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Abstract: Health care workers performing radiography on patients in hospitals typically wear aprons
for radiation protection. Protective properties are achieved through a combination of shielding
materials and polymers. Various shielding materials are mixed with polymers to prepare composite
materials. Numerous methods have been devised to design and alter the composition of these
materials to improve the shielding performance of aprons. In this study, the shielding performance
was analyzed based on the arrangement of shielding materials, the composition of materials (mixed or
single), and the fabrication design of the shielding sheets. Various shielding sheets were created using
different arrangements of tungsten oxide, bismuth oxide, and barium sulfate, and their shielding
efficacy was compared. The atomic number and density of the shielding material directly affect
the shielding property. The effectiveness of the composite sheet increased by more than 5% when
positioned close to the X-ray tube. Sheets fabricated from materials separated by type, rather than
mixed, exhibited a greater X-ray shielding effectiveness because of their layered structure. Therefore,
structural design considerations such as linings, outer layers, and inner layers of protective sheets
should be considered for effective shielding in medical institutions.

Keywords: X-ray; radiation shielding; shielding sheet; tungsten oxide; bismuth oxide

1. Introduction

Medical professionals performing procedures such as radiation diagnostic tests require
various shielding tools for protection against radiation exposure [1]. Replacing lead, a
heavy metal, with eco-friendly shielding materials is challenging due to lead’s low cost and
ease of processing [2,3]. Tungsten, an eco-friendly shielding material, exhibits a high density
(19.25g/ cm?®) and atomic mass (183.84) and is widely used as a lead substitute due to its
excellent protective effects through numerous interactions with incident radiation [4,5].
However, tungsten’s high melting point (3422 °C) and low affinity between particles
restrict its ability to be mixed with other substances [6]. Therefore, when manufacturing
shielding sheets from composite materials, a specific design that can effectively arrange the
composition of the materials during the mixing process is required.

Radiation shielding in medical institutions and industries can be categorized into two
objectives: protecting users and safeguarding devices or equipment. Shielding tools are
typically fabricated in sheet and film forms [7]. Flexibility is crucial for shielding materials
because shielding garments are worn by medical practitioners. Strength and processability
are also essential for shielding films to block incoming energy from external sources [8].
Thus, shielding tools should satisfy weight, thickness, and rigidity requirements to achieve
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the desired flexibility and strength [9]. The material composition for shielding tool design
should be based on the properties required for the intended use. To ensure user mobility,
processing techniques such as blending polymers with composite metal materials, which
reduce weight and thickness, are typically used [10].

Typically, the manufacturing process for X-ray shielding sheets involves randomly
mixing polymer materials with metal particles that have shielding capabilities, with the
metal content presented as a percentage by weight (wt.%) of the total weight [11]. Although
increasing the wt.% of metal materials improves shielding sheets’ performance, this mea-
sure also increases their weight and can reduce their tensile strength and flexibility. To
address this problem, considering that a certain amount of shielding material is necessary
for maintaining functionality, a preferred approach is to design thin sheets with a thickness
of 0.3 mm or less in a multilayer structure [6].

The arrangement of shielding substances should be considered when fabricating
multilayer shielding sheets from composite materials. The amount of energy decreases
with the distance from the radiation source to the target, resulting in various incident
energy intensities. Generally, when interpreting the order of shielding materials based on
the sum of densities, the commutativity of multiplication applies; that is, the order does not
affect the outcome [12]. However, diagnostic X-rays, which have continuous and complex
energies, exhibit changes in incident intensity as they pass through the shielding sheet.
This variation could be attributed to differences in the densities and absorption coefficients
of the materials inside the sheet, which affect shielding performance [13].

Therefore, in this study, experimental analyses were performed to study the arrange-
ment design of the shielding material, which affects the time it takes for X-rays to reach the
final detector, considerably affecting the performance of the shielding sheet. The objective
was to find the optimal design conditions for radiation-shielding sheets. Additionally,
we compared the shielding performance of sheets prepared using a single material and
a mixture of multiple materials. Furthermore, we evaluated the effect of a multilayer
structure on shielding performance based on experimental results.

Studies have focused on reducing the spacing between shielding material particles
within the sheet structure. The results have revealed that the arrangement and positioning
of particles considerably affects shielding performance, which is directly or indirectly
related to density [14]. However, controlling the particle sizes of shielding materials during
manufacturing is difficult because of their random arrangement; thus, specific shielding
materials are used [15,16]. Among shielding materials, lead is a heavy metal that can
adversely affect human health. Various eco-friendly materials, such as tungsten, barium
sulfate, antimony, bismuth oxide, and tin, can be used as alternatives to lead [17]. In
this study, tungsten was used as the primary shielding material, with barium sulfate
and bismuth oxide added, which are commonly used as the outer layers or linings of
shielding garments and nonwoven fabrics. We investigated the optimal arrangement of
these materials for designing effective shielding garments [18-20].

We explored factors affecting the shielding performance of the selected materials,
such as atomic number and density, in relation to the positioning of the entry and exit
points of incident radiation for shielding sheets. We comparatively analyzed the shielding
effects of sheets prepared by mixing two or more shielding materials versus using a single
material. Internal particle structures were compared, and the shielding effectiveness for
identical contents was verified. Additionally, we used eco-friendly shielding materials,
tracked changes in shielding performance according to the internal material sequence of the
shielding sheet, and proposed an optimal sequence pattern of shielding materials to create
an effective radiation-shielding composite sheet. According to the study findings, shielding
performance can be improved using materials with differentiated shielding properties for
the linings and outer layers of aprons used by medical professionals in diagnostic settings.
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2. Methods and Materials

The initial incident energy intensity is attenuated as radiation passes through a mate-
rial [21]. When a multilayered shielding sheet is used, the shielding performance depends
on the material properties and design information of composite materials. In a multi-
layer structure, as presented in Figure 1, the intensity depends on the thickness for layers
with the same density. For a constant thickness, the intensity depends on the density of
the shielding material. Moreover, the ratio of transmitted intensity to incident intensity
can differ depending on the atomic number and absorption coefficient of the shielding
material [22]. In this study, we manufactured prototypes using a combination of two or
more materials and compared and assessed their shielding effectiveness based on the
manufacturing composition and design.
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Figure 1. Shielding design based on radiation intensity (I: incident intensity, I: transmitted intensity,
u: absorption coefficient, x: thickness).

Incident radiation is attenuated based on the probability of interaction between pho-
tons and the mass per unit area of a specific medium and can be calculated using the
Beer—Lambert law, as presented in Equation (1) [23]. Although shielding materials made
from composite materials separated into layers and those made from single materials with
a layered structure both have the same multilayer configuration, their shielding perfor-
mances differ. Therefore, the radiation-shielding effectiveness is directly influenced by
the density and thickness of the shielding material, which are determined by its chemical
composition. For shielding materials with the same density, the attenuation intensity of
incident radiation depends on thicknesses x1, x2, ..., x3. Thus, adjusting the thickness is
the simplest method for producing radiation-shielding materials. For composite materials,
the linear attenuation coefficient u (cm~') is given by Equation (2), where p (g/cm?) is
the measured density of the shielding material and w; is the weight fraction. Therefore,
the mass attenuation coefficient (%) for a compound or mixture of elements is given by
Equation (2) [24]. In this context, the cross-sectional area of the incident radiation is the
probability of interaction between the shielding material and incident radiation. Here,

Y A; (% i represents the molecular weight of the composite shielding material, and N4 is

Avogadro’s number. Therefore, the total effective electron cross section (¢,), as detailed in
Equation (3), indicates that higher atomic numbers lead to superior shielding efficiency [25].

[ = Ipe” (O (1)
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The arrangement of shielding materials for improved shielding performance is related
to the effective atomic number. As presented in Equation (4), the total atomic effective
cross-section (0;) can be evaluated using the mass attenuation coefficient. The ratio of the
total electron cross-section (0y,) to this value is referred to as the effective atomic number
(Z,ff), as given by Equation (5) [26]. A higher effective atomic number results in a greater
probability of interaction with incident radiation. Therefore, the incident radiation can be
arranged based on the effective atomic number of the shielding material [27].

Oa

Zefr = o ®)

In the experiments, eco-friendly alternatives to lead were used as shielding materi-
als. First, tungsten oxide (WQO3), with an elemental composition ratio of approximately
79.29% tungsten and 20.71% oxygen and an effective atomic number (Z,s) of 38, was used.
Tungsten, with an atomic number of 74 and a density of 19.25 g/cm3, is the most effective
material to replace lead [28]. Barium sulfate (BaSO,) has an elemental composition ratio of
58.84% barium, 13.74% sulfur, and 27.42% oxygen, with a Zeﬁc of 68, a density of 4.49 g/ cm3,
and a molar mass of 233.38 g/mol. Barium has an atomic number of 56.

Bismuth oxide (Bi;O3) has an elemental composition ratio of approximately 89.69%
bismuth and 10.31% oxygen, with a Z. of 78, a density of 8.9 g/ cm?, and a molar mass of
465.96 g/mol. Bismuth has an atomic number of 83 [29]. These three eco-friendly shielding
materials are widely used as substitutes for lead. The evaluation of the shielding perfor-
mance involved stacking the fabricated sheets in ascending order of density and arranging
materials with higher atomic numbers according to the direction of the incident light.

For fabricating experimental shielding sheets, shielding materials (with a particle size
of 100-400 pm) and a polymer substance, specifically high-density polyethylene (HDPE),
were used [9,30-32]. Polyethylene with a molecular weight of over 4 million and a den-
sity of 0.91 g/cm? was selected. For the solid polymer, a casting solution was prepared
using N,N-dimethylformamide (DMF, 99.5%) as the solvent. HDPE was dissolved in DMF
(10 wt.%) in a mixer. The shielding material (80 wt.%) was then added to the prepared
casting solution, and the mixture was stirred at 5000 rpm to disperse the particles. To
eliminate voids within the shielding sheet, a plasticizer, diisononyl phthalate (DINP), was
used at a concentration of 0.85-0.95 wt.%. To maintain the uniform shielding performance
of the final casting solution, the substance was filtered and dried. A compression molding
calendering process was used to produce the final shielding sheet with dimensions of
300 mm x 300 mm x 0.3 mm (Figure 2). In this study, two additional comparative experi-
ments were conducted. First, sheets were produced by initially mixing three materials on a
particle basis and then combining them with polyethylene in a second mixing step. The
second type of sheet was made by mixing each material with polyethylene separately and
then layering the three sheets to create a multilayer structure. Both types were produced
with the same thickness to compare their shielding performance differences. Therefore,
to determine the optimal conditions, the X-ray shielding effectiveness of the shielding
sheets was tested based on their density and atomic number, using the same thickness and
80 wt.% content as the criteria for the experiments.

The particle dispersion within the shielding sheet was observed through optical mi-
croscopy using a field-emission scanning electron microscope (FESEM Hitachi 5-4800,
Hitachi High-Tech Corporation, Tokyo, Japan) by examining thin-film sections of the
sheet [33]. The lead equivalent testing method (KS A 4025:1990, revised in 2009)—the exper-
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imental method for evaluating the radiation-shielding performance—was applied as per
the Korean Industrial Standard for X-ray shielding materials, as illustrated in Figure 3 [34].
To eliminate backscatter, the transmitted radiation dose was measured 70 cm from the floor,
as depicted in Figure 3. We used an X-ray generator (Toshiba E7239, 150 kV-500 mA, 1999,
Toshilba Corporation, Tokyo, Japan) to conduct 10 experiments and calculated the average
of the measured doses. A DosiMax plus 1 dose detector (2019, IBA Dosimetry Corp., IBA
Dosimetry Corp., Schwarzenbruck, Germany) was used after calibration and verification.

(A) (B)

Figure 2. Shielding sheets of (A) barium sulfate, (B) bismuth oxide, and (C) tungsten oxide.

The shielding sheet performance was evaluated based on the shielding efficiency,
considering the radiation protection efficiency (RPE) [35]. Equation (6) details the shielding
efficiency of the radiation-shielding sheet in the experiment. The doses measured with and
without the shielding sheet placed between the X-ray beam and detector are denoted as e
and e, respectively.

RPE = (1— ei) x 100 ©6)
0
RPE = shielding factor, ¢ = incident dose (1R), and e = transmitted dose (uR).
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Figure 3. Evaluation of radiation-shielding performance of shielding sheets.

3. Results

The physical properties of the shielding sheets of each type are listed in Table 1.
Tungsten oxide, bismuth oxide, and barium sulfate were used to manufacture the sheet.
The properties of the array sheet (created by stacking three 0.3 mm sheets in sequence)
and the mixed sheet (made by blending the three materials) are presented. Although the
density of the sheets varied depending on the shielding material, the difference in density
between the sheets made by compressing three sheets into one sheet and by mixing the
materials was not significant. However, the density of the sheets depends on the material
used. In the case of laminated sheets, the inclusion of an air layer resulted in differences in
the relative thickness and density [36-38].
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Table 1. Physical property analysis by type of sheet manufacturing.

Sheet Types Weight (kg/m?) Thickness (mm) Density (g/cm?)
Barium sulfate (BaSOy) 3.1+ 0.039 0.3 £0.010 10.333 + 0.010
Bismuth oxide (Bi;O3) 2.9 £ 0.030 0.3 £0.011 9.667 £ 0.021
Tungsten oxide (WO3) 2.7 £0.051 0.3 £0.012 9.766 + 0.025

Array sheet (three sheets) 9.4 + 0.011 1.1 +£0.051 8.545 + 0.032
Mixed sheets (one sheet) 8.6 £0.013 0.9 £0.012 9.556 + 0.031

This difference in density is visually observable, as presented in Figure 4. Figure 4A
represents tungsten oxide, Figure 4B represents bismuth oxide, and Figure 4C represents
barium sulfate. The distribution state of the particles can be confirmed in the order of
tungsten oxide, bismuth oxide, and barium sulfate. Figure 4D details the particle structure
of the shielding sheet prepared by mixing the three materials. The gap between the particles
is large, and the small particles are tightly packed. Therefore, the higher the affinity of
the shielding material for the polymer substance, the more optimal the spacing between
the particles. The closer the particle spacing is, the better the radiation-shielding effect is.
Therefore, when the affinity between the shielding material and polymer substance is low,
the use of a composite material is expected to be effective.

Figure 4. Shielding sheets manufactured using: (A) tungsten oxide, (B) bismuth oxide, (C) barium
sulfate, and (D) mixed sheet.

The shielding sheets were arranged in order of density and atomic number to achieve
a thickness of 0.3 mm. Their shielding effectiveness was compared to that of lead, which
was considered the standard. In the first experiment, the shielding sheets were arranged
in the order of tungsten oxide, bismuth oxide, and barium sulfate from the X-ray source
to the detector, based on their density. Additionally, experiments were conducted by
swapping the positions of the tungsten oxide and barium sulfate sheets. In the second
experiment, the sheets were arranged in the order of bismuth oxide, tungsten oxide, and
barium sulfate, from the highest to the lowest atomic number. Next, the sheets were
arranged in reverse order. The shielding performance results are listed in Table 2. The
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shielding was most effective when materials with higher atomic numbers and densities
were positioned toward the X-ray source. By contrast, in the case of elements with lower
atomic numbers and densities, the shielding performance was approximately 5%—6% lower.
This phenomenon demonstrates that the shielding performance improved with a higher
probability of interaction with electrons during the incidence process.

Table 2. Shielding performance based on density and atomic number (thickness: 0.3 mm).

RPE (%) £ SD (%)

X-Ray Tube Voltage (kVp) Lead W/Bi/Ba Ba/Bi/W Bi/W/Ba Ba/W/Bi
40 100 £ 0.2 96 £ 0.1 91 £0.0 91+02 90 £0.0
60 98 + 0.0 93 +0.2 88 0.2 89 £ 0.0 88 +0.3
80 95+ 0.0 89 +0.0 85 £ 0.0 84 +0.1 84 1+0.1
100 94 £0.1 85 £ 0.0 80 £ 0.0 78 £0.1 78 £0.1
120 91+ 0.0 82+0.2 78 £0.3 75+ 0.0 76 £0.2
kVp = kilovoltage peak, with the X-ray source 155 cm away from the dosimeter.

The shielding performances of three single sheets made from each of the three shielding
materials and the composite sheet made by mixing the three materials were compared with
that of lead as a standard. According to the results of the study, summarized in Table 3, the
shielding performance of the sheets prepared by mixing the three shielding materials was
the lowest.

Table 3. Comparison of shielding performance between single materials and composite materials

(thickness: 0.3 mm).

RPE (%)
Mixed Sheet
Tube Voltage (kVp) w Bi Ba Lead
W/Bi/Ba

40 96 + 0.2 85+ 0.1 78 £0.0 92 £0.1 100 £ 0.0
60 95 £ 0.0 82 £ 0.0 75+£0.0 88 £0.2 98 £0.2
80 92 +0.1 78 £0.1 70£0.2 84 +0.1 95+ 0.1
100 91 £0.0 75+0.1 68 £ 0.0 80 0.0 94 £0.1
120 90 £0.2 70 £ 0.0 60 £0.1 74 £0.0 91 £0.0

kVp = kilovoltage peak, with the X-ray source 155 cm away from the dosimeter.

Additionally, the shielding performance of a single sheet made by combining three
0.1 mm sheets (each from one of the three materials) was compared with the performance
of a 0.3 mm composite sheet made from the three materials, as presented in Table 4. The
multilayer structure of individually manufactured shielding sheets exhibited a slightly
improved shielding performance compared with that of the shielding sheets of mixed
materials. In all the experimental results, the shielding performance (RPE) demonstrated
an excellent accuracy with a relative error less than 1%.

Table 4. Comparison of shielding performance between composite materials and compressed sheets
(thickness: 0.3 mm).
RPE (%)
Tube Voltage (kVp) Mixed Sheet Single Material Sheets Lead
40 94 + 0.0 96 +0.1 100 £ 0.2
60 90 £0.1 93 £0.0 98 £ 0.0
80 87 £0.1 89 £0.1 95+ 0.0
100 85 +0.2 85 1+ 0.0 94 +0.1
120 84 £ 0.0 82+ 0.0 91£0.0

kVp = kilovoltage peak, with the X-ray source 155 cm away from the dosimeter.
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4. Discussion

When multiple shielding materials are mixed during the fabrication of shielding sheets,
achieving a uniform particle size in the internal design becomes challenging owing to the
physical properties of the particles. Although producing particles of uniform nanometer
size using single materials for shielding sheets is possible, stability in particle processing
and the cost-effectiveness of the final product are significant concerns in large-scale produc-
tion [39]. Therefore, in composite materials, particles of different sizes are combined with
polymers. This variation in the particle size can occasionally reduce gaps between particles,
increasing the density. However, most cases require process technologies, such as bubble
removal during mixing and the addition of additives [40].

In this study, we investigated whether it is more advantageous to create single-material
sheets that are then assembled into a multilayer composite sheet or to mix materials
to produce a single composite sheet for effective shielding performance. Although no
significant difference was observed, using single materials proved to be more effective
for medical radiation shielding. Shielding involves interactions such as absorption and
scattering, which can prevent unidirectional transmission. Therefore, arranging particles
with uniform properties is beneficial for achieving effective shielding.

Additionally, arranging the sheets fabricated from single materials with higher atomic
numbers and densities to face the radiation source improves their shielding performance.
This arrangement results in increased interactions with the incident photon energy and is
similar to using high-density elements for radiation shielding. By applying the principle
of graded-Z shielding, the combination of W/Bi/Ba presents considerable potential for
independent shielding, due to having effective atomic numbers [41-43]. To enhance shield-
ing performance, the electron density at the contact area should be increased by increasing
the contact area with incident radiation or material density [44]. Thus, for the produc-
tion of shielding sheets, either specifying a single material that satisfies the conditions or
presenting the structural conditions of a composite material is crucial.

In this study, instead of using conventional methods for particle dispersion and layer-
ing structures, we considered the organizational arrangement of the shielding materials.
Placing materials with higher atomic numbers and densities near the initial contact point
with incident radiation can enhance shielding effectiveness. The results indicated that the
arrangement of materials in the shielding sheet is crucial for designing shielding aprons
used in medical institutions. Placing tungsten near the radiation source was the most
effective arrangement, followed by the placement of bismuth and barium sulfate. The
arrangement of shielding materials affects shielding performance based on the particle
ratio during the mixing process. In particular, when not using a single material, the ar-
rangement of shielding materials that can achieve the desired performance is a critical
factor in radiation defense design. Therefore, a multilayer structure is more effective for
radiation shielding than a single-layer structure, highlighting the importance of material
composition and design in multilayer structures.

To enhance shielding performance, a composite structure of single-material sheets is
more effective than mixed materials in various combinations. This approach can signifi-
cantly contribute to the development of diverse shielding products. This study verified
the role of material composition and arrangement in the design of various composites and
applied these findings to medical radiation shielding.

5. Conclusions

When manufacturing X-ray shielding sheets for medical institutions, the composition
design of each material affects the shielding performance. When a multilayer structure
is created by positioning materials with higher atomic numbers and densities toward the
X-ray source, the shielding performance is improved by approximately 5%-6% compared
with sheets arranged with the opposite configuration. Furthermore, experimental results
have revealed that multilayer sheets made with separated shielding materials are more
effective than sheets in which materials are mixed before being combined with polymers.
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This phenomenon indicates that such findings could be beneficial for the design of shielding
layers, linings, and outer layers in protective clothing used in medical settings.
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