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ABSTRACT

Background: This study aims to understand the impact of material composition on
radiation attenuation by integrating polystyrene (PS) composites with a conjugated
hole transport material (MADN) and zinc oxide (ZnO). The high atomic number of zinc
is expected to enhance photon interactions, making ZnO a promising additive for
radiation shielding applications. Materials and Methods: PS composites with varying
concentrations of MADN (1.3%—4.5%, denoted as PM0-PM5) and ZnO (PMZnO1-
PMZn05) were prepared. Linear and mass attenuation coefficients were measured at
photon energies of 59.5 keV, 661.7 keV, 1173.2 keV, and 1332.5 keV. Furthermore, the
half value layer (HVL) and mean free path (MFP) were evaluated to assess the
attenuation behavior at these energy levels. Results: The PMO-PM5 samples exhibited
similar mass attenuation coefficients, which is attributed to the predominant presence
of carbon and hydrogen atoms. The addition of ZnO significantly increased the mass
attenuation coefficient, especially at lower photon energies, owing to the higher
atomic number of zinc, which enhances photoelectric absorption and photon
interactions. ZnO addition also reduced the HVL, particularly at 59.5 keV, where
composites with higher ZnO concentrations exhibited significantly lower HVL values,
indicating stronger attenuation. Conclusion: The findings highlight the crucial roles of
atomic number and material density in radiation attenuation, with ZnO effectively
enhancing photon attenuation in PS composites. This effect is particularly significant at
lower photon energies, validating ZnO’s potential as a useful additive for improved
radiation shielding in PS composites.

alternatives to metals (612). Shielding against
neutrons and neutron-secondary products is critical

Nuclear and radiation technology find application
in various industries, including medical diagnosis,
radiation treatment, and imaging technology (-3).
Although nuclear technology has ushered in several
advancements, the resulting production of harmful
nuclear radiation is a significant challenge for society.
Radiation typically includes particles like photons,
neutrons, and electrons, which can severely affect
human health. Specifically, gamma rays and X-rays,
which are characterized by high frequency and
energy, possess substantial penetration capabilities
that result in material ionization. Prolonged or
unintended exposure to such radiation can gravely
affect human health, leading to health disorders and
physical deformities (). Therefore, the harmful effects
of radiation used in daily applications must be
avoided. Lead is a commonly used shielding material
to protect against radiation &) and is widely
employed in building shields. However, owing to the
high cost of lead and its limitations in some shielding
applications, there is a need to develop new materials
that are less expensive and easily available as

and requires the use of shielding materials with a
large absorption cross section. Accordingly, Low-Z
elements or materials such as polymers, which are
considered hydrogen-containing compounds, are the
most active moderators.

Polystyrene (PS) has received considerable
attention in radiation shielding research owing to its
inherent flexibility, durability, and favorable
mechanical properties, which make it suitable for
applications requiring lightweight and adaptable
shielding solutions (13-15), Although, PS provides
limited radiation protection on its own (16), it serves
as a versatile base material for combination with high
atomic number additives. For example, PS composites
with various additives, such as lead oxide (17-19), have
been developed to improve gamma and neutron
radiation shielding. However, these solutions often
rely on heavy metals, which pose health and
environmental risks. Consequently, there is a growing
interest in exploring novel additive combinations that
might enhance the radiation attenuation properties
of PS without the need for traditional heavy-metal-
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based materials.

This study introduces a new approach to radiation
shielding by incorporating conjugated hole transport
materials (CHTMs) into a PS matrix. CHTMs -
typically used in optoelectronic devices like organic
LEDs and photovoltaic cells - are recognized for their
efficient hole conduction and heightened sensitivity
to electric fields, properties that are traditionally
valued in electronics but remain unexplored in
radiation shielding applications (20-23). When blended
with PS, CHTMs can modify the polymer’s physical
characteristics, enhancing its electrical conductivity,
thermal stability, and optical properties (24-26).
Notably, the potential of CHTMs to influence
radiation attenuation behavior, particularly with
gamma rays, has not yet been investigated. Thus, this
research represents a pioneering effort in examining
the behavior of CHTMs in radiation shielding based
on the hypothesis that the unique charge-transport
and stability-enhancing properties of CHTMs might
offer advantages for PS composites.

Building on this innovative foundation, zinc oxide
(Zn0O) nanoparticles are introduced into the CHTM-
PS composite and the potential synergies between
these two additives are studied (27.28). ZnO has a high
atomic number, which enhances photon interactions
and increases photoelectric absorption, particularly
at lower photon energies. By combining CHTMs with
ZnO in varying concentrations within a PS matrix, we
investigate  whether the physical property
enhancements of CHTMs can work synergistically
with the radiation attenuation capabilities of ZnO,
thereby obtaining a composite that may outperform
traditional PS-based shielding materials. This novel
dual-additive approach introduces a unique
combination, with the aim of expanding our
understanding of how PS can be tailored for effective
and adaptable radiation shielding.

The effectiveness of the proposed composites is
evaluated by measuring their linear and mass
attenuation coefficients at photon energies of 59.5-
1332.5 keV and calculating the half value layer (HVL)
and mean free path (MFP). These metrics provide a
comprehensive understanding of the material's
radiation attenuation behavior, allowing for
comparisons with the corresponding theoretical
values for pure PS, which are calculated using the
XCOM program. Accordingly, various insights on the
impact of different CHTM and ZnO concentrations on
the radiation shielding performance of PS are
obtained.

Overall, this work represents a novel approach,
employing PS composites for radiation protection by
integrating CHTMs, hypothesizing that their charge
transport and stability benefits may enhance
radiation shielding. Furthermore, by combining
CHTMs with ZnO, which is recognized for its photon
attenuation properties, this study aims to evaluate
the potential of CHTM-ZnO-PS composites for

application as  high-performance, lightweight
radiation shielding materials. This innovative
combination is expected to position these composites
as a promising solution in the advancing field of
radiation protection.

MATERIALS AND METHODS

Samples preparation

A pure PS sample (obtained from Arabian Ladina
for Industries Co. Ltd., Jeddah, Saudi Arabia), denoted
as PMO, was fabricated by dissolving 1 g of PS in 4 mL
of toluene. The mixture was thoroughly mixed
through rough sonication to ensure homogeneity and
transferred to a silicon mold. It was left to solidify for
24 h to obtain the desired shape and form. The
composite samples were prepared as follows: 1 mg of
(2-methyl-9,10-bis(naphthalen-2-yl)anthracene),
commonly known as MADN (obtained from Ossila
Ltd, Sheffield, UK), was dissolved in toluene and
sonicated for 10 min. Different proportions of the
solution were dispersed on the PS matrix and
sonicated for 30 min. Subsequently, the composites
were transferred to molds and left to solidify in the
required shape and form. These samples are denoted
as PM1-PMS5. ZnO with a density of 5.61 g/cm3 was
obtained from the Intermediate Chemicals Company-
ARABIAN ZINC, Riyadh, Saudi Arabia. Different
amounts of the ZnO nanoparticles were added and
mixed with the MADN-PS matrix and sonicated for 30
min to obtain the PMZnO1-PMZnO5 samples. The
mixture was sonicated for an additional 30 min to
distribute the particles evenly and make the
composite more homogeneous. Finally, the
homogenized mixture was placed in molds to obtain
square-shaped samples of varying thicknesses—2
mm, 4 mm, and 5 mm—for each sample type. The
density (p) of the samples was determined by
dividing the mass (m) of each sample (in grams) by
its volume (V) (in cubic centimeters) (table 1). The
error in density measurement was calculated using
equation 1.

|

=pJ(2) + (&) !
Ap (Xl\= +(5 (1)

Where; Ap error in density measurement, Am and
AV are uncertainties in mass and volume.

Measurement of linear and mass attenuation
coefficients

Three conventional point sources, 2*Am (59.5
keV), 137Cs (661.7 keV), and ¢°Co (1173.2 and 1332.5
keV), were used to irradiate the fabricated samples. A
sodium iodide (Nal (TI)) scintillation detector
(2"x2") was used to measure the energy intensity.
The system was protected from background radiation
and scattering by a lead shielding container. Gamma
spectra were analyzed and detected using the


http://dx.doi.org/10.61186/ijrr.23.4.23
https://mail.ijrr.com/article-1-6798-en.html

[ Downloaded from mail.ijrr.com on 2026-04-28 ]

[ DOI: 10.61186/ijrr.23.4.23 ]

Marashdeh and Aljaafreh / Radiation shielding with ZnO-PS composites 997

Maestro-ORTEC. All samples were subjected to
radiation for precisely 2700 s to guarantee accurate
statistical findings. As shown in figure 1, two @ 0.3 cm
collimators were used in front of the source and
detector, respectively. Both collimators were made of
1 cm-thick lead in the form of a disc, with a
perforated center hole of @ 0.3 cm. The point source
and sample were separated by 9.2 cm, whereas the
point source and detector were separated by 14.8 cm.
Subsequently, the source was positioned, and the first
gamma radiation, denoted as I,, was detected. Gamma
counts were established for each material at various
thicknesses. To obtain an objective assessment, the
relative counts (I/I,) were computed for various
thicknesses and analyzed.

Table 1. Compositions of fabricated samples with different

additives.

Samples | Concentration (wt.%) |Measured density (g/cm’)
Code |Polystyrene|]MADN|ZnO p+Ap
PMO 100.00 0.00 |0.00 0.87+0.01
PM1 98.12 1.88 |0.00 0.88+0.01
PM2 96.23 3.77 |0.00 0.88+0.01
PM3 94.35 5.65 |0.00 0.88+0.01
PM4 92.47 7.53 |0.00 0.88+0.01
PM5 90.58 9.42 10.00 0.89+0.01

PMZnO1 92.47 5.65 [1.88 0.96+0.02

PMZn02 90.58 5.65 |3.77 1.05+0.02

PMZn0O3 88.70 5.65 |5.65 1.13+0.03

PMZn0O4 86.82 5.65 |7.53 1.22+0.03

PMZn0O5 84.93 5.65 [9.42 1.30+0.03

Point source

collimator 0.3 mm
9.2 cm

collimator 0.3 mm

Nal (TI)

detector

Figure 1. Schematic of the experimental setup.

Using Beer-Lambert’s law, we calculated the mass
attenuation coefficient u/p (cm?/g) by dividing the
linear attenuation coefficient by the sample’s density,
as shown in equation 2:

p/p = :jlﬂ (i,—"J 2)

Where; I, is the photon intensity before
attenuation, I is the photon intensity after
attenuation, and px is the area density of the mass.

The error of A u / p measurement is calculated using
equation 3

| E z Z
s wMm) +(7) +(32) 3)

i']‘l',_-.,

Where; Am, ,Al, and Al are the error of the mass
density, unattenuated photon intensity and
attenuated photon intensity, respectively.

The half value layer (HVL) is the thickness
required to cut the amount of radiation in half and is
calculated as shown in equation 4:

HVL = T (4)

Where; p is the linear attenuation coefficient
(cm-1).

The distance traveled by a photon before it
interacts with something is called its mean free path
(MFP). The MFP can be determined by taking the
inverse of the linear absorption coefficient of the
sample material, as shown in equation 5:

MFP = i (5)

RESULTS

Linear and Mass attenuation
measurements

The linear (u) and mass attenuation coefficients
(u/p) of the fabricated PS composites were measured
at photon energies of 59.5 keV, 661.7 keV, 1173.2
keV, and 1332.5 keV. The first intensity, l,, which
serves as the reference value for each sample was
measured considering a specific photon energy and
duration. The fabricated materials were then
positioned between the source and the detector to
measure the transmitted intensity (I). The linear
attenuation coefficient was calculated from this value
considering varying material thicknesses. Two
groups of samples were evaluated: PM0-PM5, which
contained varying concentrations of the conjugated
hole transport material (MNPA), and PMZnO1-
PMZn0O5, which contained a fixed MNPA
concentration (5.6%) and varying amounts of ZnO.
The results are summarized in table 2. At lower
photon energies, such as at 59.5 keV, all samples
exhibited high p/p values, which decreased as the
photon energy increased. This trend was more
pronounced in the samples containing ZnO,
highlighting the effect of the high atomic number of
zinc on photon interactions. In the medium- to high-
energy range (661.7 keV to 1332.5 keV), the u/p
values of all the samples gradually decreased,
reflecting the dominance of Compton scattering at
these energies.

The PMO-PM5 samples demonstrated minimal
variation in their u/p values across different MNPA

coefficient
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concentrations, indicating that the Low-Z elements
(carbon and hydrogen) in MNPA provided limited
attenuation. For instance, at 59.5 keV, the u/p values
of the samples ranged from 0.171 cm?/g (PM4) to
0.176 cm?/g (PM2), with an error of +0.0033 cm?/g,
emphasizing the stability across this sample group. In
contrast, the PMZn01-PMZnO5 samples exhibited a
marked increase in both u and p/p, particularly at
lower photon energies. For instance, at 59.5 keV, the
u/p value increased from 0.176 cm?/g in PMO
(without ZnO) to 0.283 cm?/g in PMZnO5 (with

Int. J. Radiat. Res., Vol. 23 No. 4, October 2025

9.42% ZnO0), reflecting the photoelectric absorption of
ZnO0. At 1332.5 keV, the u/p values remained higher
for the ZnO-enhanced samples, ranging from 0.059
cm?/g in PMO to 0.076 cm?/g in PMZnO5. These
results suggest that ZnO’s higher atomic number and
increased electron density enhance photon
interactions, especially at lower energy levels. Figure
2 depicts these variations, showing the attenuation
performance of the composites across different
energy ranges.

Table 2. Linear and mass attenuation coefficients of the fabricated samples.

59.5 keV 661.7 keV 1173.2 keV | 1332.5 keV
Sample M ue [to(u/p)| M e |to(u/p)| n e | *o(u/p) u wp |*o(u/p)
PMO 0.154 [0.176| 0.0033 | 0.070 | 0.080 | 0.0017 | 0.055 | 0.063 | 0.0629 | 0.052 | 0.059 | 0.0010
PM1 0.154 [0.175| 0.0026 | 0.070 | 0.080 | 0.0021 | 0.055 | 0.063 | 0.0626 | 0.052 | 0.059 | 0.0013
PM?2 0.154 |0.176| 0.0029 | 0.069 | 0.079 | 0.0017 | 0.055 | 0.062 | 0.0622 | 0.052 | 0.059 | 0.0012
PM3 0.153 |0.174| 0.0029 | 0.071 | 0.080 | 0.0013 | 0.055 | 0.062 | 0.0623 | 0.052 | 0.059 | 0.0008
PM4 0.151 |0.171| 0.0028 | 0.070 | 0.079 | 0.0019 | 0.055 | 0.062 | 0.0622 | 0.052 | 0.059 | 0.0015
PM5 0.153 [0.172 | 0.0035 | 0.070 | 0.078 | 0.0017 | 0.055 | 0.062 | 0.0618 | 0.052 | 0.059 | 0.0008
PMZnO1 | 0.191 |0.198| 0.0041 | 0.077 | 0.080 | 0.0017 | 0.060 | 0.062 | 0.0625 | 0.057 | 0.059 | 0.0014
PMZnO 2 | 0.230 |0.220| 0.0068 | 0.084 | 0.080 | 0.0014 | 0.065 | 0.062 | 0.0621 | 0.062 | 0.059 | 0.0013
PMZnO 3 | 0.269 |0.237| 0.0063 | 0.090 | 0.079 | 0.0017 | 0.070 | 0.062 | 0.0616 | 0.066 | 0.058 | 0.0016
PMZnO4 | 0.320 |0.263| 0.0047 | 0.097 | 0.080 | 0.0019 | 0.075 | 0.061 | 0.0614 | 0.071 | 0.059 | 0.0020
PMZnO5 | 0.368 |0.283| 0.0077 | 0.104 | 0.080 | 0.0027 | 0.080 | 0.062 | 0.0618 | 0.076 | 0.058 | 0.0010
030 +PMO oW eerteey iwmosrwy  Figure 3. Linear
0.25 __ <O PMZnO 1 Figure 2. MaSS 04 - —@—PM-1173.2 keV ~@—PMZnO - 1173.2 keV attenuat'on
0.20 _g APMZnO 2 attenuation coefficient p of PS
@ + OPMZno3  coefficient (p/p) composites with
g015 r —PMZn04 a5 a function of different conjugated
Eo_m . OPMZnO 5 photon energy hole transport
10 05 E® for polystyrene material (PM) and
(PS) integrated Zn0 (PMZn0)
e — with ZnO. o1 ——*° concentrations, at
0 400 Ene,::?kev) 1200 1600 01 T ——§ H e photon energies of
00 . . . . , 59.5 keV, 661.7 keV,
Figure 3 compares the linear attenuation 0.0 20 2.0 6.0 so 100 1173.2keV,and

coefficients of PS samples with different amounts of
conjugated hole transport material with those of PS
samples with a PM ratio of 50% and different
amounts of ZnO at photon energies of 59.5 keV, 661.7
keV, 1173.2 keV, and 1332.5 keV. For PM material
concentrations of 1.88%-9.42%, the linear
attenuation coefficients at all the measured photon
energies are relatively close. This is because the
added conjugated hole transport material does not
significantly alter the linear attenuation coefficient of
the PS. The linear attenuation coefficient at the
measured energies is higher with the addition of ZnO,
and increasing the percentage of the ZnO additive
enhances its effect on the linear attenuation
coefficient. If small amounts of ZnO are added, it may
not have a significant effect on the overall
attenuation properties of the compound. This may be
attributed to the lack of uniform distribution of ZnO
within the PS matrix when it is added at lower
concentrations (1.88% and 3.77%).

Concentration (wt.%)

1332.5 keV.

Table 3. Comparison of half value layer (HVL) of mate-rials
from this and other studies at 661.7 keV.

Materials Study theme | HVL (cm)
PMZnO 5 (current work) Experimental 6.667
HDPE - (10%) Zn0 ™ Experimental 7.220
Polystyrene (PS) ©” Calculated 8.027
Polyethylene (PE) ¥ Calculated 8.363
Polypropylene (PP) ®” Calculated 8.318
Polyacrylamide - 5% ZnO ©V Simulation 6.330

Half value layer (HVL)

The HVL, which is the material thickness required
to reduce photon intensity by half, further
demonstrates the influence of ZnO on the composite's
shielding properties. For the PM0-PM5 samples, the
HVL values were relatively stable across all energy
levels, reflecting the minimal impact of MNPA on
photon attenuation. At 59.5 keV, HVL ranged from
4.486 cm for PM2 to 4.578 cm for PM4. The addition
of ZnO significantly reduced the HVL values of the
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PMZnO samples, particularly at lower energies. For
instance, at 59.5 keV, the HVL decreased from
4.509 cm in PMO to 1.882 cm in PMZnO5, indicating
enhanced photon absorption at higher ZnO contents.
This reduction in HVL was consistently observed
across the energy spectrum, although it was less
pronounced at higher energies; at 1332.5 keV, the
HVL decreased from 13.378 cm for PMO to 9.157 cm
for PMZnO05. The HVL curves of the composites with
varying concentrations of ZnO and MADN are shown
in figure 4.

21
—a—PMO
18 —a—PM1
—a—PM2
15 PM3
T12 —a—PpM4
S —8—PM5
go ——PMZn0 1
2 —&—PMZn0 2
6 ——PMZn0 3
3 ——PMZn0 4
—4—PMZn0 5
0 b
0 200 400 600 800 100012001400

Energy (keV)

Figure 5. The mean free path (MFP) of the polystyrene (PS)
samples integrated with the conjugate hole transport material
and ZnO at photon energies of 59.5 keV, 661.7 keV, 1173.2
keV, and 1332.5 keV.

Table 3 shows that PMZnO5 has a higher
attenuation effectiveness with an HVL of 6.667 cm
compared to pure polymers like polystyrene (HVL =
8.027 cm), polyethylene (HVL = 8.363 cm), and
polypropylene (HVL = 8.318 cm) at 661.7 keV. This
highlights the poor shielding capacity of Low-Z
materials, and the notable improvement in shielding
capacity due to ZnO addition, which boosts photon
interactions through Compton scattering and
photoelectric absorption. PMZnO5 also outperforms
HDPE-ZnO (10%), which has an HVL of 7.220 cm,
thereby highlighting the efficiency of integrating ZnO
in a polystyrene matrix. The experimental HVL value
of PMZnO5 is close to the simulated HVL value of
polyacrylamide-ZnO (5%) (6.330 cm), highlighting its
dependable performance in practical settings. Thus,
ZnO-enhanced PS composites can serve as effective,
lightweight materials for radiation shielding.

Mean free path (MFP)

The MFP, which represents the average distance
traveled by photons before interacting with the
material, was measured for all the samples. For the
PMO0-PM5 samples, the MFP values exhibited only
minor variation, similar to that of the HVL values. At
59.5 keV, the MFP ranged from 6.473 cm in PM2 to
6.606 cm in PM4. The limited variation reflects the
low atomic numbers of MNPA and PS, which
contribute minimally to photon attenuation. In
contrast, the samples with ZnO exhibited
substantially lower MFP values, particularly at low
photon energies, as shown in Figure 5. At 59.5 keV,

the MFP decreased from 6.507 cm in PMO to 2.716
cm in PMZnO5. This indicates increased attenuation
efficiency owing to the high atomic number of Zn.
This trend persisted across energy levels, although it
diminished at higher energies. At 1332.5 keV, the
MFP decreased from 19.304 cm for PMO to 13.213 cm
for PMZnO05. Thus, ZnO enhances photon interaction
density within the composite, effectively reducing the
photon penetration distance.

DISCUSSION

This study highlights the significant impact of
material composition on the radiation attenuation
properties of polystyrene (PS) composites, with a
specific focus on the synergistic effects of MNPA and
ZnO. The findings show that MNPA-PS composites
(PMO - PM5) exhibited limited improvements in
attenuation properties, with the mass attenuation
coefficient (u/p) at 59.5 keV consistently around
0.176 cm?/g. The low atomic numbers of carbon and
hydrogen cause this behavior. These atomic numbers
control how photons interact with these materials,
which is supported by previous research on low-Z
polymer composites (29). Although MNPA improves
the structural and physical properties of PS, it does
not significantly enhance radiation attenuation, as its
low atomic number limits its interaction with
photons, particularly at lower energies where the
photoelectric effect dominates.

Incorporating ZnO into the PS composites
(PMZn01-PMZnO5) significantly enhanced their
attenuation performance. At 59.5 keV, the mass
attenuation coefficient increased from 0.176 cm?/g
for PMO to 0.283 cm?/g for PMZnO5, a 60.8%
improvement. This enhancement results from the
high atomic number of zinc (Z = 30), which increases
photoelectric absorption, as similarly observed in
studies on HDPE/ZnO composites (12). Additionally,
the half-value layer (HVL) and mean free path (MFP)
decreased significantly with ZnO addition. At 59.5
keV, the HVL for PMZnO5 was reduced to 1.882 cm
compared to 4.509 cm for PMO, and the MFP
decreased from 6.507 cm to 2.716 cm. These smaller
amounts show better photon absorption and
scattering, which is in line with earlier research that
showed how high-Z additives can improve radiation
shielding (30-32),

Zn0-enhanced composites have several benefits
over conventional lead-based shielding materials,
such as reduced weight, environmental safety, and
adaptability. Although lead serves as an efficient
barrier, its toxicity and density limit its use in
contexts necessitating portable or lightweight
materials. ZnO-enhanced PS composites provide a
safer and more sustainable alternative, appropriate
for applications like medical imaging equipment,
portable radiation shields, and nuclear facility
barriers. These composites exhibit remarkable
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flexibility and structural integrity, making them
suitable for contemporary radiation shielding
requirements (33).

The  homogenous  distribution of  ZnO
nanoparticles inside the PS matrix is essential for
attaining uniform and improved attenuation
characteristics.  Future investigations should
concentrate on integrating ZnO with other high-Z
additions, such as tungsten or bismuth, to enhance
shielding efficacy while also assessing the long-term
durability and resilience of these composites under
diverse environmental conditions and radiation
exposures. Zn0-enhanced PS composites combine the
structural benefits of MNPA with the high-Z
properties of ZnO. This makes radiation shielding
materials that are light, effective, and flexible. These
discoveries provide a basis for safer and more
versatile alternatives to conventional materials,
facilitating future advancements in radiation
shielding technology.

CONCLUSION

This study highlights the critical role of material
composition in radiation attenuation. While MNPA-
PS composites (PMO0-PM5) showed consistent
attenuation coefficients due to their low atomic
number components, the addition of ZnO
significantly improved performance. At 59.5 keV, ZnO
-enhanced composites (PMZnO5) exhibited a mass
attenuation coefficient (u/p) of 0.283 cm?/g,
reducing the half-value layer (HVL) from 4.509 cm to
1.882 cm and the mean free path (MFP) from 6.507
cm to 2.716 cm. These results demonstrate the
potential of ZnO-enhanced PS composites as
lightweight and effective radiation shielding
materials for medical, industrial, and nuclear
applications.
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