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50% and 60% tin filler exhibited the highest MAC values (0.0905 and 0.0762
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cm? g?') and RPE (16.26 and 16.89 %) while maintaining lower HVL (1.91
and 2.02 cm), respectively, making them the most promising candidates.
Although control lead showed the highest MAC, Pb toxicity remains a major
concern, reinforcing the need for alternative materials. FTIR analysis
confirmed successful interaction between tin and PDMS, while FESEM
images showed uniform tin dispersion at optimal concentrations. However,
higher tin loading resulted in agglomeration, potentially affecting
performance. Control PDMS exhibited the lowest efficiency, confirming its
limited attenuation capability. Tin-reinforced composites demonstrated
enhanced shielding due to tin’s high atomic number, increasing photon
interactions. While HVL variations were observed, results suggest that an
optimal tin concentration is necessary to achieve efficient shielding without
compromising mechanical stability. In conclusion, tin-reinforced PDMS
composites show strong potential as lead-free shielding materials with
competitive attenuation properties. Their improved performance, combined
with environmental and health benefits, supports their feasibility for radiation
protection. Future work should focus on optimising tin dispersion and

evaluating long-term durability. These findings contribute to the
advancement of sustainable, non-toxic materials for shielding applications.
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Introduction

Gamma rays have short wavelengths, giving them high energy and power compared to other
electromagnetic waves. They are widely used in cancer treatment through radiation therapy,
which helps control or destroy malignant tumour cells. However, gamma rays can also harm
healthy tissues, leading to organ damage (Ali, Cucinotta, Ning-Ang, & Zhou, 2020; Cioffi et
al., 2020; Kochanova et al., 2023; Vaiserman, Koliada, Zabuga, & Socol, 2018). To minimise
these risks, radiation shielding materials are essential for protecting patients and radiation
workers (Boniface & Mukhtar, 2020; Kamarolzeman & Mukhtar, 2020; Mukhtar et al., 2024).
With the increasing global shift towards nuclear technology for energy and medical
applications, radiation protection has become a crucial concern. While lead remains the most
commonly used shielding material, its toxicity and environmental impact have driven
researchers to seek safer alternatives (M. El-Sharkawy, Abdou, Gizawy, Allam, & Mahmoud,
2023; Mehrara, Malekie, Kotahi, & Kashian, 2021; Wahyuni, Sakti, Herry Santjojo, &
Juswono, 2022).

Traditional shielding materials include lead (Pb), cadmium (Cd), tin (Sn), and bismuth (Bi), all
of which have high atomic numbers and excellent radiation-blocking properties (Asgari,
Afarideh, Ghafoorifard, & Amirabadi, 2021; EI-Khatib et al., 2019). However, these materials
often lack flexibility, making them impractical for use in protective garments. In response,
researchers have explored polymer-based composites as a more adaptable alternative.
Polymers offer advantages such as low density, corrosion resistance, flexibility, and durability
(Altan & Yavuz, 2016; Barabash, Barabash, Pertsev, & Panfilov, 2019). By incorporating high-
Z materials like lead oxide (PbO) or bismuth oxide (Bi2Os) into polymer matrices, scientists
aim to develop flexible, lightweight, and efficient radiation shielding materials (Bijanu et al.,
2021; Rajendran et al., 2023).
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Elastomeric materials such as PDMS provide an innovative solution for flexible radiation
shielding. Unlike rigid shielding materials, PDMS-based composites can be moulded into
different shapes, making them suitable for wearable protection. Several research groups have
developed polymer-based radiation shields by incorporating nanofillers like lead oxide,
bismuth oxide, and tungsten-based compounds (Alresheedi et al., 2023a, 2023b; Wang et al.,
2021). These materials have shown promising results in enhancing shielding efficiency while
maintaining flexibility and lightweight properties.

The study by Abualroos et al. reported that the composites of lead mixed with epoxy resin
showed enhanced properties in shielding materials at low energy gamma rays (60 keV). The
study also stated that a polymer and metal with high density produced an improved composite
for radiation shielding (Abualroos, Idris, Ibrahim, Kamaruzaman, & Zainon, 2024). Besides,
the study from El Sharkawy mentioned that as the energy of gamma rays increases, the MAC
decreases due to the changes in photon interactions and energy behaviour. The study also
includes the findings describing the increase in MAC as the concentration of metal filler
increased (bismuth oxide) (M. EI-Sharkawy et al., 2023). From the studies, the hypothesis that
could be generated is that the highest concentration of metal filler can provide enhanced
shielding properties. However, this also depends on the radiation energies used and the density
of the materials used.

Therefore, this study focuses on developing a flexible gamma-ray shielding material using
PDMS as the polymer matrix, embedded with different weight fractions of tin powder by
analysing their structural, chemical and radiation attenuation performance. Characterisation
technique using FESEM was used to analyse particle size and distribution. The chemical
bonding and characteristics were assessed using FTIR. The composite was tested against the
moderate energy of a gamma-ray source (Ba-133). The shielding performance of microscale
tin fillers was compared to assess the material’s effectiveness in radiation shielding attenuation.
By optimising the composition and processing conditions, the goal is to develop a non-toxic,
flexible, and efficient radiation shielding material suitable for medical, industrial, and nuclear
applications.

Theory

The incoming photon rays will either pass through or be absorbed by the blocking material
when they contact it. The type of material itself affects the interaction in the material depending
on the energy levels. When photon beams interact inelastically with materials, three (3) distinct
processes occur such as pair production, Compton scattering, and the photoelectric effect. At
low photon energy levels, usually between 10 and 100 keV, the photoelectric effect takes place.
An electron is ejected when the inner-shell electron absorbs an incoming photon with more
energy than the core electron. For the ejected photoelectron, the remaining electron is converted
into kinetic energy. This method is important for materials like lead, bismuth, and tungsten that
have high Z shielding and low photon energy (Bijanu et al., 2021; Kaur, Sharma, & Singh,
2019; Mollah, 2019; Zhang et al., 2021).

In the energy range of 100 keV to 10 MeV, Compton scattering also known as inelastic
scattering dominates. A photon and an outer-shell electron collide in this interaction, reducing
the photon's energy or wavelength and changing its direction. The electron has less energy than
the incident photon. By scattering photon beams in multiple directions, this interaction further
reduces radiation intensity. It is more likely that the lower-energy scattered photons will be
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absorbed by the shielding material (Aim-O, Wongsawaeng, Phruksarojanakun, &
Tancharakorn, 2017; Bijanu et al., 2021; Kaur et al., 2019; Mollah, 2019).

In contrast, pair creation absorbs and removes energy from a photon to create an electron-
positron pair. When an electron is destroyed by the positron, two (2) gamma-ray photons are
released. Incoming photons in this interaction need to be twice as powerful as the rest mass
(0.511 MeV). The intensity of photon radiation will ultimately decrease as a result of these
annihilation photons' ongoing interactions with shielding materials. Throughout the shielding
process, high-energy gamma rays may continuously experience pair production interaction or
Compton scattering as the intensity is reduced, and the gamma-ray may be absorbed by the
materials (Bijanu et al., 2021; Kaur et al., 2019; Mollah, 2019; Pianpanit & Saenboonruang,
2022).

Quantifying the shielding effectiveness of materials is essential in radiation protection studies.
The capability of composites to attenuate photon rays involves the examination of linear
attenuation coefficients (LAC), MAC, Half Value Layer (HVL), and RPE. The intricate
relationship can be computed for RPE, representing the composite's ability to block photon ray
intensity, by considering density, and thickness, and expressing it through equations (i) and
(i1), which are formulated using intensity (Kilicoglu et al., 2022; Ozel et al., 2021):

RPE = (1 — e ") x 100 0

I
RPE = (1 - —) X 100 (i)
Ip

Where | is the intensity of the transmitted ray, lo is the intensity of the incident ray, u is LAC
of the sample and x is the thickness of the sample.

The HVL signifies the thickness of the composite needed to halve the intensity. A higher HVL
value suggests lower effectiveness in attenuating radiation, indicating the requirement for a
thicker layer for adequate protection. HVL can be calculated using the LAC of the composite,
as seen in equation (iii). The tenth-value layer (TVL) in equation (iv) is the material thickness
needed to reduce radiation to 10%, while the mean free path (MFP) in equation (v) is the
average distance a photon travels before interaction (Alshahri et al., 2021; Ersoz, Lambrecht,
& Soylu, 2016; Kawady, Elkattan, Salah, & Galhoum, 2022; M. El-Sharkawy et al., 2023;
Pianpanit & Saenboonruang, 2022):

In?2
HVL = — (iii)
U
In10
TVL = (iv)
u
1
MFP = — %)
u
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Equations (vi), (vii), and (viii) related to Lambert's Beer Law can be used to calculate the
intensity of transmitted gamma rays after they have passed through a composite. The possibility
of interactions with material, including scattering and absorption, rises with the degree of
photon ray penetration. Greater thickness reduces the intensity of transmitted radiation because
it increases the probability that photons may be scattered or absorbed (Aladailah et al., 2022;
Yilmaz, Giingor, & Ozdemir, 2020):

IJIREV

I = [je Hx (vi)

tn == Z w, (ﬁ—) (vii)

o _ 1 Iy
Um = ( ) = o In ] (viii)

Where i is the linear attenuation coefficient of the sample at a specific gamma-ray, pm is
MAC, p is density and w is weight fraction.

Materials and Method

Fabrication of The Composites

The composite was prepared by adding pure tin powder as filler at ratios of 10%, 20 %, 30 %,
40 %, 50 %, and 60 % metal into the PDMS (PDMS) matrix. The PDMS polymer functions as
a binder to the tin powder. Table 1 shows the details of the raw material used. The pure tin
powder of an average of 8 um is purchased from Progressive Scientific Sdn. Bhd. While for
the PDMS polymer liquid, the Sylgard Kit Set is purchased from HardwareMISE Sdn. Bhd.
which consists of PDMS elastomer and PDMS curing agent. Table 2 shows the details for each
composite.

Table 1 Material Properties of The Tin-PDMS Based Composites

Properties Pure Tin PDMS polymer

Symbol Sn C2HsOSi

Form Powder Liquid

Particle size (APS) 8 pm -

Manufacturer/Supplier Progressive HardwareMISE Sdn.
Scientific Sdn. Bhd. Bhd.

Density (g cm™) 7.31 1.103

Liquid viscosity - 3500 cP

Purity (%) 99.8 -

Melting point 2319 °C -

Throughout the composite preparation process, tin powder is weighed in the ceramic bowl! and
details for the composite’s composition and density measured are given in Table 2. The curing
agent and PDMS liquid were then added to the pure tin powder. Both ingredients were
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combined at the optimum speed to guarantee that the powder could be evenly dispersed
throughout the polymer matrix. The mixture was poured into a 2.0 cm by 2.0 cm mould at 0.5
cm thick.

The composite was initially prepared and partially cured at room temperature before being
cured in a dry oven at 100 °C for 35 minutes. The first curing step was completed in a glass
vacuum desiccator to degas the air for about 30 minutes. Following oven curing, the sample
was left to cool at room temperature for 30 minutes before being taken out of the mould and
placed into the sealed container.

Table 2 The Details of The Tin/PDMS Composites

Composition Measured Calculated Theoretical Density
of tin Label thickness density density  deviation

(%) (cm) (g cm™) (g cm™) (%)

0 C 0.51 1.025 1.103 7.07

10 PT1 0.49 1.607 1.724 6.79

20 PT2 0.49 2.066 2.344 11.86

30 PT3 0.50 2.915 2.965 1.69

40 PT4 0.50 3.395 3.586 5.53

50 PT5 0.50 4.000 4.207 491

60 PT6 0.52 4.500 4.827 6.78

Structural Characterization

Using equipment provided by the Science & Engineering Research Centre (SERC), Usains
Biomics Laboratory Testing Services Sdn Bhd, Universiti Sains Malaysia, a FESEM was used
to examine the cross-sectional surface of the tin and PDMS hybrid polymer composites. The
Everhart-Thornley Detector (ETD) (Secondary Electron), a beam current of 0.20 nA, and an
accelerating voltage (HV) of 10.00 kV were used for the FESEM investigation. to minimise
charging effects on sensitive or non-conductive materials and maximise resolution. A gold
coating with copper tape was applied to the composite to allow for the measurement by FESEM
effectively. The overview and the schematic image of the FESEM analysis are illustrated in
Figure 1(a) and Figure 1(b).
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The FTIR (Figure 2(a) and Figure 2(b)) with the brand PerkinElmer model Spectrum 100 series
with a 4000 - 400 cm™ wavenumber were used to acquire molecular vibration data on samples

at room temperature at Universiti Putra Malaysia (UPM).
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Figure 2: (a) Schematic Diagram of FTIR Analysis Process and (b) FTIR

Instrumentation at UPM
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Radiation characterization was carried out using gamma-ray spectroscopy. A high-precision
detector, namely a Nal (TI) scintillation detector at Universiti Kebangsaan Malaysia (UKM).
The detector is positioned at a predefined distance to quantify the intensity of radiation passing
through the material, while a gamma-ray source of Barium-133 with 356 keV of energy level
was set up in a controlled measurement setting. The PDMS/tin composites were placed
between a gamma-ray source and a detector as illustrated in Figures 3(a) and 3(b).

N

Sample

— —
Hl Gamma
\ Hol dw source

Pb collimator

Nal (TI) detector

High
voltage
power

supply

Computer

Preamplifier

Amplifier

Multichannel
analyzer
(MCA)

(b)

Figure 3: (a) llustration of The Gamma-Ray Spectroscopy Set Up (b) Gamma-Ray

Spectroscopy Instrumentation at Universiti Kebangsaan Malaysia (UKM)
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Result and Discussion

The cross-sectional FESEM image of the uniformly dispersed tin filler inside the PDMS
matrixes is shown in Figure 4. FESEM study shows a diverse particle size distribution, with an
average tin particle size of about 8 um. This variety of particle sizes indicates that the tin
powder utilized in the composite has a wide range of sizes. No particle separation or peeling
from the PDMS matrix is observed. Strong tin-PDMS adhesion indicates good surface
compatibility, which is essential for ensuring the composite's integrity. The tin particles'
physical properties with the PDMS polymer showed improved bonding and even distribution
throughout the matrix.

FESEM images also reveal an increase in the quantity of metal particles in the PDMS matrix
in proportion to the metal composition. Additionally, there is no apparent agglomeration or
crack within the composites, and the tin particles stay evenly distributed despite the rise in
metal content. This suggests that even at larger tin compositions, the composite retains its
structural stability, which is crucial for offering reliable shielding qualities (Bijanu et al., 2021;
Zainal Abidin et al., 2025). The successful incorporation of tin particles into the PDMS matrix
demonstrates the efficiency of the fabrication procedure and strengthens the potential of
incorporating tin with PDMS in radiation shielding composites.

Figure 4: FESEM Images at 500 x Magnification of (a) C, (b) PT1, (c) PT2, (d) PT3, (e)
PT4, (f) PT5 and (g) PT6

The transmittance patterns of the control and tin-reinforced PDMS composites are shown in
the FTIR spectra over a range of wavenumbers in Figure 5. All samples exhibit key PDMS
characteristic peaks, indicating that the polymer structure was retained following tin insertion.
Si—O-Si stretching vibrations are represented by the peaks at 1000 to 1100 cm™, whereas C—
!—| stretching from the polymer backbone is indicated by the absorption bands around 2900 cm®
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Figure 5: FTIR Spectra of C and Tin/PDMS Composites

Significant differences in transmittance intensity between PT1 and PT6 indicate modifications
in molecular interactions brought on by an increase in tin concentration. The most noticeable
alterations are seen in PT5 and PT6, which suggests that the tin particles and the PDMS matrix
have a stronger link. These samples' lower transmittance might be a sign of increased filler
dispersion or altered cross-linking between the PDMS matrix and tin filler, both of which could
improve radiation attenuation and material stability. Additional peaks or peak shifts at lower
wavenumbers indicate possible interactions between the functional groups of the polymer and
tin, strengthening the composite's structural stability (Korpinar, Oztiirk, Cam, & Akat, 2020;
Ozel et al., 2021).

The observed spectral fluctuations demonstrate the influence of tin incorporation on the
molecular properties of the composite, while the overall FTIR data verify that the basic PDMS
structure is unaltered following reinforcement. These results support the potential benefits of
adding tin to PDMS-based radiation shielding materials.

The characterization of radiation using gamma rays provides critical insights into the shielding
performance of materials. Key parameters like the RPE, LAC, MAC, HVL, TVL, and MFP are
commonly used to quantify the interaction between gamma rays and shielding materials
(Abualroos et al., 2024; Gouda, Abbas, Hammoury, Zard, & EI-Khatib, 2023). These
parameters vary with the energy of the gamma rays, which significantly influences the
shielding efficiency. Details for the radiation characteristics of the tin/PDMS are tabulated in
Table 3 and the MAC and LAC values, which reveal the composites' effectiveness as shields
is displayed in Figure 6.
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Table 3: MAC and LAC Properties of Tin/PDMS Composites at 356 KeV Energy Level
Composite  MAC (cm? g 1) LAC (cm™)

C 0.2416 0.2477
CL 0.2377 2.6951
CT 0.0916 0.6680
PT1 0.0470 0.0754
PT2 0.0418 0.0864
PT3 0.0496 0.1445
PT4 0.0607 0.2062
PT5 0.0905 0.3622
PT6 0.0762 0.3427

2.5
2
15
1

0.5

0 ll l -I — — - =M -I -I
C

CL CT PT1 PT2 PT3 PT4 PT5 PT6

mEMAC m®mLAC

Figure 6: MAC and LAC Values of C, Control Lead 99.99% (CL), Control Tin 99.99%
(CT) and Tin/PDMS (PT) Composites at 356 KeV Energy Level

The higher the MAC value or LAC value, the more absorption occurs in shielding material and
less penetration of gamma rays. Since pure PDMS has a low density, it has weak radiation
attenuation. C has the lowest LAC at 0.2477 cm™" and the highest MAC of 0.2416 cm? g*. The
findings show that the CL and the C have similar MAC values. This finding is remarkable
because lead is usually a more effective radiation-shielding material than PDMS. The low
density of PDMS, which affects the MAC calculation, causes the similarity in MAC values.
Tin offers significant attenuation even though it is less effective than lead, according to CT,
which has a MAC of 0.0916 cm? g and a LAC of 0.6680 cm™'. Because lead has a larger
atomic number, which improves photon interaction, CL has a greater LAC than CT.

PT1 (10% tin) had the lowest MAC of 0.0470 cm? g™ and LAC of 0.0754 cm™ in tin-reinforced
PDMS composites, indicating that a low tin concentration does not considerably enhance
shielding. Among the tin-based composites, PT5 (0.0905 cm2 g™t MAC, 0.3622 cm™ LAC) and
PT6 (0.0762 cm? g MAC, 0.3427 cm™ LAC) had the greatest LAC values. Both MAC and
LAC improve as the tin concentration rises. Due to tin's larger density and atomic number,
which improve photon absorption, attenuation has increased. With a MAC of 0.0607 cm2 gt
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and an LAC of 0.2062 cm™, PT4 offers excellent shiclding efficiency while balancing
attenuation performance and material composition. The HVL and MAC for all composite
samples is displayed in Figure 7. The thickness of a substance required to decrease radiation
intensity by half (50%) of its original value is known as the HVL. Better shielding efficiency
is indicated by a lower HVL.

=
o

0.3

0.25

O P N W M 01 O N 00 ©
HVL (cm)

T PT1 PT2 PT3 PT4 P

Sample

T5 PT6

mm VAC e VL

Figure 7: HVL Values of C, CL, CT, and PT Composites Against MAC at 356 KeV
Energy Level

Lead-reinforced composite has greater attenuation qualities, as evidenced by the fact that CL's
HVL is much lower than that of other composites. Because lead has a high atomic number,
which increases photoelectric absorption and makes it a very effective radiation shielding
material, a lower HVL in CL is to be expected. Conversely, CT, which stands for the tin-based
control composite, has a much greater HVL but a lower MAC than C and CL. According to
this, tin is less effective than lead but offers a moderate attenuation. Poor shielding performance
at low tin concentrations is indicated by PT1 and PT2, the tin-reinforced PDMS composites
with the highest HVL and the lowest MAC values.

Better radiation shielding capabilities are indicated by improved MAC values and decreased
HVL as the tin content in PT3 to PT6 rises. With higher MAC and lower HVL, PT5 and PT6
notably show the best balance, indicating improved photon attenuation. These findings suggest
that although lead is still the most efficient shielding material, PDMS composites' shielding
capacity is greatly enhanced by adding tin, which makes PT5 and PT6 attractive options for
long-term radiation shielding applications.

HVL, TVL, MFP and RPE values in Table 5 provide additional information about the
composites' ability to protect against radiation. The thickness of a substance required to lower
radiation intensity to a tenth (10%) of its initial value is known as the TVL. The average
distance a photon travels through a substance before coming into contact with an atom is known
as the MFP. Better attenuation results from more frequent interaction, which is suggested by a
shorter MFP.
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With a low RPE of 11.65% and the highest HVL (2.80 cm), TVL (9.30 cm), and MFP (4.14
cm), C is confirmed to have poor shielding qualities. On the other hand, CL shows the lowest
TVL (0.85 cm) and HVL (0.26 cm), indicating the greater attenuation efficiency of lead. Lead's
large atomic number and density, which improve photon absorption, also contribute to its RPE
of 74.01%, which is noticeably greater than that of other samples.

Table 5: HVL, TVL, MFP, and RPE of the Prepared Tin/PDMS Composite Samples at
356 KeV of y-ray Photon

Sample HVL (cm) TVL (cm) MFP (cm) RPE
C 2.80 9.30 4.14 11.65
CL 0.26 0.85 4.21 74.01
CT 1.04 3.45 10.91 28.40
PT1 9.19 30.52 21.30 341
PT2 8.02 26.65 23.91 4.39
PT3 4.80 15.94 20.18 7.24
PT4 3.36 11.17 16.47 9.98
PT5 1.91 6.36 11.04 16.26
PT6 2.02 6.72 13.13 16.89

With an HVL of 1.0376 cm, TVL of 3.45 cm, and MFP of 10.91 cm, CT is less effective than
lead but exhibits superior attenuation than pure PDMS. Although tin's RPE of 28.39% indicates
that metal offers moderate shielding qualities, lead outperforms it in terms of efficacy. With
the lowest RPE values (3.41% and 4.39%), PT1 and PT2 exhibit the highest HVL (9.19 cm
and 8.02 cm, respectively) and TVL (30.52 cm and 26.65 cm) among the tin-reinforced PDMS
composites, suggesting that a lower tin content does not affect radiation shielding.

PT3 to PT6 show better attenuation characteristics as the tin compositions rise. While PT6
displays comparable data with an HVL of 2.02 cm and RPE of 16.89%, PT5 has an HVL of
1.91 cm, TVL of 6.36 cm, and MFP of 11.04 cm with an RPE of 16.26%. These findings imply
that increased photon interactions decreased HVL and TVL values, and improved RPE are all
indications that higher tin concentrations improve shielding. As anticipated, CL continues to
be the best shielding material overall, but among tin-based composites, PT5 and PT6 show the
most promising performance. Their potential as substitute radiation shielding materials with
less of an adverse effect on the environment is shown by their enhanced attenuation qualities.

Conclusion

This study evaluated the radiation shielding properties of PDMS composites enhanced with tin
as a potential replacement for Pb-based materials. The results demonstrated that CL had the
highest MAC and the lowest HVL, confirming its superior shielding capacity. However,
because of the health and environmental hazards associated with lead, alternative metals like
tin-based composites were investigated.

FTIR analysis confirmed the structural stability of the PDMS matrix after tin reinforcement,
with characteristic peaks indicating an effective bond between the polymer and the metal filler.
An increase in tin content was associated with improved radiation attenuation, as seen by the
tin-reinforced composites' higher MAC values and lower HVL. The most promising shielding
performance was shown by PT5 and PT6, which balanced attenuation efficiency with material
stability.
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The potential of tin-reinforced PDMS as a sustainable alternative for radiation shielding
applications is demonstrated by this study. Future studies should focus on enhancing tin
dispersion within the polymer matrix to further enhance attenuation efficiency, mechanical
durability, and overall performance. These findings contributed to the development of Pb-free
shielding materials, providing more effective and environmentally friendly radiation protection
solutions.
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