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Abstract: The radiation shielding characteristics of the
polyester resin composites reinforced with cerium(v)
oxide (CeO,) have been studied. The prepared composites
were pure polyester-resin (Poly/Ce0,-0), 90% per weight
polyester resin and 10% CeO, (Poly/Ce0,-10), (Poly/Ce0,-30),
(Poly/Ce0,-50), and (Poly/Ce0,-60). The linear attenuation
coefficient (LAC) values for the free polyester and polyester
samples with CeO, were experimentally measured com-
pared with the XCOM data. The experimental LAC value
was found to be 0.2377 cm™ at 0.0595 MeV, which is in good
agreement with the calculated value of 0.2454 cm™t Also,
for the same sample, the experimental LAC was found to be
0.1034 cm™ at 0.662 MeV, showing a good agreement with
the calculated value of 0.1057 cm™. The LAC values for the
free polyester, Pol/Ce0,-30, and Pol/Ce0,-60 are 1.43, 31.82,
and 107.77 cm™ at 0.015 MeV, respectively. The big differ-
ence in the LAC values between the composite with 0 and
60% CeO, is evident. The radiation shielding efficiency (RSE)
of the polyester with different amounts of CeO, was experi-
mentally measured at four energy values. Also, we extended
the calculation of RSE at other energy values in the range of
0.015-15 MeV). The exposure buildup factor (EBF) values for
the free CeO, sample and the samples with CeO, are calcu-
lated. The EBF is small at low energies, then increases, and
attains a maximum value at moderate energy; the EBF
shows a decreasing trend with an increase in the energy.
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1 Introduction

Gamma rays are a type of electromagnetic radiation char-
acterized by high energy levels. In contemporary times, a
potential hazard exists stemming from the exposure to
unshielded ionizing radiation, which arises as a conse-
quence of the widespread application of radiation in
various domains of human activity, including industry, agri-
culture, research, medicine, and other domains renders it an
indispensable component of our daily life. In order to fulfill
the necessary criteria for mitigating the adverse effects of
radiation, particularly for individuals operating inside radia-
tion-prone areas, ongoing research endeavors are continu-
ously progressing towards the development of appropriate
materials for radiation shielding purposes (1,2).

This approach necessitates careful consideration of three
key factors: the duration of exposure, the distance between
the radiation source and the recipient, and the effectiveness
of the shielding material utilized. The safeguarding of opera-
tors and equipment employed in environments with ionizing
radiation has emerged as a significant area of study, aiming
to mitigate the potential risks by developing improved
shielding materials (3,4). The incidence of several diseases
in human beings has been attributed to the long-term
absorption of radioactive radiation. The increasing utiliza-
tion of nuclear radiation in various technological applica-
tions has created a need for the development of engineered
radiation shielding materials (5). Electromagnetic waves
possess the distinct properties of being able to propagate
across a vacuum without the need for a medium, main-
taining a constant velocity equivalent to the speed of light.
Photons, as elementary particles of electromagnetic radia-
tion, possess both energy and momentum and are capable of
exerting pressure (6).
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In recent times, researchers have been actively engaged
in exploring methods for the production of conditional
absorbers as a means to address the limitations associated
with conventional shielding absorbers. The utilization of
polymer-based radiation defenses has garnered significant
interest in various applications, mostly attributed to its
advantageous characteristics of lightweight nature (7). The
integration of polymer technology with lead shields has
resulted in enhanced shielding capabilities compared to
shields composed of alternative materials. Nevertheless,
these shields are burdened by their substantial weight and
the associated toxicity concerns (8).

Polyester exhibits a distinctive composition consisting
of metallic and ceramic components, rendering it advanta-
geous for many purposes. However, it is important to note
that its shielding capability is significantly diminished in
the absence of additions. Nevertheless, the use of additives,
particularly heavy metals, significantly enhances the effective-
ness of radiation shielding (9,10). Heavy metals such as tung-
sten trioxide (WO5), lead oxide (PbO), molybdenum trioxide
(Mo0O5), bismuth trioxide (Bi,0s), and tellurium dioxide (TeO,)
exhibit a notable ability to provide shielding, enabling them to
effectively reduce the effects of incoming radiation when com-
pared to standard shielding materials (11). The macromole-
cular environment surrounding nanoparticles experiences
modifications as a result of the notable surface-to-volume ratio
that distinguishes nanoparticles from other materials (12,13).

Mechanical qualities, such as elastic stiffness, strength,
and radiation shielding efficiency (RSE), are strengthened
once nanoparticles are incorporated into the polymer matrix.
Due to its exceptional capabilities and specific features,
cerium oxide (CeO,) is currently garnering substantial attention
as a promising material for radiation shielding. The high atomic
number of the CeO, combination gives it the capacity to effec-
tively absorb gamma rays. CeO,’s dense arrangement is very
good at both scattering and absorbing radiation, leading to a
significant decrease in radiation transmission through the mate-
rial (1,3,14). To top it off, CeO, is an ideal material for long-term
protection due to its outstanding stability and resistance to radia-
tion-induced damage. Furthermore, CeO, can be synthesized in
various configurations, such as bulk and nanostructured mate-
rials, as well as thin films, hence providing versatility in the
development and implementation of radiation shielding technol-
ogies. Additional study is needed to determine CeOy,’s efficacy as
a radiation shielding and nuclear safety material (15).

2 Materials and method

The prepared composites consist of two mean components,
a matrix material called polyester resin with its hardener
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(where the hardener percentage represents 5% of the
polyester resin quantity added; purchased from one of
the paint stores in Egypt) and a CeO, as filler oxide with
purity 98.9% (purchased from a chemical company in
Egypt). The polyester resin properties were discussed in
recent published papers (8-10). The CeO, had a density of
7.35g-cm ™ and an average particle size of 20 + 10 um, and
its characteristics were presented by Almutairi et al. (3).
The preparation method was performed according to the
percentages of polyester resin and CeO, in Table 1.

The two percentage components were mixed for 10 min
to be a homogenous composite, and left in acceptable molds
for 24h for drying (16-19). Before attenuation measure-
ments, the density of the CeOy/Pol composites was deter-
mined using the mass-to-volume calculation (4), and the
density values are given in Table 1. The density values
were checked s by the Archimedes principle according to
the following equation:

- WL

We
p(g-cm‘3) - ¢ L

W Py 6)]

where W, and Wy, are the weights of the composite in dry
air and immersing liquid, respectively, and p, =1 g-cm™
is the density of the immersing liquid (water).

For attenuation measurements, the detector used was
a high-purity germanium detector, the radioactive point
sources were Am-241, Cs-137, and Co-60, and the character-
istics of the detector and sources used are as presented in
previous work (20-23). To get a narrow beam during the
measurements, a lead collimator was used as shown in
Figure 1. First, the detector was calibrated (energy calibra-
tion, efficiency calibration, and the sample position calibra-
tion between the detector and the point source) and then
the point source was placed axially with the collimator and
detector and click started within a certain time to form
peaks related to the incoming energy photons emitted
from the source (time makes the error percentage less
than 1%). The area under these peaks can be calculated
using Genie-2000 software, and the rate of this area (calcu-
lated area per measuring time) represents the intensity of

Table 1: Chemical composition of CeO,/polyester composites

Composite code Weight percentage, (wt%) Density,

- (g-em™)
Polyester resin CeO,

Pol-Ce0-0 100 0 1.310

Pol-Ce0-10 90 10 1.427

Pol-Ce0-30 70 30 1.738

Pol-CeO-50 50 50 2.221

Pol-CeO-60 40 60 2.580
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Figure 1: The geometry of the experimental work.

the incoming photon. We represent the intensity in the
absence of the glass sample by the initial intensity (Ip),
while by placing the glass sample between the detector
and the point source, the calculated intensity is represented
by the transmitted intensity (It). The variation of trans-
mitted intensity depends on the incident energy photon,
thickness, and density of the glass sample. From these inten-
sities, the linear attenuation coefficient (LAC) of the glass
sample of a thickness (¢) can be evaluated by the for-
mula (24-26),

-1 1
LAC = —In— 2
(cm™) L n 2 2
The absorber parameters such as the half value layer
(HVL), mean free path (MFP), and tenth value layer (TVL)
are estimated as an inverse function of the LAC of the
shield material as follows (27-33):

In(2)
- ) 3
HVL, cm AC 3
MFP, cm = L @)
T LAC
In(10)
= 5
TVL, cm LAC (5)

The GP fitting parameters can be used to estimate the
exposure buildup factor (EBF) values for any shielding
microcomposite, where all equations used for the calcula-
tion of EBF are as in (34).

3 Results and discussion

The LAC values for the free polyester and for the polyester
samples with CeO, were experimentally measured as we
discussed in the previous section, and we compared the
experimental values with the XCOM data (i.e. theoretical
results). As shown in Figure 2(a—e), we presented this

RSE and EBF of CeO,-reinforced polyester resins == 3

e |
|

Amplifier

— MCA

—
1

HV

comparison for the free polyester and polyester with 10%,
30%, 50% and 60% CeO,, respectively. Notable, we plotted
the XCOM data at a wide energy of 0.015-15 MeV, while the
experimental LAC values are determined only at four ener-
gies. The results shown in Figure 2 give the extent of the
precision of the experimental setup used in this investiga-
tion since we can see good agreement between the experi-
mental data (red circles) and the theoretical data of all
composites. For example, as shown in Figure 2a, the experi-
mental LAC value was found to be 0.2377 cm™ at 0.0595 MeV,
which is in good agreement with the calculated value of
0.2454 cm™. Also, for the same sample, the experimental
LAC was found to be 0.1034cm™ at 0.662MeV and shows
good agreement with the calculated value of 0.1057 cm™
The deviation between both approaches is very small for all
composites at any energy value, which confirms the accuracy
of the experimental data. As shown in Figure 2b—e, the Kedge
of CeO, (~40 keV) will appear and increase with increasing
the CeO, concentration in the matrix, which causes higher
absorption at this energy area. Also, the density increases
with increasing the CeO, concentration in the matrix; then,
the probability of gamma-ray interaction with the composite
at a certain thickness increases.

As shown in Figure 2f, we plotted the LAC values for all
composites to examine the role of changing the CeO, content
on the LAC values. Apparently, the LAC values increase for
the composites with the addition of CeO,. The free CeO,
polyester shows lower LAC values than the other compo-
sites, while the Pol/Ce0,-60 sample shows the highest LAC.
We can correlate this outcome with the density of the com-
posites. As the density increases with the addition of CeO,,
the increase in the LAC value results from the addition of
CeO,. Numerically, the LAC values for the free polyester, for
Pol/Ce0,-30 and Pol/Ce0,-60 at 0.015 MeV are 1.43, 31.82, and
107.77 cm™’, respectively. The high difference in the LAC
values between the composites with 0 and 60% of CeO, is
evident, At higher energy, we can observe that the LAC
values decrease and attain the minimum values at 15 MeV.
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Figure 2: The LAC values of polyester-CeO, composites at different energies (MeV). (a) Pol/Ce02-0, (b) Pol/Ce02-10, (c) Pol/Ce02-30, (d) Pol/Ce02-50,
(e) Pol/Ce02-60 and (f) All Pol/Ce02 composites.
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For the previous three samples, the LAC values at 0.1 MeV
are 0.208,1.246, and 3.841 cm ™. We can observe that the LAC
is a function of energy and the difference in the LAC values
due to the addition of CeO, decreases with increasing the
energy. One important point to note from Figure 2f is that
the peak is observed at 0.05MeV for all composites, except
for Pol/Ce0,-0, which is attributed to the K absorption edge
of Ce. Since Pol/Ce0,-0 does not contain CeO,, we did not
observe the peak in LAC at 0.05 MeV. If we compared these
results with the related work published in Ref. (30) where
the iron filing was added as a filler with the resin, we
observed an improvement in the present results; for
example, at 0.662 MeV, the highest experimental LAC
value for Pol-IF60 was 0.1948 cm™ while the highest
experimental value in this work was 0.2139 cm™.

In Figure 3(a) and 4(b), we plotted the theoretical HVL
and MFP, respectively, while in Figures 3(b) and 4(b), we
compared the theoretical and experimental HVL and MFP,
respectively, and we showed the results at only four energy
values (the energies emitted from the selected radioactive
sources). Evidently, the experimental and calculated HVL
for the prepared composites shows a close match, demon-
strating a perfect agreement between the measured and
theoretical data. The same holds for the MFP. From Figures
3 and 4(a), we can see that both HVL and MFP increase with
increasing energy (35,36). The measured HVL for the pre-
pared composites at 0.059 MeV are 2.74, 0.49, 0.16, 0.073, and
0.046 cm for the free polyester and polyester with 10%, 30%,
50%, and 60% CeO, respectively. The effect of CeO, on the HVL
for these composites is at 0.059 MeV, where the HVL greatly
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reduced from 2.74 to 0.046 cm due to the addition of 60% CeO,.
At the same energy, we found that CeO, also greatly affects the
MFP, where the MFP reduces from 3.94 to 0.067 cm due to the
addition of 60% CeO, to the polyester. At higher energy
(0.662 MeV), we found that the HVL decreases from 6.41 cm
(for Pol/Ce0,-0) to 2.92cm (for Pol/Ce0,-60). Similar studies
reported a decrease in the HVL due to the addition of heavy
metal elements (37,38). From these results, we can conclude
that the HVL at 0.662 MeV is reduced by a factor of approxi-
mately 2.19 when we added 60% CeO, to the polyester. Also,
we can conclude that the thickness of the polyester must be
higher than 2.92 cm to attenuate 50% of the intensity of the
photons emitted from **’Cs. From the MFP data at 0.662 MeV,
we found that the free polyester sample has an MFP of
12.41 cm, decreasing to 11.52cm due to the addition of 10%
CeO, and decreasing to 6.23 cm when 60% CeO, is added to
the polyester, which indicates that the MFP is also decreased
by a factor of about 2 due to the addition of 60% CeO,. At
higher energy, for example, 1 MeV, we found that the HVL for
the prepared samples is of the order of 7.95-3.94 cm, while
the MFP is of the order of 11.47-5.69 cm.

The RSE of the polyester with different amounts of
Ce0, was experimentally measured at four energy values.
Also, we extended the calculation of RSE at other energy
values (in the range of 0.015-15MeV). In Figure 5a, we
plotted the RSE in a wide energy range, while in Figure 5b
we plotted the measured RSE at four energy values and
compared the experimental values with the theoretical
ones. Apparently, a good agreement is reported between
the experimental and theoretical RSE at the selected
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Figure 3: The experimental and theoretical HVL of the polyester-CeO, composites at different energies, (a) Theoretical values and (b) Comparison

between the experimental and theoretical values.
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Figure 4: The experimental and theoretical MFP of the polyester-CeO, composites at different energies, (a) Theoretical values and (b) Comparison

between the experimental and theoretical values.

energies (Figure 5b). At 0.015 MeV, the RSE for all compo-
sites is 100%, which means that all composites can block all
the photons with an energy of 0.015 MeV. The remarkable
100% RSE reported at 0.015 MeV underscores the excep-
tional low-energy photon-shielding abilities of the pre-
pared composites, likely ascribed to the presence of
high-Z elements (such as Ce) within its composition. At 0.02
and 0.03 MeV, the polyester composites with CeO, also have a
perfect shielding efficiency, where the RSE is also 100%. At
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higher energies, the RSE decreases, which indicates that the
ability of these composites to attenuate the radiation is
decreased. The reduction in RSE with increasing energy
can be attributed to the decreased interaction and hence
increased penetration of photons via the composites. The
CeO, also affected the RSE and thus it is important to con-
sider high amounts of CeO, during the preparation process
in order to obtain suitable radiation shielding materials.
Clearly, a higher RSE corresponds to the maximum amount
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Figure 5: The experimental and theoretical RSE of the polyester-CeO, composites at different energies, (a) Theoretical values and (b) Comparison

between the experimental and theoretical values.
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of CeO,. Also, the free CeO, composite has a lower RSE than
the other composites, which indicates that the RSE is directly
proportional to the CeO, amount. Numerically, the RSE at
0.662 MeV for the free CeO, composite is 27.18%, which
increases to 29.19% for Pol/Ce0,-10, and to 34.28% for Pol/
Ce0,-30, while the maximum RSE at this energy is found for
Pol/Ce04-60 (49.12%). The incorporation of CeO, increases the
RSE since cerium (Ce) has a high atomic number (Z = 58),
which results in stronger interactions with the incoming
photons and enhanced attenuation abilities within the
composites.

The effective atomic number (Zs) is a useful para-
meter in radiation shielding. As radiation shielding mate-
rials are composed of different elements, we can examine
the impact of the weight fraction of the different elements
on the radiation attenuation performance using this para-
meter. In Figure 6, we plotted Z.¢ for the prepared compo-
sites as a function of energy. For Pol/Ce0,-0, Z.g is almost
constant and varied between about 4 and 6. This is because
the polyester is composed of elements with low atomic
numbers, and this sample does not contain CeO,. However,
the addition of CeO, causes a significant improvement in
the Zegr. Zeg for the polyester with 10%, 30%, 50%, and 60%
Ce0, is higher than the Z. for free CeO,. The composite
with a high amount of CeO, has an elevated Z.¢ due to the
significant contribution of Ce owing to its high atomic
number, which causes an enhanced overall atomic number
for the prepared samples, improving their radiation shielding
features (39,40). Moreover, at a low energy range, a big differ-
ence in the Z between the different composites is observed.
The high differences in Z.¢ among the glasses in the low-
energy region can be ascribed to variations in their elemental
compositions, with composites containing high amounts of
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Figure 6: (a) The Z of the polyester-CeO, composites at different energies.
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Figure 7: The Z.4 of the polyester-CeO, composites at different energies.

CeO, contributing highly to Zes due to their improved inter-
action with low-energy photons. For example, the Z.g values
for polyester with 0 and 60% CeO, at 0.015 MeV are 6.39 and
51.94, while at 0.03MeV, the Z. values for the same two
composites are 5.06 and 47.32. Therefore, significant enhance-
ment in the Z is observed at a low energy owing to the
dominant photoelectric effect at this energy range. At higher
energies, the difference in the Z.¢ between the different com-
posites becomes small owing to the dominant Compton scat-
tering and pair production.

The equivalent atomic number (Zq) values were deter-
mined to calculate the buildup factor (EBF). The Z., data is
plotted in Figure 7. We found the addition of CeO, causes
an increase in the Z.q. Z. is a useful parameter to calculate
the EBF, and the results of EBF for the free CeO, sample
and the samples with CeO, are shown in Figure 8. The EBF
is small at low energies, then increases and attains a max-
imum value at moderate energy; EBF shows a decreasing
trend with increasing energy. Apparently, a peak is formed
in the EBF for the samples with CeO, around 0.05MeV,
which is attributed to the K absorption edge of CeO,. More-
over, the EBF shows an increasing trend with an increase
in the MFP, where the maximum EBF is found at 40 mfp.

4 Conclusion

In this study, radiation attenuation as well as buildup
factor of different composites consisting of polyester resin
materials and curium oxide have been investigated. The
experimental LAC value is in good agreement with the
calculated value, which indicates that the deviation
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Figure 8: The EBF of the polyester-CeO, composites at different MFP values, (a) Pol/Ce0,-0, (b) Pol/Ce0,-10, (c) Pol/Ce0,-30, (d) Pol/Ce0,-50, and
(e) Pol/Ce0,-60.
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between both approaches is very small for all composites
at any energy and confirms the accuracy of the experi-
mental data. The effect of CeO, on the HVL for these com-
posites is at 0.059 MeV, where the HVL greatly reduced
from 2.74 to 0.046 cm due to the addition of 60% CeO,. At
the same energy, we found that CeO, also highly affects the
MFP, where the MFP reduces from 3.94 to 0.067 cm due to
the addition of 60% CeO, to the polyester. The RSE enhances
significantly when transitioning from Pol/Ce0,-0 to Pol/CeO,-
60, or when 60% CeO2 is added. At higher energies, the
difference in the Z.s between the different composites
become small owing to the dominant Compton scattering
and pair production. The EBF is small at low energies,
then increases and attains a maximum value at moderate
energy; the EBF then shows a decreasing trend with
increasing energy. Apparently, a peak appears in the
EBF for the samples with CeO, at around 0.05 MeV.
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