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ABSTRACT

Ionizing radiation benefits medical treatments and diagnostics. However, it also poses significant health risks, such as
from the scattering radiation and unintended exposure. Lead is a common shielding material used for its excellent
gamma ray attenuation performance, but it presents ergonomic and environmental challenges. This study assesses
the structural and potential radiation absorption properties of the tin-polydimethylsiloxane (PDMS) composites. The
composites were fabricated with different metal concentrations and tested for radiation protection efficiency (RPE),
structural characteristics, chemical structure, and porosity. Gamma-ray spectroscopy was used to characterize radiation,
with Cd-109 as a primary source. Pure tin/PDMS (PT) had the highest RPE compared to copper-tin alloy/PDMS (TA)
and copper-tin alloy-pure tin/PDMS (PA), owing to its high atomic number and low porosity. Structural and chemical
investigations, including FESEM and FTIR analysis, validated the composites’ homogeneity and chemical bonding. The
porosity of the composite is evaluated using ImageJ analysis. The results highlight that each composite’s porosity increase
as the composition of metal filler increases. However, radiation attenuation capabilities more affected by the atomic
number of the metal used and metal filler compositions within the composites. Porosity analysis revealed that PT had
the lowest porosity among the composites, which may contribute to its superior shielding efficiency. Conversely, TA
and PA showed lower atomic number and higher porosity, which disrupted their structural integrity and may reduce
photon attenuation. Therefore, methods such as hot pressure, degassing, or vacuum procedures are suggested to reduce
the porosity and enhance the radiation shielding within the composites.

Keywords: Composites, Metal, Polymer, Porosity, Radiation shielding

Introduction

Radiation is described as the energy that can travel
through matter and space. Various industries widely
use ionizing radiation sources like X-rays and gamma

rays.1 Exposure to the high energy of this ionizing
radiationmay negatively impact humans.2 Therefore,
effective shielding materials are necessary to protect
workers from the hazards of ionizing radiation. While
ionizing radiation has beneficial applications, such as

Received 28 February 2025; revised 19 July 2025; accepted 22 July 2025.
Available online 1 January 2026

* Corresponding author.
E-mail addresses: 2023650308@student.uitm.edu.my (H. Zainal Abidin), nurmaizatul038@uitm.edu.my (N. Maizatul Azra Mukhtar),
ainorkhilah_sp@uitm.edu.my (A. Mahmood), noraimi108@uitm.edu.my (N. Aimi Abdul Wahab), rafidahzainon@usm.my (R. Zainon),
rafidahzainon@usm.my (N. Syafiqah Roslan), 2024592857@student.uitm.edu.my (N. Iwani Nor Izaham), aishah.zarzali@uitm.edu.my (A. Zarzali Shah).

International Conference on Discoveries in Applied Sciences and Applied Technology (DASAT2025)
https://doi.org/10.21123/2411-7986.5143
2411-7986/© 2026 The Author(s). Published by College of Science for Women, University of Baghdad. This is an open-access article distributed under the terms of
the Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

https://orcid.org/0009-0008-8032-9100
https://orcid.org/0000-0002-9578-0438
https://orcid.org/0000-0001-6764-3084
https://orcid.org/0000-0002-7143-2535
https://orcid.org/0000-0002-2223-5404
https://orcid.org/0009-0000-6752-5475
https://orcid.org/0009-0009-6727-9177
https://orcid.org/0000-0002-6538-7352
mailto:2023650308@student.uitm.edu.my
mailto:nurmaizatul038@uitm.edu.my
mailto:ainorkhilah_sp@uitm.edu.my
mailto:noraimi108@uitm.edu.my
mailto:rafidahzainon@usm.my
mailto:rafidahzainon@usm.my
mailto:2024592857@student.uitm.edu.my
mailto:aishah.zarzali@uitm.edu.my
https://doi.org/10.21123/2411-7986.5143
https://creativecommons.org/licenses/by/4.0/


122 BAGHDAD SCIENCE JOURNAL 2026;23(1):121–137

in cancer treatment through radiation therapy, it is
also associated with negative health impacts. These
include oxidative stress, increased cancer risk, organ
damage, and other adverse effects, particularly with
prolonged exposure. Consequently, it is crucial to im-
plement safety measures, including exposure control
and regular monitoring, to protect healthcare workers
from these risks.1–4

Lead is known for its high density (ρ = 11.34
g cm−3), low cost, and strong absorption proper-
ties, making it highly effective as a material for
attenuating radiation. It is widely used in medical
industries to reduce the energy of radiation and block
one from radiation exposure.5 However, using lead-
based protective equipment has drawbacks, such as
high toxicity, low mechanical properties (inflexibil-
ity), low chemical stability and heaviness that lead
to ergonomic issues.1 For example, workers often re-
port back pain from the weight of lead aprons after
extended wear. Additionally, lead is environmentally
hazardous; the high cost of lead disposal and im-
proper disposal can release toxic chemicals harmful
to human health. Due to these concerns, recent stud-
ies have focused on finding alternative metals for
radiation shielding or developing new materials for
personal protective equipment (PPE).6–9

Although lead is commonly used for radiation
shielding, metal alone poses weight challenges, par-
ticularly the heavy burden it places on workers, thus
failing to address ergonomic hazards. Researchers
have proposed combining metal with polymers to
create flexible composites. Polymers are lightweight,
flexible, cost-effective, and non-toxic, and they can
form durable composites with metals that provide
excellent mechanical strength and radiation attenu-
ation. Although lighter, these composites can effec-
tively absorb or scatter radiation due to the metal
embedded within the polymer matrix.1,10,11

While past research has explored materials like
tungsten, iron, and bismuth, limited studies have
investigated the combination of tin (Sn) with sil-
icone polymers like polydimethylsiloxane (PDMS).
Tin, with a high atomic number (Z = 50) and density,
has promising shielding properties. Silicones, includ-
ing PDMS, are widely used in medical applications
because of their heat resistance, chemical stability,
biocompatibility, and versatility12–15. This research
aims to examine how varying the composition ratios
of pure tin and/or tin alloy and PDMS affects the
structural integrity of the composites. The resulting
composite with compact structures could enhance
radiation shielding, potentially reducing the reliance
on lead-based PPE in radiology and other photon-ray
applications, thus improving safety for patients and
healthcare workers.

This manuscript discusses the comprehensive study
of the creation of innovative shielding composite
materials formed by combining pure tin and tin
alloy with PDMS. This novel approach improves
radiation shielding capabilities by leveraging the
unique qualities of both PDMS and tin. Field Emis-
sion Scanning ElectronMicroscopy (FESEM) was used
to carefully analyze the composite’s cross-sectional
surface structure, providing valuable insights into
the material’s morphology. The porosity within the
composite, which affects its structural integrity, was
observed. We also gained a deeper understanding of
the composite’s chemical interactions by analyzing
its chemical bonds using Fourier Transform Infrared
Spectroscopy (FTIR). A thorough radiation charac-
terization was carried out to confirm the shielding
capability, proving the composite’s effectiveness in
reducing photon rays. Tin-PDMS composites demon-
strate potential as innovative materials for radiation
shielding applications.

Porosity and radiation shielding abilities

The wavelength and energy of the radiation, as
well as the thickness, atomic number, and density
of the shielding material, all affect how effective
a composite is. High-density, high-atomic-number
materials are widely used because they provide ex-
cellent photon radiation attenuation, including lead
and tungsten. By combining absorption and scatter-
ing, these materials successfully lower the intensity
of radiation and prevent it from penetrating.16–18

Radiation shielding performance can be measured
in the form of Radiation Protection Efficiency (RPE)
as shown in Eq. (1).4,17,19,20 Meanwhile, the radiation
attenuation performance can generally be measured
from the value of the linear attenuation coefficient
(LAC) and mass attenuation coefficient (MAC), as
shown in Eqs. (2) and (3).4,7

The RPE, LAC, and MAC mathematically are

RPE =

(

1−

I

IO

)

× 100 (1)

I = IO e
−µx (2)

µm =

µ

ρ
(3)

Where:

• I = Intensity of transmitted ray
• Io = Intensity of incident ray
• µ = LAC of the composite at a specific gamma -ray
• x = Thickness of the composite
• µm = MAC
• ρ = Density of materials
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A path for the radiation beam to travel through is
created by pores and gaps in the composite, which
also lessens internal composite interaction with the
radiation beam and increases the amount of radia-
tion that can pass through the material. Additionally,
this causes the composite’s overall density to drop.
As attenuation efficacy is directly proportional to
the material’s atomic number and density, radia-
tion intensity reduction will be less effective in a
less dense composite with more pores. Furthermore,
weak patches where radiation can enter can be cre-
ated by non-uniform attenuation brought on by the
uneven structure with many pores.21–23 Generally,
the porosity of the pores can be calculated from
Eq. (3).24–27

Degree o f porosity =

VS − Vma
VS

(4)

Where:

VS = volume of composite
Vma = volume of materials

Metal and polymer composites against radiation

Finding the best material for polymers and met-
als is essential to obtain compact composites with
excellent characteristics for radiation shielding. In-
organic polymer-based metal is stated to be the best
combination and alternative composite for radiation
shielding. Adding metal particles into the polymer
matrix can enhance the composites’ mechanical, elec-
trical, thermal, and optical properties. The literature
highlights the usage of polymers such as epoxy
resin, polydimethylsiloxane (PDMS), polypropylene
(PP), polyvinyl alcohol (PVA), silicone rubber, and
polyvinyl chloride (PVC) combined with metals such
as lead (II) oxide (PbO), lead (IV) oxide, cadmium
oxide (CdO), bismuth (Bi), tungsten (W), and lead
(Pb).28–31

The reported study stated that the composites of
lead mixed with epoxy resin showed enhanced prop-
erties in shielding materials at low-energy gamma
rays (60 keV). The study also stated that a polymer
with high density and a metal with high density
produced an improved composite for radiation shield-
ing.19 Besides, another study also mentioned that as
the energy of gamma rays increases, LAC decreases
due to the changes in photon interaction and energy
behavior. The study also includes the findings de-
scribing the increase in LAC as the concentration of
metal filler increased (lead oxide).6 From the stud-
ies, the hypothesis that could be generated is that
the highest concentration of metal filler can provide
enhanced shielding properties. However, this also de-

pends on the radiation energies used and the density
of the materials used.
Another study observed the radiation characteris-

tics of a combination of polyester resin with barium
pyrophosphate and barium zirconate, respectively.2

The highest density (1.3766 g cm–3) mixture, which is
20% barium zirconate, revealed the best LAC (0.0575
cm–1) compared to 20% barium pyrophosphate, with
a density of 1.3285 g cm–3 recorded the LAC value of
0.0531 cm–1 at 1408 keV. There is a slight difference
between both composites, which confirms the higher
density will provide better attenuation capabilities.
However, at low energy of 81 keV, 5% barium py-
rophosphate observed LAC is 0.2762 cm–1 compared
to 5% barium zirconate which is 0.2644 cm–1.2

The dominant photon interaction mechanisms at
different energy levels cause LAC for low-density ma-
terials to behave differently with photon energy. The
LAC of low-density materials is generally higher at
low photon energy. The photoelectric effect, which
relies heavily on photon energy and atomic number
(Z), is mostly responsible for this. The percentage of
interacting photons per unit thickness can still be sub-
stantial in low-density materials, which increases the
attenuation even though they typically have lower
atomic numbers. Furthermore, low-density materials
like composites may include a matrix that permits
secondary interactions, increasing attenuation even
more. Because low-energy photons have longer wave-
lengths, these materials are more likely to scatter and
absorb them.16,32,33

The LAC of low-density materials decreases with
increasing photon energy. This is because Compton
scattering, which is more dependent on the mate-
rial’s electron density (number of electrons per unit
mass) than on the atomic number, becomes the pre-
dominant interaction activity in this energy range.34

Reduced attenuation results from low-density mate-
rials’ intrinsic lack of electrons available for photon
interaction. Pair generation (over 1.02 MeV) becomes
important for very high photon energy and is more
effective in materials with greater atomic numbers
and densities. Consequently, at these higher energy
levels, the LAC for low-density materials is relatively
smaller.19,35,36 This energy-dependent behavior em-
phasizes how crucial it is to fully understand photon
interaction mechanisms when selecting materials for
radiation shielding or detection applications.

Materials and methods

Composite preparations

A 5.0 mm thick composite was prepared by adding
tin powder as filler at ratios of 10%, 20%, 30%, 40%,
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Table 1. Material properties of tin-PDMS-based composites.

Properties Pure Tin Copper-tin alloy PDMS polymer

Symbol Sn Cu84Sn5 C2H6OSi
Form Powder Powder Liquid
Particle size (APS) 8 µm 74 µm -
Manufacturer/Supplier Progressive Scientific Sdn. Bhd. Sigma Aldrich HardwareMISE Sdn. Bhd.
Density (g cm–3) 7.31 8.8 1.103
Liquid viscosity - - 3500 cP
Purity (%) 99.8 - -
Melting point 231.9 °C - -

Fig. 1. Polydimethylsiloxane kit (a), pure tin powder (b), copper-tin alloy (c), mixture of metal and polymer (d), and (e) heating process in

oven at 100 °C.

50% and 60% metal into the polymer matrix. This
study used microparticle-sized pure tin and tin alloys
with copper compositions, besides PDMS. The PDMS
polymer functions as a binder to the tin powder.
The PDMS elastomer liquid contains dimethyl silox-
ane; dimethylvinylsiloxy-terminated, dimethylviny-
lated, and trimethylated silica; ethylbenzene with a
curing agent containing siloxanes and silicones di-Me,
Me hydrogen, dimethylsiloxane, dimethylvinylsioxy-
terminated, dimethylvinylated, and trimethylated
silica.
Table 1 shows the details of the raw material used.

The pure tin powder and the copper-tin alloy are
purchased from Progressive Scientific Sdn. Bhd and
Sigma Aldrich, respectively. For the PDMS polymer
liquid, the Sylgard 184 Kit Set is purchased from
HardwareMISE Sdn. Bhd., which consists of PDMS
elastomer and PDMS curing agent.
Table 2 shows the tin’s composition ratio in the

composite and its label. In the composite preparation,
the tin powder is added using the weight composi-
tion ratio according to the calculation, with various
compositions performed Table 2. The PDMS liquid
and curing agent were mixed into the ceramic bowl
containing pure tin and tin alloy powder. Both ingre-
dients were stirred at the optimum speed to ensure
the powder could be dispersed evenly throughout
the polymer matrix. The mixture was poured into
the mold with the dimensions of 2.0 cm x 2.0 cm
x 0.5 cm. The preparation process occurred at room
temperature. The initial curing process was done in a

Table 2. The details of the composites and tin compositions.

Metal Composition (%) Label

Pure tin 10 PT1
20 PT2
30 PT3
40 PT4
50 PT5
60 PT6

Copper-tin alloy 10 TA1
20 TA2
30 TA3
40 TA4
50 TA5
60 TA6

Copper-tin alloy and pure tin 10 (8 and 2) PA1
20 (16 and 4) PA2
30 (24 and 6) PA3
40 (32 and 8) PA4
50 (40 and 10) PA5
60 (48 and 12) PA6

glass-vacuum desiccator to degas the air before being
cured in a dry oven at 100 °C for 35 minutes Fig. 1.
Thereafter, the composite mixture was left at room
temperature for 30minutes to cool down before being
taken out from the mold Table 3 and put into the
closed container.

Composite analysis

The composites fabricated from tin and PDMS
were characterized using several techniques. Chemi-
cal bonding and molecular interactions were detected
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Table 3. The overview of the composites.

Composite
group Control PT1 PT2 PT3 PT4 PT5 PT6

PT

Composite
group Control TA1 TA2 TA3 TA4 TA5 TA6

TA

Composite
group Control PA1 PA2 PA3 PA4 PA5 PA6

PA

using Universiti Putra Malaysia’s (UPM) Fourier
Transform Infrared Spectroscopy (FTIR) facilities.
High-resolution imaging was obtained using Field
Emission Scanning Electron Microscopy (FESEM)
at the Usains Biomics Laboratory, Universiti Sains
Malaysia, to examine the surface morphology, pore
distribution, and microtin dispersion inside the poly-
mer matrix. ImageJ software was used to quan-
tify porosity. At Universiti Kebangsaan Malaysia
(UKM), radiation characterization was carried out
using gamma-ray spectroscopy with a Cadmium-109
source. The shielding effectiveness of the compos-
ite was assessed by measuring radiation protection
efficiency (RPE) and linear attenuation coefficients
(LAC). These examinations can determine the com-
posite’s potential for successful radiation shielding
applications.

Results and discussion

FTIR analysis of the tin-PDMS composite

The graph in Fig. 2 displays the FTIR spectral data
for four (4) distinct composites, designated as con-
trol, PT6, TA6, and PA6. The y-axis scales from 0 to
1.2, indicating transmittance intensity, and the x-axis
ranges from 0 to 4500, representing wavenumbers
(cm–1). The materials’ infrared absorption spectra
show distinct peaks correlating to chemical mo-
tions, like bond stretching and bending. These peaks
reveal important information about the materials’

general composition, molecular structures, and chem-
ical bonding.1,2,5,37

When selecting materials for various applications
where certain physical and chemical properties are
crucial, these FTIR data are crucial. Different absorp-
tion peaks can be seen in the FTIR spectra of different
composite materials, especially in the 500 to 1500
cm–1 range. Usually, the vibrational modes of the
polymer backbone and associated metal compounds
are linked to these peaks. The Si-O and Si-CH3 regions
of the control spectrum exhibit characteristic peaks,
indicating a slight absorption by the pure polymer
matrix. But because pure tin is embedded in PDMS,
the orange line, which stands for PT6, has the lowest
absorbance throughout the spectrum, particularly in
the 1000 to 2000 cm–1 region, and it exhibits changes
in the spectra due to the presence of pure tin embed-
ded in PDMS compared to PDMS spectra.
The reduced transmittance of the metal-containing

composites (PT6, TA6, and PA6), especially in the
500 to 2000 cm–1 range, indicates that the metals’
presence and interactions with PDMS have increased
absorption.1,37,38 The PA6 composite exhibits the
most complicated spectrum, as it contains pure tin
in PDMS as well as copper-tin alloy. This suggests
that the transmittance characteristics are altered by
the synergistic effects of the two metals cooperating
in the PDMS matrix. The FTIR spectra show that the
addition of pure tin and copper-tin alloy significantly
alters the transmittance characteristics of the PDMS
matrix.
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Fig. 2. FTIR spectra for 60% metal filler composites representative of each set and control.

PT6 has the lowest absorbance across the spectrum,
indicating a simpler molecular structure, possibly due
to weaker C–H or Si–O bonds typical of PDMS-based
materials. The grey line, representing TA6, displays
the highest absorption. The more prominent peaks
observed in 1000 to 1500 and 2000 to 2500 cm–1

reflect stronger molecular vibrations and more com-
plex interactions between the copper-tin alloy and
the PDMS matrix. Combining the characteristics of
pure tin and the copper-tin alloy, PA6’s absorption
spectrum falls between those of PT6 and TA6. Be-
cause of the alloy component, its absorbance is higher
than that of PT6, indicating the presence of more or
stronger bonds.
These FTIR data are important for choosing mate-

rials for various applications where certain physical
and chemical characteristics are essential. For ex-
ample, TA6 may be a favorable choice for coatings
or composite materials that require outstanding
mechanical strength, thermal stability, or chemi-
cal resistance due to its stronger absorbance and
more complicated molecular structure. However, PT6
might be more suited for uses that need a less com-
plex, less reactive substance, possibly in settings
where low chemical reactivity is preferred. Because
of its hybrid approach, PA6 may exhibit moderate
strength and reactivity, which makes it perfect for ap-
plications requiring a balance of qualities, including
intermediate coatings or flexible electronics.
To sum up, the FTIR spectra of PT6, TA6, and

PA6 show notable variations in their bonding and
molecular structures. TA6 is notable for having a
greater absorbance, indicating a more complex com-

position, whereas PT6 shows weaker interactions.
With components of both pure tin and copper-tin
alloy, PA6 provides a compromise. It is essential to
comprehend these distinctions when choosing mate-
rials for different industries based on desired qualities
like mechanical strength, flexibility, or chemical
resistance.

Morphological study of the tin-PDMS composite

Fig. 3 illustrates the FESEM image for the control
PDMS composite with 0% tin enrichment. Figs. 4
to 6 illustrate the cross-sectional FESEM image of
homogenously distributed tin filler within the PDMS
matrixes. The FESEM morphology revealed the dis-
tribution homogeneity of pure tin and tin alloy
microparticles across the PDMS matrixes. From the
image, the pore inside the composites can be seen
produced adjacent to the large particle, which may
reduce the effectiveness of the composite in shielding
against radiation rays.39 The distribution of pores was
not uniform and was observed at high composition of
tin powders.
The structural integrity of the microparticles within

the polymer matrix shows higher integrity in the
mixture of PA than in the PT and TA composite.
This might be due to the high concentration of high-
density powders in the tin alloy. As the composition
increased, the density increased Table 4. The PA was
recorded as having the highest density compared to
the tin alloy-PDMS and pure tin-PDMS. The high
density significantly affects the radiation shielding
properties of the composites. According to the FESEM
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Fig. 3. FESEM images PDMS control image at 500x magnification.

Fig. 4. FESEM images at 500x magnification of the tin-PDMS composite enriched with pure tin: a) PT1, b) PT2, c) PT3, d) PT4, e) PT5,

and f) PT6.

images shown in Figs. 4 to 6, an increase in metal
compositions resulted in a higher number of homoge-
nously distributed metal particles within the polymer
matrix.

Porosity of the tin-PDMS composite

ImageJ was used to analyze the FESEM images
to obtain the percentage of porosity. Fig. 7 shows
an example of the ImageJ analysis on the FESEM
image of the TA6 composite. Table 4 demonstrates
the percentage of porosity, and Fig. 8 illustrates the
percentage of porosity in the line graph.
The composite’s ability to reduce radiation in-

tensity decreases when the composites are porous

and not compact. Radiation can travel through the
composite’s pores and gaps with minimal interac-
tion within it. It lessens the interaction between the
radiation beams passing through these pores, min-
imizing scattering and absorption. As a result, the
material can absorb more radiation beams without at-
tenuating them, which lowers the shielding’s overall
efficiency.40–43 Therefore, the existence of the pores
was thoroughly examined by analyzing FESEM im-
ages using ImageJ software. Measurement of the pore
diameters in the composites and calculation of the
porosity % can be obtained using ImageJ.39,44

More atoms are present to absorb, scatter, or at-
tenuate the radiation when there is a higher density.
Fewer atoms per unit volume attenuate radiation
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Fig. 5. FESEM images at 500x magnification of the tin-PDMS composite enriched with tin alloy a) TA1, b) TA2, c) TA3, d) TA4, e) TA5, and

f) TA6.

Fig. 6. FESEM images at 500x magnification of the tin-PDMS composite enriched with a mixture of pure tin and tin alloy: a) PA1, b) PA2, c)

PA3, d) PA4, e) PA5, and f) PA6.

when density is decreased because of porosity, which
reduces the material’s ability to function as a shield.
Furthermore, attenuation efficiency and the mate-
rial’s density and atomic number are tightly linked.
Radiation intensity reduction will be less effective
with a less dense composite that has many pores. The
atomic number of each atom in a composite inter-
action determines the radiation and atoms involved.
Lead and other high-atomic-number metals work well
because they offer a higher chance of interactions
per unit volume.45 When the composite is porous, its
capacity to shield against radiation is compromised
due to an effective drop in the atomic number and
effective density.40,41,43

In addition, radiation may be able to pass through
more easily due to non-uniform attenuation brought
on by the uneven structure with many pores. The ar-
eas of reduced attenuation efficiency caused by these
weak spots reduce the overall effectiveness of the
shield. The material structure’s diversity can result in
unpredictable performance, which reduces the com-
posite’s dependability as a radiation shield.40 This
analysis indicates that the maximum porosity per-
centage is 2.16% Table 4. The overall porosity, the
density of the material, and the kind of radiation to be
attenuated are some of the parameters that will affect
how efficient the material is at attenuating radiation.
Even tiny cracks can significantly affect attenuation
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Table 4. The density and percentage of porosity recorded for each sample.

Composites Ratio (Polymer: Metal) Density (g cm–3) Percent of the porosity (%)

PT1 9:1 1.607 0.26
PT2 8:2 2.066 0.08
PT3 7:3 2.915 0.05
PT4 6:4 3.395 0.47
PT5 5:5 4.000 0.09
PT6 4:6 4.500 0.69
TA1 9:1 1.786 0.41
TA2 8:2 2.455 1.35
TA3 7:3 3.235 1.56
TA4 6:4 3.941 2.16
TA5 5:5 4.770 0.70
TA6 4:6 5.505 1.67
PA1 9:1 1.827 0.13
PA2 8:2 2.520 0.33
PA3 7:3 3.578 0.24
PA4 6:4 3.800 0.32
PA5 5:5 4.595 1.09
PA6 4:6 5.553 1.38

if the composites have numerous pores to provide a
high overall porosity.34,40,44

Small pores can have different effects according
to the kind of radiation. For example, small poros-
ity may affect gamma rays and other high-energy
photons less than low-energy photons or particles.
Materials are more prone to absorb high-energy ra-
diation, and tiny pores may not have a major impact
on this interaction. However, since there is a greater
interaction between low-energy photons and the ma-
terial in the case of low-energy radiation, even tiny
gaps can result in weak patches that lower the overall
efficiency of attenuation.40–43

Fig. 8 illustrates intriguing patterns in the structural
behavior of three materials (PT, TA, and PA) based on
their porosity data at different metal concentrations,
as observed in 500x magnification images from FE-
SEM. The porosity of TA showed the most significant
variations, rising gradually to a peak at 40% metal
concentration, then sharply declining at 50%, and
then increasing again at 60%. This non-linear pattern
implies that other factors, including material interac-
tions or manufacturing processes, are influencing the
porosity in addition to the mere metal content. From
10% to 30%, PA’s porosity levels were fairly constant,
but, similar to TA, they then sharply increased at
40%, decreased slightly at 50%, and then increased
again at 60%. This pattern would suggest that it is
difficult to distribute the metal uniformly throughout
the polymer, which would result in increased porosity
at elevated metal concentrations.
As a result of its superior resistance to metal ad-

dition and possibly more stable interaction between
the metal and polymer matrix, PT, on the other hand,
maintained the lowest and most constant porosity
levels across all metal concentrations. Even with its

minor increase to 60%, the porosity in PT was still far
lower than the peaks seen in TA and PA. This implies
that, in comparison to the other two materials, PT
may have superior structural stability when mixed
with metal content.
Copper-tin alloy particles were observed under FE-

SEM Fig. 5 and revealed the spherical structures with
an average size of 74 µm compared to the pure tin
particle size of 8 µm. The composites using copper-tin
alloy as the metal filler revealed peel-off structures
and increased pores within the polymer matrixes. The
particles’ spherical shape may have allowed them to
slide out of the polymer matrices. In addition, the
peeling off of the copper particles leads to increased
pores and a weak structure of the composites for
radiation shielding purposes.
Overall, the porosity did not rise linearly with the

amount of metal, suggesting that natural porosity for-
mation, particularly in TA and PA composites, may
occur during the composite’s fabrication process. Un-
even metal particle distribution, insufficient mixing,
and air bubble entrapment inside the PDMS matrix
during the curing process are some of the likely causes
of this natural occurrence of porosity. Higher metal
filler causes the composite mixture’s viscosity to rise,
making it harder for trapped air to escape and leading
to the creation of pores and voids. Furthermore, the
existence of metal agglomerates or clusters may result
in micro gaps that enhance porosity.
Porosity control may also be enhanced by more re-

search into alternative fabrication techniques, includ-
ing hot pressing, extrusion, or the use of additives.
Additionally, investigating the molecular interactions
between the polymer and metal at different reso-
lutions may provide information on how to best
optimize composite integrity and metal dispersion.
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Fig. 7. TA6 (a) at 500x magnification with the red arrow (the formation of pores due to peeling off of the particles) and after analysis for

percentage of porosity using ImageJ.

In summary, porosity appears to result more natu-
rally from the manufacturing process than from the
amount of metal used; however, specific modifica-
tions to fabrication methods may enhance the results
and structural stability of porosity.46–49

Additionally, examining whether the distribution
of particle sizes affects porosity could provide ben-
eficial data. There can be fewer gaps if the particles
are smaller or more evenly distributed. Another op-
tion is to investigate the use of nanoparticles, which
may combine more easily with the polymer and re-
duce porosity while simultaneously enhancing the
mechanical characteristics of the composite. Altering

the metal particles’ surface is an additional choice.
The adhesion between metal and polymer can be im-
proved by coating the particles with a coupling agent,
such as silane, or by applying chemical treatments,
like oxidation, which will result in a denser and more
uniform structure.

Radiation attenuation parameters for the tin-PDMS

composite

To determine effective composite materials that
shield against ionizing radiation, two crucial metrics
are the LAC and radiation protection efficiency (RPE).
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Fig. 8. Percentage of porosity for each composite.

Whereas the RPE shows the proportion of radiation
that the material can absorb or scatter, the LAC mea-
sures the material’s capacity to attenuate radiation
per unit thickness. The concentration of tin and tin
alloy in the PDMS matrix was found to increase both
LAC and RPE in this investigation. This pattern is
explained by tin’s larger atomic number and density,
which increases the likelihood of photon interaction
processes, including Compton scattering and photo-
electric absorption. On the other hand, lower LAC
and RPE indicate a weaker radiation attenuation
capacity when shielding material concentration is
lower.19,50,51

The graph in Fig. 9 demonstrates the control lead
(CL) and how the concentration of metal in three
(3) different mixtures of metal-polymer composites,
which are PT, TA, and PA, relates to RPE. In all
three composites, the RPE generally rises with metal
concentration, demonstrating the improved shielding
ability offered by a larger metal content. This pattern
is explained by the fact that larger metal concen-
trations result in denser materials, which enhance
radiation attenuation via processes like photoelectric
absorption and scattering.17,19,52

PT continuously exhibits the greatest RPE among
the composites at all concentrations, comparable to
CL. Tin’s high atomic number and density, which en-
able it to interact with and attenuate photon radiation
very effectively, serve as the reason for this. Although
it performs slightly less effectively than PT, the PA

composite outperforms TA. Compared to the alloy
alone, the synergistic effect of pure tin and copper-tin
alloy enhances attenuation qualities. Because copper
has a lower atomic number than tin, it is less effective
at photon interaction, which is why the TA composite
shows the lowest RPE at all concentrations.52,53

At lower concentrations, such as 10%, there is less
metal available for attenuation, resulting in compar-
atively low RPE for all composites. The performance
of the TA composite is greatly enhanced with the
addition of pure tin, and the variations between the
composites become more noticeable as the concen-
tration rises to 20 to 30%. The RPE peaks for all
composites are at greater concentrations of 40 to
60%, with PT continuing to perform better. With
PT being the most effective and the PA composite
coming in second, these results emphasize the sig-
nificance of both metal type and concentration in
affecting the shielding performance of metal-polymer
composites.28,52

In metal-polymer composites, the relationship be-
tween porosity and RPE is complex and can change
based on several variables. Although porosity can
affect the density and structure of a material, other
important factors like the material’s composition,
how metal particles interact with the polymer matrix,
and the radiation source’s energy frequently have a
greater effect on RPE. Because of this, it is crucial to
thoroughly examine the data without presuming that
porosity and RPE are directly correlated.16,23,25,33
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Fig. 9. Radiation protection efficiency (RPE) at 88 keV and percentage of porosity against the different metal concentrations of the

composites.

Porosity does not directly affect RPE, but it can lower
material density and disrupt structural integrity. The
RPE of composites TA4 and PA6, for instance, differs
greatly while having larger porosity values (up to
2%), indicating that material composition is more
important than porosity alone.
This association is further highlighted by the dual-

axis graph Fig. 9, which compares porosity (%)
and RPE (%) across composites. For PT4, PT5, PT6,
and PA6, high RPE values are noted, signifying
superior shielding performance. Conversely, compos-
ites like PT1 and TA1 with lower RPE typically
have lower shielding efficiency. PA6 can retain high
RPE despite increasing porosity, proving the signifi-
cance of elements like atomic structure and material
composition.
Although TA and PA have higher densities, their

RPE is lower than PT’s. This is primarily attributable
to the materials’ composition. Tin, which has a larger
atomic number, interacts more effectively with pho-
ton radiation through methods such as photoelectric
absorption. Despite its low density, the prevalence of
tin in PT’s composition improves its shielding effi-
ciency. In contrast, TA, which contains a significant
amount of copper, a lower-Z material, is less effec-
tive at photon attenuation even at higher densities.
PA outperforms TA because of the presence of pure
tin, although it still falls short of PT in terms of
RPE.11,19,51,54

While density is an important factor in radiation
shielding, it alone is not sufficient to guarantee high
RPE. Material composition, particularly the inclusion
of high-Z elements like tin, plays a more critical
role. Porosity further complicates the relationship, as

Table 5. The linear attenuation coefficients

(LAC) of the composites.

Composites LAC (cm–1)

CL ∞

PT1 1.8154
PT2 3.6402
PT3 4.6271
PT4 ∞

PT5 ∞

PT6 ∞

TA1 0.8256
TA2 1.5709
TA3 2.3585
TA4 3.0058
TA5 3.4454
TA6 3.5186
PA1 1.3111
PA2 2.0300
PA3 2.5152
PA4 3.6482
PA5 4.0413
PA6 1.3111

even high-density materials with significant porosity
may underperform compared to low-density materi-
als with minimal porosity. This illustrates the value
of considering both structural and compositional
factors when designing effective radiation shielding
composites.
The TA composite shows lower RPE and LAC val-

ues than PT. The LAC values Table 5 are between
0.8256 cm−1 (TA1) and 3.5186 cm−1 (TA6), and
RPE is gradually getting better but still not atten-
uating completely. The decreased atomic number
and density of the TA in comparison to PT are
the reasons for the decrease in radiation shielding
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Fig. 10. Experimental and theoretical (XCOM) values of mass attenuation coefficients at 88 keV.

performance. Nonetheless, the steady rise in LAC and
RPE of TA with increasing metal concentrations in-
dicates the alloy’s potential for moderate shielding
applications.
In both LAC and RPE, the PA composite performs

better than the TA, reaching values that are more
in line with the TA. With high RPE percentages
and LAC values peaking at 5.074 cm−1 (PA6), this
composite gains from the alloy’s and tin’s combined
contributions. The hybrid composite preserves better
mechanical and processing properties while improv-
ing shielding performance. Since less porosity reduces
photon leakage and scattering, the PA composites’
lower porosity is probably a factor in their better
performance.23,55

The CL sample’s occurrence of an infinite (∞) LAC
value further confirms the precision of the utilized
technique and the sensitivity of the experimental
setup. Lead’s high density and atomic number allow it
to effectively attenuate gamma radiation, making it a
well-known and frequently used radiation shielding
material. When CL displays an infinite LAC value,
the radiation intensity was either zero or below the
equipment’s detection threshold after it had passed
through the lead sample.
Since lead may absorb almost all incident photons,

this result is expected under specific circumstances,
particularly at lower gamma-ray energy and a suf-
ficiently thick sample. When inserted into the LAC
formula, any instance where the transmitted intensity
approaches zero causes the logarithmic term to ap-
proach infinity. CL, PT4, PT5, and PT6 all displayed
infinite LAC values during the experiment, indicating
that these materials were very successful at attenuat-
ing radiation. The similar performance of PT4 to PT6
shows the outstanding potential of tin-based PDMS

composites as lead-free substitutes, even if CL is the
standard for optimum shielding efficiency. This is
especially important for applications that need radi-
ation shielding materials that are flexible, non-toxic,
and eco-friendly.
There is a clear association between LAC and RPE

for all materials. Higher RPE is consistently corre-
lated with higher LAC values, suggesting that both
measures accurately capture the shielding effective-
ness of the composite.1,28,33 The absolute values are
influenced by variations in porosity, density, and ma-
terial composition, denser and less porous materials.
While the balanced performance of PA indicates it
may be more adaptable for wider use cases, the total
attenuation seen in PT4 to PT6 emphasizes the bet-
ter potential of pure tin composites for applications
demanding maximal shielding effectiveness.
The mass attenuation coefficient (MAC) values in

Fig. 10 for the samples are displayed in the bar chart
according to theoretical calculation and experimen-
tal measurements (by gamma-ray spectroscopy and
the XCOM database, respectively). The experimen-
tal measurement showed a 0% MAC, specifically for
CL PT4, PT5, and PT6. Gamma-ray spectroscopy re-
vealed no photon transmission and 100% shielding
efficacy.
In comparison to the theoretical calculations,

the experimental MAC values (XCOM data) for the
other samples, such as the PT, TA, and PA groups,
consistently showed larger percentages. This implies
that the composites’ real shielding performance
exceeded theoretical expectations. Several variables
that were not fully taken into consideration in
theoretical models, including density variations in the
composites, the thicknesses, microstructural flaws,
filler distribution uniformity, and the existence of
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interfacial gaps within the polymer matrix, may have
an impact on the discrepancies between theoretical
and experimental results.17,33,56

Furthermore, it is found that the PT group consis-
tently maintains higher MAC values than the TA and
PA groups among the various sample groups. This is
to be expected given that pure tin has a higher atomic
number and a greater photon interaction probability
than alloys.17,33,56 The experimental findings support
the effective creation of the composites for improved
radiation shielding, which is in good agreement with
theory but shows marginally better performance in
practice.
This approach generally illustrates the importance

of confirming theoretical calculations with experi-
mental data while creating new radiation shielding
materials. To sum up, the correlation between LAC,
MAC, and RPE emphasizes how crucial material den-
sity, composition, and porosity are in determining
shielding effectiveness. The PA composite provides
a competitive alternative with improved material
properties, making it a promising material for practi-
cal applications and radiation shielding applications,
even if PT achieves the best effectiveness.

Conclusion

This study emphasizes the theoretical benefits of
tin-based composites in radiation shielding applica-
tions. The study of the relationship between metal
content and porosity in metal-polymer composites
revealed that increasing metal concentration affects
porosity. The higher metal concentration significantly
improves the composite’s capacity to attenuate radi-
ation, despite its large porosity. This suggests that
metal content, rather than porosity, is more important
for shielding efficacy. Nonetheless, by eliminating
voids, external pressure throughout the fabrication
process may be beneficial in lowering porosity. To
improve the overall structural integrity of compos-
ites, further research should be conducted using
approaches such as surface-modified metal particles,
hybrid filler combinations, and polymers. PT had the
highest radiation shielding efficiency because of its
high atomic number, low porosity, and excellent pho-
ton interaction characteristics. Increased porosity and
copper’s reduced attenuation capabilities restricted
the performance of TA and PA composites, despite
their higher densities. The addition of tin to PA en-
hanced its performance relative to TA, but it did
not outperform PT. A structural study indicated that
porosity is crucial in determining composite effi-
ciency, as larger porosity disrupts photon attenuation
pathways, limiting shielding performance. For appli-
cation, these solutions may provide more efficient

methods of lowering porosity and enhancing struc-
tural integrity in metal-polymer composites. This
work provides the basis for future research to improve
the efficiency and application of metal-polymer com-
posites in radiation protection.
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(PDMS) شعاعϹلتطبيق الحماية من ا 
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   5زرزالي شاه، عائشة 4، نور إيواني نور إزاحام1رسϼن
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 .المسامية، الحماية اϹشعاعيةمعدن، البوليمر، ال، المركبات الكلمات المفتاحية:

 الملخص

ل في الوقت ذاته مخاطر صحية كبيرة، مثل اϹشعاع  تعَُدّ اϹشعاعات المؤينّ˶ة مفيدة في العϼجات والتشخيصات الطبية، إϻ أنها تشُكّ˶
ً في الحماية اϹشعاعية لما يتمتع به من قدرة عالية على المتناثر والتعرّض غير  المقصود. ويعُدَّ الرصاص من أكثر المواد استخداما

إضعاف أشعة غاما، لكنه يسبب تحديات بيئية وهندسية. يهدف هذا البحث إلى تقييم الخصائص التركيبية وإمكانات اϻمتصاص اϹشعاعي 
جرى تصنيع المتراكبات بتراكيز معدنية مختلفة واختبارها من حيث كفاءة  .(PDMS) لوكسانالبولي دايميثيل سي–لمتراكبات القصدير
، والخصائص التركيبية، والبنية الكيميائية، والمساميّة. كما استخُدم مطياف أشعة غاما لتحليل اϹشعاع، مع (RPE) الحماية من اϹشعاع

أعلى كفاءة في الحماية اϹشعاعية مقارنة بمتراكب  PDMS (PT)/نقيأظهر متراكب القصدير ال .كمصدر رئيسي Cd-109 استخدام
، ويعُزى ذلك إلى العدد PDMS (PA)/القصدير مع القصدير النقي–ومتراكب سبيكة النحاس PDMS (TA)/القصدير–سبيكة النحاس

، FTIRو FESEM ما في ذلك تحليلالذري المرتفع للقصدير وانخفاض المسامية فيه. وقد أكدت الفحوصات التركيبية والكيميائية، ب
، حيث أظهرت النتائج ازدياد المسامية ImageJ تجانس المتراكبات وروابطها الكيميائية. وتمّ تقييم مسامية المتراكبات باستخدام برنامج

لذري للمعدن المستخدم مع زيادة نسبة الحشو المعدني في المتراكبات. ومع ذلك، فإن قدرة التوهين اϹشعاعي تأثرت بشكل أكبر بالعدد ا
يمتلك أقل مسامية بين العينات، مما قد يسُهم في  PT أظهرت تحليϼت المسامية أن متراكب .ونسبة الحشو المعدني داخل المتراكبات

ً في المسامية، مم PAو TA كفاءته اϷعلى في الحماية اϹشعاعية. وعلى النقيض، أظهر كل من ً في العدد الذري وارتفاعا ا انخفاضا
أضعف سϼمتهما الهيكلية وقد يقلل من قدرتهما على توهين الفوتونات. وعليه، تقُترح تقنيات مثل الضغط الحراري، وإزالة الغازات، أو 

 .التفريغ لتحسين تقليل المسامية وتعزيز كفاءة الحماية اϹشعاعية في هذه المتراكبات
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