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Abstract

Prolonged exposure to cesium-137 (Cs-137) gamma radiation, a high-energy source widely used in
medicine, is known to cause cellular damage and increased rates of cancer. Wearable lead-lined radiation
shields provide a direct protective barrier that attenuates ionizing radiation. Aside from being toxic, lead
is heavy and rigid-this limits the dexterity of medical workers. Non-toxic polymer composites are
promising solutions as they combine high attenuation rates of high-density materials with the lightness
and flexibility of polymers. In this study, a composite consisting of bismuth oxide and ethylene vinyl
acetate (BiyO3-EVA) was simulated, fabricated, and characterized to determine its structural and radiation

shielding performance. The simulation results determined that increasing BiyOs filler content enhances
shielding performance. Bi;O3-EVA composites were then fabricated through melt-mixing methods and
compression molding. Radiation shield testing showed that composites with higher BiyOs filler content

displayed improved shielding efficiencies, with higher linear attenuation coefficients and lower half-value
layer thicknesses. Samples consisting of 60% BiyOz by weight produced optimal shielding performance,
achieving half-value layer values between 1.508 cm and 1.878 cm. Analysis of homogeneity levels through
the ISO-based rapid comparative method and texture analysis yielded acceptable values, entailing that its
consistent structure does not compromise radiation shielding performance. Moreover, the tensile strength
is maintained even at a high 80% Bi;O3 by weight. The positive results obtained in this study present new
opportunities for developing lighter and more flexible wearable medical gamma radiation shields that
effectively attenuate gamma radiation.

Categories: Materials Engineering, Nuclear Energy, Polymer Science and Engineering
Keywords: cesium-137, bismuth oxide, ethylene vinyl acetate, gamma radiation, radiation shield

Introduction

Cesium-137 (Cs-137) is extensively used in medical fields such as radiotherapy, cancer brachytherapy, and
blood irradiation [1]. Cs-137 emits gamma radiation, a high-energy source that can displace electrons
from molecules [2]. Prolonged exposure to gamma radiation is associated with numerous health risks,
such as higher rates of cancer, genetic damage, and cardiovascular problems [3-5]. Direct protective
barriers, such as wearable radiation shields, reduce exposure to prevent harmful effects [6]. Viable shields
are fabricated using materials with the following properties: homogeneous formulation, high density, high
tensile strength, long lifetime degradation, high shielding efficiency, high linear attenuation coefficients
(LAC), and low half-value layer (HVL) [7].

Conventional radiation shields use lead as a primary material due to its superior shielding properties and
ease of production [8]. However, lead is highly toxic when ingested, causing approximately 1 million
casualties per year [9]. Additionally, lead-lined equipment is heavy and rigid, limiting the dexterity and
mobility of medical workers [10]. Medical workers would benefit from radiation shields of less harmful
alternatives, such as metal-polymer composites. These non-toxic composites combine the lightness and
flexibility of polymers with the high densities of metal additives [11,12]. For example, a 2 mm sheet of
tungsten carbide-ethylene vinyl acetate (WC-EVA) has a shielding efficiency of 93 # 0.2%, higher than lead
of the same thickness with a shielding efficiency of 80%; it also exhibits enhanced flexibility and elasticity
brought about by the EVA [13]. On the other hand, using WC is more expensive than fabricating lead [8].
Therefore, other cost-efficient metal fillers should be investigated with polymer composites.

An emerging replacement for WC is bismuth oxide (BiyOz) [14]. When combined with polymer composites,
BiyO3 can provide effective shielding performance at a lighter weight and cheaper cost than WC [15].
BiyO3 has been tested with several polymers, such as polyvinyl chloride (PVC), producing one of the
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highest shielding efficiencies of polymer-metal composites [16]. On the other hand, EVA shows better
resistance and flexibility under radiation damage than PVC [17]. However, limited studies have tested this
compound alongside EVA. Pursuing EVA alongside Bi;Oz holds immense potential in providing high

shielding performance while being light and flexible.

This study evaluated the performance of the BipO3-EVA composite as a Cs-137 gamma radiation shield.

The study simulated the shielding performance in terms of LAC and HVL. In addition, composites of
different weight ratios were fabricated. Finally, the fabricated samples were characterized in terms of
homogeneity, tensile strength, shielding efficiency, LAC, and HVL. The results of this study are a potential
stepping stone in improving medical radiation protection by producing alternative shields that can
effectively protect medical workers while reducing weight and increasing flexibility. Furthermore,
manufacturers of radiation shields can benefit from lower costs and easily produced materials, thereby
increasing the accessibility of wearable radiation shields.

Materials And Methods

The study had four main stages: analytical methods, sample fabrication, experimental measurements, and
interpretation of results. Analytical methods consisted of the simulation of shielding properties through
software. Sample fabrication was done through melt-mixing and molding. Experimental measurements
included testing on structural and shielding properties. Finally, results were interpreted through statistical
analysis.

Varying weight ratios of BipOz in the Bi;O3-EVA composite were used, from 0% to 80% in increments of

10%, as shown in Table 1.

Biy03 (Wt %) EVA (wt %)
0 100
10 <
20 80
30 70
40 60
50 50
60 40
70 30
80 20

TABLE 1: Simulation design for radiation shield Bi2O3-EVA composites

Bi203-EVA, bismuth oxide-ethylene vinyl acetate

The composite density was computed from the density of Bi;O3 (  PBi,03), % weight of Bi;Oz ( WBi, 04
), density of EVA ( PEVA), and % weight of EVA ( WgvA) [18]:

100
Pcomposite = WBi, 03 | WEVA
PBiy O3 PEVA

Additionally, the percent heaviness compared with lead were computed from the composite density (
Pcomposite ) and the density of lead (  Ppb) [19]:

pcompositc % 100
PPb

%heaviness =

Afterward, LAC and HVL were simulated using EpiXS 2.0.1 Dark [20] and Phy-X/PSD [21]. Values for all
weight ratios were extracted for Cs-137 at 661.657 keV.

2025 Esguerra et al. Cureus J Eng 2 : es44388-025-05226-z. DOI https://doi.org/10.7759/s44388-025-05226-z

20f12


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus Journal of Engineering

Code

B-0

B-40

B-50

B-60

B-70

B-80

Table 2 shows different weight ratios of the fabricated composites consisting of Bi;Os filler dispersed in
the EVA matrix. Bi;Oz powder (CAS Number 1304-76-3) was procured at an online marketplace, while the
EVA pellets (HANWHA EVA 1326) were obtained from the stock of a local shoe factory.

Bi 03 (wt %) EVA (wt %)
0 100

40 60

50 50

60 40

70 30

80 20

TABLE 2: Experimental design for radiation shield Bi203-EVA composites

The ratios of composites were adapted from Soylu et al. [13]. Bi2O3-EVA, bismuth oxide-ethylene vinyl acetate

The pellets and powder were melted and mixed at approximately 130°C using a two-roll mill in the
Materials Science Division of the Department of Science and Technology - Industrial Technology
Development Institute (DOST-ITDI). The two-roll mill serves to “disperse and distribute the compound
additives in a manner that will affect the physical properties of the compound” [22]. Afterward, the melted
ingredients were poured into an 8" x 8" steel square mold and placed on a compression molding machine
for 5 minutes until a sheet was produced with a thickness of 0.2 cm. The fabricated composites were
placed in sealed plastic bags before and after testing, to prevent contamination. Additionally, these
composites were stored at normal room temperature. Samples of fabricated composites are shown in
Figure 1.

FIGURE 1: Fabricated Bi203-EVA composite samples

Fabricated samples of pure EVA (left) and 60% Bi»O3 by weight (right). Bi20O3-EVA, bismuth oxide-ethylene vinyl
acetate

High-resolution magnified (300x) images of the samples were obtained using a scanning electron
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microscope (SEM) in the Philippine Science High School - Ilocos Region Campus (PSHS-IRC). Images were
scanned in three regions (upper right, middle, and lower left) of each weight ratio. Qualitative evaluation
was done using the rapid comparative method [23], a side-by-side visual analysis against photographic
standards for carbon black and rubber mixtures. Like carbon black [24], similarly-sized bismuth oxide
nanoparticles tend to agglomerate when added to polymer composites [25]. These similar properties
illustrate the effectiveness of the rapid comparative method in evaluating the dispersion of particles with
comparable sizes in equally flexible materials. Texture analysis was used to gauge homogeneity
quantitatively by obtaining angular second moment (ASM) and inverse difference moment (IDM) values in
Image], an image processing software. Tensile strength was evaluated using a universal testing machine
by determining the maximum force applied to the samples before breaking. Radiation shielding efficiency
tests were conducted using a Cs-137 gamma source set 1 meter from the sample as prescribed by radiation
testing standards from the Philippine National Research Institute and a Rotem Ram R-200 Survey Meter
for the readings of the shielded and unshielded dose rates [26]. The configuration of the testing apparatus
can be seen in Figure 2.

Radiation
Lead Wall Shield Sample

I | Collimator

Radiation Dosimeter
Point Source

FIGURE 2: Radiation testing apparatus layout

The diagram shows a top view of the configuration of the radiation testing apparatus used in the Department of
Science and Technology - Philippine Nuclear Research Institute.

Composite samples were subjected to gamma radiation from a Cs-137 source at 662 keV. To obtain the
reference radiation dose (i.e., no shield applied), the dosimeter was placed in front of the radiation source
for 10 seconds. Three dose values were obtained every 5 seconds.

The same process was done to obtain radiation dose values for varying concentrations of bismuth oxide
filler content. Since there were two samples fabricated for each composite, a total of six data points were
measured for every composite (B-0, B-40, B-50, B-60, B-70, and B-80).

The shielding efficiency of each sample was calculated from the shielded dose rate ( ])) and unshielded
doserate ( D,):

SE:(1—D2)*100

o

Additionally, the LAC was calculated from the shielding efficiency (  SE) and thickness of the material (
X) [7]:

. In(l— %)
—x

Finally, the half-value layer (HVL) was computed from the LAC ( W) [7]:

HVL:@
"
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Results
Structural evaluation

Following the computation of density and percent heaviness, trendlines were produced to observe their
behavior as filler content increases. Moreover, homogeneity was qualitatively and quantitatively assessed
using standardized procedures, while tensile strength is exhibited in a stress-strain diagram.

An increasing nonlinear association between the composition of the material (BiyOs filler in EVA matrix)

and its computed density was observed. A Pearson's correlation indicated a very strong, positive,
significant relationship, r(7) =.938, p <.001. A fourth-order polynomial approximation obtained the

equation:  ().000947z* — 0.008842° + 0.041122 + 0.048z + 0.952 with R?=1.00.

An increasing nonlinear association between the composition of material (BipOs filler in EVA matrix) and

its computed percent heaviness using lead as standard was observed. A Pearson's correlation indicated a
very strong, positive, significant relationship, r(7) = 0.938, p < .001. A fourth-order polynomial

approximation obtained the equation:  (.008352% — 0.07792% + 0.3622° 4 0.424x + 8.4
with R2 = 1.00.

The SEM micrographs of B-40 and B-80, taken at 300x magnification, exhibited visible cylindrical rod-like
filler particles and streak-like patterns or striations highlighted in Figure 3. Qualitative analysis through
the ISO-based rapid comparative method yielded two ratings for all samples. B-40, B-50, B-60, and B-70
all yielded a rating of 7, while B-80 was the sole sample that yielded a rating of 8, showing better

homogeneity distribution than previous samples.

FIGURE 3: Rapid comparative evaluation of the homogeneity of B-40
and B-80 samples

SEM micrographs, at 300x magnification, of 40% Bi,O3 by weight (B-40, left) and 80% Bi»O3 by weight (B-80, right)
were compared with photographic standards of ISO 11345:2006 [20]. The encircled shapes on the micrograph
highlight BioOg3 particles. SEM, scanning electron microscope

For the quantitative analysis, Figure 4 exhibits the box plot of the ASM values of the samples per weight
ratio. The Kruskal-Wallis H test indicated that there are significant differences in the ASM values of
varying weight ratios, x2(4) = 23.47, p < .001, with a mean rank score of 21.67 for B-40, 25.83 for B-50,
14.58 for B-60, 11.83 for B-70, 3.58 for B-80. Post-hoc comparisons through the Dunn’s Test with a
Bonferroni corrected alpha value of 0.0005 revealed that there were statistically significant differences in
values between B-40 and B-80 (z = 3.5702, p < .001), and B-50 and B-80 (z = 4.3928, p < .001).
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Bismuth Oxide filler in EVA (% wt)

FIGURE 4: Angular second moments from varying Bi203 filler weight
ratios

Each weight ratio consisted of two samples with SEM images taken in three regions (upper right, middle, and lower
left) for homogeneity measurement. Bi203, bismuth oxide; EVA, ethylene vinyl acetate; SEM, scanning electron
microscope

Figure 5 depicts the boxplot of the IDM values of the samples per weight ratio. The Kruskal-Wallis H test

indicates that there are significant differences in the IDM values between varying weight ratios, x%(4) =
23.98, p <.001, with a mean rank score of 21.75 for B-40, 25.5 for B-50, 14.42 for B-60, 12.33 for B-70, and
3.5 for B-80. Post-hoc comparisons using Dunn’s Test with a Bonferroni corrected alpha value of 0.0005
revealed that there were statistically significant differences in values between B-40 and B-80 (z = 3.684, p
<.001) and between B-50 and B-80 (z = 4.441, p <.001).

1 ) -
0.908
0.996

0.004

0.992

Inverse Difference Moment

40 50 60 70 80

Bismuth Oxide filler in EVA (% wt)

FIGURE 5: Inverse difference moments from varying Bi203 filler weight
ratios

Each weight ratio consisted of two samples with three regions (upper right, middle, and lower left) for homogeneity
measurement. Bi203, bismuth oxide; EVA, ethylene vinyl acetate

Figure 6 presents the association between the composition of material (BipOs filler in EVA matrix) and its
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tensile strength. Results of the Pearson correlation indicated a very weak, positive, nonsignificant
relationship, r(4) =.0802, p = .880.

® tensile strength (average) = R? = 0.006

©
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Bismuth Oxide filler in EVA (% wt)

FIGURE 6: Tensile strengths of varying Bi203 filler weight ratios

Each weight ratio consisted of two samples for tensile strength measurement. Bi203, bismuth oxide; EVA, ethylene
vinyl acetate

Shielding performance evaluation

Box plots were produced to display the association between the composition of the material and its
shielding efficiency, linear attenuation coefficient, and half-value layer. Additionally, a comparison of
simulation and experimental results was examined through trendline behavior.

Figure 7 shows a box plot of the shielding efficiency values for varying compositions of the material
(BipOs filler in EVA matrix). The Kruskal-Wallis H test indicated that there is a significant difference in the

shielding efficiency values between the different compositions of the material, x%(5) = 18.24, p = .003, with
a mean rank score of 11.5 for B-0, 9.5 for B-40, 17.33 for B-50, 31.33 for B-60, 16.83 for B-70, and 24.5 for
B-80. Post-hoc comparisons were conducted using Dunn’s test with a Bonferroni corrected alpha of
0.0033. The difference between B-0 and B-60 clusters was statistically significant (z = 3.2735, p =.001).
Additionally, the difference between the B-40 and B-60 clusters was statistically significant (z = 3.6036, p
<.001). B-60 exhibits a superior shielding performance of 7.27% compared to the other weight ratios

tested. The equivalent linear attenuation coefficient is 0.38 cm™! and the half-value layer is 1.67 cm.
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FIGURE 7: Shielding efficiencies of varying Bi203 filler weight ratios

Shielding efficiency values (n = 6) were obtained with the dosimeter placed at a 1-meter distance. Bi203, bismuth
oxide; EVA, ethylene vinyl acetate

Table 5 presents the differences in simulated values, both for LAC and HVL, on EpiXS and Phy-X/PSD. The
differences were computed from the simulations of both tools, with EpiXS as the reference. The percent
differences for LAC range from 0.03% to 0.56%, while those of HVL span from 0.09% to 0.24%.

Percent difference (%)

BizO3 content (% wt)

10

20

30

40

50

60

70

80

LAC HVL
0.56 0.09
0.06 0.12
0.40 0.14
0.56 0.16
0.40 0.19
0.03 0.20
0.04 0.23
0.25 0.22
0.33 0.24
0.30 0.21

TABLE 3: Percent differences in simulated values between EpiXS and Phy-X/PSD

LAC, linear attenuation coefficients; HVL, half-value layer

Figure 8 presents a nonlinear association between the composition of material (BipOs filler in EVA matrix)

and the composite’s LAC. A Pearson’s correlation revealed a very strong, significant positive correlation
for simulation results (r(4) =.918, p =.010) and a strong but nonsignificant correlation for experimental
results (r(4) =.657, p =.157). A third-order polynomial approximation obtained equations of

0.007052° — 0.0038322 + 0.0185x + 0.0774 (R*=0.615) for experimental and
0.0000009682> — 0.0000713z2 + 0.00282x + 0.0795 (R? = 1.00) for simulation.
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FIGURE 8: Simulated and experimental values of linear attenuation
coefficients in varying Bi203 filler weight ratios

Simulation values were obtained from the averaged results from EpiXS and Phy-X/PSD. Bi203, bismuth oxide; EVA,
ethylene vinyl acetate

Figure 9 presents a nonlinear association between the composition of material (BiOs filler in EVA matrix)

and its HVL. Results of the Pearson correlation indicated a strong, negative, nonsignificant relationship,
r(4) =.633, p =.178 for experimental and a very strong, positive, significant relationship, r(4) =.998, p <
.001 for simulation. A third-order polynomial approximation obtained equations of

0.000008582° — 0.0013z2 + 0.0419z + 2.23 (R?=0.665) for experimental results and
—0.0000005512> + 0.0002882z% — 0.103z + 8.71 (R*=1.00) for simulation results.

B - Trendline for Experimental R*=0.4 A = Trendline for Simulation R*= 0.996

10 -
4 |
e} 8 \ _
D
>
(4]
-l 6
<b]
=
©
< 4
ut
© L
0T 2
0
0 20 40 60 80

Bismuth Oxide filler in EVA (% wt)

FIGURE 9: Simulated and experimental values of half-value layer in
varying Bi203 filler weight ratios

Simulation values were obtained from the averaged results from EpiXS and Phy-X/PSD. Experimental values (n = 6)
were obtained with a distance of 1 meter from the dosimeter. Bi2O3, bismuth oxide; EVA, ethylene vinyl acetate
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Discussion

The incremental increase of bismuth oxide content by weight showed varying effects on the structural
properties of the composite. The increase in the density and percent heaviness of the composite, along
with the amount of Bi,Os filler content, can be attributed to the filler’s inherent heavy metallic properties
that replace a portion of the lower-density polymer, increasing the overall composite density and weight
[11]. On the other hand, this may cause the sample to be heavier and more rigid. The results align with
related literature on polymer composites [7,27-29].

The highlighted cylindrical and rod-like shapes and striations in Figure 6 match those in related literature
on the appearance of Bi;Oz and EVA [30,31]. This confirms that the filler has successfully mixed with the
matrix. Samples with a rating of 7 showed a uniform dispersion of filler particles despite farther distances
between each other, while samples with a rating of 8 exhibited a higher amount of filler content, resulting
in more compressed but still uniform particle distances.

Quantitative homogeneity analysis affirmed the sample’s exhibited acceptable homogeneity levels. The
statistically significant differences between B-40 and B-80, and B-50 and B-80 showed that ASM and IDM
may drastically vary as the filler content augments. Furthermore, it can be observed that all SEM images
produced ASM and IDM values near 1, which indicates a uniform and homogeneous particle dispersion
[32-34].

Tensile strength analysis suggests that the addition of Bi;O3 may not have a significant effect on the

tensile strength of the composite. The small changes in tensile strength values indicate that EVA
predominantly influences the mechanical properties of the composite. This finding contrasts with related
literature, which suggests that BipOz may affect mechanical properties, often reporting that increasing the

amount of BiyOs filler content reduces tensile strength [35,36].

The low percent differences between simulations of LAC and HVL from EpiXS 2.0.1 Dark and Phy-X/PSD
exhibit a high degree of congruence despite using software tools that utilize different libraries. This close
alignment suggests a strong level of agreement between the two simulation tools in evaluating the gamma
radiation shielding performance across different weight ratios.

Shielding performance testing exhibits that increasing Bi;Os filler content leads to improved shielding
performance. Notably, samples consisting of 60% Bi;Oz by weight have the superior shielding
performance among all tested weight ratios as measured by shielding efficiency. Moreover, higher BiyOz

content is desirable for radiation shields since it reduces the thickness for the same amount of shielding
efficiency. These findings align with related literature on polymer composites [37,38]. The mechanical
properties of the composite may have been negatively affected at higher concentrations of filler, resulting
in a reduction in matrix flexibility and increased brittleness [39].

Conclusions
The findings show opportunities in developing flexible and effective Cs-137 gamma radiation shields from
a composite made of BipO3 and EVA. A homogeneous dispersion of Bi»Oz filler ensures consistent

attenuation of gamma radiation along the surface of the composite. On the other hand, tensile strength
testing shows that EVA predominantly influences the mechanical properties of the composite.
Simulations show that increasing BiyOx filler content provides better shielding performance; meanwhile,
experimental results indicate the superior performance of 60% Bi;O3 by weight among all tested weight

ratios. This emphasizes the need to conduct more extensive tests when developing shielding materials.

Future studies can examine how the physical structure of the composite influences nonlinearity in terms
of density, percent heaviness, LAC, and HVL. By manipulating the distance of the material from the
radiation source or adding layers of the composite, investigations can be made on improving shielding
performance. Moreover, tests on lifetime degradation may help evaluate the durability and lifetime use of
the material. Lastly, future work can focus on assessing the economic feasibility of the composite and the
environmental impact of its disposal.
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