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ABSTRACT

Healthcare workers remain at risk of occupationa radiation exposure despite strict
safety guidelines and the routine use of persona protective equipment (PPE), with
cumulative low-dose exposure linked to increased cancer risk. Although lead-based
PPE is highly effective for gammaray attenuation, its excessive weight, toxicity,
ergonomic burden, and environmental hazards limit long-term usability and safety. The
development of lightweight, flexible, and non-toxic alternatives to traditional |ead-
based radiation shielding materials has gained increasing interest, particularly for
medical and industrial applications. This study focuses on the fabrication and evaluation
of polydimethylsiloxane (PDMS)-based composite materials reinforced with pure tin
and copper tin dloy fillers as potential lead-free shielding solutions. The composites
were prepared using a mixing method, followed by curing at an optimized temperature
of 100°C to ensure proper solidification and mold removal. Three groups of samples
including pure tin (PT), tin aloy (TA), and pure tin mixed with copper tin aloy (PA)
were fabricated and characterized. Field Emission Scanning Electron Microscopy
(FESEM) revealed that PT samples exhibited uniform dispersion of tin particles with
strong adhesion to the PDMS matrix, while TA and PA samples showed |ess compact
distribution and poor matrix bonding, especialy with spherical copper particles. X-ray
diffraction (XRD) anaysis confirmed the presence of crystalline P-Sn in pure tin
samples, CueSns in copper tin dloy composites, and an amorphous pattern inthe PDM S
matrix, reflecting distinct phase formations influenced by metal composition. Fourier
Transform Infrared (FTIR) spectroscopy confirmed no new chemica bonds were
formed between the PDMS and metallic fillers, indicating purely physical interactions.
Gammaray spectroscopy was used to measure shielding properties through key
parameters such as Mass Attenuation Coefficient (MAC), Linear Attenuation
Coefficient (LAC), Haf-Vaue Layer (HVL), Tenth-Value Layer (TVL), Mean Free
Path (MFP), and Radiation Protection Efficiency (RPE) across 122.1-1332.5 keV. The
PT6 consistently demonstrated superior performance with the highest RPE (86.92%),
MAC (0.84 cm” g*) and LAC (3.77 em"Y) values and the lowest HVL (0.18 cm), TVL
(0.61 cm), and MFP (0.27 cm) values, indicating enhanced gammarray attenuation. The
PAG6 group performed better than TA6, with intermediate values for RPE (68.87%),
MAC (0.38 cm® g'), LAC (2.08 cm™}), HVL (0.33 cm), TVL (1.10 cm), and MFP (0.48
cm) values suggesting that incorporating pure tin into copper tin aloy-filled composites
can improve overal shielding efficiency. Moreover, PT6 and PA6 has lead equivalent
of 0.48cmPb and 0.38 cmPb at 356 keV, respectively. In conclusion, PT6 composites
show promising potentia as sustainable, efficient, and lead-free radiation shielding
materials for low energy radiation, meanwhile mixture of meta (PA6) proved to give
better radiation attenuation at high energies radiation, offering improved protection
while reducing environmental and health concerns associated with traditional materials.
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CHAPTER 1
INTRODUCTION

11 Resear ch Background

Effective shielding materials are necessary for protecting individuals working in the
environment where radiation sources are used, for example, in healthcare, nuclear
energy, and aerospace industries [1], [2], [3]. Both beneficial and risky effects on health
have been associated with ionizing radiation. On the positive side, ionizing radiation is
useful in treating illnesses, particularly when it comes to radiation therapy for cancer.
Furthermore, it is known that ionizing radiation can cause oxidative stress and
associated health hazards. An increased chance of cancer, organ damage, and other
unfavourable outcomes are examples of adverse impacts; the researchers are especially
concerned about increasing radiation exposure [1], [2], [3]. Therefore, putting
healthcare workers safety first is crucia by putting policies like exposure control and

ongoing monitoring in place.

Lead's absorption characteristics are high due to its atomic number, and density is
equaly high (p = 11.34 g cm™, Z = 82) [4], [5]. Consequently, lead is commonly used
in the medical field to prevent negative effects and is acknowledged for its effectiveness
in attenuating gamma radiation. This makes lead a highly effective material for both
Persona Protective Equipment (PPE) and radiation shielding. Even though lead is a
good radiation attenuator, wearing lead-based PPE has a number of negative impacts,
including ergonomic risks and toxicity. Because of the weight of the lead apron,
radiation workers have complained of back pain during extended use of the PPE [4],

(61, [7].

Besides, lead is a heavy metd that can be harmful to humans, especially with
prolonged exposure. Chronic exposure to lead can result in severe health issues such as
neurological damage, kidney dysfunction, and developmental problems, particularly in
children. Thistoxicity makes lead a hazardous material to handle and poses health risks
not only to workerswho arein close contact with lead but also to the genera population
[6], [8]. Lead is dso hazardous to the environment, and when it is disposed dof,



dangerous compounds are released that could affect people's headth [8]. Improper
handling or disposal of lead waste can lead to environmental contamination, which can
persist for years, posing long-term risks to both ecosystems and human health [6].
Therefore, current research highlights how cruciad it is to investigate substitute metals
for radiation shielding or personal protective equipment.

Given these issues, there is an increasing demand for alternative materials that can
provide efficient radiation shielding while lowering the health and environmental risks
associated with lead. Researchers have studied a variety of materials, with a focus on
those that are non-toxic, lightweight, and environmentally benign. There has been a
growing interest in materials based on polymers and metals, which provide flexibility,
lower weight, and the possibility for increased safety. Tin, ametal with arelatively high
atomic number (Z = 50), has been found as a possible replacement for lead. Tin is not
only less hazardous but also lighter and more environmentally friendly than lead,
making it adesirable material for radiation shielding applications [9]. The polymer has
beneficial properties such as inexpensive, lightweight, non-toxic compared to solely
used metal and most importantly, it can integrate with metal to make a superior
composite in terms of radiation reduction and mechanical strength. Because of the metal
in the polymer matrix, this composite structure may efficiently absorb or disperse the
incoming intensity despite appearing lighter [10], [11].

One of the most promising aternatives to lead is a tin-polydimethylsiloxane
composite material. Polydimethylsiloxane (PDMS) is recognized for its
biocompatibility, flexibility, and ease of processing [12],[13], [14]. While PDM S aone
may not provide adequate radiation shielding, it becomes a far more efficient material
when coupled with metal fillers such as tin. Tin helps to increase radiation absorption
in the composite, while PDMS provides a flexible matrix that enables easy moulding
and modification to various applications such as microfluidic and nanofluidic systems,
biomodels and organ-on-a-chip platforms, blood analogue materials, electronic
components, filtration and pervaporation membranes, sensors, optical and thermal
devices, surface coatings, and various biomedical and engineering applications [15],
[16], [17], [18]. This combination produces a material that is not only lightweight and



non-toxic, but also highly adaptable, making it suitable for various applications,
including medical radiation protection, aerospace, and industrial shielding.

In recent years, the metal-polymer composite has gained popularity as an aternative
to lead-based shielding materials due to its lightweight nature, non-toxic composition,
and moldability of PDMS, which can be easily formed to meet various requirements.
Tin may improve the composite's radiation shielding efficacy, alowing it to absorb
high-energy radiation including the scattered one. The versatility of PDM S also enables
the development of radiation protection items that are more comfortable and easier to
use, such as protective clothes or portable shielding devices [15]. Furthermore, the non-
toxic nature of both PDMS and tin makes this composite a far safer option, especialy

in industries where long-term radiation exposure is a concern.

Only afew studies have examined tin mixed with silicone polymers, despite the fact
that numerous investigations have examined metal components such as tungsten [19],
iron [20], and bismuth [21] with different type of polymers. Therefore, this study
investigated the potential of PDMS-tin composites as a radiation shielding material.
This study wasintended to develop amaterial that not only provides effective radiation
protection but also addresses the health and environmental concerns associated with
conventional |ead-based shielding materials. It isanticipated that this research helpsthe
development of safer, more sustainable, and efficient radiation shielding materials,
providing an alternative to conventional applications of lead in industries that require
radiation protection, thus improving patient health and healthcare.

1.2 Motivation for ThisWork

The motivation to address the increasing demand for innovative materials that can
offer efficient radiation shielding. There is an immediate and continuous demand for
lightweight, flexible, and effective shielding materials that go beyond conventional,
large, and frequently hazardous solutions in a period where radiation exposure is
becoming more widespread in industries like healthcare, aerospace, and nuclear energy.
This study concentrating on creating a revolutionary tin-PDMS composite since the
potential in polymer-metal compositesiswell recognized. A promising option for safer,



more adaptable radiation shielding, this combination combines the flexibility and
biocompatibility of PDM S with the density and radiation-absorbing qualities of tin.

In addition, the need to create safer working conditions for professionas like
radiology technicians and healthcare workers who frequently encounter radiation. This
research intendsto close a significant gap in the supply of workable radiation shielding
solutions by developing a material that not only offers potent radiation attenuation but
also maintains mechanical flexibility and ease of manufacture. This study thoroughly
assesses this composite using analytical methods, including Field Emission Scanning
Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDX), X-ray
Diffraction (XRD), Fourier Infrared Spectroscopy (FTIR), and radiation testing using
gamma ray, making sure it satisfies both functional and protective needs. This study
promotes sustainability, safety, and public health in high-risk radiation conditions in
addition to being in line with developments in material science.

1.3 Problem Statement

Despite the safety rules of wearing PPE, healthcare workers globally face ongoing
risks from occupationa radiation exposure during patient care and in radiation
procedure such as radiopharmaceutical, nuclear medicine and radiology procedures
(Figure 1.1). Stricter guidelines limit annual radiation exposure to protect workers, yet
studies in Malawian hospitals for example revealed concerning levels of monthly
exposure for radiographers of 0.247 mSv. The cumulative effects raised significant
concern, as even low doses of radiation increased the risk of cancer, notably leukaemia
[22]. Radiation exposure may reduce overall lifespan, emphasizing the importance of
minimizing occupational exposure in healthcare settings. Therefore, PPE made from
lead was commonly utilized dueto its effectivenessin attenuating gammarays, thereby
reducing diverse effects [23], [24].

Various effects overshadow the utilization of lead as a radiation attenuator in PPE.
These include ergonomic issues, such as back pain reported by workers due to the
weight of lead aprons during prolonged use [25]. Furthermore, lead poses
environmental risks upon disposal, potentially releasing harmful chemicals that pose a



threat to human health [8]. Additionally, extended radiation exposure on cracked PPE,
may lead to radiation leaks and expose radiation workers, patients, and the public to
unintended radiation exposure [4], [8]. Additionally, high-toxicity lead dust can cause
ingestion and inhalation into the respiratory system and cause lung damage or cancer
[1]. Hence, recent research, from the last decade, highlighted the critical need to explore
alternative metals or fabricating with other materials such as polymer, glass, or ceramic
for radiation shielding or PPE [11], [26], [27]. Therefore, this research has been
conducted to assess the efficiency of combining tin metal with PDMS polymer in
radiation shielding, mechanical properties and suitability as PPE.

According to the researchers, tin was stated to have the ability to attenuate photon
rays and polydimethylsiloxane has favorable characteristics in terms of
biocompatibility, flexibility, thermal stability, lesstoxicity, chemical stability, excellent
mechanical propertiesand shielding ability [9], [28]. Thus, the fabrication of tin powder
with PDMS polymer is believed to form a composite that not only can attenuate the
radiation but also has high flexibility and strength to be a good PPE. To create the
composites, the mixing method was applied where the metal was added to the polymer,
and the mixing process was performed.

Figure 1.1 a) Lead Aprons Used At X-ray Department and b) Radiation Worker
Wearing Lead Aprons for Radiation Protection during Medical Procedure At
Gleneagles Hospital Penang



14  Research Objective

The main objective is to study the radiation shielding ability of the hybrid structure
of tin and polydimethylsiloxane composite. The research was conducted based on the

objectives below:

a) To fabricate the hybrid structure of tin and PDM S polymer with a curing agent
by using the mixing method.

b) To analyze the structural and chemical properties of tin/PDMS polymer hybrid

composites.
c) To evaluate the effect of radiation absorption performance of composite samples
against gammarays.
15 Resear ch Question
i) How can tin and PDMS liquid polymer be effectively utilized to fabricate a
solidified PDMS-tin composite?

i) How does the incorporation of tin into the PDMS liquid polymer affect the
structural and chemical properties of the solidified PDM S-tin composite?

iii) Which compositions of tin and PDMS will emerge with high radiation
attenuating capabilities?

1.6 Hypothesis
1) Tin powder and PDMS liquid can solidify with the addition of aPDMS curing
agent.

2) Tin filler disperses physically and uniformly within the polymer matrix and

produces a compact structure of composite.
3) Astin compositions increase, the radiation shielding properties may increase.
1.7  Significance of the Study

The research aims to investigate the radiation protection ability of thetin and PDMS
composite using various composition ratios to enhance radiation absorption. The goal
is to contribute valuable insights into the development of a composite that not only



offers efficient radiation protection but also addresses concerns related to weight,
flexibility, and environmental impact. Aligned with the government's health initiatives
and the 12th National Strategic Thrust (RMK12), notably under Thrust 2, which focuses
on "Improving the well-being of the people" with the overarching objective of achieving
Universal Access to Health Care [29]. This study's findings have the potential to make
substantial contributions to the welfare and safety of individuals undergoing procedures
involving photon rays. By ensuring protection for both radiation workers and patients
from unintended radiation exposure, the research outcomes directly support the
government's commitment to enhancing the health and well-being of the population.

18  Novelty of This Study

A novel combination of tin fillers embedded within a PDMS matrix was investigated
in the present study, marking a significant contribution to the field of radiation shielding
materials. While previous studies have predominantly focused on PDMS composites
reinforced with metal oxide-based fillers such as lead (I1) oxide (PbO) [30], tin (1V)
oxide (Sn0,) [9], zinc oxide (ZnO) [31], and bismuth (l11) oxide (Bi»03) [32], there
remains a notable gap in the literature regarding the utilization of metallic tin and
copper-tin dloy as functiond fillers. The incorporation of these novel metallic fillers
not only offers a promising lead-free alternative for X-ray and gamma-ray shielding
applications but aso has a potentially enhanced attenuation performance, which may
be attributed to improved particle interactions, higher density, and uniform dispersion
within the polymer matrix.

19 Limitation of the Study

The mixture of tin and PDMS was left a room temperature which may cause
oxidation might occur. This oxidation might have a negative impact on the sample's
performance and reliability. The morphological structural and radiation measurements
might be altered as well. Therefore, to minimize oxidation, the samples need to be
placed in a closed and monitored environment to minimize the impurities and oxidation
process before the analyzation stages.



When cured at a high temperature of 125 °C, the heat caused the composite to mix
with the silicon mold, causing it to adhere to the mold surface. This occurrence
happened as a result of the interaction between the high temperature and the PDMS
matrix, which caused it to soften and bond with the mold, leaving it hard to remove the
cured composite without damaging its structure.

As a result, the idea curing temperature was determined to be 100 °C. This
temperature accelerated the solidification of the PDM S, speeding up the curing process
while maintaining the composite's integrity. More crucially, at 100 °C, the composite
solidified without combining with the silicon mold, allowing for effective removal from
the mold without adhesion or damage. This adjusted curing temperature of 100 °C
struck a balance between expediting solidification and guaranteeing that the composite
could be withdrawn from the mold intact, without adhering to the mold surface.

A notable problem was noted during the making of PDMS-tin composites,
particularly at tin filler concentrations of 70% or higher. The problem emerged due to
the insufficient amount of PDMS liquid in comparison to the volume of tin powder
used. PDMS, a highly viscous polymer, was unable to efficiently distribute excess tin
powder at these higher concentrations. Thisimbalance in the quantity of PDM S and tin
resulted in the production of agglomerates, which were tin particle clusters that could
not mix smoothly into the polymer matrix. As aresult, the composite was unable to
establish a uniform distribution of tin within the PDMS, which is critica for the
composite's structural stability and performance.

The high viscosity of PDMS triggered this problem. The viscosity of the PDMS
increases with larger filler concentrations, making uniform mixing more challenging.
The tin powder becomes progressively difficult to incorporate into the PDM S because
its viscosity limits the proper flow and dispersion of both the tin particles and the
polymer. This causes tin particles to remain unblended, resulting in poor mechanical
characteristics and overall ineffective composite production. Therefore, the highest
metal that could be achieved and analyzed was standardized at 60%.



Lastly, one observed limitation of gamma spectroscopy is its reduced sensitivity at
high photon energies. As the energy of gamma ray's increases, the efficiency of
commonly used detectors, such asNal (Tl), tendsto decrease significantly. This decline
in efficiency results in lower count rates, making it challenging to obtain accurate
measurements. Additionally, a high energies, the photopeak-to-Compton ratio
typicaly decreases, which can lead to poor peak definition and difficulty in
distinguishing between closely spaced energy peaks. The increase in Compton
scattering also contributes to background noise, further complicating spectrum analysis.
These factors collectively limit the precision and reliability of gamma spectroscopy in
evaluating radiation shielding performance at higher energy levels, particularly when
distinguishing subtle differences between composite materials. Therefore, to obtain
reliable data, the characterization needs to be performed repeatedly and calculate the
average values. Besides, careful calibration of the detector, aong with appropriate
shielding to reduce background radiation, can aso enhance the reliability of the

measurements.

Despite the promising outcomes of this study, several other limitations regarding this
research must be acknowledged. Firstly, the relatively limited number of samples and
their fixed compositions may affect the generalizability of the results. A broader range
of filler concentrations or aternative meta combinations could provide a more
comprehensive understanding of the composite's shielding performance. Secondly,
variations in experimental conditions, such as curing temperature, mold detachment
consistency, or sample thickness, may introduce minor discrepancies in measurement
accuracy, particularly in gamma attenuation and spectroscopic tests. Lastly, the sudy is
focusng on structura properties, chemica characteristics and radiation shielding
parameters without evaluating the mechanical, thermal, or long-term stability of the
composites. These factors are suggested being done in future research as the data is
needed before determining their practica viability in real-life applications.

110 Assumption of the Study

The assumption of the study is used to guide the creation and evaluation of metal-
polymer composites for gamma radiation shielding. It was assumed that the composites
observable surface morphology accurately reflected the bulk composite's interior



microstructure in FESEM findings. Additionally, it was believed that the sputter-
coating and other preparatory processes did not change the distribution of meta fillers
or introduce any notable artifacts. It was assumed that any indications of particle
aggregation or dispersion were real physical occurrences caused by the fabrication
process.

It was assumed that the elemental composition determined by the EDX matched the
actual elemental distribution on the sample surface. it was presumed that the accuracy
of the detected spectra was unaffected by any notable elemental overlaps or
interferences. Regarding XRD examination, it was believed that every diffraction peak
seen came only from the composites crystalline constituents, like the metal fillers. Since
the PDMS matrix is primarily amorphous, it was recognized that it might not yield
distinct peaks. Furthermore, any peak broadening was thought to be caused by internal
lattice strain or tiny crystallite sizes rather than noise or experimental mistake.

The functional groupsin the PDM S matrix and any possible interactions with thetin
or copper tin aloy fillers were thought to be accountable for the vibrational bands seen
in the FTIR. The interpretation of the spectral data was predicated on the hypothesis
that the absorption bands were unaffected by significant environmental pollutants or
interfering chemicals. Lastly, it was assumed that the detector system produced precise
measurements of transmitted and attenuated gamma rays and that the experimental
equipment was appropriately calibrated for Gamma Radiation Spectroscopy. According
to accepted theories of photon-matter interaction, the experiment's gamma-ray energy
was supposed to interact with the composite materials in a predictable way and
calculated into several parameters such as radiation protection efficiency (RPE), linear
attenuation coefficient (LAC), mass attenuation coefficient (MAC), hdf value layer
(HVL), tenth value layer (TVL), and mean free path (MFP). Any variation in theresults
was thought to be caused by the fundamental characteristics of the material rather than
by inaccuracies made during the experiment.

These assumptions serve as the study's foundation, guiding experimental design and
analysis while guaranteeing that the findings provide useful insights into the
development of effective radiation shielding materials.
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1.11 Thesis Scope

This research focuses on the development, characterization, and analyzing of metal-
polymer composites made of tin (Sn), copper tin aloy (Cu-Sn), and PDMS for gamma
radiation shielding applications. A comprehensive set of measurements is used to
investigate the effects of material composition, density, and porosity on shielding
performance, including RPE, MAC, LAC, HVL, TVL and MFP. The composites
performance is tested using a variety of gamma radiation sources, including Co-57, Ba-
133, Cs-137, Mn-54 and Co-60.

The composites are made using different metal concentrations and tested for
structural, chemical, and physical properties. FESEM is used to investigate cross-
sectional surface morphology, XRD is conducted for structural characterization,
whereas FTIR offers information about chemical bonding within materials. Radiation
characterization includes calculating LAC and MAC to measure photon interaction
capabilities, as well as HVL, TVL, and MFP to determine the material thickness
required for effective attenuation. The lead equivalent is also calculated to express the
radiation shielding effectiveness of a material by comparing its attenuation capability
to an equivalent thickness of |ead.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Radiation includes both ionizing and non-ionizing radiation which plays essential
roles across various fields from medical imaging and cancer treatment to
telecommunications. lonizing photon rays are widely used in medical diagnostics,
treatments, industrial processes, and research because they penetrate matter across
various energies ranges [10]. However, their high energy levels also make them
potentially hazardous, necessitating careful handling and protective measures. Non-
ionizing radiation, which includesradio waves, microwaves, infrared radiation, and UV
light, lacks sufficient energy to ionize atoms. While non-ionizing radiation generaly
poses fewer immediate health risks compared to ionizing radiation, prolonged exposure
to certain types, like UV radiation from the sun, can still cause skin damage and increase
therisk of cancer [10], [33].

lonizing radiation and non-ionizing radiation are two (2) categories of
electromagnetic waves distinguished by their ability to ionize atoms and molecules.
lonizing radiation (photon), such as X-rays and gamma rays (Table 2.1), carries high
energy levels capable of removing tightly bound electrons from atoms, leading to the
formation of ions [10]. This property makes ionizing radiation hazardous as it can
damage DNA, increase the risk of cancer, and cause acute radiation sickness [2].
lonizing radiation (particle) includes neutron, alpha, and beta particles. Besides X-rays
and gamma rays, neutrons also require proper shielding in building materials and PPE.
Meanwhile, alpha and beta particles are low in energy as thin paper sheets can stop the
particles effectively [10], [33].

Understanding the properties, hazards, and applications of radiation is crucia for
ensuring their safe and effective use in diverse contexts. Proper regulation, protective
measures, and ongoing research are essential for maximizing the benefits of radiation
while minimizing associated risks to human health and the environment. Thus, the

comprehensive understanding of radiation shielding, encompassing both ionizing and
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non-ionizing radiation, is vital for advancing technology, healthcare, and scientific

research while safeguarding human well-being.

Table 2.1
Photon Energy Levels by Different Sources of Radionuclide [9]
Sour ce Photon energy (keV)
'Am 60
80
160
133
Ba
223
356
*Na 511
Ycs 661
1173.
GOCO 3 3
13325
121.78
244.69
344.28
152
Eu
778.9
964.13
1408.01

2.2 Occupational Radiation Exposure

Occupational radiation exposure to healthcare remains a significant concern, despite
the utilization of PPE [23]. This exposure is attributed to scattered radiation from
patients and instrumentation in the treatment room. As well as from
radiopharmaceutical procedures, affecting healthcare workers globally. According to
the International Atomic Energy Agency (IAEA), approximately 23 million workers
worldwide are occupationally exposed to ionizing radiation, and X-ray was classified
ascarcinogenic by the International Committee on Radiological Protection (ICRP) [34].
Strict guidelines set the maximum annual effective dose at 1 mSv for the public, while
workersregularly exposed to radiation sources must not exceed 20 mSv annually (Table
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2.2) [35]. A study conducted in Malawian hospitals reveaed that radiographers faced
an average monthly dose of 0.247 mSv for the whole body and 0.411 mSv for the skin,
emphasizing constant exposure during procedures [22]. Due to its potential cumulative
effects, cumulative exposure over a lifetime is a significant concern for radiation
workers. Studies indicated an increased risk of cancer from occupational radiation
exposure, even at low doses. A specific focus on leukaemia suggested aslightly elevated
risk with prolonged exposure to low doses of radiation [36], [37].

Occupational radiation exposure poses significant health risks to professionals
working in environmentswhereionizing radiation is present, such as hospitals, research
facilities, and various industrial sectors. The principle of ALARA (As Low As
Reasonably Achievable) which is established by ICRP is fundamental in minimizing
these risks. It emphasizes the importance of implementing effective radiation safety
measures, including optimizing time spent near radiation sources, maintaining distance
from such sources, and utilizing appropriate shielding materials, such as lead brick, to
absorb harmful radiation during the procedure [38].

A study investigates the correlation between education level and the knowledge and
implementation of ALARA principles among radiation professionals in Malaysia. The
research involved a survey distributed to various public and private institutions,
collecting responses from 78 participants, primarily radiation practitioners such as
radiologists and technicians. The findings indicated that only one (1) of the measured
variables, which is the time spent near radiation sources, reveded a statistically
significant difference based on education level [38], [39], [40]. This suggests that while
educational background might not significantly influence overall knowledge and
adherence to ALARA principles, it remains critical in shaping awareness and practices
related to radiation safety.

The study of occupational exposure to photon rays and mortality from the year 1961
to 2003 found no significant increase in mortality from all causes, all cancers, or any
specific cancer among workers exposed to ionizing radiation. Taken together, these
studies suggested a potential small excessrisk of cancer at low doses and dose rates for
nuclear workers, athough the evidence remains inconclusive [1]. The evidence was
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reported by The International Nuclear Workers Study (INWORKS), which contributed
valuable insights and confirmed the association between long-term low-dose radiation
exposure and leukemogenesis [36]. However, the exact nature and extent of the cancer
risk associated with low-dose radiation exposure remained inconclusive.

Furthermore, many researchers highlighted the significance of low dose ionizing
radiation exposure and the associated health risks. For example, the previous study
explored genomic instability and DNA damage through various techniques, the findings
mentioned that there was a significant dose-response relationship observed for all solid
cancers, even at low doses within the 0 to 0.2 Gy range [36]. Plus, the authors also
emphasized the need for accurate cumulative effective dose measurements and
improved methodologies in assessing occupational radiation exposure in interventional
radiologist [36]. Other studies addressed the challenges associated with protective
measures, such as lead aprons and thyroid collars. While these tools are essential for
shielding healthcare workers from ionizing radiation, a study conducted in Sweden
revealed potentia discomforts associated with prolonged use. Despite these
discomforts, saff recognized the importance of these protective measures in reducing
occupational radiation exposure, underlining the need for alternative materials
considering the complaints[23], [36], [41].

In a thorough study involving 191,333 workers with an average dose of 6.64 mSv,
overall standardized incidence ratios for all cancers were observed. However, there was
an increased ratio noted for thyroid cancer and melanoma. Notably, among males,
significantly elevated excess relative risks were found for colon, pancreas, and testis
cancers. In another study involving 600,000 workers with an average cumulative dose
of 19.4 mSv (90% receiving cumulative doses < 50 mSv) from 15 countries, a small
risk of cancer at low doses and dose rates was indicated among workers [1]. This
suggested that even at relatively low doses and dose rates of ionizing radiation, there
was an indication of an increased risk of cancer. Although the average cumulative doses
are below 20 mSv (included in the effective dose), the rising concern among radiation
workers must be considered by providing effective shielding that can minimize

radiation exposure risks.



Table 2.2
Dose Limits for Each Organ

Organ/Tissue Occupdtiond Limit Public Limit References
Lens of the Eye 20 mSviyear ((r?]vair)age), SOmSv g mSv/year [1]. [34]
500 mSv/year (historicaly) - Not
Thyroid now included in tissue weighting  specificaly [42]
factors stated
Skin 500 mSv/year 50 mSv/year
Not
Hands and Feet 500 mSv/year specificaly
stated
Gonads (Testes, 20 mSvl/year 15 mSvlyear [1,[2],[22],
Ovaries) [35], [36], [37]
Bone Marrow 20 mSv/year 15 mSv/year
(red)
Breast, Lung, 20 mSviyear 15 mSvlyear

Colon, Stomach

2.3 Interaction of Materials with Photon Rays

The inelastic interaction between photons and materials encompasses three distinct
processes including photoelectric effect, Compton scattering, and pair production
(Figure 2.1). With photon energies ranging from approximately 10 to 100 keV, the
photoelectric effect predominates [10]. When the incoming photon has higher energy
than the core electron, it is absorbed by the inner-shell electron, resulting in the gection
of the electron. The remaining energy of the electron is converted into the kinetic energy
of the gected photoelectron. This interaction is significant, particularly at lower photon
energies and high Z shielding materials such as lead, bismuth, and tungsten [43], [44],
[45].

2.3.1 Photoeectric Effect

The photoelectric effect predominantly occurs at photon energies in the range of
approximately 10-100 keV, and its probability increases with increasing atomic number
of the shielding material. The photoelectric effect occurs when an incident photon with
energy greater than the binding energy of an inner-shell electron is completely absorbed
by an atom in the irradiated material. This interaction results in the gection of a
photoel ectron, where the excess photon energy is converted into the kinetic energy of
the emitted electron in accordance with the conservation of energy [10].
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2.3.2 Compton Scattering

Compton scattering, occurring at moderate energy levels between 100 keV and 10
MeV, involves inelastic scattering whereby a photon collides with an outer shdll
electron, thereby partially diminishing its energy or wavelength. Consequently, both the
photon and the electron undergo a change in direction with reduced energy compared
to the incident photon. This interaction contributes to the attenuation of radiation
capability by dispersing photon rays in various directions. Subsequently, the lower-
energy scattered photons are prone to absorption within the shielding material [44],
[45], [46].

2.3.3 Pair Production

Pair production converts a photon into an electron-positron pair, absorbing and
depleting energy from the incident photon. This process can only occur when the photon
energy exceeds 1.022 MeV. In this process, the positron may subsequently annihilate
an electron, resulting in the emission of two (2) gamma-ray photons which are lower
energy levels compared to original photon rays within an energy range of 511 keV.
These annihilation photons further interact with shielding materials by photoelectric
effect, Compton scattering, and pair production interaction if the gamma rays emit high
in energy levels. Lower energy gamma rays are more likely to be absorbed by the
materials. Thus, the interactions progressively diminish the intensity of photon rays and
increase the radiation capabilities [44], [45], [47].

lo "o Attenuator. o |

*

Photoel ectric

Compton

Pair production

-X-

Figure 2.1 Interaction of Radiation Beam with Attenuator
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24 Radiation Attenuation Properties of the Composites

The ability of a material to reduce the strength of ionizing radiation as it travels
through it is known as radiation attenuation. Knowing attenuation characteristics is
essential for assessing a materia's efficacy in radiation shielding applications. These
characteristics include LAC, MAC, RPE, HVL, TVL and MFP. Every characteristic
provides information on the composite's interactions with photons across various

energies.

A materia's ability to decrease radiation as it travels through is measured by LAC.
It depends on the material's density, atomic number, and the energy of the radiation.
Better radiation blocking is indicated by a greater LAC. The unit of measurement is
cm'’. The LAC divided by the density of the composite is the MAC. It enables material
comparisons without considering the thickness. It indicates how well amateria absorbs
radiation based on its composition and is expressed in cm® g

The intensity of transmitted gamma rays after passing through a materia with
thickness can be determined using equations (2.1), (2.2) and (2.3) based on Lambert's
Beer Law (Figure 2.2). As photon rays penetrate deeper into materials, the likelihood
of interactions with material atoms, such as scattering and absorption, increases. With
greater thickness, there is a higher chance of photons being scattered or absorbed,
reducing the transmitted radiation intensity [58]:

/ = loei" (2.1)

tim:~p:XvaiO 0



where
| Intensity of transmitted ray
lo ° Intensity of incident ray
Linear attenuation coefficient of the sample at a specific gamma-ray
X Thickness of the sample
um  Mass attenuation coefficient
p Density
w Weight fraction

I >
lo I
Incid Transmitted
heident photons
photons
" J
tc-X—*

Figure 2.2 Illustration of Beer-Lambert Law

The RPE is a crucia indicator for evaluating a material's gamma radiation shielding
capacity. It is defined as the percentage reduction in radiation intensity after passing
through the shielding material. A higher RPE number indicates better shielding
performance. Among the factors influencing RPE are the material's composition,
density, thickness, and incident gamma ray energy. Materials with higher atomic
numbers and densities typically have higher RPE values, which improvestheir radiation
shielding capabilities. 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 (2.4) and (2.5), which are formulated
using radiation intensity [48], [49]:

RPE = (1 - ei") x 100 (2.4)
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RPE _—_r-r-Kx)oo (2.5)

Where:
I =Intensity of transmitted ray
lo =Intensity of incident ray
u =LAC of the sample at a specific gamma-ray
X =Thickness of the sample

The HVL ggnifies 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 shown in equation (2.6) [47], [50], [51], [52]: This pattern
emphasizes how crucia it is to choose shielding materials with high atomic numbers
since their dense electron fields and higher interaction probabilities might lower the
HVL.

With increasing photon energy, TVL, which is the thickness required to lower the
gamma ray intensity to a tenth of its initia value aso increases equation (2.7). In
applications where considerable attenuation is required, the TVL offers an even more
distinct description of the shielding material's performance. Higher energy sources
emphasize the relationship between material performance, cost, and practicality in
shielding design by requiring thicker and denser materials to meet safety regulations.

HVL = (2.6)
in(10) foN
TVL = ——- (2.7

The MFP measures the average distance a photon travels through a materia before
encountering an interaction like absorption or scattering can be caculated using
equation (2.8). A materia's ability to attenuate photons across a shorter distance is
indicated by a shorter MFP, which is beneficia in shielding applications. On the other
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hand, a longer MFP indicates a lesser shielding efficacy because photons can travel
farther before interacting [53], [54].

MFP _ | 30 (2.9)

Lead equivalent (Pb-eq) is awidely used parameter in radiation shielding studies to
compare the attenuation performance of alternative materials with that of conventional
lead calculated using equation 2.9. It represents the thickness of lead required to provide
the same leve of radiation attenuation as a given thickness of a tested materia at a
specific photon energy. Since lead is the standard reference material for gamma-ray
shielding due to its high atomic number and density, The Pb-eq value is derived from
the exponentia attenuation law and is inherently energy dependent, reflecting changes
in dominant photon interaction mechanisms across different energy ranges [10]. Higher
Pb-eq values indicate better shielding performance, as a thinner layer of the material
can achieve attenuation comparable to that of lead [55].

_ Usample , .
Xpb ~  ~ ~sample -
\*-Pb

25 Effectivity of the Composites for Radiation Shielding Application

When a material achieves 100% RPE, it means that dl incident radiation is totally
attenuated, meaning that no detectable radiation istransferred. According to theory, this
would be equivaent to a situation in which the photons are completely absorbed, as
indicated by both the MAC and the LAC being practically zero [10], [28]. Reporting a
100% RPE that equals zero MAC and LAC in rea-world applications is very
uncommon, though, and typically indicates either very good shielding under

circumstances or measuring equipment limits.

Conditions at which near-total attenuation is observed have been investigated in
severad studies. For example, at lower photon energy, results close to 100% RPE have
been obtained in severa studies utilizing high-density, high atomic number materials
such as lead or lead-free composites [28], [56]. These situations result in what is
essentialy a zero MAC and LAC measurement because the attenuation is so thorough
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that the transmitted intensity drops below the sensors' detection limit. Such results are
usually presented with the disclaimer that the measured " zero" values do not necessarily
indicate a complete lack of photon transmission, but rather the experimental setup's
sensitivity limitations [57], [58].

Additionally, materials can be developed to achieve near-total attenuation at low
energy ranges by increasing thickness or optimizing filler content under carefully
monitored laboratory circumstances. Instead of a true zero-transmission situation,
reports of 100% RPE in the literature usually mean that the reported attenuation is so
high that it surpasses the experimental apparatus's detection capacity. Latest research
uses lead-based shields to address near-total gamma attenuation which can be used as
standards to compare other materials [59], [60].

100% RPE or equivaently, zero MAC and LAC values are frequently reported in
situations when the transmitted radiation is below the detection threshold. Under ideal
thickness conditions, this phenomenon is usually seen with lead-based shields, where
the high density and atomic number result in incredibly effective photon absorption
[61], [62]. These investigations verify that correctly built lead shields can reach near-
complete attenuation. These results not only support theoretical hypotheses but also
serve as a crucial benchmark for the creation and evaluation of substitute, lead-free
radiation shielding materials.

2.6  Overview of Factors Influencing Shielding Efficiency

Several factors influence the shielding efficiency of the materials (Figure 2.3). For
instance, high Z numbers such aslead (Z = 82) offered an increase in radiation shielding
capability compared to lower Z numbers like zirconium (Z = 40) [30], [63]. Besides,
the increase in density of the material also highlights the superior ability in shielding-
ability. The material's thicknessis a'so mentioned to be one of the factors that could be
manipulated to increase the protective ability [28]. Other than that, the energy level
stroked through the materials also influenced the ability of the materials as increased
energy level, reduced the ability to attenuate radiation [28], [30], [63].
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Figure 2.3 Factors Affecting the Shielding Efficiency
The hybridization of metal and polymer structures proved efficient in blocking photon
rays. Various factors influence the effectiveness of protecting against photon rays,
including the type of metal, atomic number, particle characteristics, and composite
thickness [11], [26], [36]. For instance, metals with high Z demonstrated superior
shielding abilities against photon rays. Furthermore, blending different metals enhanced
the shielding efficacy compared to using asingle metal depending on the atomic number
of the metal used. Plus, each composite revealed an improvement in radiation protective
ability and a decrease in flexibility as the metal weight percentage increased [47], [48].
Additionally, the percentage of radiation reduction decreased as the energy level

increased, but an increase in thickness was able to counteract this effect.

The relationship between material thickness and shielding efficacy was reported to
be a key factor of radiation attenuation (Table 2.3). Previous research demonstrated an
increase in radiation reduction percentage with the escalation of composite thickness.
For instance, studies on tungsten carbide/epoxy and tin/epoxy composites portrayed that
asthe thicknesses rose, radiation reduction percentagesimproved, reaching 97.88% and
97.00%, respectively (Table 2.4) [28]. The findings are attributed to the photoel ectric
effect, where increased thickness led to prolonged photon interactions, enhancing
absorption and attenuation. Conversely, another study highlighted a decrease in LAC,
and MAC with increasing thicknesses, suggesting complexities in photon-material
interactions, including Compton scattering [28], [64].
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Apart from that, examining the effect of energy levels between 59.51 to 1408 keV
on radiation attenuation revealed variations in radiation reduction properties. As the
energy level rose from 59.53 to 1332.50 keV, the LAC resulted in an increasing pattern.
For instance, 10% macro PbO/HDPE reported LAC from 0.599 to 0.062 keV [61]. The
LAC and MAC decreased as energy levels increased, indicating the prevalence of
Compton scattering at higher energy levels, where photon rays are not completely
shielded. In contrast, lower energy levels favor photoelectric effects, leading to
increased LAC. The combination of these interactions may occur, influencing
parameters such as HVL and radiation reduction percentage. Understanding these
relationships is crucia for designing effective radiation-shielding materials [64], [65].

Lastly, the impact of metal weight percentage that increases the density of
composites which affects radiation attenuation was further explored, showing a positive
correlation between meta percentage and shielding effectiveness. According to [65], as
the metal weight percentage increased, the LAC was reported to increase which is
consistent with other findings by other researchers. These research findings indicated
enhanced radiation attenuation properties with increased metal weight percentage, as
demonstrated by lower HVL and rising LAC and MAC [65]. The expanding distribution
of metal on the polymer surface with higher weight percentages enhanced photon
interaction, emphasizing the role of structura characteristics in  optimizing
performance. However, a higher weight percentage does not necessarily guarantee
flexibility in applying materials for attenuating photon rays . The density can be
calculated using the equation 2.10.

. \- Mass (Q)
Density (gcm 9 = ——— (2.10)
Volume {cm)
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Table 2.3
Overview of the Meta and Polymeric Composites from Previous Studies
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Table 2.4

Radiation Shielding Properties of Metal-Polymeric Composites from Past Research
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2.6.1 Relationship Between Atomic Number of Metal and Radiation Attenuation

Each metal employed in these studies has its atomic number (Z), which can influence
radiation protection. The inclusion of a metal with a high Z into the polymer matrix
could enhance both its ability to attenuate photon rays and mechanical performance. In
studies conducted by [69] and [61], bismuth oxide (E"Cb) and PbO were employed
with 35% and 50% of metal weights, respectively. According to [69], the MAC values
were recorded at 2.530 to 0.075 cm® @' covering energy levels of 121 to 1408 keV
meanwhile [61] stated the MACs were 2.445 to 0.064 cm? ¢! at energy levels of 60 to
1333 keV. Notably, the higher Z of bismuth has increased the MAC values, thus
confirming the superior effectiveness of bismuth compared to lead [61], [69].

Study from [67] and [9] highlight the use of 20% cadmium oxide (CdO) and tin oxide
(SnCh) a the same energy level (60 keV), with the MAC values of 1375 and
1428 cm? g, respectively. Both studies demonstrated that at lower photon energy
levels, materials with higher atomic numbers exhibit better photon attenuation due to
the dominance of the photoelectric effect. These findings also indicated that the dightly
higher atomic number of tin has played arole in its efficacy of blocking photon rays.
However, at the energy level of 1408 keV for CdO and Sn02, the MAC decreased to
0.064 and 0.058 cm? g, respectively. As energy increases, the photoelectric effect
becomes less significant, and Compton scattering becomes the dominant interaction [9],
[70].

Because tin has an atomic number of 50 and cadmium has an atomic number of 48,
Sn02 contributes more atomic numbers than CdO. However, the atomic number is not
the only factor that affects these oxides attenuation qualities, density, electron
configuration, and the materia's interaction with photon energy are other important
considerations. Due to the stronger photoelectric effect caused by tin's dightly higher
atomic number than cadmium, Sn02 often shows better photon attenuation at lower
energies[9], [67].

A comparison between two (2) other studies has revealed that a higher Z would lead
to greater efficiency in attenuating photon rays. [65] and [63] reported the use of
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tungsten and zirconium, respectively, each contributing 40% by weight. The LAC at
0.662 MeV for tungsten reported at 0.151 cm™ and 0.146 cm™ for zirconium [63], [65].
Tungsten showed a superior shielding ability against photon rays compared to
zirconium. Thus, maximum shielding protection can be efficiently achieved with high
Z, even when fabricated in lower weight percentages. Interestingly, despite zirconium
having alower Z compared to tungsten, it appeared to be amost comparable to tungsten
in terms of efficiency as the mixture of epoxy/zirconium was mixed with another metal,
barium. This observation implied that the mixture of these two (2) metals has enhanced

the protective properties of the composites [63], [65].

2.6.2 Relationship Between Material Thickness and Shielding Efficacy

Previous research has reported that the radiation reduction percentage would increase
in relation to an escalation in the thickness of the composites. For example, [29]
explored tungsten carbide/epoxy resin composites with thicknesses of 0.7 and 1.4 cm.
The results indicated that when the thickness was increased from 0.7 to 1.4 cm, the
radiation reduction percentage rose increased from 97.60% to 97.88%. Similarly, inthe
case of tin/epoxy resin composites, radiation reduction was increased from 87.32% to
97.00% with an increase in thickness. These findings showed that tin, despite having a
lower atomic number than tungsten, offered a comparable radiation reduction
percentage when its thickness was increased [ 28], [64]

In specific terms, the increase in radiation reduction percentage emphasized that
photon rays were absorbed by the atoms of the materials in a phenomenon known as
the photoel ectric effect. The thickness of the materials a'so played a crucial role, asan
increase in thickness correlated with an elevation in the percentage of radiation
reduction. This could likely be attributed to the prolonged photon interactions within
the material, resulting in increased absorption and attenuation. Thus, the highest
radiation reduction percentage can be achieved by increasing the thickness of the
composites [28], [64].

In another study, [64] stated that the LAC was decreased from 10.7 to
4.7 cm*, while the MAC was decreased from 1.17 to 0.89 cm? g'* when the thickness



of the composite was increased from 0.5 to 2.0 cm. This decreasing pattern could be
attributed to the complexity of the interaction between photon rays and the materials.
The reduction in LAC and MAC values with increasing thickness illustrated multiple
interactions including Compton scattering, where the photon rays were not entirely
diminished but scattered in different directions. The effectiveness of the materials
became significant as the photon rays traversed through the rising thickness.
Remarkably, the materials served as a barrier that blocked the photon rays, even though
there was areduction in both LAC and MAC [28], [64].

2.6.3 Effect of Metal Weight Percentage on Radiation Attenuation

According to [66], an increase in the percentage of metal in the composite can be
associated with enhanced radiation attenuation properties. They reported that HVL
values for composites with 70% and 80% of tungsten/epoxy were 2.53 and
3.37 cm, respectively. A low HVL value would indicate an increased effectiveness of
the material in reducing radiation intensity by half. Additiona research findings have
consistently indicated a positive correlation between radiation shielding effectiveness
and the weight percentage of metals, asshown in Figure 2.4 [54], [63], [68].

Furthermore, when comparing different metal concentrations, the study reveals that
composites with 50% metal content exhibit significantly higher LAC values than those
with only 20% metal content. This suggests that increasing the filler concentration
enhances attenuation efficiency due to the higher availability of interacting atomswithin
the material. However, even at lower concentrations, the tin-filled composite
demonstrates considerabl e attenuation capabilities, particularly at intermediate and high
photon energies, making it a promising alternative for lead-free radiation shielding
applications. These findings highlight the influence of meta composition and
concentration on photon attenuation performance, reinforcing the need for material
optimization in radiation shielding applications [9].
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Other studies have aso highlighted a rising trend in LAC and MAC values, and
reductions in HVL values when the weight percentage of metals was increased [64].
The distribution of meta particles on the polymer surface expanded, thus enhancing the
surface area. This expansion raised the likelihood of photon interaction with the
material's surface, which emphasized the importance of structural characteristics in
optimising the overall performance of the composites. Nevertheless, increased weight
percentage did not necessarily mean that the materials were flexible enough to be

applied for attenuating photon rays.
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2.6.4 Effect of Energy Level of Gamma Ray on Radiation Attenuation

The energy levelsthat are used to examine the shielding effectiveness of the reported
composites vary between low to high energy gammaray. Radiation shielding efficiency
was recorded by previous studies using several parameters, such as the LAC, MAC,
HVL, and radiation reduction percentage. Based on the study from [53] using the
composites made of 60% of iron fillings with polyester resin, the LAC reported
decreased from 2.129 to 0.142 cm™ when the energy level was increased from 0.06 to
1.33 MeV [61]. These findings were consistent with other study using 50% of tin oxide
mixed with silicone rubber (Table 2.4) which portrayed a similar pattern of the MAC
decreasing from 2.588 to 0.054 cm? g* when the energy level wasincreased from 60 to
1408 keV [9].

Specifically, the LAC of lead- and tin-filled composites follows a comparable trend,
where attenuation is more pronounced at |lower energies and decreases as photon energy
increases[9]. The graph in Figure 2.4 illustrates that at low photon energies, lead-filled
composites exhibit superior attenuation compared to tin-filled composites, which aligns
with the fact that lead has a higher atomic number and density, enhancing its ability to
absorb photons through the photoelectric effect. However, as photon energy increases,
the difference in attenuation between lead and tin narrows, with both materials showing
similar LAC valuesat higher energy levels. This pattern indicates a shift in the dominant
interaction mechanism from photoelectric absorption to Compton scattering, where
atomic number plays alesser role in determining shielding efficiency.

It was concluded that the energy level of the materials has influenced these
parameters. When the energy level was increased, the values of LAC, MAC, and
radiation reduction percentage were decreased, which could be due to interactions
resulting in pair production, where photon rays were not absorbed completely. The
preferred interaction between photon rays and atoms of the composite materials at lower
energy levels was photoelectric effects. In this interaction, the entire energy of the
photon is absorbed by the inner shell of the atom, resulting in increased LAC values.
Noticeably, a combination of interactions may also occur throughout the process [64],
[65].
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2.6.5 Effect of Multiple Metals Fabricated into a Polymer Matrix

According to the research conducted by [28] and [48] the incorporation of more than
one (1) meta into a polymer could enhancethe ability of compositesto attenuate photon
rays. Both studies reported that metals with higher Z were able to increase the density
and ability of composites to diminish photon rays. The MAC for 20% of Ba2P207 and
BaZrO3 was recorded as 0.990 and 1.1033 cm? g™* at an energy level of 59.5 keV,
respectively. Additionally, at the same energy level, the RPE was reported as 80.20%
and 83.52%, respectively, indicating the successful fabrication of metals and polymers
[28],[48].

Previous study has also revealed the RPE for the composition of WC/Bi203/epoxy
resin at 96.93% compared to the RPE for WC/BaSO4/epoxy resin at 96.09% [28].
Although the composites in the study by [48] were thicker (1.0 cm), their RPE values
appeared to be lower compared to the study by [28] which employed athinner (0.7 cm).
These findings described the correlation between the Z and radiation attenuation, which
indicated that an increase in thickness did not necessarily produce composites with

better attenuation properties and other factors must be considered as well [28], [48].

The study introduced 25% of ZrO2/B203 to epoxy, resulting in 0.109 cm™ of LAC
at 0.060 MeV with a density of 1.402 g cm™[63]. Although zirconium was a common
element in the studies by [63] and [48], the additional metals and their compositions,
have affected the ability of these materials to protect against radiation. [48] reported
that the density of 20% of metal compositions has resulted in a composite with adensity
of 1.377 gcm™ and despite the low density, itsradiation-blocking efficiency was higher.
These findings confirmed the importance of using metals with a high Z for effective
radiation shielding applications.

On the contrary, findings from the study by [71] showed that the incorporation of
two metals did not necessarily result in better shielding efficiency. In this study, a
mixture of polyester and boron yielded 1.3226 cm?® g, while polyester integrated with
molybdenum resulted in 1.6391 cm? g*. These outcomes may be attributed to the Z of
the metals, as boron (Z = 5) has a significantly lower Z compared to molybdenum
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(Z = 42). Hence, the integration of multiple metal fillers may enhance shielding
efficiency, especialy if the metals used have higher Z [71].

2.7 Lead Asa Shielding Material

Conventional radiation protection PPE such as lead aprons, thyroid collars, gonad
shields, protective gloves, leaded eyewear and shielding wall concrete for the treatment
room iswidely used to minimize exposure toionizing radiation in medical and industrial
environments. These protective garments are constructed using lead or |ead-equivalent
materials, typically ranging from 0.25 mm to 0.5 mm [39], [40], [72]. The shielding
efficiency of thisPPE is closely tied to the energy of incoming photons. At lower photon
energies (30 to 70 keV), most PPE items can attenuate up to 97 to 99% of scattered X-
ray radiation [24], [72]. However, at higher photon energies (100 to 150 keV), the
attenuation efficiency decreases, often ranging between 50 to 70%, depending on the
material thickness and quality [24],[72].

Lead apronswith a0.5 mm equivalence are commonly used during fluoroscopic and
diagnostic imaging procedures, offering high attenuation against scattered X-rays
generated from machines operating at 70 to 100 kV p, corresponding to photon energies
typically in the 30 to 60 keV range [24]. Thyroid collars, which protect the highly
radiosensitive thyroid gland, can reduce radiation doses to the neck by up to 8.5 times
when properly fitted [42]. Gonad shields serve a vital role in protecting reproductive
organs from direct and scattered radiation, particularly in pediatric and reproductive-
age patients [60].

In addition to full-body and neck protection, PPE also extends to the eyes and hands.
Leaded eyewear with 0.75 mm equivalence can reduce eye lensdose by 1.6 to 4.5 times,
an essential protection against radiation-induced cataracts, especially in high-exposure
roles such as interventiona radiology [34]. Lead gloves, though offering somewhat
reduced dexterity, are effective in minimizing hand exposure and have been shown to
attenuate up to 80% of radiation under specific clinical conditions [73].
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Lead is commonly used as a shielding material against photon rays. Lead is known
for its toxicity, is heavyweight, and is prone to fracture easily. The toxicity of lead
causes environmental pollution and affects human health [9], [70]. To address the
ergonomic limitations of lead, newer PPE products incorporate lead-free shielding
materials such as bismuth, tungsten, antimony, and tin. These alternatives offer similar
protection at low photon energies while significantly reducing weight and toxicity
concerns. However, their attenuation performance may decline more rapidly at higher
energies compared to standard lead-based PPE.

For instance, exposure to lead may affect humans through a peripheral and central
nervous system or haemoglobin synthesis. Multiple health issues were addressed by
research when exposed to the lead including neuromuscular disorder, hearing problems,
encephalopathy, delayed growth, permanent brain death, anaemia, abnormal
spermatogenesis, damaged body tissues, and more. Considering the disadvantages of
lead as a shielding material, alternative metals that are comparable to lead in terms of
shielding ability should be investigated [33].

2.8  The Potential of Tin-PDM S Composite As L ead-Free Absor ber

Researchers are looking for alternative materials as a result of increasing concerns
about the health and environmental issues linked with lead-based radiation shielding
[38]. With an optimal combination of radiation attenuation effectiveness, lightweight
characteristics, and fabrication flexibility, metal-polymeric composites have become a
practical alternative. These composites reduce the toxicity and handling challenges of
traditional lead-based materials while improving shielding efficacy by combining
metallic fillers with polymer matrices [6], [7].

Many metal-polymer combinations have been studied, with a focus on composites
that have high photon attenuation capabilities with excellent mechanical integrity. This
section explores specificaly tin and polymer composites as shielding materials and
evaluates their viability as viable and efficient substitutes for radiation protection

applications.
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28.1 Past Research Findings on Tin Asthe Filler for Composites

Past studies revealed the promising potential of these composites in shielding against
photon rays. In a study by [28] a composite comprising 90% tin powder embedded in
epoxy resin achieved remarkable RPE of 97.00% and 46.91% at 140 keV and 664 keV,
respectively, with athickness of 14 cm. Similarly, [9], [74] showcased the efficiency
of a composite incorporating 50% tin oxide into silicon rubber for attenuating photon
rays. The MAC results across various energy levels indicated notable improvements,
with values ranging from 3.187 to 0.060 cm® g at a thickness of 0.05 cm, compared to
20% tin oxide with values of 1428 to 0.058 cm® g-'[9], [74]. These findings highlight
the positive correlation between increased metal weight compositions and enhanced
attenuation capabilities.

A research was performed by fabricating polypropylene with tin microparticles with
specific compositions. The findings revealed the LAC values a 30% and 50% tin
content were 8.35 and 10.67 cm™ respectively which concluded the higher shielding
efficiency for higher metal content [75]. The findings were aso confirmed by the
calculation of the required thickness needed to shield 99% of the X-ray which was
calculated as 0.55 cm and 0.43 cm across 30 keV for 30% and 50% tin filler respectively
[75]. As the metal filler increased, thinner composites might be able to attenuate the
photon rays. However, the mechanica results using the breaking elongation test for
30% tin content appeared to be higher (27.95%) compared to 50% tin content (22.89%)
[75]. The results concluded that, asthe metal fillers increased, the flexibility decreased.

In addition, the studies aso concluded that 30% meta content is an optimal meta
weight percentage, as exceeding 30% metal content may lead to a reduction in
mechanical properties flexibility. These findings signified the practica potential of
metal-polymer composites in photon ray protection. Nevertheless, the detailed
exploration of mechanical and chemical properties using tin remains inconclusive.
Thus, to ensure a balanced integration that optimizes both attenuation capability and
mechanical integrity, further study needs to be conducted before the implementation of
the materials as shielding materials.
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2.8.2 Safe and Effective Radiation Shielding Using Tin As Potential Wear ables

Tin is recognized for its relatively low toxicity compared to other heavy metals,
making it an excellent candidate or potential materia in radiation shielding. The study
by [76] has demonstrated tin's crucia role in various binary aloys used for radiation
shielding, such as Pb-Sn50 and Sn-Zn50. The Sn-Bi50 aloy was highly effective for
gammaray shielding, while the Pb-Zn50 aloy excelled in neutron shielding,
highlighting tin's role in enhancing the structural, mechanical, and nuclear shielding
properties of these aloys.

In another study, a superior X-ray radiation shielding platform was developed using
polyaniline reinforced with graphene oxide, decorated with a tungsten-bismuth-tin
complex. Tin (1) chloride (SnCb) wasinstrumental in this process, decorating graphene
oxide flakes alongside tungstic acid (H2WO4) and bismuth sulfite (Bi2(S03)3) to form a
highly efficient interconnected absorber for X-ray radiation attenuation. This
innovative, lead-free shielding system suggested the potential materia replacing lead in
the healthcare system and demonstrated enhanced X-ray protection in the 30-60 kVp
range. The inclusion of tin in the shield's composition significantly improved its
attenuation efficiency, making it a promising candidate for lightweight, non-toxic X-
ray shielding applications. The integration of Tin within the design underscores its
importance in boosting the performance and safety of radiation shielding systems [77].

These studies indirectly underscore the importance of tin in developing effective,
safe, and environmentally friendly radiation shielding materials. Its application in
wearable photon ray shielding through tin added into PDMS composites offers aunique
combination in terms of flexibility, durability, and safety.

2.8.3 Polysiloxane Asthe Matrix for Composites

Polysiloxane or silicone is generally known for its stable and versatile nature as a
polymer, which maintains its structura integrity even when subjected to elevated
temperatures ranging from -55 to 300 °C, revealing itsthermal stability properties [16],
[17]. Due to these characteristics, coupled with its easy and cost-effective
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manufacturing, silicone rubber finds applications in diverse fields, including its use in
radioprotective measures during radiological diagnosis. Significantly, the versatility of
silicone is notable, as it can be easly moulded into different shapes and forms [16],
[17]. This characteristic facilitates the creation of the potential of flexible gamma-ray
shields, enabling the material to be formed into various surfaces and structures [15],
[17]. This characteristic enhances its effectiveness in delivering flexible radiation
shielding.

Silicon polymers have diverse compositions, including polydimethylsilicone,
polymethylhydrosiloxane, perhydropolysiloxane, PDMS, and more. Previous research
investigated the efficiency in shielding application for various silicon polymers [14].
The authors mentioned that each silicon polymer exhibited distinct effectiveness in
shielding against photon rays. For instance, perhydropolysiloxane (PHPS) was reported
as the highest MAC compared to other silicon polymers which explained the superior
ability of PHPS in shielding against photon rays (Table 2.5). Furthermore, another study
conducted by [78] concluded the superior mechanical properties of PHPS (D1033), with
reported hardness and elastic modulus values of 0.09 and 0.4 GPa, respectively. These
high values suggest the excellent durability of the material as its needs to be applied a
certain high force to induce deformation or stretching [14].

Additionaly, PDMS gained attention in several studies due to its notable
characteristics such as less toxic, lightweight, resistant to biodegradation, flexibility,
chemical stability, and excellent mechanical properties. A lower MAC value was
reported for PDMS compared to PHPS but higher compared to other polymers like
High-density polyethylene (HDPE). Young's modulus for PDMS was recorded at
approximately 2 MPa which is considered lower than PHPS. Although low Y oung's
modulus value reflected easy deformation as the material was applied to stress, it aso
suggested the flexibility and elasticity of the polymer in comparison to PHPS [61], [74],
[79].
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Table 2.5
Comparison Between PHPS and PDMS Properties.

Properties Polymer References
PHPS PDMS

composition

Melting point (°C) - -49.9 to-40 [17]

Young Modulus D2850: 10.76 GPa 360-870 kPa [17]
D2250: 359 GPa

Hardness D2850: 2.05 GPa 41-43 [shore A] [17]
D2250: 0.64 GPa

Tensile strength 2.24-6.7 [17]

(Mpa)

MAC (cm® g 0.919-0.055 0.661-0.054 [14]

Curing agent Amine catalyst Crosslinking: Dimethyl [15], [16],

(Diethylethanolamine) methylhydrogen siloxane [81], [82]

Inhibitor; tetramethyl tetravinyl
cyclotetrasiloxane
Sylgard 184 from Dow Corning
tetrabutylammonium chloride (trimethyl)pentamethylcyclopen
(TBAC) tadienylplatinum(lV)

Moreover, the compatibility of silicone with meta filler represented a significant
advantage in enhancing gamma-ray shielding and mechanical properties. The research
by [13] explored the incorporation of radiation-absorbing materials such as tungsten
and nano titanium oxide (TiCh) fabricated into silicone matrix and reported silicone's
ability to integrate with variousfillers. The study also illustrated the surface morphol ogy
of the composites, and the uniform distribution of meta fillers within the silicone
matrix, which demanded effective shielding properties and increased mechanical
properties [13]. Thus, silicon polymers can be used in various applications considering
the uniqueness and characteristics of each silicon polymer.

284 Past Research Findings on Structural Properties of PDMS-Based
Composites

Successful fabrication can be observed using a scanning electron microscope (SEM),
FESEM and other similar instrumentation. A smooth distribution of the metal within
the polymer matrix would indicate an effective adhesion and integration between the
metal and the polymer. The researcher found that smaller particles were distributed
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better within a polymer compared to larger particles. However, an increase in the
percentage of small meta particles would lead to agglomeration [38]. The presence of
agglomeration suggests a potential decrease in the efficiency of a materia in reducing
radiation. Thus, agglomeration needs to be minimized to optimize the effectiveness of
the test materials in attenuating photon rays [19], [83], [84].

According to the reviewed papers, the techniques used to produce these composites
involved mixing or blending the metals and polymers for a specific time and
temperature. These steps would be followed by compression or casting techniques to
shape the composites into sheets, blocks, or bricks. To assessthe structural integrity and
distribution of metals within the polymer matrixes post-fabrication, SEM was used. The
distribution and adhesion of metals within the polymer matrixes can be evauated.
Remarkably, a metal filler with a higher Z appears brighter within the polymer matrix,
as shown in Figure 2.5a. Meanwhile, the reduction in porosity and distribution of the
metal oxide particles throughout the polymer matrix, suggest effective embedding and
minimal agglomeration (see Figure 2.5b). The strong materia integrity implied an
increase in the interaction between photon rays and the composite particles, which
consequently increased its blocking efficiency [9], [69], [85].

A critical aspect that was investigated in this literature review was related to the
comparative analysis between nano and microparticles within a polymer matrix.
Nanoparticles often exhibit homogeneous disperson and effective embedding in a
polymer matrix, thus enhancing their integration. In contrast, microparticles have
displayed a less favorable structure, characterized by insufficient coverage and
detachment of the metals from the matrix, which indicated weaker integration [9], [67],
[69]. Additionally, the LAC values for the nanoparticles revealed superior effectiveness
in shielding against photon rays. The LAC values for 50% of micro-tin oxide and 50%
of nano-tin oxide are 2.588 and 3.187 cm, respectively, across 59.51 keV energy
level [67]. Therefore, the utilization of metal nanoparticles was preferred to maximize
the effectiveness against radiation [9], [67], [69] .
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Figure 2.5 SEM Images of &) 50% of Micro-Tin Oxide/Silicon Rubber and b) 50% of
Nano-Tin Oxide/Silicon Rubber [11]

50% micro-sized PbO/PDMS composite's structural properties are displayed in the
SEM image Figure 2.6a. The micro PbO particles are dispersed throughout the PDMS
matrix and are observably big and irregular in shape. Their distribution, however, is
uneven, with observable agglomeration in different areas. Inhomogeneous material
qualities may result from this uneven distribution. These big particles pop out, giving
the composite a rather rough surface that could compromise its mechanical integrity
[70]. Furthermore, the particle-matrix interface is less integrated, which could indicate
a decrease in strength that could lead to defects or stress concentrations when subjected

to mechanical stress.

On the other hand, the 50% nano-sized PbO/PDMS composite is shown in the SEM
picture in Figure 2.6b. In this case, the PDMS matrix contains much smaller and more
evenly distributed nano PbO particles. Better homogeneity and fewer surface flaws are
indicated by the significantly smoother surface morphology that results from this more
compressed distribution [70]. Better interaction and bonding with the PDM S matrix are
made possible by the nanoparticles larger surface area, which may improve their
mechanical strength and radiation shielding capabilities.

In summary, the structure of the nano PbO/PDMS composite is better than that of

the micro P0O/PDMS version. Better dispersion, a smoother, more consistent surface,
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and a stronger interfacial bond with the polymer matrix are al provided by the
nanoscale filler. These characteristics imply that, in terms of both structura integrity
and functional qualities, nano PbO-filled composites may perform better than their
micro-filled counterparts.

Figure 2.6 SEM Images of (a) 50% Micrci%)O/PDMS and (b) 50% Nano PbO/PDM S

Utilizing XRD analysis, which offers information on crystallinity, amorphous
nature, and sample homogeneity, the internal arrangement and structura characteristics
of materials were examined. Significant findings were obtained from the XRD study of
recycled polyvinyl chloride (r-PVC), bismuth oxide nanoparticles, and a combination
of r-PVC and bismuth oxide nanocomposites ranging the scattering angle range of 10°
to 80° (Figure 2.7). A wide peak at about 24° was visible in the r-PVC XRD pattern,
with smaller, less noticeable peaks at 29.22°, 38.21°, 49.87°, and 56.61°. In line with
earlier research, these characteristics show that the r-PV C polymer matrix is amorphous.
The polymer backbone's additives and impurities are responsible for the presence of a
noticeable peak at 32.65° and weaker peaks above 40°. The amorphous structure is
confirmed by these observations [69].

Bismuth oxide nanoparticles XRD pattern showed clear, strong peaks at 27.94°,
33.70°, and 35.86°, which are indicative of the a-phase bismuth oxide and monaoclinic
structure. Pure a-phase bismuth oxide production is confirmed by these values, which
are following Joint Committee on Powder Diffraction Standards (JCPDS) No. 76-1730
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[69]. Both r-PVC and bismuth oxide peaks were present in the XRD patterns for the
nanocomposites containing 5% and 35% bismuth oxide nanoparticles at the predicted
locations. This demonstrates that the nanofiller was successfully incorporated into the
polymer matrix. Additionally, the intensity of the peaks varied with the weight fraction
of bismuth oxide, demonstrating a link between filler content and the composite's
structural features. The XRD patterns showed that the materials maintained their
amorphous nature even after bismuth oxide was added in amounts up to 35%. This
persistence of amorphous properties points to the nanofiller's efficient combination and
uniform dispersion within the polymer matrix [69].

In summary. The study by [69] reported that the diffraction peaks of the composites
closely resembled the peaks of individual r-PVC and Bi203. The presence of well-
defined and sharp peaks highlighted the representative of each integrated component.
Conversely, the absence of sharp peaks or the emergence of new peaks suggested
potential chemical interactions or effective dispersion of the metal fillersin the polymer
matrix. Another study further reported a significant result of the incorporation of PbO
and HDPE, whereby the peaks, that represented HDPE, were evident in the XRD
patterns for both samples with 10% and 50% of PbO [61]. Previous researchers have
used XRD to evaluate the integration of the composites, thus offering cruciad
information on their structural details[61], [69].
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(a) r-PVC

(b) BizOx NPs

(c) 5.0 wt% Bi:Os NPs

Intenisty (a.u.)

(d) 35.0 wt% Bi:203s NPs

Scattering angle 20 (°)

Figure 2.7 XRD Pattern of (a) r-PVC, (b) Bismuth Oxide Nancfillers, (C)R-PVC
Mixed with 5% Bismuth Oxide Nanoparticles and (d) R-PVC Mixed with 35%
Bismuth Nanoparticles [69]

285 Past Research Findings on Chemical Properties of the PDM S-Based
Composites

The studies regarding FTIR anaysis were conducted to identify the molecular
bonding within the composites by taking the frequency range of 400 to 4000 cm™ at
room temperature. The characteristic bending and rocking peaks can be determined
based on the FTIR spectrain Figure 2.8.
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Figure 2.8 FTIR Spectrum of Silicon, Silicon Mixed with Bismuth Oxide and Bismuth
Oxide Powder [86]

Significant data regarding the structure and interactions of polydimethylsiloxane,
bismuth oxide powder, and the polydimethylsiloxane-bismuth oxide composite with
40% bismuth oxide content may be observed in the FTIR spectra. The outcomes
demonstrate that bismuth oxide particles were successfully incorporated into the
silicon-based matrix while preserving the polydimethylsiloxane's structura integrity
[86]. The peak detected at about 1411 cm"* is ascribed to the bending vibrations of
water molecules that are absorbed from the natural surroundings. This characteristic is
consistent across adl samples, suggesting that ambient humidity affects both the bismuth
oxide-containing composite and pure polydimethylsiloxane. This result demonstrates
the effect of ambient moisture on the materials and is consistent with earlier findings.

The dtructural components of pure polydimethylsiloxane are confirmed by
distinctive peaks in its spectrum. The slicon-methyl (Si-CFb) group's bending
vibrations are represented by the pesk at about 1262 cm"*, while its rocking vibrations
are represented by the pesk at about 780 cm"®. Furthermore, the silicon-oxygen-silicon
(Si-O-Si) stretching bond, a crucial component of the siloxane backbone, is shown by
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the peak at 1006 cm"!. These pesks are sill visible in the bismuth oxide-containing
composite, indicating that the addition of bismuth oxide particles does not ater the
polydimethylsiloxane matrix's basic structure [86].

Pure polydimethylsiloxane lacks a distinctive pesk at around 410 cm"*, which is
found in both the bismuth oxide powder and the polydimethylsiloxane-bismuth oxide
composite. The metal-oxygen bond, a property of bismuth oxide, is represented by this
peak. This peak's existence in the composite revealed the successful integration of
bismuth oxide into the silicon matrix. This integration is essential for improving the
material's performance, especially in applications that cdl for better qualities like
mechanical reinforcement or radiation shielding [69], [86].

To sum up, the FTIR study shows that bismuth oxide was successfully incorporated
into the polydimethylsiloxane matrix. The successful blending of the two (2) materials
is demonstrated by the retention of important structural characteristics of
polydimethylsiloxane as well as distinctive spectrum contributions from bismuth oxide
[86]. Therefore, these findings suggest that PDM S can create an excellent matrix for the
integration of metals including tin.

286 Past Research Findings on Radiation Properties of PDMS-Based Metal

Composites

The following Table 2.6 summarizes the radiation shielding properties of four
different metal oxides mixed with PDMS which are lead oxide (PbO), tin oxide (SnCh),
zinc oxide (ZnO), and bismuth (111) oxide (E*Cb), as analyzed in various studies. These
composites were evaluated based on their radiation attenuation performance in terms of
MAC, LAC, RPE, HVL, TVL, and MFP. Table 2.6 highlights the trends in each
property as the concentration of these materials increases. Understanding the behavior
of these materials in radiation shielding applications is crucia for the development of
effective and safer alternatives to traditional shielding materials like lead.

The study on PbO reinforced PDMS composites demonstrates that the radiation
shielding properties of these materials improve significantly with the increase in PbO
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concentration. Boththe MAC and LAC increase as PbO is added, highlighting enhanced
radiation attenuation. The RPE aso improves with nano-PbO composites, showing
superior performance in shielding gamma radiation compared to micro-sized PbO.
Furthermore, the HVL and TVL values decrease with increasing PbO concentration,
signifying that less material is required to attenuate radiation. The MFP also shortens,
indicating more frequent interactions between gamma photons and the composite.
Nano-PbO exhibits a better performance than its micro-sized counterpart, with higher
shielding capabilities across al metrics [70].

Table 2.6
Summarization Radiation Attenuation Properties of PDMS-Based Composites as the
Meta Content Increase

()

o o PH S
ft < 3
o)
e Pi
S
PbO/ S| gnificant S| gnificant S| gnificant Decrease Decrease Decrease [70]
PDMS increase increase increase
SHo2 Increase Increase Increase Decrease Decrease Decrease
PDMS (91
Zno/
PDMS Increase Increase Increase Decrease Decrease Decrease [83]
B1203/
PDMS Increase Increase Increase Decrease Decrease Decrease [32]
Moderate Moderate Moderate Thicker Thicker Thicker

efficiency efficiency efficiency layers for layers for layers for
PDMS N N DA

compared compared compared significant dgnificant  significant

toPHPS toPHPS toPHPS shielding shielding shielding

[14]

Sn02 reinforced PDMS composites follow a similar trend. As the concentration of
nano-Sn02 increases, the MAC and LAC improve, indicating a better ability to
attenuate gamma radiation. The RPE for nano-Sn02 composites is superior, particularly
when compared to micro-Sn02 composites. Like PbO composites, the HVL and TVL
decrease as Sn02 content rises, showcasing the materia's effectiveness at lower
thicknesses. The MFP aso decreases with the increasing concentration of Sn02 metals,
further reinforcing the composites with higher composition of nanoparticle leads to
better radiation protection. Although Sn02 composites perform well, especially with
nanoparticles, they do not surpass PbO composites in terms of overal shielding
performance [9].
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For ZnO reinforced PDMS composites, the MAC and LAC increase with ZnO
content, and nano-ZnO outperforms micro-ZnO composites in terms of radiation
attenuation. RPE values are higher for nano-ZnO composites, showing improved
protection efficiency. Notably, ZnO composites exhibit the most rapid decrease in HVL
and TVL, suggesting that ZnO nanoparticles provide an exceptionally fast and efficient
reduction in radiation intensity. The MFP for nano-ZnO composites also shortens as the
concentration increases, which is consistent with the trend observed in other
nanoparticle-reinforced composites [31]. Despite this, ZnO composites are more
efficient in terms of shielding at lower material concentrations compared to PbO or
Sn02 composites.

Finally, the study on Bi203 reinforced PDMS composites reveas the highest
performance across dl radiation shielding metrics. The MAC, LAC, and RPE dl show
significant improvements with increasing Bi203 content, with nano-Bi203 showing
superior radiation attenuation properties compared to its micro-sized counterpart. HVL
and TVL values decrease rapidly, indicating that Bi203 composites are particularly
efficient at lower thicknesses. The MFP also decreases with increasing Bi203 content,
reflecting the material's effectiveness in photon interactions [32]. Bi203 composites are
the most effective at providing radiation shielding, outperforming PbO, Sn02, and ZnO

composites in most cases.

All four (4) composites including PbO, Sn02, ZnO, and Bi203 show promising
results for radiation shielding, Bi203 reinforced PDM S composites stand out as the best
overall performers, offering superior shielding properties across dl key metrics. ZnO
composites are the most efficient in terms of rapid attenuation and lower materia usage.
PbO and Sn02 composites also offer excellent performance, with nano-sized particles
consistently outperforming micro-sized ones. However, Bi203 composites provide the
most balanced solution in terms of both shielding effectiveness and material cost,
making them ideal for radiation protection applications.

In conclusion, PDMS performs effectively as a matrix material for composites
that provide radiation shielding. Its adaptability and versatility to include different metal
fillers greatly increase the material's radiation attenuating efficiency. The benefits of
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PDM S-based composites in maximizing radiation protection properties are highlighted
by the comparative study of various composites reinforced with fillers like PbO, SnO2,
ZnO, and Bi203 [9], [31], [32], [70]. The important parameters, such as MAC, LAC,
HVL, TVL, and MFP, show that PDM S composites can be customized to provide better
shielding for particular radiation types and intensities. PDM S is a promising material in
the development of advanced, efficient, and adaptable radiation shielding solutions.



CHAPTER 3
RESEARCH METHODOLOGY

31 I ntroduction

The methodology is categorized into four (4) stages. The first stage isthe preparation
of tinfPDMS composites by adding tin filler (density = 7.31 g cm™) into the PDMS
elastomer liquid containing dimethyl sloxane; dimethylvinylsiloxy-terminated,
dimethylvinylated and trimethylated silica, ethylbenzene with curing agent containing
siloxanes and silicones di-Me, Me hydrogen, dimethylsiloxane dimethylMnylsioxy-
terminated, dimethylvinylated and trimethylated slica (Figure 3.1). The next stage is
the morphological and structura characterization where the composites structure has
been analyzed for mineral composition and chemical bonding of the materials. After
that, the third stage is radiation characterization where the composite is assessed for
radiation shielding abilities. The last step is data processing and analysis where dl the
data has been calculated and analyzed to obtain parameters that can be used for
comparison and understanding. The summarization of the laboratory work is described
in the workflow (Figure 3.2).

LGARD™ 184 Silicone Ela:

Figure 3.1a) Poly dimethylsiloxane Kit, b) Pure Tin Powder, c) Copper Tin Alloy, d)
Mixture of Metal and Polymer and e) Heating Process in Oven a 100 °C

32  Stagel: Preparation of Tin and PDMS Composite Samples
In this stage, two (2) kinds of composites have been prepared using mixing methods,

the control and the polymer-metal composite sheets. The mixture was poured into the
mold and undergo a solidification process.
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Figure 3.2 Flowchart of Research Methodol ogy



3.2.1 Raw Materials

Tin metal powder, copper tin aloy powder, and PDMS polymer were the raw
materials used in this investigation. Progressive Scientific Sdn. Bhd. provided the tin
powder, while Sigma Aldrich provided the copper tin alloy. HardwareM|SE Sdn. Bhd.
provided PDM S, a viscous liquid polymer (3500 cP, 1.103 g cm™). To create radiation
shielding composites, all powders were utilized as fillers. High-purity (99.99%) solid
lead and tin plates were used as reference shielding materials for the comparative study.
Lead had a density of 11.34 g cm™and a melting point of 327.5 °C, whereas tin had a
melting point of 231.9 °C and adensity of 7.31 g cm™®. Both plates were acquired from
Shandong Zhongging Metal Materials Group Co., Ltd (Table 3.1).

Table 3.1
Material Properties of Metal and Polymer Used in This Study
Properties Tin metal Copper PDMSpolymer Lead plate  Tin plate
tin alloy
Symbol S CugsSns C,HsOS Pb S
Form Powder Powder Liquid Solid Solid
Particle size 8 um 74 um - - -
(APS)
Manufacturer/ Progressive Sigma  HardwareMISE  Shandong Shandong
Supplier Scientific Sdn.  Aldrich Sdn. Bhd. Zhongging  Zhongging
Bhd. Metal Metal
Materias Materias
Group Group
Co.,Ltd Co.,Ltd
Density (g cm’®) 7.31 88 1103 11.34 731
Liquid viscosity - - 3500 cP - -
Purity (%) 99.8 - - 99.99 99.99
Melting point 2319 °C - - 3275 °C 2319 °C

3.2.2 Control Preparation

The standard commercial lead plate, tin plate, and 100% fabricated PDMS
composites were used as the control sample. To prepare the 100% fabricated-PDM S
composite, the PDMS elastomer and curing agent were mixed at 10 parts of PDMS
elastomer (density = 1.11 g cm™®) with 1 part of curing agent (density = 1.03 g cm™).
Thisfabricated PDMS control sample was fabricated at 0.5 cm thickness and was cured
for 35 minutes at 100 °C to form a solidified composite. The commercial lead plate and
tin plate were purchased from Shandong Zhongging Metal Materials Group Co., Ltd at

a specific thickness of 0.5 cm.
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3.2.3 Mixing Process of Sample

A 5.0 mm thick tin-PDM S-based composite sheet was fabricated by composing tin
powder and PDMS liquid polymer at different composition ratios. The composite was
prepared by adding tin powder as filler at 10%, 20%, 30%, 40%, 50%, and 60% into
the polymer matrix. The PDM S polymer functions as a binder to the tin powder. Table
3.2 shows the composition ratio of the composite and itslabel.

In the composite preparation, the tin powder has been weighed in the ceramic bowl
according to the calculation based on the equation 2.9 in section 2.6. The PDMS liquid
and curing agent were added to the tin powder ceramic bowl. Both ingredients were
manually stirred for 60 seconds to ensure the powder could be dispersed evenly
throughout the polymer matrix (Figure 3.3). The mixture was poured into the mould
with the dimensionsof 2 cm x 2 cm x 0.5 cm. The preparation and initial curing process
occurred at room temperature. The initial curing process was done in a glass-vacuum
desiccator to degas the air before being cured in adry oven at 100 °C for 35 minutes.
After that, the sample was left at room temperature for 30 minutes to cool down before
being taken out from the mould and put into the closed container.

Wooden stirrer

J— Ceramic bowl

Figure 3.3 Illustration of Mixing Process of Tin/PDMS Composite

Tin/PDMS mixture

3.2.4 Curing Process

In the field of polymers and composites, curing involves the chemical reaction that
transforms liquid or semi-liquid polymer into solid, hardened materials. This processis
often initiated by heat, catalysts, or additives, leading to the formation of a stable and
durable structure. In this experiment, the curing agent was used to expedite the
solidification process. The sample underwent an initial curing process a room

S7



temperature in avacuum desiccator to degas the air for about 30 minutes and proceeded
to curing at 100 °C for 35 minutes to enhance the composites structure and minimize
the curing time. Then, the composite was taken out from the mold and put into closed
containers before characterization (Table 3.2).

Table 3.2
Labd and Ratio for Each Composite in This Study
Sample label Ratio (Metal :Polymer)
Contral

C(100%PDMS) 0:10

CT (99.99% tin) 10:0

CL (99.99% lead) 10:0

Pure tinfPDMS
PT1 19
PT2 2:8
PT3 37
PT4 4:6
PT5 55
PT6 6:4

Copper tin alloy/PDMS
TAl 19
TA2 2:8
TA3 37
TA4 4:6
TA5 55
TAG 6:4
Pure tin/copper tin dloy/PDMS

PA1 19
PA2 2:8
PA3 3.7
PA4 4:6
PAS 55
PAG 6:4

3.25 Density Measurement

The dengity of the fabricated composites was determined using both theoretical
and experimental approaches. The theoretical density was calculated using the rule of
mixtures by considering the known densities and weight fractions of each constituent
material based on the equation 2.9 in section 2.6. The experimental density was
determined by measuring the mass of each fabricated sample using an analytical
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balance, while the volume was obtained from the measured geometrical dimensions of
the samples. The experimental density was then calculated using the same equation as
theoretical density.

33 Stage I1: Morphological and Structural Characterization

Stage Il includes the morphological and structural characterization, which was
conducted to study the surface morphology and mineral composition of the tinfPDMS
hybrid polymer structures. Physical properties like mass, volume, and density were
determined in the physical-mechanical laboratory at UiTM Cawangan Pulau Pinang.
Morphological studies of the samples cross-sectional using FESEM, and elemental
anaysis using EDX. The FESEM/EDX anaysis was conducted using facilities at
Usains Biomics Laboratory Testing Services Sdn Bhd, Universiti Sains Malaysia. The
composite samples were subjected to XRD analysis at School of Materials and Mineral
Resources Engineering.

3.3.1 Field Emission Scanning Electron Microscopy (FESEM)

FESEM is a crucial tool in analysing the morphological and structural properties of
the composites, offering high-resolution imaging of material surfaces with nanoscale
precision (Figure 3.4). Operating on the principle of scanning a focused electron beam
using a fiddd emission gun across the specimen, FESEM captures signals and is used to
create detailed images showcasing the topography, composition, and elemental
distribution of the sample. By offering 3D imaging capabilities and enabling the study
of nanoscale features, FESEM facilitates a comprehensive understanding of material
properties [9], [70].

The microstructural characterization of the tin-PDMS composites was conducted
using an Extreme High-Resolution Field Emission Scanning Electron Microscope
(XHR-FESEM), Modd FEI Verios 460L. To observe the interna morphology, each
sample (Table 3.3) was carefully cut to expose the cross-sectional region, enabling
detailed analysis of the filler distribution and interfacia interactions within the
composite (Figure 3.5).
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Before imaging, the samples were coated with a thin layer of gold using a sputter
coater. This conductive layer minimizes charging effects and improves image clarity,
which is essential since both PDMS, and tin are non-conductive materials. FESEM
anaysis was performed at five magnifications: 100x, 500x, 1000x, 5000x, and
10,000x%. These magnifications were selected to examine both macro- and micro-level
structural features, including filler dispersion, porosity, and the interface between the
tin particles and the PDM S matrix. Imaging was carried out on three different spots per
sample to ensure representative and reliable observations.

Electron Emission \ /

Cathode \V / Cathode ray
tube (digital
processing
Anodes center)
r-c=H ¢ 1°
Scanning unit A =><=
o > 1 Computer
Electromagnetic Jk Secondary
lenses M |V | eectron
ecimen w ~
Spstage ( A VA~ Electron
detector

Figure 3.4 Illustration of FESEM Process

Figure 3.5 @) Cross-Sectional Surface of the Composites and b) FESEM Monitor
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Table 3.3
Overview of Composites Samples with Varying Metal Filler Concentrations

Composite Control PDMS ~ 10% metal 20% metal 30% metal 40% metal 50% metal 60% metal
Label Control PT1 PT2 PT3 PT4 PT5 PT6
Pure tin/PDM S . —
Label Control TAl
Copper in
aloy/PDMS .
| m—
Label Control PA1
Pure tin/copper
tin alloy/PDMS .
| m——

61



3.3.2 Energy-Dispersive X-ray Spectroscopy (EDX)

EDX isachemical anaysisused to reved the presence of e ementsin the specimens.
The generated graph describes the x-axis (energy of X-ray) and y-axis (concentration)
(Figure 3.6). The peak height indicates the quantification of each element concentration
in the samples meanwhile the position of the peaks helps to identify the elements [28],
[87]. Elemental analysis of the tin-PDMS composite was performed using Energy-
Dispersive X-ray Spectroscopy (EDX) integrated with the FEI Verios 460L XHR-
FESEM system. The cross-sectiona samples, previoudy gold-coated for FESEM
imaging, were used for EDX analysis to identify and confirm the elemental composition
and distribution within the composite.

Data
output
device
Amplifier
Detector
Computer Electron
beam

Aol U,
Display Sample

Figure 3.6 Schematic Diagram of EDX Data Processing

3.3.3 X-Ray Diffraction (XRD)

XRD is atest used to characterize the physical properties of the materias by
assessing the degree of the composite's crystallinity within the metal/polymer structure
(Figure 3.7). In this research, one of the structural analyses was performed using X-ray
diffraction (XRD, Bruker AXS D8) with CuKaradiation X = 1.5406 A). XRD involves
directing X-rays onto a crystalline sample, resulting in the scattering of X-rays by the
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crystal lattice. The diffracted X-rays generate a diffraction pattern, which is then
anayzed to revea information about the arrangement of atoms within the crysta
structure. The test aso provides insights into the complexity of metal and polymer
interaction and integration. For instance, if the peak reveas a different unknown phase,

the foreign atoms are likely to present [69].

Crystaline solid
Spot from like DNA
diffractedl

X-rays X-ray tube

Photographic plate Lead screen

Figure 3.7 Schematic Diagram of XRD

3.34 Fourier Transform Infrared (FTIR)

The chemical interactions and functiona groups discovered in the tin-PDMS
composites were examined using FTIR (Figure 3.8). A PerkinElmer Spectrum 100
series FTIR spectrometer, which operates in the wavenumber range of 4000 to
400 cm', was used to perform the analysis. At room temperature, al measurements
were made. This spectrum range includes any possible shifts or extra peaks resulting
from interactions with tin filler particles, as well as the distinctive vibrations of
important functional groups like Si-O-Si, Si-CFb, and C-H, which are normally
present in polydimethylsiloxane [32], [88].

FTIR analysis is used in this study to find any structural aterations or interactions
between the added tin particles and the PDMS matrix. Peak intensity, position, or new
peak formation changes reveal if physica or chemica interactions are occurring and
how they might impact the structural and functional characteristics of the composite
[48], [86]. This research used the FTIR with brand PerkinElmer, model Spectrum 100



series with a 4000-400 cm™ wavenumber to acquire molecular vibration data on

samples at room temperature.
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Figure 3.8 Schematic Diagram of FTIR Analysis Process

3.4  Stagelll: Radiation Characterization

In stage 111, the fabricated composite sheets have proceeded to radiation
characterization using gamma rays as illustrated in Figure 3.9. The process was
conducted at the Nuclear Science Laboratory, Faculty of Science and Technology,
Universiti Kebangsaan Malaysia (Figure 3.10). In this stage, the composite sheets are
positioned between the photon source and the detector, allowing for the measurement
and data recording of radiation count activity for 60 seconds that penetrates through the
composite material. The penetrated rays exhibit the balance of the amount of radiation
that has been absorbed and attenuated in the composite. The calibration is performed
before conducting the procedure using Co-60 (1173.2 and 1332.5 keV).



Gamma-ray is produced through different sources of radionuclides such as
Manganese-54 (**Mn), Cesium-137 (**'Cs), Cobalt-60 (*°Co), Cobalt-57 (*'Co) and
Barium-133 (***Ba). Each source emits different energy levels that will be struck to the
sample and measured by gamma spectrometer. Table 3.4 shows al five (5)
radionuclides with six (6) gamma energy were used in this study to assess the radiation

attenuation and shielding performance of the Tin-PDM S composites.

Table 3.4
Gamma Ray Energies Used for Radiation Characterization
Source Photon energy (keV) Half-life
*'Co 1221 271.8 days
133Ba 356 10.51years
137Cs 661 30.17 years
*Mn 834.8 312.2 days
®co 1173.3 5.271years
13325
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Figure 3.9 Illustration of Set Up for Gamma Characterization Using Gamma

Spectroscopy
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Figure 3.10 a) Radionuclide Sources b) The Multichannel Analyzer (MCA) Interface
and c¢) The Experimental Set Up

3.5 StagelV: Data Analysisand Documentation

The relevant equationsfrom section 2.4 were used to calculatethe LAC, MAC, RPE,
HVL, TVL, and MFP of the composite. The results obtained were compared with
established commercial lead (Pb) standards to verify the shielding efficiency of the
composites [13], [14], [89]. The lead equivaent for optimized samples was calculated
using equation 2.9 in section 2.4. This comprehensive scientific methodology ensures a
thorough investigation of the polymer-metal composite sheets, their structural and
radiation properties, and their potential as radiation shielding.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

FESEM-EDX, XRD, FTIR, and gamma-ray spectroscopy were used in this
study to thoroughly characterize the fabricated PDMS-based composite materials.
Important information about the metal fillers surface shape and dispersion behaviour
within the PDMS matrix was revedled by the FESEM investigation. Composites
comprising copper tin alloy displayed spherical copper particles that peel off from the
PDMS matrix, indicating lower integration between meta and polymer. Pure tin
particles showed a more uniform distribution and strong adhesion with the polymer.
Further structural characterization was done using XRD to obtain the crystalline phases
present within the material.

With the distinctive peaks of PDMS preserved and dlight shifts or intensity
variations indicating potential physical interactions between the polymer chains and
filler particles, FTIR study verified the successful integration of metal fillers into the
PDMS matrix. The radiation shielding performance of the composites was assessed
using gammarray spectroscopy, with particular attention focused on important
parameterslike LAC, MAC, RPE, HVL TVL, and MFP. The findingsindicated that the
shielding properties of the composites were improved by adding more meta filler,
especially tin. The potential of tin-PDMS composites as potential lead-free substitutes
for low-energy gamma-ray shielding applications was confirmed by the enhanced
attenuation characteristics of the investigated samples with increased metal contents

4.2  Physical Propertiesfor Each Composite

The physical characteristics of the produced composite samples, including both
theoretical and experimental values, are compiled in this section. With slight changes
in thickness, each composite was created with set dimensions of 2.0 cm x 2.0 cm x 0.5

cm. The experimentally determined thickness, mass, and consequent density are shown
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in Table 4.1 together with the theoretical mass and density subjected to 0.5 cm

thickness.
Table 4.1
Data of Physical Properties for Each Composite ;
_ Mass (g) Density (g cm™)
Samples  Thickness (cm) Theoretical Experimental  Theoretical Experimental
C 0.5 221 2 1.103 1.0250
CL 05 22.68 21.87 11.340 10.940
CT 05 14.62 15.14 7.310 7.570
PT1 0.46 345 315 1724 1607
PT2 0.52 4.68 423 2.344 2.066
PT3 0.52 5.93 5.83 2.965 2915
PT4 0.51 7.17 6.79 3.586 3.395
PT5 0.49 841 8 4.207 4.000
PT6 0.54 9.65 9.35 4.827 4.500
TAl 0.49 375 35 1873 1786
TA2 0.49 5.28 491 2.642 2.455
TA3 0.51 6.82 6.47 3412 3.235
TA4 0.52 8.36 804 4.182 3.941
TA5 0.52 99 9.54 4.952 4.770
TA6 0.53 11.44 11.23 5721 5.505
PA1 0.49 3.69 3.58 1843 1827
PA2 0.47 5.16 494 2.583 2.520
PA3 0.54 6.64 7.3 3.323 3.578
PA4 0.51 8.12 76 4.063 3.800
PA5 0.52 96 9.19 4.803 4.595
PA6 0.56 11.08 1155 5.542 5.553

The data shows theoretical and actual values for thickness, mass, and density for
various composite samples made of PDMS reinforced with different types and amounts
of metal fillers. The control samples (C, CL, and CT) serve as benchmarks. Sample C,
made of pure PDMS, shows alow density due to the absence of metal fillers, with only
a dight discrepancy between theoretical and experimental values, likely due to minor
air entrapment or curing [90], [91]. In contrast, CL and CT show perfect agreement
between theoretical and experimental values, indicating a well-prepared and uniform
composite with minimal experimental error. These findings support the accuracy of the
fabrication process and theoretical computations.
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For the PT and TA series, aclear trend of increasing density is observed asthe metal
content increases from 10% to 60%. In all cases, the experimental density is slightly
lower than the theoretical value. For example, PT6 shows a theoretica density of
4.827 g cm® compared to an experimental value of 4.5 g cm™. These discrepancies
could be due to the curing process that reduced the mass of PDMS, or air bubbles
entrapped within composites at higher tin concentrations. Agglomeration of tin particles
at high filler content might also contribute to non-uniform distribution, which affects
the actual density [30], [56].

The PA series, which combines both pure tin and copper tin aloy in the PDMS
matrix, exhibits more variation compared to the PT and TA series. While most PA
samples also show experimental densities slightly below theoretical values, PA 3 stands
out with a higher experimental mass and density than the calculated theoretical value.
This points to a potentia overfilling that occurred during manufacturing or an uneven
dispersion of metal fillers that produced a denser area in the sample. The other samples
in this group continue the general trend of slightly lower experimental values, pointing
to potential sedimentation or poor distribution particularly due to the presence of
multiple types of metal fillers [45], [76], [92].

In addition to these physical properties, the developed innovative composites offer
ergonomic and environmental advantages. They are significantly lighter than
conventional lead and free from heavy metal toxicity, addressing the potential comfort
for long-term wear and concerns regarding disposal and environmental safety. The
flexibility and moldability of PDMS further enable the design of custom-fit or layered
shielding structures that could be modified into garments, equipment casings, or
structural barriers.

In summary, the overall data show a consistent trend of increasing density with rising
metal content across all sample series. The experimental densities are generally closeto
the theoretical values, indicating a good fabrication process. However, minor
discrepancies, most likely due to air entrapment, agglomeration, or inhomogeneous
dispersion suggest that improvements in mixing and curing methods could enhance

composite uniformity.
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4.3  Morphology Structure Analysis Using FESEM

Figures4.1, 4.2, 4.3 and 4.4 illustrate the cross-sectional FESEM micrograph image
of the control PDM S composite and PDM S consisting of homogenously distributed tin
fillers with different weight percentage ratios.

Several studies have stated that the polymer could be cured at room temperature and
fastened up using UV light [93], [94]. The challenge of this study concerns the weak
integration between metal and polymer matrix as no heating process has been done, and
the processtakestime to fully cure. Asthe curing process takes time, the sedimentation
of metal filler occurred which may cause improper distribution of metal filler within the
polymer matrix. Thus, poor integration between polymer and metal powder may cause
peeling off of metal from polymer, which is reflected by the weak bond between them
both and inefficient composites as shielding materials.

Figure 4.1 Control PDM S with No Metal Particles Seen

According to the FESEM analysis, the distinct morphological differences among the
three (3) composite groups: PT, TA, and PA. The dispersion, adhesion, and overall
structural integrity of the metal fillers within the PDM S matrix varied depending on the
type and concentration of thefillers. In the PT composites, the particles appeared well-
dispersed and uniformly integrated within the PDM S matrix. The composite exhibited
arelatively stable structure, with minimal phase separation or agglomeration signs. As
the filler concentration increased, a greater number of metal particles were observed,
yet the uniformity remained consistent which suggests that PT maintains strong
interfacial adhesion with PDMS. The smooth and continuous morphology further
indicates effective wetting and bonding between PT and the polymer matrix, allowing
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for homogenous dispersion [4], [5]. The curing temperature was optimal as the metal
particles appeared well distributed with the PDM S matrices without any sedimentation.

Figure 4.2 FESEM images of PT Samples at Two (2) Different Magnifications. The
Larger Background Images Show Surface Morphology at 500x Magnification, While
the Smaller Inset Boxes Display Higher-Resolution Images at 10 000x Magnification

for Each Sample: (a) PT1, (b) PT2, (c) PT3, (d) PT4, (e) PT5, and (f) PT6.

Conversely, the TA composites exhibited poor adhesion with PDMS. FESEM
images showed that the particles were predominantly spherical and less integrated into
the polymer matrix, often appearing detached. This detachment was particularly evident

in samples with higher filler concentrations, as seen in Figure 4.3f, where peeling of
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metal regions was observed when the sample was cut. The gap can be seen at 10 000x
magnification in Figure 4.3d, suggesting the ped-off of the copper particles that cause
pores within the composite.

Figure 4.3 FESEM Images of TA Composites at Two (2) Different
Magnifications.The Larger Background Images Represent Surface Morphology at
500x magnification, While The Smaller Inset Boxes Display High-Resolution Images
at 10 000x Magnification for Each Sample: (a) TAL, (b) TA2, (c) TAS, (d) TA4, (e)
TAS5, and (f) TAG.
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The weak bonding between TA and PDMS could be attributed to differencesin the
particle morphology. The spherical shape of copper tin alloy particles likely reduced
mechanical interlocking, further contributing to detachment issues. The increasing
metal content in these compositesintensified the instability, further separating the metal

filler from the matrix [95].

Figure 4.4 FESEM Images of PA Composite Samples Captured at Two (2)
Magnifications. The Main Images lllustrate the Overall Surface Morphology at 500x
Magnification, While the Inset Boxes Provide Detailed Views at 10,000%
Magnification for Each Sample: (a) PA1, (b) PA2, (c) PA3, (d) PA4, (e) PAS5, and (f)
PAG.
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The PA composites exhibited a combination of both behaviors. While pure tin
particles remained well-integrated, the presence of copper tin aloy resulted in partia
detachment, indicating a compromise in overal bonding strength. The observed gaps
within the cross-sectional composites can be seen lower compared to TA samples, likely
due to the combination of two (2) different metal particles. The varying interactions
between the two metal fillers suggest that pure tin contributes to maintaining structural
integrity, whereas copper tin alloy weakens the composite's stability [56], [96]. This
highlights the importance of filler compatibility with the polymer matrix in determining
the mechanica properties of the find material.

The observed trends from dl three (3) different series emphasize that as the metal
fillers increase, the particles can be seen compact within the cross-sectiona area
Overdl, the findings suggest that pure tin is highly compatible with PDMS, forming a
stable and uniform composite, while copper exhibits weak adhesion and detachment,
particularly at higher concentrations. The PA composites demonstrate an intermediate
behavior, reinforcing the importance of interfacial interactions in composite fabrication.
Future studies should focus on improving copper tin alloy compatibility with PDMS
through surface modifications and optimized processing techniques to enhance overal
composite performance.

4.4 Elemental Composition Analysis Using EDX Analysis

The elemental composition analysis of PT, TA, and PA composites highlights
distinct trends in the distribution of key elements as the metal filler content increases in
Table 4.2. Additionally, the control sample, which consists solely of the polymer matrix
without metal fillers, serves as a reference for comparison.

The oxygen content decreases as the meta filler increases in a composite material,
likely due to the relatively low proportion of PDMS as the amount of metal filler
increases. Since the polymer matrix often contains oxygen in its chemica structure, a
higher metal content would reduce the overal oxygen content in the composite. Other
than that, tin might have a propensity to react with oxygen, forming stable metal oxides.
If these oxides form and are isolated from the bulk composite, the overall oxygen
content measured within the composite could appear lower [97], [98].
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Since silicon and carbon come from the polymer matrix, the control composite
naturally has the highest silicon (39.86%) and carbon (28.80%) contents. Significant
amounts of oxygen (27.39%) are also found, which is normal given the polymer
structure. Crucialy, the control sample contains no detectable tin, indicating that it is
entirely composed of the polymer and does not include any metal.

Table4.2
Elemental Composition (Weight %) in the Tin-PDMS Composite from EDX Analysis.
lements (wt%)

C O Si Cu Sn
Composites

C 28.80 27.39 39.86 3.95 0.00
PT1 19.31 2251 3101 12.67 14.49
PT2 25.14 30.36 28.77 2.30 1343
PT3 19.75 27.48 28.66 3.63 20.48
PT4 18.16 27.52 28.69 355 22.07
PT5 1544 28.20 19.83 4.45 32.07
PT6 752 19.97 10.93 4.12 57.45
TAl 22.77 19.49 29.71 25.61 242
TA2 24.02 20.80 30.82 22.35 201
TA3 19.70 15.26 24.89 35.25 4.90
TA4 21.44 19.07 26.91 28.18 441
TAS5 19.05 16.00 24.08 35.73 514
TAG6 15.39 10.91 15.37 51.45 6.88
PAl 22.76 23.73 32.97 12.76 7.78
PA2 21.37 22.91 32.92 18.47 4.34
PA3 18.23 17.00 21.96 35.49 7.31
PA4 16.22 14.19 18.98 40.79 9.83
PA5 19.78 18.18 23.93 28.18 9.92
PAG6 1744 15.48 18.10 36.15 12.83

A potential reason for the presence of traceable copper (3.95%) in the control PDMS
sample is the impurities traced by EDX. Minor metallic impurities may be caused by
the synthesis and handling circumstances, and metal traces may be present in
commercialy available PDM S formulations. Besides, there are several possible causes
for this unexpected copper composition. Contamination from the environment is one
possibility which may be from contaminated surfaces, water, or air in laboratory
settings. The PDMS samples may have unintentionally absorbed trace amounts of
copper if they had been subjected to such circumstances during handling, storage, or
preparation. Additionally, if the beam interacts with or is scattered by adjacent areas,
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using copper tape for attachment during FESEM or EDX examination may aid in copper
detection. Instrumental artifacts can comeinto play; analytical instruments such asEDX
can lead to elemental overlap or fase-positive findings due to background noise,
incorrect calibration, or cross-contamination from previously examined samples [99],
[100],[101]. From PT1 (14.49%) to PT6 (57.45%), the tin content gradually risesin PT
composites, which use pure tin as the filler. This rise is accompanied by a drop in the
percentages of carbon and silicon, confirming the effects of ratio between the polymer
matrix and tin filler. All PT samples have comparatively constant oxygen levels. Since
the pure tin utilized is 99.99% tin, the trace amounts of copper found are probably the
result of instrument sensitivity of the impurities in the metal powder used. Thisimplies
that copper's presence in PT compositesis minimal and has little effect on the material's
characteristics.

The copper content in TA composites, which contain a copper tin aloy, increases
significantly, going from 25.61%in TA1t051.45% in TA6. Copper isthe predominant
metallic component in these composites, as seen by the comparatively low tin content,
which ranges from 2.42% to 6.88%. Like PT composites, the amounts of silicon and
carbon decrease as the metal content rises, indicating increasing the metal filler within
the polymer matrix. There are few oxidation consequences since the oxygen
concentration fluctuates only alittle but stayswithin a constant range [97], [102], [103].

PA composites exhibit a more evenly distributed dispersion of metal components
since they contain both copper and tin asfillers. Copper ranges from 12.76% to 40.79%,
whereas tin concentration rises from PA1 (7.78%) to PA6 (12.83%). Although copper
is more prevalent, the trend shows that both metals make substantial contributions to
the composite structure. Carbon and silicon levels drop as the metal filler concentration
rises, just like in PT and TA composites. The oxygen content stays comparatively
constant, indicating that oxidation is not a mgor factor in changing the composition.
PA group reveals relatively high concentration of tin likely due to the mixture of two
(2) different fillers (pure tin and copper tin alloy).

Overall, the trend shows that while oxygen levels are constant across all composites,
the addition of metal fillers causes a steady drop in the silicon and carbon components
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of the polymer matrix. Because of tin's high Z and density, the PT composites with the
highest tin concentration should improve photon attenuation. Without any metallic
fillers, the control sample serves as a representation of the baseline composition. It
demonstrates that the addition of tin and copper is the direct cause of any changes in
elemental composition. These results highlight the importance of optimizing the metal-
to-polymer ratio to achieve the desired outcome in radiation shielding applications.

45  XRD Analysis of PDM S-Based Composites

The XRD patterns of the control samples such as CT and C and the fabricated, PT6,
TAG6, and PAG6 are presented in Figure 4.5. The diffraction data were recorded over the
29 range of 10° to 90°, enabling the identification of crystalline phases and assessment
of the degree of crystalinity in each sample.

The pure tin sample, composed soldly of 99.99% pure tin, displays sharp, high-
intensity peaks at multiple 29 positions, notably around 30.6°, 32°, 44°, 55°, and 65°,
corresponding to the characteristic reflections of metalic tin (Sn), which typically
crystallizes in a tetragona structure (JCPDS card no. 04-0673) P-Sh phase. These
prominent peaks confirm the highly crystalline nature of pure tin, serving as a reference
for evaluating the diffraction behavior of the composite samples [104], [105], [106].

In contrast, the PDMS sample in curve b, representing the PDMS polymer matrix
without any metal reinforcement, reveals a broad, low-intensity hump in the region of
approximately 10° to 25° 29, indicating an amorphous structure. Thisbehavior istypical
for PDMS, which lacks aregular and long-range crystalline order. The absence of sharp
diffraction peaks is typical of polymeric materials like PDMS, which consist of flexible
siloxane chains that do not form periodic lattice structures detectable by XRD [105],
[106]. These findings further confirm that any observed diffraction peaks in the
composite samples are attributed solely to the presence of crystalline meta fillers.
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Figure 4.5 XRD Patterns of The Prepared Composites

The PT sample (curve c) exhibits severa tin-related peaks, though at reduced
intensities compared to CT. This attenuation can be attributed to the integration effect
of the polymer, which disperses the crystalline phase. Nonetheless, the presence of
sharp peaks confirms that the tin remains crystalline and well-distributed within the
PDMS. The presence of P-phase of tin (P-Sn). was confirmed by the same diffraction
peaks as CT, though with dightly reduced intensity due to dispersion in the PDMS
matrix. PT sample reveals distinct and sharp diffraction peaks corresponding to P-Sn.
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These peaks are consistent with the tetragonal structure of metalic tin (JCPDS 04-
0673), with characteristic reflections observed at approximately 30.6°, 32.0°, 43.8°,
55.8° 63.2°, and 65.8°, which correspond to the (200), (101), (220), (211), (301), and
(112) crystallographic planes of P-Sn, the thermodynamically stable tetragonal form of
metallic tin a room temperature [107], [108]. These reflections indicate that the tin
particles retain their crystalline nature within the polymeric matrix.

The XRD pattern of the TA sample (curve d) exhibits prominent reflections
corresponding to the aCu phase (JCPDS 04-0836), indicating the presence of a face-
centered cubic structure typically associated with copper-rich regions [109]. Peaks
observed near 43.3°, 50.4°, and 74.1° 20 can be indexed to the (111), (200), and (220)
planes of aCu, respectively. Additiona peaks, particularly those around 30.5°, 42.8°,
and 43.5°, are attributed to the hexagonal intermetallic phase CueShs (JCPDS 45-1488),
formed due to interactions between Cu and Sn during alloying. In some cases, minor
traces of Cu3Sh may also be inferred from reflections near 32.0° and 50.9°, although
thelir intensity is relatively weak, suggesting limited formation [109]. Overal, the XRD
analysis confirms the successful incorporation of copper tin alloy in crystalline form
within the amorphous PDM S matrix.

The PA sample (curve €) shows a diffraction pattern that features peaks from both
tin and copper tin alloy phases. The peak intensity is intermediate between PT and TAG,
reflecting the dual-phase composition. The presence of multiple crystaline domains
suggests a heterogeneous distribution of tin and aloy particles, and the overall peak
pattern supports the coexistence of distinct metallic phases without significant
interference or amorphization. The PA sample combined P-Sh and Cu-rich alloy phases,
resulting in a complex XRD pattern with overlapping reflections from P-Sn, a-Cu, and
intermetallic compounds such as CueSns [108], [110]. This confirms the coexistence of
multiple crystalline domains in the PDMS matrix, consistent with the mixed-metal
composition. In the PA composite, the intensity of P-Sn peaks is dightly diminished
due to the presence of the copper tin aloy and the distribution within the PDM S matrix.
In contrast, the TA sample, which lacks pure tin, does not exhibit P-Sn reflections,
supporting the structural integrity of the alloy system without free tin phases.
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The copper tin aloy used in TA and PA composites has a composition of QmSns,
representing a copper-rich region of the Cu-Sn phase diagram. According to phase
identification via XRD, the dominant phase is aCu, where a smal amount of Sn is
dissolved in the Cu lattice, forming a substitute solid solution. This is confirmed by the
presence of characteristic copper peaks at 29 ~ 43.3°, 50.4°, and 74.1°, matching JCPDS
card no. 04-0836 [109], [111]. Minor contributions from Cu3Snh intermetallic may also
be present if any localized phase separation occurred during curing, though these are
not expected to dominate at this composition. The identification of these phases
supports the hypothesis that the aloy remains crystalline and stable within the PDMS

matrix.

Overdl, the XRD analysis demonstrates that al representative metal-containing
composites (PT, PA, TA) retain their crystaline structure despite being embedded
within the PDMS matrix. These findings confirm that increasing the complexity of
metal composition (alloy and single metal) and its interaction with the polymer matrix
influences the crystallographic characteristics of the composites, which may in turn
affect their radiation shielding performance.

4.6 FTIR Analysis of Composites

The FTIR spectra data for four (4) different samples designated as control, PT6,
TAB, and PAG are shown in the graph in Figure 4.6. Wavenumbers (cm"?) are shown by
the x-axis, which runs from 0 to 4500, while absorbance intensity is indicated by the y-
axis, which scales from 0 to 1.2. Investigating how these different materials absorb
infrared light is the aim of this study since it can provide insight into their molecular
makeup, chemical interactions, and overall structure. The spectrum'’s peaks demonstrate
the effects of various infrared light wavelengths on the materials, which correspond to

various molecular vibrations, such as bond stretching or bending [69], [87].

All of the samples exhibit different absorption peaks, particularly in the 500 to
1500 cm"! region. These peaks are typically recognized as the vibrational modes of the
polymer backbone and associated metal compounds. The Si-O-Si stretching vibrations
in PDMS are specificaly represented by the pesks around 1000 to 1200 cm':
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interactions with the polymer matrix caused by metals result in dlight changes in peak

strength or shifts in peak intensity.

The control spectrum has distinctive peaks in the Si-0 and S-CH3 areas that are
consistent with pure PDMS [69], [86]. The transmittance is higher in the 1500 to 3500
om™ range, indicating a slight absorption by the pure polymer matrix. However, because
the PT6 sample has pure tin embedded in PDMS, it shows a shift in the spectra,
especialy in the 500 to 1500 cm™ range. This indicates that tin's interaction with the
PDMS matrix affects the peak positions and intensities. Although the TA6 spectrum's
peak intensities differ, its transmittance behaviour is similar to that of PT6. The copper
tin aloy produces additional vibrational modes, perhaps due to interactions between the
metal and the PDM S matrix.
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Figure 4.6 FTIR Spectra of Representative of Each Set (at 60%) and Control Sample

Because sample PA6 contains both copper tin aloy and puretinin PDMS, it displays
the most complex spectrum. Significant differences exist in peak intensities and shifts
compared to the respective PT6 and TA6 samples. This demonstrates how the
synergistic effects of the two metals cooperating in the PDMS matrix ater the
transmittance properties. Over the whole spectrum, the control shows the highest
transmittance trends, as would be expected for a pure polymer. In contrast, the
transmittance of the meta-containing samples (PT6, TA6, and PA6) is reduced,
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especidly in the 500 to 2000 cm" range, indicating that the metals presence and
interactions with PDM S have increased absorption [61], [86], [112].

The FTIR spectra show that the addition of puretin and copper tin aloy significantly
alters the transmittance characteristics of the PDMS matrix. These spectrum
fluctuations, which indicate differences in the chemical interactions within the matrix,
may be related to the potential shielding properties of these composites. Each
formulation (PT6, TA6, and PA6) exhibits distinct spectra properties, indicating that
their effectiveness for radiation shielding or absorption applications may vary [31], [86],
[87].

PT6, represented by the orange line, has the lowest absorbance throughout the
spectrum, particularly in the 1000 to 2000 wavenumber range. Pure tin mixed with
PDMS may have fewer active chemical connections, such as weaker C-H or Si-0
interactions typica of PDMS-based materials, as indicated by the comparatively low
intensity of its peaks, which aso suggests a smpler molecular structure. A smpler
material composition could be indicated by the decreased absorbance, which could
make PT6 less reactive or have fewer intricate interactions with other materials [31],
[86].

The highest absorption is seen in the grey line, which stands for TA6 (copper tin
aloy with PDMYS). The more prominent peaks observed in 1000 to 1500, and 2000 to
2500 cm"! reflect stronger molecular vibrations and more complex interactions between
the copper tin alloy and the PDM S matrix. Higher absorbance suggests stronger or more
numerous connections, such as metallic interactions between copper and tin atoms or
covalent bonds with the polymer. These connections aid in the creation of a denser
molecular structure, which may enhance mechanical strength or chemica resistance in
applications requiring stronger materials [61], [86].

The yellow line, which represents PA6, shows an intermediate absorption between
PT6 and TAG. Its absorption profile suggests a mix of pure tin and copper tin aloy
characteristics. The absorbance is stronger than that of PT6, indicating the presence of
additional or stronger bonds due to the aloy component, even if it is weaker than TABG,
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indicating the effect of the pure tin in its structure. These components most likely
combine to create a hybrid structure that balances the properties of pure tin, such as
lower reactivity and fewer bonds, with the strength of the copper tin aloy [61].

Because of its smpler molecular structure and fewer active bonds, PT6 has the
lowest absorbance, whereas PA6 has abalanced absorbance, suggesting that it combines
the characteristics of both materials to provide a balance between simplicity and
complexity. The highest absorbance is found in TAG6, indicating a more intricate
molecular structure with more active chemica interactions. This could have to do with
the copper tin alloy's ability to increase the material's overal bonding strength through
greater metallic and covaent contacts [86].

In conclusion, the bonding and molecular structures of PT6, TA6, and PA6 exhibit
sgnificant differences in their FTIR spectra that suggest the physical interaction
between the metal and polymer. TA6 is notable for having a greater absorbance,
indicating a more complex composition, whereas PT6 shows weaker interactions. PA6
offers a compromise by containing elements of both pure tin and copper tin alloy. When
selecting materials for various industries based on desired properties like mechanical
strength, flexibility, or chemical resistance, it is crucia to understand these differences.

4.6.1 FTIR Analysis of Each Sample Groups

The FTIR spectra of the control sample and PT, TA, and PA groups (Figure 4.7)
reveal the presence of characteristic functiona groups associated with the PDMS
matrix, along with variations induced by increasing meta filler content. All samples
exhibit prominent absorption bands in the fingerprint region (400-1500 cm"Y),
corresponding to the stretching and bending vibrations of Si-O-Si, Si-CFb, and C-H
bonds, confirming that the fundamental chemical structure of PDMS is preserved across

al composite formulations.
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Figure 4.7 FTIR Spectraof (a) PT, (b) TA and (c) PA group
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A strong absorption band observed around 1000-1100 cm™ is attributed to the
asymmetric stretching of the Si-O-Si siloxane backbone, while bands in the
850-1250 cm™ range are associated with Si-CHa stretching and bending vibrations
[113]. Variations in the intensity of these peaks with increasing metd filler
concentration suggest interactions between the metad particles and the PDMS matrix,
which may influence the flexibility, stability, and loca bonding environment of the
polymer network.

In the mid-infrared region (1500-3000 cm"?Y), the spectra remain largely consistent
for dl samples, indicating that the C-H stretching vibrations and the polymer backbone
are not significantly altered by the incorporation of meta fillers. Peaks observed in the
2900-3000 cm™ range correspond to symmetric and asymmetric stretching of CH3
groups, reflecting the hydrophobic nature of PDMS, while a weak band near
3000 cm'* associated with O-H stretching shows a dlight decrease in intensity with
increasing filler content [32], [113]. This reduction suggests potentia interactions
between meta fillers and oxygen-containing functional groups, possibly leading to
limited interfacial bonding or changes in moisture affinity. Additionally, modifications
in peak intensity below 800 cirr' indicate changes in PDMS bending modes, further
supporting the presence of close interactions between the meta fillers and the polymer

matrix.

Overdl, the gradual decrease in transmittance with increasing metal concentration
for PT, TA, and PA composites indicates enhanced absorption and stronger filler-
matrix interactions, while the preservation of key PDMS functional groups confirms
that the composites maintain their fundamental chemica structure, supporting their
suitability for radiation shielding applications.

47 Radiation Char acterization

Characterization of gammarray radiation provides important information about a
material's shielding capability. Many significant parameters, including the MAC, LAC,
RPE, HVL, TVL, MFP and lead equivalent are used to measure the interaction between
gamma rays and the composites using formulas stated in section 2.6.
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471 Evaluation of Mass Attenuation Coefficient (MAC) for Composite
Performance

The MAC is an essentiad parameter when assessing a materia's ability to shield
radiation. By considering the attenuation capability concerning the material's density,
MAC offers a more intrinsic measure of shielding efficacy than the LAC which is
dependent on the physical thickness of amaterial [14], [113], [114]. As photon energy
rises, the MAC values of the examined samples clearly show a declining trend (Table
4.3 and Figure 4.8), which is consistent with the behaviour predicted by photon
interaction processes as mentioned in section 2.3. Compton scattering takes over as the
main interaction mechanism a higher photon energies, resulting in decreased
attenuation efficiency, whereas the photoelectric effect predominates at lower photon
energies, producing high MAC values.

The control PDMS sample (C) exhibits low practical radiation shielding capability
due to its low atomic number composition; however, its MAC values appear relatively
high at certain energies. This apparent behavior arises from the density-normalized
nature of MAC, where materials with very low density, such as PDMS, may exhibit
inflated MAC vaues when the linear attenuation coefficient is divided by a smal
density value. Consequently, a higher MAC value for PDMS does not reflect superior
shielding effectiveness but rather represents attenuation per unit mass rather than per
unit thickness [115].

The MAC values for CL are infinite (GO) at 122.1 keV, indicating full photon
absorption at these energies as previously mentioned in section 2.5. An infinite MAC
value was reported because complete attenuation of the incident photons was observed
at this energy, resulting in zero transmitted photon intensity. Since MAC is calculated
using the logarithmic ratio of incident to transmitted intensity, a transmitted intensity
approaching zero leads to a mathematically undefined or infinite MAC value.
Physicaly, this indicates that the lead shielding thickness used in this study was
aufficient to fully absorb the incoming photons at 122.1 keV, primarily due to the
dominance of the photoelectric effect at low photon energies and the high atomic
number of lead [30], [56]. This highlights the limitation of MAC when complete
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attenuation occurs and reinforces the importance of considering additional shielding

parameters.

The CT sample has apesk of 0.95 cm? g™ at 122.1 keV, demonstrating significantly
more attenuation capability than CL at these low energies. The MAC values, however,
progressively decrease with increasing energy, reaching afina value of 0.04 cm® g* at
13325 keV, reflecting reduced attenuation efficiency a higher energies where
Compton scattering dominates. While tin-based composites exhibit enhanced
attenuation performance at low photon energies, their effectiveness decreases relative
to lead at higher energies, as mentioned in section 2.3.1 [9].

Table 4.3
MAC Values of All Composites Across Different Gamma Ray Energies
MAC (e g)

amples 1221 keV 356 keV 661.7 keV 834.8keV  11732keV  1332.51

C 011 024 0.06 0.04 0.02 0.20
CL 00 0.24 0.10 0.08 0.06 0.07
CT 0.95 0.09 0.07 0.07 0.04 0.04
PT1 0.47 0.05 0.05 0.07 0.03 0.14
PT2 0.67 0.04 0.07 0.09 0.02 0.13
PT3 0.62 0.05 0.06 0.07 0.03 0.09
PT4 0.80 0.06 0.07 0.08 0.04 0.09
PT5 0.82 0.09 0.06 0.07 0.04 011
PT6 0.84 0.08 0.06 0.08 0.05 0.09
TA1 0.19 0.02 0.05 0.09 0.11 0.09
TA2 0.27 0.06 0.05 0.08 0.09 0.11
TA3 0.29 0.05 0.06 0.08 0.08 0.10
TA4 0.30 0.06 0.05 0.07 0.09 0.13
TA5 0.26 0.07 0.06 0.07 0.07 0.12
TAG 0.28 0.07 0.06 0.07 0.12 0.11
PA1 0.26 0.04 0.03 0.13 0.05 0.25
PA2 0.35 0.05 0.06 0.10 0.08 0.15
PA3 0.31 0.04 0.05 0.06 0.06 0.11
PA4 0.39 0.06 0.06 0.08 0.07 0.15
PA5 0.35 0.07 0.06 0.07 0.11 0.14
PAG 0.38 0.09 0.06 0.06 0.11 0.14
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The MAC values in the PT series (PT1 to PT6) show a similar pattern, with the
maximum attenuation occurring in PT4, PT5, and PT6. The excellent shielding
capability of PT6 is confirmed by its MAC of 0.84 cm? g* at 122.1 keV. The MAC
values, however, decrease with increasing energy, peaking at 0.09 cm? g at 1332.5
keV. The changeswithin the PT seriesindicate that attenuation efficiency can be greatly
increased by adjusting the composition of the material or by increasing the tin content
[74],[116]. Thissuggests that the composites' high tin content effectively absorbs |ow-
energy photons, demonstrating their consistent performance in attenuating both low and
moderate energy gamma rays. These results were comparable to the theories whereas
the metal fillers increased, the MAC values will increase as mentioned in section 2.6.

In contrast to the PT series, the TA series (TA1to TA6) exhibits modest attenuation
performance. TA6 has the highest MAC values of all these samples with 0.28 cm® g*
at 122.1 keV. These values, however, are still less than those found for PT4 to PT6,
indicating that the TA samples' composition might have fewer high-Z components or
structural features that restrict attenuation efficiency. While TA6 is good at attenuating
lower-energy photons, its ability to block high-energy gamma radiation is rather
restricted, as evidenced by its MAC of 0.11 cm? g* at 1332.5 keV, which islower than

that of PT6 and CT.

The PA series (PA1 to PA6) shows a similar pattern, with PA6 having the highest
MAC valuesinitsgroup. At 122.1 keV, the MAC for PA6is0.38 cm? g*. WithaMAC
of 0.14 cm® g at 1332.5 keV, PAG is among the best-performing samples at high
energies. Thisimpliesthat, in comparison to other PA and TA samples, PA6 might offer
superior attenuation for higher-energy gamma rays. On the other hand, especially at
higher photon energies, PA1 and PA2 have the lowest MAC valuesin the PA series.

By comparing all the composites, at higher gamma-ray energies (1173.2 keV and
1332.5 keV), although the overall MAC values decrease across all samples due to the
increased penetration capability of higher-energy photons, the TA and PA series,
particularly TA6 and PAG6, exhibit relatively higher attenuation. These samples show
improved performance at higher energy levels, most likely as aresult of mixed metal
fillers synergistic effects or optimized composite structures as stated in section 2.6.1.
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The PT series, particularly PT4, PT5, and PT6, have the highest attenuation
capability. However, TA6 and PA6 perform more effectively for higher energy gamma
rays, suggesting that composite formulations with mixed fillers could enhance
attenuation across a wider range of energies. As photon energy increases, attenuation
efficiency falls, suggesting these materials could be effective lead-free radiation
shielding substitutes.

Despite thorough calibration of the experimental setup including energy calibration,
background correction, and detector efficiency normalization, an increase in the
attenuation coefficient was observed at higher gammaray energies, specifically at
1332.5 keV. This result appears inconsistent with the expected trend, which typically
shows a decreased value in attenuation as photon energy increases. Several possible
explanations, both physical and experimental, may account for this deviation. This
pattern is consistent with the study that showed a slight increment throughout the energy
levels, likely due to the particle distribution within the materials that interact with the
photon rays[117].

A key factor influencing this behavior is the composition of the composite material,
particularly the presence of high atomic number additives. Although the same
composite formulation was used throughout the experiment, if it incorporates metal
fillers, it is plausible that increased attenuation at higher energies is a consequence of
the onset of pair production. Pair production is a photon interaction process that
becomes significant at photon energies exceeding 1.022 MeV and is highly dependent
on atomic number [10]. As such, composites containing high-Z elements may
demonstrate an upward trend in attenuation coefficients at energies above this threshold
due to the increased cross-section for pair production.

In addition to compositional effects, the observed increase may also result from
complex radiation and matter interactions within the composite. For thicker or high-Z
composites, secondary effects such as photon build-up and internal scattering can alter
the effective attenuation behavior [10]. These phenomena become more prominent at
higher energies, where photon penetration is greater and multiple scattering is more
likely to occur. Such effects are not adequately captured by simplified exponential
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attenuation models and may require computational techniques, such as Monte Carlo
simulations (e.g., MCNP or GEANT4), to accurately predict the radiation transport
behavior within the composite [118], [119].

Geometrical factors in the experimental setup may aso contribute to the anomaly.
At high photon energies, Compton scattering dominates, and scattered photons may
reach the detector if the system lacks sufficient collimation or shielding. Misalignments
in the source-sample-detector arrangement, or partia coverage of the incident beam by
the sample, can lead to underestimation of the true attenuation. These geometric
considerations are particularly relevant for high-energy gamma photons, which are
more likely to undergo smal angle scattering [120].

Furthermore, the calculation method for the MAC may introduce numerical error,
especialy when the transmitted intensity closely approaches the incident intensity. The
logarithmic relationship in equations 2.1, 2.2 and 2.3 is sensitive to smal differences
between | and lo, making the attenuation coefficient prone to overestimation when
attenuation is minimal, asistypical a higher photon energies [57]. Therefore, the rise
in attenuation at high gamma-ray energies observed in the composite sample may result
from a combination of pair production effects internal scattering mechanisms,
experimental geometry, and calculation sensitivity. Each of these factors must be
carefully considered to accurately interpret high-energy attenuation behavior in
radiation shielding materials. Increased Compton scattering, cumulative interactions,
and improved material homogeneity in PA6 are the potential causes of the modest
improvement in radiation shielding performance at 1173.2 keV and 1332.5 keV. Small
elevates values of radiation performance a high energy are common in multi-element
composites where scattering predominates, even though attenuation normally decreases
with energy.

Overdl, the present findings indicate that the mass attenuation coefficient (MAC)
alone is not a fully reliable parameter for assessing radiation shielding performance,
particularly when comparing materials with significantly different densities. Low-
density materials, such as PDMS-based composites, may exhibit comparatively high
MAC vaues due to density normalization, despite their limited practical shielding
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capability, whereas high-density materials, such as lead, may display reduced or
mathematically infinite MAC values under conditions of complete photon attenuation.
Therefore, MAC should not be used as a standalone parameter but should be evaluated
together with density-dependent shielding parameters such asLAC, HVL, TVL, MFTP,
RPE and lead equivalence to provide an accurate and physically meaningful assessment
of radiation shielding performance.

4.7.2 Analysis of Linear Attenuation Coefficient (LAC) in Composite Materials

The LAC is a fundamental parameter in determining the radiation shielding
effectiveness of a material which represents the probability of photon interaction per
unit thickness of a material and is strongly dependent on photon energy and atomic
number. A distinct pattern emerges from the examination of LAC values in different
samples as they tend to fdl as photon energy rises (Table 4.4 and Figure 4.9). The
various photon interaction processes controlling gammarray attenuation account for this
phenomenon. The photoelectric effect predominates at lower energies, producing large
LAC values; a intermediate and high energies, Compton scattering takes over as the
main interaction mechanism, causing LAC to gradually decrease [10].

There are notable variations in the attenuation capacities for the control samples.
LAC values for the C range from 0.02 cm™ at 1173.2 keV to 0.25 cm"* at 356 keV,
indicating the lowest attenuation capacity compared to other samples. As photon energy
increases to higher values (1173.2 keV), the probability of interaction decreases
significantly because high-energy photons have greater penetrating power and are less
likely to interact with low-Z materials. At these energies, Compton scattering becomes
the dominant interaction mechanism, and its cross-section decreases with increasing
photon energy, leading to areduced LAC value. In contrast, the CL sample exhibits a
significant increase in attenuation, with a LAC of 2.70 cm™ at 356 keV. Interestingly,
the LAC values for CL are infinite (00) at 122.1 keV, indicating full photon absorption
at these energies as previoudly discussed in the section 4.7.1. This implies that the
sample contains high-Z components, which lead to significant attenuation against
gammarays [10] .
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With the highest value of 6.91 cm"* a 122.1 keV, the CT sample shows even better
attenuation performance than CL. However, LAC vaues significantly decrease with
increasing photon energy, reaching 0.32 cm™* at 1332.5 keV. The substantial number of
high-Z elements, including tin, that are present in CT and efficiently absorb low-energy
gammarays is confirmed by the considerable attenuation at lower energies. CT is useful
for low-energy gamma shielding, but its diminishing attenuation efficacy at higher
energies indicates that it might not be as appropriate for applications that require
attenuation of high-energy photons [8], [10], [121].

When compared to the C, the PT series (PT1 to PT6) exhibits better attenuation
characteristics. The samples in this series with the greatest LAC values at low photon
energy are PT4, PT5, and PT6; PT6'svalueis 3.77 cm' at 122.1 keV. The LAC values
for PT6 and other PT samples range from 0.23 cm™ to 0.44 cm™ at higher energies, like
1332.5 keV, suggesting strong shielding efficiency against highly penetrating gamma
radiation. Meanwhile, PT1 and PT2 exhibit lower attenuation coefficients, indicating
that structural and compositional differences, particularly lower tin content,
significantly reduce their radiation shielding efficiency. The trend observed in the PT
series suggests that increasing the tin content or optimizing the composite compositions
leads to enhanced attenuation efficiency.

The TA series (TA1 to TAG6) exhibits modest attenuation performance. TA6 had the
highest attenuation of al the TA samples, with aLAC of 153 cm™ at 122.1 keV. These
values, however, are dightly less than the reported values for PT4 to PT6. This is
primarily due to the lower effective atomic number of the aloy, as copper (Z = 29)
dominates the composition while tin (Z = 50) is present in smal amounts. Since
photoelectric absorption is highly dependent on atomic number, the lower Z reduces
photon attenuation at low energy. Furthermore, the lower electron density in the copper-
rich aloy aso diminishes Compton scattering interactions at higher photon energies,
resulting in overall reduced shielding efficiency. Among the TA samples, TA1 and TA2
exhibit the least amount of attenuation, particularly at higher photon energies, where
their LAC values fal below 0.26 cm™ at 13325 keV. This implies that these samples
might not be appropriate for high-energy gamma radiation shielding applications if
compared to the PT samples.
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Table4.4
LAC Values of All Composites Across Different Gamma Ray Energies

Sample 122.1 keV 356 keV 661.7 keV 834.8 keV 1173.2 keV 1332.5 keV
LAC (cmb)

¢ 0.11 0.25 0.06 0.04 0.02 0.21
CL © 2.70 116 0.96 0.73 0.74
CT 6.91 0.67 0.51 0.50 0.27 0.32
PT1 0.76 0.08 0.09 0.11 0.06 0.23
PT2 138 0.09 0.15 0.20 0.04 0.27
PT3 181 0.14 0.17 0.22 0.09 0.28
PT4 2.71 0.21 0.23 0.26 0.14 0.32
PT5 3.28 0.36 0.25 0.29 0.16 0.44
PT6 377 0.34 0.25 0.37 0.21 041
TA1 0.34 0.03 0.10 0.16 0.20 0.16
TA2 0.66 0.14 0.13 0.20 0.23 0.26
TA3 0.93 0.18 0.19 0.25 0.26 0.31
TA4 117 0.25 0.21 0.26 0.34 053
TA5 125 0.35 0.27 0.35 0.34 0.56
TA6 153 0.39 0.32 0.38 0.64 0.61
PA1 0.47 0.07 0.05 0.24 0.10 0.46
PA2 0.88 0.12 0.16 0.25 0.20 0.39
PA3 109 0.15 0.16 0.23 0.21 041
PA4 147 0.23 0.22 0.31 0.28 0.56
PA5 161 0.33 0.25 0.34 0.50 0.64
PA6 2.08 0.49 0.32 0.36 0.59 0.76

The PA series (PA1 to PA6) exhibits comparable trends, with PA6 showing the
highest attenuation efficiency in its group. The LAC values are marginaly below those
found for PT4 to PT6, although they are higher than those found for the mgority of TA
samples. With the highest LAC of 0.76 cm™* at 13325 keV from the overall fabricated
samples, PAG6 is among the best-performing samples at high energies. Based on these
findings, PAG6 is one of the samples that are able to fulfil the properties of the best
radiation attenuation performance.

The research concludes that LAC values fal with increasing photon energy, with the
photoelectric effect dominating at lower energies and causing the greatest attenuation.
Overadl, the most promising attenuation characteristics among the studied samples are
shown by PT4 to PT6 and PA6, which makes them suitable options for radiation
shielding applications at various energy ranges. These substances may be used as lead-



free substitutes for traditional shielding materials, especialy those with excellent
attenuation efficacy at lower photon energies. More research on their mechanical
characteristics, structural soundness, and long-term durability is necessary to evaluate
their viability. Furthermore, assessing these materials suitability for usagein industrial,
medical, and nuclear radiation protection applications would require optimizing
composite formulations and testing them under actual radiation exposure.

The LAC values at 1332.5 keV revealed increased values, which are in contrast to
the theoretical studiesin section 2.6. These trends are due to the photons emitted being
more likely to undergo Compton scattering rather than being fully absorbed through the
photoel ectric effect. In Compton scattering, agamma photon transfers part of its energy
to an electron and is deflected, which can result in scattered photons being detected at
different energies as previously discussed in section 2.3.2. This phenomenon
contributes to what is known as the Compton continuum, where a broad range of
scattered photon energies can elevate the background signal, especially near the high-
energy peak regions [120], [122], [123]. As aresult, the 1332.5 keV peak may appear
artificially high due to these additional scattered photon counts.

4.7.3 Comparative Assessment of Radiation Protection Efficiency (RPE) Across

Samples

The graph in Figure 4.10 displays the radiation shielding efficiency of all composites
against gamma ray energies ranging from 122.1 keV to 1332.5 keV. The results
demonstrate the capability of each shielding material and the attenuation abilities of

each composite across various energy levels.

At all photon energy, the PDMS control composite's radiation shielding efficacy is
comparatively low (Table 4.5). With 100% at 122.1 keV, the CL exhibits exceptional
radiation protection efficiency, especially at the lower photon energies. At lower
energies, this composite outperforms other samples. It maintains asignificant degree of
attenuation at higher energies, with aradiation shielding efficiency of about 30.53% at
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1173.3 keV, however, the efficiency decreases as the energy increases. The CT
composite shows good radiation shielding, particularly at lower energy (96.84%) at
122.1 keV), comparableto the CL sample. At 834.8 keV and 1332.5 keV, the protection
efficiency drops to 247> and 14.81%), respectively, as energy levels rise. The CT
composite has a poorer attenuation at higher photon energy than the CL composite, but
it is till effective at lower photon energies.

A variety of efficiencies are shown by the pure tin/PDMS composites with different
compositions, such as PT1, PT2, PT3, and so forth. For instance, PT1 exhibits notable
protection at lower energies, but at higher energy the efficiency sharply declines (2.54%
at 1332.5 keV). At higher energies, however, PT6 exhibits better shielding. Among the
pure tin/PDMS composites, it has the best radiation protection efficiency, reaching
1964%) at 13325 keV. According to the trend for PT composites, the shielding
efficiency isimproved, especially at lower energies, by adding more tin or changing the
composition reflecting the theories outlined in section 2.6.3.

The radiation shielding efficacy of the copper-based composites (TA1 to TAG6)
varies. Asthetin content rises, TA1, which had lower efficiency (15.48%) at 122.1 keV),
gets better. With values of 55.60% at 122.1 keV and 27.52% at 13325 keV, TA6
exhibits the highest radiation protection effectiveness in this group, indicating a good
composite between material composition and shielding ability. Although they fal short
of the CL and CT samples in terms of performance, these composites show good
shielding properties at both low and high energies.

Next, the radiation protection efficacy of PA1l through PA6 has revealed an
increasing pattern, with PA6 being the top performance. The efficiency of PAG6 is
68.87% a 1221 keV and 34.75% at 13325 keV, suggesting reliable shielding
performance throughout the energy levels. At higher energies, PA1 and PA2 show less
protection with 20.20 and 165%%%0) at 13325 keV, respectively. The overdl trend
indicates that the addition of copper tin alloy greatly improves the shielding capabilities
in comparison to the pure tinfPDMS composites. The PA6 composite has the highest
overall radiation protection efficiency, attenuating y-ray radiation over the whole energy
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Table 4.5
RPE Data Information of Each Prepared Composite

Radiation protection efficiency (%)
Sample 122.1 keV 356 keV 661 keV 834.8 keV 1173.3 keV 1332.5 keV

C 5.32 2.02 11.65 2.99 112 9.74
CL 100.00 37.98 74.01 43.99 30.53 30.85
CT 96.84 22.12 28.40 22.47 12.63 14.81
PT1 29.60 484 341 3.88 254 10.09
PT2 51.30 9.65 4.39 7.46 2.20 12.88
PT3 61.04 10.61 7.24 854 4.48 13.35
PT4 74.94 12.28 9.98 11.05 6.72 14.90
PT5 79.93 1342 16.26 1152 7.52 19.33
PT6 86.92 17.97 16.89 12.85 10.66 19.64
TAl 15.48 742 157 4.70 9.54 7.63
TA2 27.64 9.43 6.79 6.03 10.65 1191
TA3 37.64 11.78 8.64 9.28 12.40 14.60
TA4 4551 1251 12.40 10.57 16.03 24.00
TA5 47.75 16.75 16.48 13.20 16.21 25.14
TA6 55.60 18.44 18.74 15.77 28.72 2752
PA1 20.49 11.09 3.16 2.58 4.62 20.20
PA2 33.79 11.20 5.39 7.04 8.96 16.59
PA3 44.62 1161 7.87 849 10.85 19.84
PA4 52.65 14.64 1121 10.68 13.26 24.77
PA5 56.77 16.30 1573 1234 2291 28.29
PAG6 68.87 18.16 24.09 16.48 28.31 34.75

range, particularly at high energies like 1332.5 keV, with a radiation protection
efficiency of 34.75%.

At moderate energy levels (356 keV, 661 keV, and 834.8 keV), attenuation becomes
more difficult due to increased gamma ray penetration. TA6 performs dlightly better
with RPE values between 18.44% and 15.77%, while PT6 maintains its strong
performance with values ranging from 17.97% to 12.85%. PAG, the most effective
sample in the moderate energy range, outperforms both, achieving 18.16% at 356 keV,
24.09% at 661 keV, and 16.48% at 834.8 keV. The use of puretin likely improves the
shielding capacities of the PA composites. The PA composites show a little advantage
over the TA and PT samples, despite the attenuation efficiency being significantly lower
at lower energy levels. This drop suggests that these composites overall density plays
amaor role in determining how effective they are at higher energies, and that further
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tuning is necessary for higher energy shielding applications as described above in
section 2.6.5[124], [125].

At high energy levels such as 1173.3 keV and 1332.5 keV, shielding becomes even
more difficult, and efficiency generally declines. TA6 improves with 28.72% and
27.52%, respectively, whereas PT6 records 10.66% at 1173.3 keV and 19.64% at
1332.5 keV. However, PA6 again leads with the highest efficiency, achieving 28.31%
at 1173.3 keV and 34.75% at 1332.5 keV, confirming its superior performance in
attenuating high-energy gamma radiation. Effective interactions with photon rays due
to homogeneity of the puretin filler and copper tin alloy within the PDM S matrix, result
in reliable scattering and absorption processes that maximize radiation shielding.
Therefore, multiple metals fabrication is a very useful method for radiation attenuation.

Across al sample series (PT, TA, and PA), the radiation protection efficiency
exhibits dlight increases and decreases with photon energy, rather than following a
perfectly monotonic trend. This behavior arises from the energy-dependent dominance
of photon interaction mechanisms. the photoelectric effect at low energies, which is
highly sensitive to atomic number, and Compton scattering at higher energies, which
depends on electron density and material thickness. Variationsin filler content, particle
distribution, and composite microstructure further influence attenuation efficiency,
while minor experimental factors such as detector sensitivity and sample thickness
tolerances can also contribute to fluctuations [28]. Despite these small deviations, the
overal trend confirms that higher filler content and optimized compositions enhance
shielding performance across the examined energy range.

In conclusion, PT6 is the most effective sample for low-energy radiation protection,
while PAG providesthe best protection at both moderate and high energy levels. Among
all tested samples, PA6 emerges as the most versatile and efficient composite for broad-
spectrum gamma-ray shielding. According to the study, tin-based composites have the
potential to replace lead as a radiation shielding material, particularly for low- to
intermediate-energy photons. Even while lead is still the best option, PA composites
show promising results and offer asafer, lighter, and more sustainable substitute. Future
research should focus on improving high-energy photon attenuation, reducing porosity,

100



and optimizing filler content to further enhance the performance of these innovative

composites.

4.7.4 Investigation of Half-Value Layer (HVL) and Tenth-Value Layer (TVL)
for Radiation Attenuation Properties

The radiation shielding performance of tin/PDMS composites was assessed using
HVL and TVL at different gamma-ray photon energies. It shows the compatibility of
the composite to absorb energy by haf or by 90%, respectively, with detailed analysis
provided in Tables 4.6 and 4.7. In each sample, the HVL and TVL values show an
increasing trend as photon energy rises (Figures 4.11 and 4.12). Since higher-energy
gamma rays interact with the material less frequently, deeper penetration before
noticeable attenuation takes place, this outcome is expected. Details of HVL and TVL
are elaborated further in sections 4.6.3.1 until 4.6.3.3 accordingly.

The HVL and TVL results at certain energies (356 and 1332.5 keV) do not exhibit a
strictly monotonic increase with photon energy. This behavior can be due to the energy-
dependent transition of dominant photon interaction mechanisms and composite factors.
At 356 keV, photon attenuation occurs within a transition region where both the
photoelectric effect and Compton scattering contribute, making the attenuation
coefficients highly sensitive to variations in effective atomic number, electron density,
and filler dispersion [10]. Consequently, samples with lower metal content or less
uniform microstructure may exhibit disproportionately high HVL and TVL values.

At 1332.5 keV, Compton scattering dominates and attenuation becomes primarily
governed by electron density and material compactness rather than atomic number,
allowing well-optimized composites to interact more effectively with high-energy
photons [10]. Thisresults in lower HVL and TVL values at 1332.5 keV compared to
356 keV despite the higher photon energy. Therefore, the observed non-linear trend
reflects the complex interplay between photon energy, interaction mechanisms, and
composite microstructure rather than experimental inconsistency. Compton scattering
dominates and provides a more uniform interaction probability throughout the

composite, especialy for samples with high metal loading and good structural
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continuity, resulting in higher measured attenuation coefficients and consequently
lower HVL and TVL values [10], [115].

4.7.4.1 Tin/PDMS composites

The findings confirm that the tin/PDMS composites offer enhanced gamma-ray
shielding performance compared to pure PDMS. The attenuation efficiency is
particularly significant at lower photon energies, where the HVL and TVL values are
minimized. However, at higher photon energies, a thicker composite is required to
achieve effective shielding, as indicated by the increasing HVL and TVL vaues [7],
[66], [126].

Table 4.6
Half Vaue Layer (HVL) of the Prepared Composite Samples at Different y- ray
Photon Energies

Sample 122.1 keV 356 keV 661.7 keV 834.8 keV 1173.2 keV 1332.5 keV
HVL (cm)

C 6.34 2.80 1141 17.00 30.80 3.38
CL 0.00 0.26 0.60 0.73 0.95 0.94
CT 0.10 104 136 139 2.57 2.16
PT1 0.91 9.19 8.07 6.42 12.37 3.00
PT2 0.50 8.02 4.65 355 16.17 261
PT3 0.38 4.80 4.04 321 7.87 252
PT4 0.26 3.36 3.02 2.70 5.08 219
PT5 0.21 191 277 2.36 434 158
PT6 0.18 2.02 272 189 3.32 171
TAl 2.02 2141 7.06 4.40 3.39 428
TA2 105 4.83 5.46 343 3.02 2.68
TA3 0.75 391 363 2.82 2.67 224
TA4 0.59 272 323 2.70 2.06 131
TAS 0.56 2.00 255 197 2.04 124
TA6 0.45 177 214 180 109 114
PAL 148 10.56 12.98 2.89 7.19 151
PA2 0.79 5.87 4.46 274 347 180
PA3 0.63 457 422 3.03 3.26 169
PA4 0.47 297 313 2.23 248 124
PA5 0.43 211 274 2.03 139 108
PA6 0.33 141 2.16 194 117 0.91

102



When compared to the tin-reinforced composites, the C shows noticeably higher
HVL and TVL vaues. For instance, the composite samples range from 2.72 cm (PT6)
to 807 cm (PT1) at 661.7 keV, while the control sample has an HVL of 11.41 cm. The
composites lower HVL values indicate better attenuation related to the addition of tin,
which has a greater Z and density and enhances photon interaction. Meanwhile, PT6
recorded 9.04 cm to reduce radiation intensity to 10% at 661.7 keV, this decrease
demonstrates composite's efficiency in improving radiation shielding by adding tin filler
into the PDMS.

Table 4.7
Tenth Vaue Layer (TVL) of the Prepared Composite Samples at Different y-ray
Photon Energies

Sample 122.1 keV 356 keV 661.7 keV 834.8 keV 1173.2 keV 1332.5 keV
TVL (cm)

C 21.07 9.30 37.92 56.47 102.31 11.23
CL 0.85 199 241 3.16 312
CT 0.33 3.45 452 4.60 852 7.18
PT1 3.02 30.52 26.80 21.34 41.10 9.96
PT2 166 26.65 1544 11.79 53.71 8.68
PT3 127 1594 1342 10.68 26.15 8.36
PT4 0.85 11.17 10.03 8.96 16.88 7.28
PT5 0.70 6.36 9.22 7.83 14.43 525
PT6 0.61 6.72 9.04 6.28 11.03 5.69
TAl 6.71 71.12 23.44 14.63 11.25 14.22
TA2 349 16.04 18.14 11.39 10.02 8.90
TA3 249 13.00 12.06 9.37 8.87 7.44
TA4 197 9.05 10.72 8.96 6.85 4.36
TAS5 184 6.65 846 6.53 6.77 414
TA6 150 5.88 711 599 3.60 3.79
PA1 492 35.08 43.13 9.60 23.88 5.00
PA2 2.62 19.52 14.83 911 1152 597
PA3 2.10 15.18 14.02 10.08 10.83 5.62
PA4 157 9.88 10.40 7.42 825 413
PAS 143 7.00 9.09 6.73 4.60 3.60
PAG6 110 4.68 7.16 6.44 3.87 3.02

Superior shielding performance is indicated by samples with higher tin contents, like
PT6, which have the lowest HVL and TVL values. Tin'sincreased density and Z, which

increase the likelihood of photon interactions through Compton scattering and
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photoel ectric absorption, are responsible for this enhancement [10]. In contrast, samples
like PT1 and PT2, which have less tin in them, have comparatively greater HVL and
TVL values, indicating alesser level of shielding effectiveness [61], [127], [128]. This
result is consistent with earlier research that highlights the value of high Z elementsin
enhancing radiation shielding materials.

The effectiveness of the composite materials' shielding is greatly influenced by their
composition. Tin's larger Z and density, which improve the materia's capacity to
interact with gamma rays, are responsible for the enhanced attenuation capabilities.
Higher tin concentration improves gammaray attenuation, particularly at lower photon
energies, according to the pattern observed in the set of pure tin/PDMS composites.
According to the results, tinf/PDMS composites are excellent at protecting against y-
rays, and their effectiveness improves with increasing tin content. The outcomes
highlight these composites potential as an aternative to conventional radiation
shielding materials. The performance of the composite may be further improved for
some applications by optimizing the tin content, especially in the application of low-
energy gamma radiation. According to the findings, the tin/fPDMS composites provide
aversatile and effective way to defend against gamma radiation.

4.7.4.2 Copper Tin Alloy As a Filler

The HVL and TVL values of sample TA1 reveaed notable improvements compared
to C, particularly at higher energies such as 356 keV and 661.7 keV. This implies
increased photon absorption, especidly at higher energies, resulting from the addition
of the copper tin aloy [10].

TA1 has an HVL of 202 cm at the lowest energy level of 122.1 keV, while TA6
displays a significantly lower HVL of 0.45 cm. Superior attenuation performance at low
photon energy is indicated by this notable decrease in thickness for TA6. All TA
samples show an increase in HVL values as the photon energy rises. TAL requires an
HVL of 21.41 cm at 356 keV, but TA6 only needs 1.77 cm. At intermediate energies,
smilar patterns are seen, with HVL values for TA2, TA3, TA4, and TA5 faling
between those of TA1 and TAG.

104



These findings imply that the density or efficiency of the material's interaction with
photons increases with the metal's composition [70]. TA1 exhibitsaTVL of 6.71 cm at
122.1 keV, whereas TAG6 reports a noticeably lower value of 1.50 cm, demonstrating
TAG's superior performance once more. All samples exhibit higher TVL values as the
photon energy increases, while TA6 consistently maintains the lowest TVL across the
entire energy spectrum. TA1'sTVL is 71.12 cm at 356 keV, while TAG'sisonly 5.88
cm. This noticeable difference demonstrates that TA6 continues to provide improved
protection at higher energy while ssmultaneously attenuating radiation more efficiently
at lower energies. To achieve effective gamma-ray attenuation, the findings show that
the improved composition in TA6 leads to a more compact structure or a greater
effective density.

In conclusion, it is evident from the analysis of the HVL and TVL data for the TA
seriesthat TA6 performs the best in terms of radiation shielding among the TA samples.
In comparison to TA 1 through TAS5, it requires substantially less material thickness to
produce effective attenuation, as evidenced by its significantly lower HVL and TVL
values across the tested photon energies. According to these results, creating effective,
lightweight, lead-free radiation shielding materialsrequires optimizing the composition,
especially by raising the concentration or enhancing the dispersion of metal fillers. Even
though the copper tin alloy/PDMS composites demonstrate encouraging radiation
shielding properties, severa parameters need to be taken into account for further
research. The performance of these composites at varying filler concentrations of tin
and copper should be explored further, as well as the impact of different curing
temperatures and processing conditions. Moreover, the mechanical properties of these
composites, which are crucial for practical applications, should be assessed to ensure
that the composites remain stable and durable under radiation exposure.

4.7.4.3 Pure tin/Copper tin alloy/PDMS composites

While PAG retains a comparatively lower HVL (0.33 cm), PA1 continues to show
the largest HVL (1.48 cm) as photon energy rises to 122.1 keV. In contrast to PA1,
which exhibits significantly higher HVL values of 10.56 cm at 356 keV and 1.51 cm at
1332.5 keV, PA6 continuously displays the lowest HVL values, such as 1.41 cm at
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356 keV and 0.91 cm at 1332.5 keV. This tendency persists at higher energies. These
findings demonstrate that PA6 provides excellent photon attenuation at every energy
level examined. PAG6 consistently exhibits the lowest TVL across all PA samples, and
the TVL values follow the same trend as the HVL values. The difference is more
noticeable as photon energy rises. For example, PAG6 retains a significantly lower TVL
of 4.68 cm at 356 keV, but PA1 displaysahigh TVL of 35.08 cm. At 1332.5 keV, PA6
exhibits better performance aswell, recording aTVL of 3.02 cm as opposed to 5.00 cm
for PA1.

The filler concentrations in each PA sample contribute to the observed variationsin
HVL and TVL values. With the maximum concentration of tin filler, PA6 efficiently
lowers radiation penetration, which lowers HVL and TVL values. On the other hand,
PA1, which has the lowest proportion of tin filler, offers less attenuation and
necessitates a significantly larger thickness to produce the same degree of shielding.
This indicates that by raising the material's density and interaction likelihood with
incident photons, a higher tin concentration improves radiation attenuation [5], [10]. In
summary, PA6 hasthelowest HVL and TVL values across all photon energies, making
it the most efficient shielding composite among the PA samples. This suggests that PA6
is an effective choice for radiation shielding applications, as it requires less material
thickness to achieve the required attenuation. The results highlight the importance of
filler concentration in maximizing the radiation protection of composite materials.
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4.75 Examination of Mean Free Path (MFP) in Relation to Composite Density
and Shielding Capacity

The average distance a photon travels before encountering the shielding medium is
known as the mean free path (MFP), and it is an essential metric for assessing a
material's shielding capabilities. Stronger photon attenuation is indicated by a lower
MFP value, which improves shielding effectiveness (Table 4.8 and Figure 4.13) [ 6], [8].

Despite being less dense than lead, tin exhibits intermediate performance, as
evidenced by its shorter MFP compared to pure PDMS. The MFP for the tin-PDMS
compositesincreases with photon energy because higher-energy photons are less likely
to interact. PA samples show the shortest MFP among the composites, indicating better
photon interaction, due to the combined effects of pure tin and copper tin aloy. This
suggests that the addition of copper enhances the attenuation capability by improving
filler dispersion and matrix interaction.

At every energy level, the C shows the largest MFP values, ranging from 9.15 cm at
122.1keV to44.43cmat 1173.2 keV. Itsweak attenuation qualities and reduced density
prove its poor shielding capability. The improved shielding performance of the
composite samples with higher tin filler concentrations, specifically PT6 (2.47 cm at
1332.5 keV), TA6 (1.65 cm at 1332.5 keV), and PA6 (1.31 cm at 1332.5 keV), is
indicated by their much lower MFP values across all energy levels.

Because the photoel ectric effect predominates at lower photon energies, MFP values
stay relatively low. However, because of the Compton scattering interaction, the MFP
values rise dramatically as photon energy rises above 356 keV, especialy for
composites with lower tin filler percentages. At higher photon energies, notably 2.47
cm at 1332.5 keV, PT6 exhibits the lowest MFP values of any investigated composite.
PAG6 and TAG6 follow closely behind at 1.31 cm and 1.65 cm, respectively. This
composite is the most promising option for radiation shielding applications due to its
significant MFP decrease, which emphasizes its improved photon attenuation
capabilities. Its enhanced attenuation performance is aresult of a well-dispersed filler
matrix and a high tin content.
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Table 4.8
MFP Data Information for Each Composite

Sample 122.1 keV 356 keV 661.7 keV 834.8 kev 1173.2 keV 13325 keV
MFP (cm)

C 9.15 4.04 16.47 24.52 44.43 4.88
CL 0.37 0.86 105 137 136
CT 0.14 150 19% 2.00 3.70 312
PT1 131 13.26 1164 9.27 17.85 4.33
PT2 0.72 1158 6.71 512 23.33 3.77
PT3 0.55 6.92 5.83 4.64 11.36 3.63
PT4 0.37 4.85 4.36 3.89 7.33 3.16
PT5 031 2.76 4.00 340 6.27 2.28
PT6 0.27 292 3.93 2.73 4.79 2.47
TAL 291 30.89 10.18 6.35 4.88 6.18
TA2 151 6.97 7.88 4.95 4.35 3.86
TA3 108 5.65 5.24 4.07 3.85 323
TA4 0.86 3.93 4.65 3.89 2.98 189
TAS 0.80 2.89 3.67 2.84 2.94 180
TA6 0.65 255 3.09 2.60 157 165
PA1 2.14 1524 1873 4.17 10.37 2.17
PA2 114 848 6.44 3.96 5.00 2.59
PA3 091 6.59 6.09 4.38 4.70 2.44
PA4 0.68 4.29 452 3.22 3.58 179
PA5S 0.62 3.04 395 292 2.00 156
PAG 0.48 2.03 311 2.80 168 131

There are multiple reasons for the observed rise in attenuation levels at 1173.2 keV
as compared to 1332.5 keV. Measurement variability and experimental uncertainty are
two (2) potential explanations, where small data discrepancies may occur as aresult of
background noise, or device limits as explained earlier in section 2.6.2. Furthermore, as
attenuation coefficients often decrease as photon energy increases, the energy-
dependent behaviour of attenuation is significant. However, attenuation might not
exhibit a strictly declining trend because of disruptions by some interactions, such as
Compton scattering [10]. A combination of energy-dependent attenuation behaviour,
material composition effects, detector response changes, and scattering processes is
probably responsible for the attenuation values between 1173.2 keV and 1332.5 keV.
This pattern may become clearer with amore thorough investigation, such as calibration
studies or Monte Carlo simulations as highlighted in the section 2.6.1.
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In conclusion, the examination of MFP values shows that increasing filler
concentrations enhances the shielding effectiveness of tin-PDMS composites. The top-
performing composites are PT6, TA6, and PA6, with PT6 being the most efficient in
reducing photon penetration. In order to create effective, lead-free radiation shielding
materials appropriate for a wide range of photon energies, it is crucial to optimize the
tin filler content inside polymer matrices.

4.7.6 FactorsInfluencing Radiation Shielding Efficiency

The finding that radiation intensities decrease in direct proportion to metal
composition can be attributed to several material properties, interaction mechanisms,
and laboratory settings. One of the primary causes is the composite materials
inhomogeneity. Uneven metal particle distribution in metal-polymer composites can
lead to variations in density and shielding efficacy. Furthermore, alarger metal content
may indirectly cause composites to become more porous. Increased porosity reduces
the overall density of the material, countering the benefits of a higher metal content for
radiation attenuation [129].

One important factor is the interaction between photons and materials. Radiation
attenuation may depend on the photons' energy and the interaction mechanism, such as
pair production, Compton scattering, or the photoelectric process. Experimental
l[imitations and preparation conditions are additional factors that may be responsible for
the non-proportional relationship. Background noise and detector sensitivity can affect
variability, particularly at high attenuation levels where transmitted intensities are very
low. Additionally, sample thickness or unequal exposure to radiation beams could affect
the observed intensities as stated earlier in the section 2.6.2.

There are notable variationsin the Z and density of the metals used in the composites,
including tin and copper. Tin's better photon attenuation capabilities may dominate the
shielding performance even at lower densities due to its bigger Z. However, copper's
lower Z reduces its efficiency despite its higher content, resulting in different shielding
attenuation capabilities. Furthermore, issues like as oxidation during preparation may
alter the effective shielding contribution of the metals [102], [130]. To overcome these
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challenges, steps including improving material homogeneity, standardizing sample

thickness accurately, and conducting energy-dependent shielding tests are essential.

4.7.7 ldentification of the Best Composite for Gamma Radiation Shielding

Several composite materials namely PT5, PT6, TAS5, TA6, PA5, and PA6 were
chosen as the best performers in attenuating radiation gammaray. The effectiveness of
these materials was assessed based on their MAC, LAC, RPE, HVL, TVL and MFP
across gamma ray energies range from 122.1 keV to 13325 keV. Among these, PT5
and PT6 demonstrated the highest MAC and LAC values at low energies (Figures 4.14
and 4.15). However, the attenuation efficiency of these composites decreased
significantly with increasing photon energy as expected.

In contrast, the PA5 and PA6 composites exhibited lower MAC and LAC values at
low energies but showed arelatively stable or dightly increasing trend as photon energy
increased. This suggests a superior performance in the medium to high energy range,
making these composites suitable for shielding against industrial or therapeutic gamma
sources. TAS and TA6 showed moderate performance, with MAC and LAC values that
were lower than those of the PT group but more stable than the PA group at lower

energies.

Based on the analysis, PT6 emerges as the most effective composite materia for
shielding against low-energy gamma radiation due to its high MAC a 122.1 keV.
Meanwhile, PAG is identified as the most promising candidate for medium to high-
energy radiation shielding, owing to its increasng MAC and LAC trends and stable
performance across the evaluated energy range. These findings underscore the
importance of selecting composite materials based on the energy spectrum of the
intended radiation application.

In the plotted results (Figure 4.14), the "CL" sample shows an abnormally high or
potentially infinite MAC at lower gamma ray energies (around 122.1 keV). This
anomaly may be attributed to either experimental or computational factors. A likely
explanation is that the thickness or density used in the MAC calculation was extremely
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small or zero, which, according to the MAC formula in equation 2.2, would cause the

MAC value to approach infinity as the denominator approaches zero.
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According to theoretical predictions, dl samples show a declining trend in RPE as
photon energy rises (Figure 4.16) reflecting the theoretical studiesin section 2.6.4. This
is because higher-energy gamma photons are more penetrating and thus more difficult
to attenuate. The CL sample exhibits the largest RPE (100%) at 122.1 keV. This could
be because of total attenuation or limitations during measurement or computation,
which could be impacted by the thinner sample or higher density in the experimental
apparatus as mentioned in the discussion in section 4.6.1.

All samples RPE values dragtically decrease as energy rises to 356 keV and
661.7 keV, with the mgjority falling to their lowest point near 661.7 keV. The energy
areawhere Compton scattering takes over asthe primary interaction process and lowers
attenuation efficiency is reflected in this pattern [10]. A little risein RPE is seen in a
few of the samples after 661.7 keV, particularly in PAS5, and PAG, indicating improved
shielding effectiveness a higher energies. Increased homogeneity, ided filler
dispersion, or beneficial synergistic effects of the composite ingredients could be the

cause of this improvement.
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Figure 4.16 RPE Values of Selected Composites from Each Series

At medium to high energies (834.8-1332.5 keV), PA6 and TA6 consistently show
reasonably constant and superior RPE performance compared to dl evaluated samples,
suggesting that these compositions may offer a more dependable shielding effect for
high-energy gamma radiation. On the other hand, PT5 and PT6 exhibit comparatively
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lower RPE values throughout the spectrum, particularly at intermediate and higher
energies suggesting impairable characteristics for radiation shielding. This study
consistent with the previous study, where the highest metal filler displayed the same
pattern as this present research [131].

Therefore, from MAC, LAC and RPE results, PT and PA series were included for
final evaluation to determine the best composite. An evaluation of HVL, TVL, and MFP
offers more information on these composites' effectiveness (Figure 4.17). The lowest
HVL, TVL, and MFP values are seen in PT6 and PAG, indicating that less material is
needed to produce significant radiation attenuation. Higher energy photons require
thicker shielding layers for effective attenuation, as indicated by the increasing values
of HVL, TVL, and MFP with photon energy.

In general, the values of HVL, TVL, and MFP increase with photon energy,
consistent with the fundamental principle that higher-energy gamma photons are more
difficult to attenuate and thus require athicker material for the same degree of shielding.
For PT6, the shielding parameters (particularly TVL and MFP) rise sharply with energy,
reaching their highest values at 1173.2 keV, wherethe TVL peaks at nearly 12 cm and
the MFP exceeds 4 cm. This significant increase suggests that PT6 becomes less
effective at attenuating high-energy gamma rays due to lower photon interaction
probability at elevated energies.

In contrast, the PA 6 sample demonstrates a more stabl e trend across the entire energy
range. ItsHVL, TVL, and MFP vauesincrease more gradually and remain consistently
lower than those of PT6 at high energies, indicating superior attenuation performance.
Notably, the TVL of PA6 remains below 7 cm even at the highest energy of
1332.5 keV, while MFP stays under 3 cm, implying that this composite requires less
material thickness to achieve effective radiation shielding. The more favorable
performance of PA6 may be attributed to enhanced particle dispersion and the
synergistic combination of copper tin aloy with puretin, resulting in better density and
structural uniformity [132].
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The contrast in trends between PT6 and PA6 highlights the importance of material
composition and microstructural integration in determining the shielding performance
of composite materials. PA6's more efficient attenuation across a broad energy range
supportsits potential application as a promising lead-free shielding material, especialy
in environments exposed to medium- and high-energy gamma radiation.

12

10

o

(]

N

N

122.1keV 356 keV 661.7 keV 834.8keV 1173.2 keV 1332.5
Gamma Ray Energies (keV)
HVL PT6 TVL PT6 MFPPT6 HVL PA6 TVL PA6 MFP PA6

Figure4.17 HVL, TVL and MFP of the Optimized Composites

In summary, PAG6 is the best-performing composites for radiation shielding,
according to athorough investigation of RPE, MAC, LAC, HVL, TVL, and MFP. PA6
which consistently shows high RPE values across all photon energies, superior MAC
and LAC values, and decreased HVL, TVL, and MFP values. These composites are
ideal for applications needing small but efficient shielding because they have the best
attenuation qualities and the lowest shielding thickness requirements. Excellent
performance in attenuating high energies is demonstrated by PA6, which makes these
composites promising options for lead-free radiation shielding.

While traditional lead-based PPE materials are effective at attenuating X-raysin the
30to 70 keV range, their efficiency drops considerably at higher energies, smilar to the
observed trend in the tin-PDMS composites. However, the PA6 composite showed
relatively stable attenuation properties across a broader energy spectrum, indicating
better adaptability for medium- to high-energy gamma radiation applications. This
makes PA6 especialy promising for shielding settings where both flexibility and wide-
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range energy protection are needed, such asinterventional radiology, portable shielding

equipment, or industrial radiography.

Beyond attenuation efficiency, lead-based PPE often imposes ergonomic constraints
due to itsrigidity and weight, which limit wearer mobility and long-term use comfort.
In contrast, the flexibility and lightweight nature of the PDMS matrix alow the tin-
based composites to be fabricated into various forms such as garments, panels, or
equipment linings without sacrificing comfort or safety. The absence of lead also
eliminates concerns regarding long-term toxicity and disposal, making these materials
safer for repeated use in clinical, nuclear, or industrial environments.

The results of thiswork provide evidence for the fabrication of tin-reinforced PDMS
composites with higher tin concentrations as an effective alternative to conventional
lead-based shielding materials. To increase the suitability of these materials in
industrial, medical, and nuclear shielding settings, further research should include
enhancing mechanical strength, maximizing tin particle dispersion, and evaluating
long-term stability under radiation exposure.

4.7.8 Lead Equivalent for Optimized Samples

Table 4.9 presents the lead equivalent thickness (Pb-eq, cm Pb) of PT6, and PA6
composites at photon energies ranging from 122.1 to 1332.5 keV, calculated based on
their linear attenuation coefficients relative to lead using equation 2.9 stated in
section 2.4. The Pb-eq values represent the thickness of lead required to provide
equivalent gamma-ray attenuation as the fabricated composites at the same photon
energy [53].

Table 4.9
Lead Equivalent for PT6 and PA6 Across Different Energy Levels

Energy Levels (keV)

Samples 122.1 356 661. 834. 1173. 13325
Lead Equivalent (cm Pb)
PT6 N/A 0.48 0.08 0.10 0.11 0.11
PA6 N/A 0.38 0.14 0.12 0.29 0.61
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For dl samples, the Pb-eq values decrease with increasing photon energy. This
behaviour is expected due to the energy dependence of gammarray interaction
mechanisms. At lower photon energies, attenuation is dominated by the photoelectric
effect, which is highly dependent on atomic number, resulting in higher Pb-eq values.
As photon energy increases, Compton scattering becomes the dominant interaction
process, reducing the attenuation efficiency of the composites relative to lead and
consequently lowering the Pb-eq values [10].

Among the investigated samples, PT6 exhibits the highest Pb-eq values across all
measured energies proofing the promising shielding performance which is consistent
with other radiation shielding parameter with RPE (86.92 to 19.64%), MAC (0.84 to
0.09 cm? g') and LAC (3.77 to 0.41 cm"Y), HVL (0.18 to 1.71 cm), TVL (0.61 to 5.69
cm), and MFP (0.27 cm) values. At 356 keV, PT6 records a Pb-eq of 0.48 cmPb, which
gradually decreasesto 0.11 cmPb at 1332.5 keV. The enhanced performance of PT6 is
attributed to its high pure tin content, higher electron density, and better dispersion of
tin particles within the PDMS matrix, as supported by FESEM observations. These
factors contribute to more effective photon interaction and attenuation.

PAG6 exhibits lower Pb-eq values compared to PT6 at dl energies. The improved
performance of PA6 compared to TA6 can be observed throughout out al the radiation
shielding parameters, including Pb-eq, which is attributed to the synergistic effect of
combining pure tin and aloy particles within the PDMS matrix. The increase in Pb-eq
values for PA6 at 1173.2 keV (0.29 cmPb) and 1332.5 keV (0.61 cmPb) is attributed to
the dominance of Compton scattering at high photon energies, where the heterogeneous
polymer-metal structure enhances multiple scattering and effective attenuation relative
to lead [87]. This hybrid composition enhances particle packing density and interaction
probability with incident photons, resulting in higher Pb-eq values, particularly at
higher photon energies.

The Pb-eq values at 122.1 keV are reported as not available (N/A) for dl samples.
This is likely due to near-complete attenuation or experimental limitations at low
energy, which prevent accurate determination of the linear attenuation coefficient and
subsequent Pb-eq caculation [113]. Such limitations are commonly reported in
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radiation shielding studies and do not detract from the overall interpretation of shielding

performance.

4.79 Comparison of Radiation Shielding Performance with Previous Studies

This present study introduces a novel approach to radiation shielding by integrating
pure tin (Sn) and copper tin (Cu-Sn) dloy fillersinto a PDMS (polydimethylsiloxane)
matrix, to enhance X-ray and gammaray attenuation efficiency. Compared to
previously reported metal-polymer composites such as PbO/PDMS, SnCh/PDMS,
ZnO/PDMS, and E"Ch/PDMS, the current research stands out in severa radiation
attenuation characteristics (Table 4.10).

For instance, PbO/PDMS composites with 50 wt% filler reported by [30] exhibited
high linear attenuation coefficients at low energies, however, a substantial reduction in
LAC was observed as photon energy increased, reaching as low as 0.12 cm™ at 1332.2
keV. This significant drop highlights the limitation of oxide-based fillers in shielding

high-energy gamma radiation, where Compton scattering becomes dominant.

Similarly, Sn02/PDMS composites investigated by [9] demonstrated strong
attenuation at 59.51 keV but showed a decrease in MAC values (0.05 cm? ¢') at 1332
keV, indicating reduced shielding efficiency against high penetrating gamma photons.
ZnO/PDMS composites reported by [31] required relatively thin sample thicknesses
(0.10-0.20 cm) but exhibited large HVL and TVL values at 661.62 keV, reaching up to
740 cm and 24.54 cm, respectively. These results suggest that while ZnO-based
composites may be effective for low-energy radiation protection, their performance
becomes less practical for high-energy applications due to the need for greater shielding
thickness. In contrast, Bi203/PDM S composites studied by [32] achieved high radiation
protection efficiency (96.40%) under diagnostic X-ray conditions (100 kV), but the
study was limited to low-energy photons and did not assess shielding performance in

the MeV range.

Compared with these previous oxide-based systems, the present SW/PDMS
composite with 60% metallic tin demonstrates superior and more consistent shielding
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performance across abroader photon energy range (122.1-1332.2 keV). The composite
maintains relatively high LAC values even at 1332.2 keV (0.41 cm™), resulting in lower
HVL (0.18-1.71 cm) and TVL (0.61-5.69 cm) values than those reported for ZnO- and
SnCh-based PDMS composites. This improvement is attributed to the higher electron
density of metallic tin compared to its oxide counterparts, which enhances Compton

scattering interactions at high photon energies.

Importantly, the composites developed here show promising results without the use
of toxic heavy metals like lead or bismuth, offering a safer and more environmentally
friendly aternative. The ability of metallic pure tin and copper tin aloys to provide
effective attenuation, particularly in the diagnostic and therapeutic energy ranges,
emphasizes the novelty and practical relevance of the present research in developing
lead-free, flexible, and efficient radiation shielding materials.
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Table 4.10

Summary of Radiation Attenuation Characteristics of Selected Metal-PDM S Composites

Metal Thickness Radiation Energies MAC LAC HVL TVL MFP
References Metal/Polymer 2 1 1 RPE (%)
(%) (cm) (kev) (cm”g’)  (cm) (cm) (cm) (cm)
4.71-
[30] PbO/PDMS 50 100 59.51-1332.20 ~ 012 ~ ~ ~ -
[9 Sn0,/PDMS 50 0.50 59.51-1332.00 2.59-0.05 -
47.18- 5.40- 0.13- 0.19- 0.43-
[31] ZnO/PDMS 15 0.10-0.20 22.16-661.62 ~
0.08 0.09 740 24.54 10.67
[32] Bi,0s/PDMS 0.84 100 kV - 96.40 -
3.77- 86.92- 0.18- 0.61-
Present Sn/PDMS 0.84-0.09 0.27-2.47
041 1954 171 5.69
60 0.50 122.10-1332.20
2.08- 68.87- 0.33- 110-
Cu-Sn/PDMS 0.39-0.14 0.48-1.31
0.76 34.75 0.91 3.02




CHAPTER 5
CONCLUSION

5.1 Summary

This research successfully demonstrated the potential of PDMS-based
composites reinforced with pure tin and copper tin aloy as promising alternatives to
conventional lead-based materials for photon radiation shielding. Characterization
methods like FESEM-EDX, XRD, FTIR spectroscopy, and gamma-ray spectroscopy
were investigated to thoroughly assess the composites functional, chemical, and
physical characteristics.

The composite samples microstructural morphologies differed noticeably,
according to FESEM anadysis. Tin particles were evenly dispersed and embedded
within the PDM S matrix of the pure tin-filled PDMS composites, which demonstrated
strong integration. Improved structural integrity, which is essentia for mechanical
stability and long-term shielding performance, has been improved by this homogeneity.
The copper tin dloy particles in TA and PA composites, on the other hand, were
spherical in shape and displayed proof of weak matrix adherence or dissociation. This
suggested significantly poorer filler-matrix bonding, which could lead to decreased
shielding effectiveness because of the development of micro-voids that let radiation
pass through.

The XRD analysis confirmed structura and phase differences among the
samples. The C sample showed an amorphous pattern, while the CT and PT6 samples
exhibited sharp peaks corresponding to the P-Sn (tetragonal phase), indicating high
crystallinity. The TA6 sample revealed weaker, broader peaks attributed to CueSns
reflecting lower crystallinity due to particle clustering and weaker bonding. The PA
sample, combining pure tin and aloy in PDMS, showed a mix of P-Sn and CueShs
phases, with better crystallinity than TA but less uniformity than PT. These results
highlight how composition affects phase formation and structural integrity.



The absence of any notable chemical reactions between the metal fillings and
the PDM S matrix was verified by FTIR spectroscopy. The lack of additional functional
groups indicates physical interactions between the metal fillers and the polymer matrix.
The results highlight the significance of particle form, dispersion, and mechanical
integration in maintaining successful filler incorporation and preserving composite
homogeneity. Measurements using gammaray Spectroscopy gave important
information about the fabricated composites capacity to attenuate radiation. The
findings showed that shielding performance and filler composition were positively
correlated, with pure tin-reinforced PDM S outperforming the TA and PA groups. The
PT6 composites showed higher MAC and LAC with lower HVL, TVL and MFP
indicating superior photon absorption ability, particularly at low-energy gamma rays.
These findings were also supported by higher RPE values in PT6, highlighting the
dominant role of high-Z fillerslike pure tin compared to copper tin alloy in attenuating
ionizing radiation. However, for moderate and high energy gammarays, PA6 displayed
superior characteristics as it reveaed stability in shielding radiation across moderate to

high energies compared to PT6.

Overall, the research demonstrates that PDM S composites reinforced with pure
tin have outstanding radiation shielding capabilities for low radiation energies while
maintaining beneficial properties including flexibility, lightweight, and lead-free
composition. The mixture of multiple metals reported better shielding efficiency for
high energy gamma-ray. The study contributes to the development of composites in
environmentally friendly and non-toxic radiation protection materials while effectively
addressing the health and environmental issues related to conventiona |ead-based
shields. Future research may further improve on these findings, especially in filler
dispersion, composite formulation optimization, and structural modification for
improved shielding at various energy levels. With additional research, these composites
might find beneficia applications in nuclear installations, medical imaging centers,
aircraft parts, and personal protective equipment.

5.2 Future works

Future study in a variety of fields is suggested in order to improve the
performance and development of PDMS-based composites for radiation shielding
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applications. First, the homogeneity and integration between the metallic particles and
the PDMS matrix could be improved by optimizing the filler dispersion process, such
as by utilizing coupling agents, surfactants, or ultrasonication. This is particularly
applicable to alloys with poorer adhesion, such as copper-tin. Furthermore, adding
additional high-Z nanoparticles, like tin oxide, zinc oxide or tungsten oxide, in hybrid
or multi-layered concepts may increase attenuation efficiency even further while
preserving flexibility and lightweight characteristics. The long-term stability,
mechanical strength, and thermal resistance of these composites under various
environmental circumstances may also be investigated in future research. Improved
understanding of structural integrity and degradation behavior may be possible with the
use of advanced characterization methods like mechanical testing, and
thermogravimetric analysis. Additionally, testing across broader photon energy ranges
and replicating the shielding performance under real-world circumstances could support
the practical use of these materials in industrial, medical, or space-related settings.
Lastly, increasing the fabrication process's capacity while maintaining its affordability
and environmental safety is still a crucial step in achieving commercial viability.
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(PDMYS) composite
layers for enhance
radiation shielding: an
aternative to lead (Pb)
material
6th Malaysia-Japan Tin-reinforced -Gold Award
International polydimethylsiloxane -Copyright no:
Conference on composites. alead-free CRLY 2025P00379
Nanoscience, innovation for superior
Nanotechnology, and gamma radiation
Nanoengineering 2025 | shielding
(MJIC 2025) An innovation of the -Gold Award
double layer polymeric -Copyright no:
composites enriched with | CRLY 2025P00378
tin fillers as radiation
shielding materia at low
energy gamma rays
International Teaching | TiPhAny: innovative -Silver Award
Aid Competition (iTAC | teaching aids for -Copyright no:
2024) engaging learning on CRLY 2024P03665
thermodynamics topics
INNOMed: Innovation | NMaM method: an -Gold award
Pitching Powered by innovative mix-mixing -Copyright no:
PERANTIM 2024 method of nano- CRLY 2024P07806

microparticle tin-PDMS-
based composites to
block radiation
penetration
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Postgraduate Research
Image Competition
UiTM Penang 2025

FESEM microstructura
anaysis of tin-

poly di methyl siloxane
(PDMYS) composite: a
lead-free aternative for
radiation shielding

International Invention,
Innovation and Design
Expo (INoDEx 2025)

Lead-free tin-PDM S-
based composite: a novel
metal-polymeric material
for radiation shielding

-Gold Award
-Copyright no:
CRLY 2025P06217

Double-layer tin-PDMS
composites: anovel
shielding absorber for
radiation protection
against gamma ray

-Diamond and Gold
Award

-Copyright no:
CRLY 2025P06218

Community service

Kami Prihatin 7.0
Ahli Jawatan Kuasa

Others

Graduate Research
Assistant

October 2023 -
September 2025

UiTM Postgraduate
Assistance

March 2025 - August
2025
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