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ARTICLE INFO ABSTRACT

Keywords: Exposure to mid-energy radiation poses significant health risks, necessitating the development
Metal OXiqe of effective shielding materials. Traditional lead-based shields, while effective, have significant
Epoxy resin drawbacks including toxicity and environmental concerns. This study investigates the potential of
Nanocomp051te

lead-free epoxy resin nanocomposites, incorporating bismuth oxide, nickel oxide, and cerium
oxide, for mid-energy radiation protection. Nanocomposites were fabricated using an open
mold casting technique, and their physical properties were characterized via scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) analyses. Further morphological analysis
was conducted using a compound microscope and image processing software, ImageJ, to
investigate the distribution of the particles on the polymer matrix. The radiation shielding
effectiveness of the composites was evaluated using Na-22, Cs-137, and Mn-54 gamma sources in
a gamma spectroscopy setup in Philippine Nuclear Research Institute. The results revealed that
pure epoxy resin exhibited higher attenuation coefficients compared to the modified composites,
primarily due to the challenges in achieving uniform dispersion of metal oxides within the polymer
matrix. Agglomeration of nickel oxide nanoparticles was particularly noted, leading to reduced
shielding performance. Average mass attenuation coefficients obtained in this experimental setup
reached up to 0.08-0.1 cm?/g for energy range 500-900 keV. Radiation protection efficiency
(RPE) measurements indicated that pure epoxy resin achieved an RPE of approximately 6% across
different sources, highlighting its potential for practical applications in medical imaging, industrial
radiography, environmental monitoring, and nuclear power plants. This study underscores the
importance of nanoparticle dispersion and provides insights into the development of lightweight,
lead-free, and efficient radiation shielding materials. Future work should focus on optimizing
synthesis methods to improve homogeneity and radiation protection efficacy of polymer-based
composites.

Radiation protection efficiency
Mid-energy radiation

1. Introduction

Exposure to x-rays and mid-energy radiation poses significant health risks, primarily due to the generation of reactive oxygen
species (ROS) and free radicals within cells, resulting in DNA damage and cellular dysfunction [1,2]. The vulnerability of cells varies,
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with highly proliferative ones such as those in the bone marrow and gastrointestinal tract being particularly susceptible [3,4]. Long-
term exposure increases the risk of cancer, contributing to an estimated 100,000 cancer deaths annually worldwide [5-7]. The need
for effective radiation protection is underscored by medical radiation being the largest man-made source of radiation exposure.

Lead has historically served as a primary material for radiation shielding in various fields such as medicine, industry, and plant
setups due to its high density and effectiveness in attenuating gamma rays and x-rays [8]. However, lead possesses several drawbacks,
including low flexibility, heaviness, and stability issues [9], as well as environmental and health hazards associated with its use and
disposal [10]. Occupational exposure to lead can result in adverse health effects such as neurological impairment, kidney damage,
and reproductive toxicity [11]. Furthermore, lead mining, processing, and recycling contribute to environmental pollution and pose
risks to human health [12]. These concerns highlight the urgent need for alternative materials with comparable shielding efficacy
but without the associated health and environmental hazards.

Polymer-based composites have garnered significant attention as promising materials for radiation shielding due to their
lightweight nature, flexibility, and ease of fabrication [13-16]. Compared to traditional lead-based materials, polymer composites
offer reduced toxicity, improved mechanical properties, and enhanced compatibility with additive manufacturing techniques [17].
The incorporation of high-density fillers such as bismuth oxide (Bi,03), nickel oxide (NiO), and cerium oxide (CeO,) into poly-
mer matrices further enhances their radiation shielding effectiveness [13,18,19]. Bismuth oxide, known for its high atomic number
and excellent attenuation properties against gamma rays and x-rays, has garnered particular interest [20]. Similarly, nickel oxide
and cerium oxide offer promising radiation shielding capabilities while maintaining desirable mechanical and thermal properties
[18,19]. By harnessing the synergistic effects of polymer matrices and high-density fillers, polymer-based composites represent a
viable solution for radiation shielding across various industries, including healthcare, aerospace, and nuclear power.

In this study, we aimed to develop lead-free, high efficiency shielding materials for gamma radiation by incorporating bismuth
oxide, nickel oxide, and cerium oxide into an epoxy resin polymer matrix. Morphological and elemental analyses were conducted
using Scanning Electron Microscopy and Energy Dispersive X-ray techniques. To evaluate the shielding effectiveness of the composites,
experimental data obtained using Na-22, Cs-137, and Mn-54 gamma sources in gamma spectroscopy setup. The findings of this study
provide valuable insights for the fabrication of lightweight, lead-free, and highly efficient wearable shielding materials tailored for
the mid-energy radiation range.

2. Materials and methods
2.1. Fabrication of metal oxide-based epoxy resin composites

Bismuth, nickel, and cerium oxide nanoparticles were purchased from Sigma Aldrich and the epoxy resin and its hardener (Methyl
Ethyl Ketone Peroxide/MEKP) from Polymer Products (Phils.) Inc. Metal oxides were mixed to epoxy resin at varying concentrations
resulting to different densities (Table 1). Composites were prepared using an open mold casting technique [10]. The mixture was
poured in a silicon mold with diameter of 14 cm with a maximum height of 1 cm. The nanocomposites were air dried for 24 hrs. to
ensure solidification.

Among the metal oxides, bismuth oxide has excellent attenuation properties [21]. It is also good to note that it has good thermal
stability and insulating property that can be considered for most applications like radiation protection [22]. Meanwhile, nickel oxide
exhibits good mechanical reinforcement due to its hardness and high compressive strength. It also provides thermal conductivity,
helping the epoxy resin withstand high temperatures without degradation [23]. While the two nanomaterials have opposing thermal
characteristics, cerium oxide was added to neutralize the thermal issues of the two nanomaterials. Cerium oxide offers excellent
mechanical reinforcement through its rigidity and scratch resistance. Its thermal properties, including high thermal stability and
resistance to oxidation, contribute to the longevity of the epoxy composite under extreme conditions [24].

2.2. Physical characterization of the metal oxide-based epoxy resin nanocomposites

Measurement of densities was carried out via water displacement method and analytical balance with 0.1 g accuracy. The empirical
densities were compared to calculated densities using Eq. (1) given by Nanda [25] and Nagqvi et al. [26]:

1
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where p; is the theoretical density and 22 is the ratio of the weight fraction and the density of the material. The assumption to have
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voids in the composite is highly possible.HTherefore, volume fraction of voids (Eq. (2)) can also be calculated using this equation:

v, = (or —pE) @)
pr
where pj is the empirical density of the composite.
A total of eight thickness measurements were made using the Vernier caliper to obtain the average thickness of the fabricated
samples and recorded for the calculation of the mass attenuation coefficient using the experimental values (cf. Fig. 1.A).
The morphological investigation was carried out using Phenom XL tabletop Scanning Electron Microscope (SEM). The Energy
Dispersive X-ray (EDX) was incorporated in the SEM which was utilized to analyze the elemental composition of the samples. Five
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Table 1

Composite concentration, average thickness, and its densities.
Sample ID Composition (%) Density (g/cc) Volume Average

Epoxy Resin MEKP Bi, 04 CeO, NiO Average Empirical Theoretical Fraction Thickness (cm)
X 97.0 3 0 0 0 1.101 1.144 0.038 0.628
B 95.5 3 1.5 0 0 1.236 1.159 -0.067 0.614
C 95.5 3 0 1.5 0 1.166 1.158 -0.006 0.594
N 95.5 3 0 0 1.5 1.254 1.159 -0.082 0.598
BC 95.5 3 0.75 0.75 0 1.273 1.159 -0.099 0.590
BN 95.5 3 0 0.75 0.75 1.142 1.158 0.014 0.600
CN 95.5 3 0.75 0 0.75 1.118 1.159 0.036 0.595
BCN 95.5 3 0.5 0.5 0.5 1.208 1.159 -0.042 0.614
Table 2

Mid-energy gamma sources.

Source Nominal Activity (uCi) Reference Date Half-Life Gamma Energy (keV)
Na-22 0.1 December 2019 2.6 years 511, 1274

Cs-137 0.1 October 2019 30.07 years 661.7

Mn-54 1.0 December 2019  312.3 days 834.8

different regions from the sample were used as the region of interest. The surface morphology and the elemental compositions were
examined to ensure homogeneity of the samples. Additionally, nanoparticle distribution was investigated using Schoolab Compound
Microscope with 15x magnification eyepiece and 4/0.1, 160/- objective lens.

2.3. Experimental approach for radiation shielding measurements

Gamma sources were prepared such as Na-22 (2a), Cs-137 (2b), and Mn-54 (2c). The characteristics of the gamma sources were
shown in Table 2. A Nal (Tl) scintillator (Model 12112/3, Serial 112223C) of Alpha Spectra, Inc. Scintillation Detectors was utilized
in a computer system with Maestro software installed. The detector is placed 2.5-2.7 cm away from the gamma sources (see Fig. 1.C).
The working voltage was set to 850 V and the detection time is 3,600 s. Before each measurement per day, a background radiation
measurement was implemented. The three natural gamma sources were initially scanned and recorded as the incident radiation
intensity (I,) and the succeeding measurements with the fabricated plates were recorded as the radiation intensity after the shielding
(D. Samples are positioned 1.2 cm away from the detector and 1 cm from the source and assigned as x-distance between the source
and the detector (cf. Fig. 1.B, C).

The linear attenuation coefficient (u) or LAC (Eq. (3)) was derived using the Beer-Lambert’s Law equation [27]:

I
y= _ln (xlo ) 3)

Given the calculated linear attenuation coefficient, the mass attenuation coefficient (M AC) (Eq. (4)) was calculated as follows
[27]:

Mac=" “@
P

where p is the material density expressed in g/cm?. Additional parameters including the mean free path (MFP), half value layer
(HVL), and tenth value layer (TVL) were calculated using the equations [27]:

MFP=1 )
u

HyL =12 ®)
"

v =110 %)
H

Mean free path (Eq. (5)) is the minimum distance between particles to interact, while half value layer (Eq. (6)) is the required
thickness to decrease the radiation intensity by half, and the tenth value layer (Eq. (7)) is the thickness to decrease the intensity by
one-tenth.

2.3.1. Radiation protection efficiency
To further evaluate the effectiveness of the shielding parameters, the radiation protection efficiency (RPE) (Eq. (8)) was calculated
using the following equation [28]:
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Fig. 1. (A) Fabricated shielding material with corresponding regions of thickness measurements; (B) actual gamma shielding experimental setup; and (C) cross-sectional
view of the gamma measurement inside a lead cave.
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Fig. 2. (A) Na-22, (B) Cs-137, and (C) Mn-54 Gamma sources.

RPE(%) = (1 - i) x 100 ®
1y

where [ is the incident radiation intensity and [ is the radiation intensity after the shielding was introduced.
3. Results and discussions
3.1. Morphological and elemental analysis

Five different regions were subjected to scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analyses. Similar
morphological structures were observed among the five regions. Each sample was represented in Fig. 3.A-H for its morphological and
elemental analyses (cf. Table 3).

Samples with bismuth oxide and nickel oxide exhibited significant observable grains, while samples with cerium oxide showed
a more polymeric and wrinkled surface texture. The color gradient in the EDX results mapped the elemental abundance in the
regions of interest. Specifically, the orange-colored regions indicated the presence of nickel oxide, which displayed heterogeneity in
its distribution.

Among the samples, nickel oxide demonstrated a tendency to agglomerate. This agglomeration can be attributed to several factors,
such as molecular and electrostatic interactions, high surface energy, or the effects of solvents during the synthesis of nanomaterials.
Additionally, nickel oxide’s ferromagnetic properties can further contribute to agglomeration. Structurally, nickel oxide is presumed
to have a hexagonal configuration, as referenced from the Materials Project database for NiO (mp-1180047), version v2023.11.1
[29]. Hence, the result from the empirical density calculation to the theoretical density has deviations.

Since the particle distribution cannot be clearly observed using the SEM, Schoolab Compound Microscope was utilized, and
images obtained were characterized using ImageJ software. Converting the images based on pixels to the objective lens and eyepiece
magnification, the calculated field of view (FOV) in a 15x eyepiece yields 5000 micrometers. Calculating the value to the image width
in pixels, which is 1024 pixels, gives approximately 4.88 um/pixel. All raw images were taken using the 50MP, ISO 2000, and F1.7
camera settings, without post-processing.

Maxima segmented particles were obtained using ImageJ with the following settings: images were converted to 16-bit type, the
threshold was adjusted to increase contrast and brightness, and automatic maxima calculation was selected with a prominence set to
greater than 10 pixels. The output type was set to segmented particles (Table 4).

Based on Table 4, nickel oxide, among all the nanofillers, has the tendency to agglomerate, as shown in the maxima segmented
particles result. Due to its agglomeration, the relative size became so large that it measures 9.699 pm on average. Meanwhile, cerium
oxide distributes more evenly on the epoxy resin matrix.
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Table 3
Average Elemental Composition using Energy Dispersive X-ray (EDX).

Sample ID Carbon Oxygen Bismuth Nickel Cerium

Atomic%  Weight%  Atomic%  Weight%  Atomic%  Weight%  Atomic%  Weight%  Atomic%  Weight%

X 58.82 51.75 41.18 48.25 - - - - - -

B 68.28 39.39 27.81 21.36 3.91 39.25 - - - -

C 57.81 25.64 30.97 18.28 - - - - 11.23 56.09
N 63.61 49.12 31.48 32.38 - - 4.90 18.50 - -

BC 63.52 34.77 31.35 22.84 1.97 12.76 - - 3.17 29.64
BN 66.72 39.80 23.08 18.34 1.62 16.84 8.58 25.01 - -

CN 63.03 35.06 20.67 15.32 - - 14.88 40.46 1.41 9.17
BCN 63.40 3291 26.88 18.54 3.06 23.24 4.51 11.70 2.16 13.62

Table 4
Optical microscopy of the fabricated composites under the compound microscope at 15x eyepiece and 4/0.1, 160/- objective lens magnifi-

cation and its relative measurements through ImageJ software.
C N

Sample ID X B

Optical Image

Maxima Segmented Particles

Total Count 95 6560 47607 3504
Ave. Feret’s Diameter (um) 43.163 5.69 3.358 9.699
Circularity 0.965 0.869 0.88 0.832
Sample ID BCN

Optical Image

Maxima Segmented Particles

Total Count 7834 4617 1059 942
Ave. Feret’s Diameter (um) 5.395 6.077 8.557 11.727
Circularity 0.886 0.903 0.911 0.879

As the nanomaterials were combined, nickel oxide causes agglomeration of other nanoparticles, creating heterogeneity in the
composite. White portions in the maxima segmented particles represent the accumulation of particles in a particular region. Sample C
has the least white portions, which indicates a well-distributed dispersion of the particles on the polymer matrix. Additionally, it has
the lowest Feret’s diameter measurement at 3.358 um.

3.2. Radiation shielding evaluation

Samples B, C, BN, and BCN have increasing trends, while X, N, BC, and CN have common highest LAC and MAC for Mn-54
source (cf. Tables 5, 6; Figs. 4, 5). Mn-54 has a faster decay rate than the Na-22 and Cs-137 sources; therefore, data gathering must
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G.1 G.2

Fig. 3. SEM micrographs (1) and EDX mapping (2) of the samples at 5000x magnification of (A) clear cast resin only, (B) bismuth oxide-polymer, (C) cerium oxide-
polymer, (D) nickel oxide-polymer, (E) bismuth-cerium-polymer, (F) bismuth-nickel-polymer, (G) cerium-nickel-polymer, and (H) bismuth-cerium-nickel-polymer.

be conducted in compressed timelines due to the half-life differences. Mass and linear attenuation coefficients of pure lead were
calculated using XCOM online database developed by National Institute of Science and Technology [30]. Furthermore, the shorter
distance calculated, the more efficient the composite was fabricated. Thereby, similar trends were observed for the Sample B and BC
having relatively shorter distances for the particle to interact and thickness of the material to decrease the intensity by half and tenth
values among other sample composites for a higher energy range (cf. Tables 7-9; Figs. 6-8).

3.3. Factors affecting attenuation coefficient
The present investigation observed an unanticipated trend where the attenuation coefficient of the pristine polymer was greater

than that of some sample polymer modified with metal oxides. This discrepancy necessitates a more comprehensive investigation into
the fundamental mechanisms influencing the attenuation characteristics. Epoxy resins are commonly utilized as the matrix material
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Table 5
Linear Attenuation Coefficient (1/cm)
511 keV 661.7 keV 834.8 keV
X 0.1061877  0.0935062  0.1025276
B 0.0598595 0.0768715 0.1106563
C 0.0604869  0.0668159  0.1033679
N 0.1009088  0.0639440  0.0964299
BC 0.0666838  0.0569462  0.1117897
BN 0.0296730 0.0738414 0.1020424
CN 0.0834073  0.0614856  0.1062835
BCN  0.0380228  0.0808438  0.1074110
Pb 1.830755 1.25077 0.9623665
Table 6
Mass Attenuation Coefficient (cm?/g)
511 keV 661.7 keV 834.8 keV
X 0.0964499 0.0849313 0.0931254
B 0.0484215  0.0621829  0.0895120
C 0.0518821 0.0573108  0.0886629
N 0.0804615 0.0509869 0.0768902
BC 0.0523799  0.0447310  0.0878104
BN 0.0259874  0.0646698  0.0893681
CN 0.0746358  0.0550195  0.0951063
BCN  0.0314834  0.0669398  0.0889378
Pb 0.1613000  0.1102000  0.0847900
Table 7
Mean Free Path (cm)
511 keV 661.7 keV ~ 834.8 keV
X 9.41728 10.69447 9.75347
B 16.70579 13.00872 9.03699
C 16.53250 14.96650 9.67419
N 9.90994 15.63869 10.37023
BC 14.99615 17.56045 8.94537
BN 33.70070 13.54254 9.79985
CN 11.98936 16.26397 9.40879
BCN  26.30002 12.36954 9.31003
Table 8
Half Value Layer (cm)
Sample ID 511 keV 661.7 keV ~ 834.8 keV
X 6.52618 7.41127 6.75915
B 11.57711 9.01504 6.26264
C 11.45702 10.37178 6.70421
N 6.86759 10.83761 7.18657
BC 10.39233 12.16939 6.19914
BN 23.35459  9.38498 6.79130
CN 8.30862 11.27093 6.52029
BCN 18.22591 8.57209 6.45185
Table 9
Tenth Value Layer (cm)
Sample ID 511 keV 661.7 keV ~ 834.8 keV
X 21.68409  24.62494 22.45819
B 38.46650 29.95368 20.80845
C 38.06750 34.46163 22.27564
N 22.81848  36.00940 23.87834
BC 34.52991 40.43443 20.59747
BN 77.59874 31.18286 22.56499
CN 27.60651 37.44918 21.66455
BCN 60.55803 28.48191 21.43714

Heliyon 11 (2025) e41394
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Table 10
Radiation Protection Efficiency (%).

Na-22 Cs-137 Mn-54

6.44986 5.70200 6.23463
3.60937 4.61117 6.56991
3.52768 3.88953 5.95292
5.85945 3.75397 5.60681
C 3.85555 3.30194 6.37886
BN 1.76535 4.33554 5.94128
CN 4.83962 3.59080 6.12557
BCN 2.30570 4.83878 6.37724

Wz 0w

in radiation shielding composites due to their favorable mechanical, thermal, and chemical properties. However, the homogenous
incorporation of high-density metal oxide fillers is crucial to enhance the radiation shielding performance.

Based on the results, there are three possible reasons affecting the attenuation coefficient: (1) dispersion and distribution of metal
oxides, (2) photon interaction mechanisms, and (3) experimental conditions. The tendency of the nanoparticle to agglomerate during
the mixing process creates localization of attenuation (see also Table 4). This agglomeration can be attributed to the molecular and
electrostatic interactions, high energy, or solvent during the synthesis. Therefore, uniformity of nanofillers is crucial in radiation
shielding. Additionally, uniform thickness is also a factor to be considered for the distribution of the photon interacting with the
sample (c.f. Table 1). Due to viscosity of the mixture, the thickness across the sample has slight difference. The sample easily hardens
as it was casted into the silicon mold. Also, air trapped during casting can also be a consideration in the distribution of particles and
thickness. Another factor is the photon interaction in the composite. A more uniform distribution of nanoparticles typically results in
more effective gamma attenuation, as it enhances photon interaction consistently across the material, compared to agglomerated and
unevenly distributed nanoparticles, which can lead to varying and often lower attenuation coefficients. Additionally, the intrinsic
properties of the polymer matrix and the metal oxides might result in unexpected interaction patterns. Voids in the composite may add
up factor since air has different density which creates a more complex system for the interaction. The third factor is the experimental
condition. The radiation energy levels of the check sources and their respective interaction probabilities with the composite materials
might vary as well. Different time of testing per sample incurs greater chance of variation in the result due to the half-life of the
gamma sources. Most importantly, the significance of collimating the gamma sources to control the radiation intensity and photon
interaction would be beneficial to gather consistent data (cf. Fig. 1.B). Detector is exposed widely to the gamma source which allows
randomness of the photon direction [31].

3.4. Radiation protection efficiency

The Radiation Protection Efficiency (RPE) results for the different composites when exposed to Na-22, Cs-137, and Mn-54 gamma
sources are presented in Table 10. The results showed good performance for Mn-54. Composite with bismuth oxide yields the highest
efficiency which can be attributed to its heavier atomic nuclei and total density. With the intermediate performance of around 5-6%
RPE, it can still make a significant difference in various practical applications such as protection in medical imaging and therapy
[32], therapeutic radiology for targeted cancer cell treatment [32], [33], industrial radiography for inspecting welds and materials,
environmental monitoring, radiation laboratory experiments and demonstrations, and worker protection in nuclear powerplants [33].

4. Conclusion

This study aimed to develop and evaluate lead-free epoxy resin nanocomposites incorporating bismuth oxide, nickel oxide, and
cerium oxide for effective mid-energy radiation protection. The findings revealed that pure epoxy resin exhibited higher attenuation
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coefficients compared to the modified composites, an observation that underscores the complexities involved in the incorporation
and dispersion of metal oxides within a polymer matrix.

The detailed morphological and elemental analyses indicated significant agglomeration tendencies of the metal oxide, particu-
larly nickel oxide, leading to non-uniform distribution and reduced shielding effectiveness. The study highlighted the crucial role of
homogeneity and the need for optimized dispersion techniques to achieve consistent and improved radiation attenuation properties.

Despite the very high performance of lead as a standard shielding material, epoxy resin, B, BC, CN, and BCN samples provided better
mass attenuation coefficients with values of 0.103, 0.111, 0.112, 0.106, and 0.107 cm?/g, respectively. Given that the concentration
of the nanoparticles incorporated is at 1.5% w/v, increasing the concentration will likely yield higher attenuation capabilities.

Radiation Protection Efficiency (RPE) measurements demonstrated that while the composites showed varying degrees of effective-
ness, pure epoxy resin consistently performed better with an RPE of around 6% across different radiation sources. Despite the modest
RPE values for pure epoxy resin, samples B, BC, and BCN outperformed epoxy resin for higher energy radiation with values of 6.570,
6.379, and 6.377%, respectively. These materials have potential practical applications in various fields, including medical imaging,
industrial radiography, environmental monitoring, and nuclear power plant worker protection. Incorporating similar metamaterials
and varying fabrication designs can achieve the desired attenuation for specific applications. Note that attenuation can be modulated
by varying the cross-sectional distance and density of the attenuating material.

Future research should focus on addressing the challenges of nanoparticle dispersion and agglomeration to enhance the radiation
shielding performance of polymer-based composites. Additionally, exploring alternative synthesis methods and composite formula-
tions could lead to more effective and reliable materials for radiation protection.

Overall, this study contributes valuable insights into the design and development of lead-free radiation shielding materials, em-
phasizing the importance of uniform nanoparticle distribution and the need for further optimization to fully realize their potential in
practical applications.
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