparation of HDPE-based composites

All the experimental work including the sample preparation and
irradiation were performed in the laboratories of the Nuclear Technol-
ogies Institute at King Abdulaziz City for Science and Technology
(KACST). Fig. 2 depicts the manufacturing processes followed to pro-
duce the final shape of the sample.

3.1.1. Material weighing process

The volume of the chamber inside the mixer is approximately 400
ml, while the screw mixer occupies 30% of the said volume, meaning
that the 70% left is to be filled with the polymer composites, so the
remaining 280 ml must be filled to get the best sample. Therefore, we
measure the weight of the prepared material according to the following
equation:

W=pV (6)

KERN high
precision balance

’ Internal Mixer l [ Two Roll Mill l I Caliper ] [

Hot Press
Machine

Cutting Machine

Sample l ’ Disc l

Fig. 2. Steps of fabrication four different samples into discs.
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Where, W is the weight of the material, p is its density, and V is the
volume.

Since the prepared samples are composite, therefore first we need to
obtain the total density of each sample. It was calculated using the
following method. As an example for sample C, we add the density of
tungsten carbide multiplied by its percentage (15%) with the density of
the HDPE multiplied by its percentage (85%). Then we multiply the total
density by the volume of the chamber to obtain the weight of the
respective sample. For simplicity, the mathematical formulations are
given as follows,

Pye =15.63 x 0.15 = 2.3445 g/cmz
Prppr = 0.93 x 0.85 = 0.7905 g /cm?
p, =2.3445 4+ 0.7905 = 3.135 g/cm2

W=pV =3.135x280=8778¢

Following the aforementioned process, the density and weight of the
other samples are obtained in the same manner.

3.1.2. Composites mixing

After determining the weight of each sample, the HDPE composite
samples were heated for a period of 5-6 min at a temperature of 178 °C
in the chamber of the internal mixer to dissolve them and to obtain the
best homogeneity. The composite was then transferred to the two roll
mills and run for 5 min (set at 195 °C and 10 rpm) to provide homo-
geneous mixing properties.

3.1.3. Composites formation

After that, we put the composite in a metal frame to press it in a hot
press machine (Collin P 400 p.m., Ebersberg, Germany), and to deter-
mine the weight of the exact amount to be filled in, we obtained the
volume of the rectangle and multiply it by the density of each composite.
For instance, sample C (HDPE-WC), its weight must be equal to
124.146 ¢.

3.1.4. Composites cutting

After the composite came out from the hot press machine, it was
allowed to cool down at room temperature for 2 h, then we cut it into
small discs with a diameter of 5 cm by using the cutting machine (Ceast,
Pianezza, Italy).

4. Experimental setup

An X-ray unit situated at the radiation calibration laboratory of
KACST was used to determine the radiation protection efficiency of the
studied composite samples. A reference calibration quality presented in
Table 2, was used to calibrate the diagnostic radiology devices, and it
was employed to calculate p given in Eq. (1). An ionization chamber was
set at 100 cm away from the x-ray focal point as shown in Fig. 3. The
sample was positioned at 50 cm away from the X-ray source. The

Table 2
The reference calibration qualities used for irradiation of the samples showing
the applied voltage, the filtration and effective energy, Ec.

Quality Tube voltage, Total filtration, Effective Energy (Eef),
kvp mm AI keV

ROR 4 60 2.68 30.0

RQR 5 70 2.83 33.0

RQR 6 80 2.99 36.2

RQR 7 90 3.18 37.7

RQR 8 100 3.36 39.6

RQR 9 120 3.73 44.3

RQR 10 150 4.38 50.0
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experiment began by exposing the detector to X-rays without using the
shield disk, and the values were recorded as I, for seven different en-
ergies of 30, 33, 36.2, 37.7, 39.6, 44.3, and 50 keV, and a current of 10
mA. Then, pure HDPE shield discs were placed in the way of the X-ray to
obtain the value of attenuated intensity I and repeated the steps for all
HDPE-based composite shield discs. The shielding effectiveness of HDPE
composites manufactured as discs was investigated for 1 cm thicknesses
for each composite.

An ionization chamber and electrometer were managed by the Pico
Ampere Meter W2006 (PAMW2006) software and were used in this
study. The entire experiment was set up in the middle of the room, 158
cm above the floor, to prevent scuffing on the walls and flooring. An
average of three readings was calculated for each energy and sample. By
examining the p, the shielding efficacy could be emphasized through
other shielding parameters such as pp,, HVL, MFP and RPE using
Equations 2, 3, 4 and 5, respectively. At the end of the experimental
work, and after determining the p for each sample empirically, we
compared these outputs mathematically using the Xcom software, to
calculate the percentage of error.

5. Results and discussion

This study used p to calculate the radiation shielding efficiency of
HDPE polymer composites in attenuating the X-ray energy range of
30-50 keV. Shielding materials based on the HDPE polymer were sug-
gested and created, and they were blended with various concentrations
(15% and 30%) of three different materials comprising the carbide (such
as tungsten carbide, and molybdenum carbide) and ceramic (silicon
carbide). The proposed shielding materials were produced and cut into
disks, which were found to be lighter than Pb.

5.1. Linear attenuation coefficient, pu

Fig. 4 shows that the p of HDPE and HDPE-SiC samples are close and
very low with energy, and this means that SiC ceramic is not as effective
shield as samples C (HDPE-MoC) and D (HDPE-WC). Sample C con-
taining MoC shows the strongest shield at 30 keV energy, and close to
sample D. Fig. 4 shows that as X-ray energies increased, the value of p is
decreased. The overall results strongly imply that energy plays a role in
the contrast of p with X-rays, which is caused by the numerous photon-
material interactions.

5.2. Mass Attenuation coefficient (u,,)

The HDPE samples containing metallic carbides have the largest
mass attenuation coefficient (uy) across all photon energies when
compared to ceramic (SiC) decorated HDPE samples (see Table 4). This
might be due to the presence of components with large atomic numbers
and their high density. The HDPE- MoC and HDPE-WC have much better
X-ray shielding capabilities than the pure HDPE. The differences also
become noticeable at low energies, particularly at 30 keV. This dem-
onstrates how essential it is to include heavy metals in the HDPE poly-
mer to provide radiation protection at these low energies, which are
commonly used in diagnostic procedures in radiation research centers
and medical physics centers. The experimental values of the mass
attenuation factor p, were then compared with the theoretical values
(XCOM database), which were compiled by NIST and plotted against
energy changes. The observed phenomenon in Fig. 5, where HDPE +
MoC demonstrates greater mass attenuation than HDPE + WC, can be
attributed to the complex interplay of material properties and X-ray
interaction mechanisms. Despite WC’s higher density and atomic num-
ber, MoC’s specific electronic structure may favor enhanced X-ray
attenuation at the studied energies. This suggests that factors beyond
simple density and atomic number, such as the material’s microstructure
and photon absorption behavior, critically influence shielding effec-
tiveness. This unexpected result underscores the importance of
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Beam
Collimator

Specimens
Filter

j_—l

. Sample holder

(Lead) X-ray
Detector

1 meter

Fig. 3. Schematic illustration of the setup used for the measurement of the attenuation of X-ray. A collimator, with a 5 cm diameter, was used and the samples
positioned in a holder 50 cm away from the X-ray source. The ionization chamber was put 15 cm from the sample holder.

3.0
2.5 1
Sample A
204 —&— Sample B
’ Sample C
Sample D
5 15
1.0 4
0.5 1
0.0 T i T T T
25 30 35 40 45 50 55
Energy (keV)

Fig. 4. Linear attenuation coefficient (cm ™) against the X-ray energy (keV).

comprehensive material analysis in developing efficient radiation
|measured — real|

shielding. The percentage error of the mass attenuation was calculated Percent Error = x 100 (%) @)
according to Eq. (7) for all samples at each specific energy through real

repeated measurements, and then the standard deviation was obtained. The average for all samples amounted to 13.82%, where the error
The standard deviation was very small, so error bars were excluded. percentages for each sample were varied as A-3.32%, B-11.93%, C-

21.12%, and D-18.82%.
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Fig. 5. Mass attenuation coefficient against the energy.

5.3. Half value layer (HVL)

The HVL is expressed as a distance, and it is a photon energy-
dependent parameter. It is the thickness of a material at which half of
the incident energy is attenuated. The HVL of a material becomes larger
as the penetrating energy of a photon stream increases. As shown in
Fig. 6, the HDPE-MoC and HDPE-WC have absorbed more energy, so the
HVL was very small compared to the HDPE, where the HVL was very
large, which means that the penetration is high, meaning a large pro-
portion of the X-rays was not absorbed.

5.4. Mean free path (MFP)

The average distance between two subsequent interactions of pho-
tons with the materials is measured by the MFP. Fig. 7 includes an

estimation of the attenuation capabilities of HDPE-based composites
across the energy range from 30 to 50 keV. According to Eq. (4), this
parameter is inversely proportional to the linear attenuation coefficient.
The MFP values could confirm the efficiency of the HDPE composites
under this study for X-ray shielding applications. The overall tendency
for the MFP was found to rise rapidly with increasing energy. Fig. 7
shows that the MFP is lower when photon energy is low and higher when
photon energy increases. It is clear that the excess heavy metal content
in the polymer composite has a substantial impact on the shielding
performance of this HDPE polymer. As a result, MFP values decrease as
sample density increases. Pure HDPE composite has the highest MFP,
while (HDPE-MoC) and (HDPE-WC) composites have the lowest MFP.
The highest densities and masses give the best X-ray shielding capabil-
ities among our studied composites. We determined that the HDPE-
based composites which contain heavy metal carbides like WC and

3.5 1
3.0 1
% Sample A
254 Sample B
= —— Sample C
T Sample D
>
//
0.5 1
00 T T T 1] T
25 30 35 40 45 50 55

Energy (keV)

Fig. 6. Half Value-Layer of the studied samples at various energy values.
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Fig. 7. Mean Free Path of the studied samples at various X-ray energy values.

MoC were more effective in shielding than other elements like SiC.

5.5. Radiation protection efficiency (RPE)

The RPE of all HDPE-based composites at various energies from 30 to
50 keV were estimated using Eq. (5) and the results are presented in
Table 3. At lower energies, it was found that samples D containg MoC
has the highest percentage reaching 94.04%. Similarly, at the higher
energies, the RPE is reached to 75.83% at 44.3 keV energy. This shows
that the range of low photon energies has a higher RPE than the range of
high photon energies.

6. Conclusion

This study introduces innovative high-density polyethylene (HDPE)
composites with metal carbides (MoC,WC) and ceramic (SiC) as effective
kilo-voltage X-ray shielding materials. Our research highlights that these
composites significantly enhance X-ray attenuation, particularly in low-
energy ranges, presenting a non-toxic and lightweight alternative to
traditional shielding materials like lead. The HDPE + MoC composite, in
particular, demonstrates higher shielding capabilities at 50 keV than
other manufactured samples, suggesting its potential for safer medical
diagnostic environment by using a thicker shield or increasing the

Table 3
Mass attenuation coefficient of the HDPE composites samples.

Photon Energy Mass Attenuation Coefficient p,, (cm*gm™")

(keV)

Measured Calculated

A B C D A B C D
30 0.24 0.28 2.52 2.26 0.27 0.35 3.88 3.88
33 024 027 242 221 025 031 296 3.20
36.2 024 026 1.84 175 024 028 232 270
37.7 0.23 0.24 1.64 1.61 0.23 0.27 2.14 2.16
39.6 023 025 147 143 023 025 190 1.96
44.3 0.22 023 127 118 022 023 147 136

50 0.21 0.21 1.06  0.92 0.21 0.21 1.07 1.01

Table 4
Radiation protection efficiency of the HDPE composites samples.

Photon Energy Radiation Protection Efficiency (%)

(keV) A B C D

30 21.14 25.92 94.04 91.73
33 21.34 25.17 93.35 91.20
36.2 21.34 24.35 87.25 85.49
37.7 20.55 22.89 84.12 82.97
39.6 20.47 23.66 80.80 79.40
44.3 19.51 22.12 75.83 72.75
50 18.94 20.55 69.58 63.58

percentage of the concentration of heavy metals. Future research should
focus on optimizing composite formulations for broader radiation types,
and evaluating long-term durability. By advancing these materials, we
aim to improve radiation safety in healthcare and beyond, reducing
reliance on hazardous substances and promoting environmental
sustainability.

Recommendation

We strongly recommend the development of the polymer composite
doped with MoC as a low-energy radiation shield as it reaches a 70%
RPE at 50 keV as well as the composite doped with WC. We do not
recommend SiC ceramic doped composite which only had 20% RPE at
50 keV.
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