Baghdad Science Journal

Volume 23 | Issue 1 Article 11

1-1-2026

Double-Layered Tin-Polydimethylsiloxane (PDMS) Composites:
Evaluation of Porosity and Structural Morphology of Polymeric
Composites

Nurul Syafigah Roslan
Department of Applied Sciences, Universiti Teknologi MARA Cawangan Pulau Pinang, 13500 Permatang
Pauh, Pulau Pinang, Malaysia, 2024592857 @student.uitm.edu.my

Nur Maizatul Azra Mukhtar

Department of Applied Sciences, Universiti Teknologi MARA Cawangan Pulau Pinang, 13500 Permatang
Pauh, Pulau Pinang, Malaysia, Faculty of Health Sciences, Universiti Teknologi MARA Cawangan Pulau
Pinang,13200 Kepala Batas, Pulau Pinang, Malaysia AND Department of Biomedical Imaging, Advanced
Medical and Dental Institute, Universiti Sains Malaysia, SAINS@BERTAM, 13200 Kepala Batas, Pulau
Pinang, Malaysia, nurmaizatul038@uitm.edu.my

Ainorkhilah Mahmood
Department of Applied Sciences, Universiti Teknologi MARA Cawangan Pulau Pinang, 13500 Permatang
Pauh, Pulau Pinang, Malaysia, ainorkhilah_sp@uitm.edu.my

Nor Aimi Abdul Wahab
Department of Applied Sciences, Universiti Teknologi MARA Cawangan Pulau Pinang, 13500 Permatang
Pauh, Pulau Pinang, Malaysia, noraimi108@uitm.edu.my

Relfrys HhissRgdditional works at: https://bsj.uobaghdad.edu.iqg/home

Department of Biomedical Imaging, Advanced Medical and Dental Institute, Universiti Sains Malaysia,

SAINS@BERTAM, 13200 Kepala Batas, Pulau Pinang, Malaysia, rafidahzainon@usm.my
How to Cite this Article

Roslan, Nurul Syafigah; Mukhtar, Nur Maizatul Azra; Mahmood, Ainorkhilah; Wahab, Nor Aimi Abdul;
SeivpexRpbigalrohbigimiblesisanéainal; Shah, Aishah Zarzali; and 1zaham, Nor Iwani Nor (2026) "Double-
Layered Tin-Polydimethylsiloxane (PDMS) Composites: Evaluation of Porosity and Structural Morphology
of Polymeric Composites," Baghdad Science Journal: Vol. 23: Iss. 1, Article 11.

DOI: https://doi.org/10.21123/2411-7986.5141

This Special Issue Article is brought to you for free and open access by Baghdad Science Journal. It has been
accepted for inclusion in Baghdad Science Journal by an authorized editor of Baghdad Science Journal.


https://bsj.uobaghdad.edu.iq/home
https://bsj.uobaghdad.edu.iq/home/vol23
https://bsj.uobaghdad.edu.iq/home/vol23/iss1
https://bsj.uobaghdad.edu.iq/home/vol23/iss1/11
https://bsj.uobaghdad.edu.iq/home?utm_source=bsj.uobaghdad.edu.iq%2Fhome%2Fvol23%2Fiss1%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.21123/2411-7986.5141

Double-Layered Tin-Polydimethylsiloxane (PDMS) Composites: Evaluation of
Porosity and Structural Morphology of Polymeric Composites

Authors
Nurul Syafigah Roslan, Nur Maizatul Azra Mukhtar, Ainorkhilah Mahmood, Nor Aimi Abdul Wahab, Rafidah
Zainon, Hanisah Zainal Abidin, Aishah Zarzali Shah, and Nor Iwani Nor Izaham

This special issue article is available in Baghdad Science Journal: https://bsj.uobaghdad.edu.ig/home/vol23/iss1/11


https://bsj.uobaghdad.edu.iq/home/vol23/iss1/11

[=;

BAGHDAD SCIENCE JOURNAL 2026;23(1):138-150 Scan the QR to view

the full-text article on
the journal website

[=]

-J‘E

SPECIAL ISSUE ARTICLE

Double-Layered Tin-Polydimethylsiloxane (PDMS)
Composites: Evaluation of Porosity and Structural
Morphology of Polymeric Composites

1, Nur Maizatul Azra Mukhtar® 23+

1. Nor Aimi Abdul Wahab® ', Rafidah Zainon® 3,
1, Nor Iwani Nor Izaham® #, Aishah Zarzali Shah® >

Nurul Syafiqgah Roslan
Ainorkhilah Mahmood
Hanisah Zainal Abidin

1 Department of Applied Sciences, Universiti Teknologi MARA Cawangan Pulau Pinang, 13500 Permatang Pauh, Pulau Pinang, Malaysia
2 Faculty of Health Sciences, Universiti Teknologi MARA Cawangan Pulau Pinang,13200 Kepala Batas, Pulau Pinang, Malaysia

3 Department of Biomedical Imaging, Advanced Medical and Dental Institute, Universiti Sains Malaysia, SAINS@BERTAM, 13200 Kepala
Batas, Pulau Pinang, Malaysia

4 Faculty of Applied Sciences, Universiti Teknologi MARA Shah Alam, 40450 Shah Alam, Selangor, Malaysia

5 Centre of Foundation Studies UiTM, Universiti Teknologi MARA Cawangan Selangor, Kampus Dengkil, 43800 Dengkil, Selangor, Malaysia

ABSTRACT

The pursuit of advanced materials for radiation protection has highlighted the potential of polymer-metal composites.
Porosity is a key factor influencing radiation attenuation, as fewer voids reduce pathways for radiation penetration. Re-
cent studies emphasize the role of filler distribution in enhancing both mechanical properties and shielding performance.
This work investigates the structural morphology and porosity of tin~-PDMS composites prepared with pure tin (PS) and
tin alloy (AS) fillers at 10-60 wt.% loadings, along with a tin-alloy mixture series (TM). Morphological features, particle
distribution, oxygen content, and porosity were comprehensively analyzed. Results show that porosity strongly correlates
with filler distribution and composition. The AS5 composite (50 wt.% tin alloy) exhibited the most balanced properties,
achieving a low porosity of 0.34% with satisfactory density and microstructural stability. Within the TM series, TM6 (60
wt.% tin mixture) demonstrated promising features for high-density shielding applications due to its high tin content
with a density of 5.32 g/cm?® and porosity less than 2.0% of the nominal acceptance threshold for the composite. These
findings establish the foundational microstructural characteristics of tin-PDMS composites as a step toward developing

lead-free radiation shielding materials.

Keywords: Double-layer composite, ImageJ, Metal-polymer, Porosity, Radiation shielding

Introduction

Given their superior X-ray absorption, high atomic
numbers of atoms like bismuth, tungsten, and tin
have a high potential to replace lead in mitigating
radiation exposure.! High-energy photons released
by electromagnetic radiation emit a lot of energy.
The photoelectric effect is one of the emission-related

interactions. A core electron will be ejected from an
irradiated substance if the photon energy surpasses
the core electron’s binding energy. Consequently,
the photoelectric effect is more likely to occur in
metals with greater atomic numbers. Metal-polymer
composites for radiation shielding are often pro-
duced using low-density polymers such as PDMS as
a matrix.? These materials are lead-free composites
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that shield radiation and are lightweight, safe, and
durable.®* Silicon material can withstand radiation
doses of up to 500 kGy and is resistant to radiation
cross-linking, radiation-induced polymerization, and
polymer breakdown.® Composite fabrication tech-
niques affect how effectively radiation is absorbed.
Not all materials are acceptable for manufacture, as
evidenced by specific needs in the medical industry,
such as PPE and radiation shielding construction. ®®
For the radiation process to be protected, the com-
posite structure needs to be sufficiently flexible and
safe.” Additionally, the composite performance is im-
pacted by homogeneity. The composite requires time
to solidify if the mixture contains particles of vary-
ing sizes and shapes in the polymer matrix, and the
high-density particles will settle to the bottom of the
composite. !* Thus, creating the composite in layers
is an effective approach to address this issue.

More atoms per unit volume interact and absorb
the radiation, and higher-density materials offer supe-
rior shielding. !"'? Upgrading a single layer to several
layers can tailor the composite density and shielding
attenuation properties.'? As each layer of the multi-
layer composite has a high-tolerance composition, the
composite density rises. According to the literature,
multilayered composites are still stages of develop-
ment and have not yet been extensively investigated
as a lead substitute for radiation shielding. '*-'® Thus,
this research was carried out to develop a flexible,
lead-free, multilayered PDMS composite by incorpo-
rating pure tin powders and tin alloys at a specific
composition ratio.

Metal filler and polymer

The development of metal-polymer composites for
radiation shielding is motivated by the need for
safe, lead-free materials that balance shielding per-
formance with mechanical flexibility.!”-'8. Tin-based
composites, in particular, offer advantages such as
lower toxicity, favorable density, and good chemical
compatibility with polymer matrices. Studies have
shown that tin-PDMS composites are promising for
medical radiation shielding, as they reduce weight
while maintaining shielding efficiency. Furthermore,
investigations confirm their durability under pro-
longed radiation exposure.

Layered fabrication approaches enhance these ben-
efits by introducing multiple interfaces that scatter
and absorb radiation more effectively. Layering
also improves mechanical durability, prevents filler
sedimentation, and allows tailoring of shielding
performance by controlling layer thickness and com-
position. These advantages highlight the versatility
of tin—-PDMS systems and underscore the importance

of understanding how filler type, distribution, and
porosity influence composite performance.

Porosity of the metal-polymer composite

Porosity significantly impacts the effectiveness of
radiation shielding materials. '°-! High-Z fillers such
as tin, tungsten, or bismuth can enhance attenua-
tion, but excessive porosity reduces density, weakens
structural integrity, and creates channels through
which radiation may pass. In high-precision appli-
cations such as medical devices, personal protective
equipment, and aerospace components, porosity must
be minimized to maintain reliability, durability, and
protection efficiency. %2

Conversely, carefully controlled porosity may
sometimes be introduced for weight reduction or
flexibility, though these compromises shielding effi-
ciency. Therefore, quantifying and controlling poros-
ity is critical to designing composites that balance
mechanical properties and radiation attenuation. This
study emphasizes porosity analysis as a central pa-
rameter in evaluating tin~-PDMS composites, linking
composition ratios with observed microstructural fea-
tures. Reliability is of utmost importance in medical
and aerospace applications, and these parameters can
be deteriorated by porosity. %3

Materials and methods

The raw materials used in this study consisted
of metal powders and a polymer matrix. Pure
tin (Sn) powder, with a density of approximately
7.31 g/cm®, was obtained from Bendosen, Kuala
Lumpur, Malaysia, while a tin alloy powder, with a
density of about 8.8 g/cm3, was supplied by Sigma
Aldrich, Taufkirchen, Germany. Both pure tin and
tin alloy powders were provided in micron-sized par-
ticulate form. The polymer matrix employed was
polydimethylsiloxane (PDMS), purchased as the Syl-
gard 184 Silicone Elastomer Kit (Dow Corning, USA),
which included both the PDMS elastomer base and
the corresponding curing agent. As for the first layer,
the tin and PDMS were mixed and stirred for about 7
to 10 minutes before being poured into the mould,
to ensure the powders can be dispersed uniformly
throughout the polymer matrix. The mixture was then
cured for 24 hours in a desiccator to ensure complete
solidification occurred. The process was repeated for
the remaining compositions, including 10%, 20%,
30%, 40%, 50%, and 60%, to create layers with vary-
ing properties. After the first layer had solidified,
fabrication of the second layer continued by prepar-
ing a 100% PDMS layer. At this stage, the 100% PDMS
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Table 1. The composition (%) of tin powder in the composite.

Filler Composition (%)

Filler/Matrix Composite Label Layer 1 Layer 2 Composite Overview
PDMS Control 0
-
Pure Tin PS1 0 10
PS2 0 20
PS3 0 30
PS4 0 40
PS5 0 50
PS6 0 60
Tin Alloy AS1 0 10
AS2 0 20
AS3 0 30
AS4 0 40
AS5 0 50
AS6 0 60
Pure Tin-Tin Alloy T™M1 10 10
TM2 20 20
TM3 30 30
T™M4 40 40
TM5 50 50
TM6 60 60

liquid polymer was poured on top of the cured mixed
monolayer, maintaining the same thickness, and then
subjected to the same curing procedure described pre-
viously.

A multilayer composite sample with dimensions
of 20 cm x 2.0 cm x 0.5 cm was fabricated at
the UiTM Cawangan Pulau Pinang using the layering
technique. Each composite consisted of two layers,
approximately 0.25 cm thick per layer. Layer 2 was
prepared by mixing tin powder with PDMS polymer
in specific composition ratios, as shown in Table 1.
For the PS and AS series, Layer 1 was fabricated
using 100% PDMS to provide a pure polymer sur-
face, whereas for the TM series, both Layer 1 and
Layer 2 were prepared using tin—-PDMS mixtures to
achieve higher filler loading and improved shielding
characteristics. This design enabled comparison be-
tween composites with a pure polymer outer surface
and those with fully metal-polymer integrated layers,
providing insights into the influence of layering con-
figuration on radiation attenuation.

Sample analysis

Density

According to the International Electrotechnical
Commission (IEC), density (p) is the minimum mass
per unit area of the protection material. Higher-
density materials generally offer superior shielding
capabilities due to more atoms per unit volume,
which interact with and attenuate the radiation.

Density is typically measured in grams per cubic
centimeter (g/cm?) as shown in Egs. (2.1) and (2.2)
below. 4

mass

[ 2.1
Volume 2.1

0

For a multilayer composite, an effective density can
be measured using Egs. (2.2) and (2.3)

total mass
- 2.2
Peff =4 S (2.2)
t] + pot:
Pefs = p1ty + p2l2 2.3)
tity
Where,

A = cross-sectional area of composite

petr = effective density

p1 = density of the first layer composite

t; = the thickness of the first-layer composite

p2 = density of the second-layer composite

to = thickness of the second-layer composite

The difference in density was further calculated
in percentage, called the percentage difference, as
shown in Eq. (2.4).

Percentage dif ference =

theoretical density — calculated density
theoretical density

x 100%
2.4
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Fig. 1. Gold-coated composite with copper tape in FESEM.

The percentage difference in density depicts uni-
formity and consistency in the composite structure.
A low value indicates a well-controlled fabrication
process, as implied by the dispersion of tin particles.
The disparities in the calculated densities are also due
to cavities or uneven composite layers.?> Thus, the
calculated density should be as close as possible to
its theoretical density for optimal performance and
to ensure the homogeneity of the composites. 2°-2°

Field emission scanning electron microscopy
(FESEM - EDX)

Using an FEI Verios 460L, energy-dispersive X-ray
spectroscopy (EDX) and field emission scanning elec-
tron microscopy (FESEM) were carried out at the
SERC, USM facility. EDX determined the elemental
composition and measured the oxygen concentration
to assess potential microstructural defects. FESEM
offered high-resolution images to study the topog-
raphy and nanoscale characteristics of each sample.
Samples were coated with a gold layer approximately
10 nm thick using a sputter coater. The FESEM-EDX
analysis was performed at an accelerating voltage of
15 kV and a beam current of 1.6 nA, which provided
adequate surface resolution and minimized charging.
The samples were gold-coated and then fixed to stubs
with colloidal copper tape, as shown in Fig. 1. A thor-
ough understanding of material properties is made
possible by FESEM 3D imaging capabilities and the
ability to examine the nanoscale features of the Tin-
PDMS composite.

Average porosity analysis

Porosity analysis was performed using ImageJ soft-
ware. FESEM micrographs of the composites were
imported, and the scale was calibrated using the em-
bedded scale bars: 100 um at 500x magnification
and 50 um at 1000x magnification. The thresholding

function in ImageJ was applied to differentiate pores
from the matrix, as demonstrated in Fig. 2. Once
the threshold was adjusted and the region of interest
was defined, ImageJ calculated the porosity area frac-
tion, which was then expressed as relative porosity
percentages. Using two magnifications ensured that
the measurements captured both larger features and
finer structural details, while maintaining accuracy in
physical dimension calibration and minimizing pixel
resolution bias. Porosity is a critical factor in the
ability of multilayer composites, as it is affected by
mechanical strength, conductivity, as well as durabil-
ity. 0 This includes segmenting thresholding domains
in the greyscale FESEM images that differentiate be-
tween voids and the material matrix, followed by
the overall void area, and translating the results into
the percentage area of the analyzed region®' in an
8-bit-sized image.

Fourier transform infrared (FTIR) spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy
was carried out using a PerkinElmer Spectrum 100
series at Universiti Putra Malaysia (UPM), with spec-
tra recorded in the wavenumber range of 3997-478
cm! at room temperature. This technique measures
the absorption of infrared light by molecular vibra-
tions, providing information on chemical bonding,
functional groups, and interfacial stability of the ma-
terials. The equipment used for this characterization
is shown in Fig. 3. FTIR was employed to examine
the structural characteristics of control PDMS and its
modified composites (PS1, AS1, and TM1). The result-
ing spectra display transmittance profiles that act as
chemical fingerprints, enabling the identification of
functional groups and the detection of changes due
to compositional modifications.

Results and discussion
Density and percentage difference

Table 2 and Fig. 4 show the calculated densities of
the PS, AS, and TM series composites. In all cases,
density increased with tin content, consistent with
the higher atomic density of the filler. The TM series
achieved the highest effective density (up to 5.32
g/cm? at 60 wt.% tin), reflecting enhanced packing
and reduced voids. This makes TM composites suit-
able for applications requiring structural rigidity and
high load-bearing capacity. In contrast, PS compos-
ites exhibited lower densities and lighter weights,
offering advantages for flexible or portable shielding
designs. The AS series fell between these extremes,
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Fig. 2. Representative screenshot from ImageJ software showing the threshold adjustment for porosity region analysis of the PS1 composite

(layer 2). The FESEM image was acquired at 500x magnification with a 100 .«m scale bar.

Fig. 3. Fourier Transform Infrared (FTIR) spectroscopy, conducted at Universiti Putra Malaysia (UPM) with the facility brand PerkinElmer,

model Spectrum 100 series.

with intermediate densities and improved structural
stability.

Percentage differences between theoretical and
measured densities highlight the effects of porosity,
filler distribution, and processing consistency. %33
For example, AS1 exhibited a high deviation
(16.52%), while AS4 showed a much lower deviation
(5.62%). The TM series generally displayed minimal
variation (< 2% for TM2-TM6), indicating more uni-
form filler distribution and fewer voids. These results
emphasize the importance of controlled processing to
achieve reliable density and structural performance.

Representative FESEM micrographs at 500x mag-
nification are shown in Fig. 5. At low tin loadings
(10-30 wt.%), the PS series exhibited relatively ho-
mogeneous particle dispersion. However, at higher

loadings (40-60 wt.%), significant agglomeration oc-
curred due to insufficient PDMS matrix to coat the
filler particles, leading to voids and potential weak-
ening of the composite.

The AS series displayed improved filler disper-
sion compared to the PS series, with alloy particles
showing more spherical morphology and enhanced
interfacial compatibility. This reduced agglomeration
and promoted better adhesion between filler and ma-
trix. In the TM series, the combination of pure tin
and alloy fillers yielded a high packing density and
enhanced bonding performance, effectively reducing
void formation and delamination. Overall, FESEM
analysis confirmed that filler morphology and dis-
persion strongly influence composite porosity and
interfacial integrity.
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Table 2. Calculated density values for multilayered tin-PDMS composite.

Measured Thickness (cm)

Composite Effective Density = Theoretical density ~ Percentage
Label Mass (g) Layer1 Layer 2 (g/cm3) (g/cm3) difference (%)
Control 2.00 0.52 0.962 1.103 12.78
PS1 2.78 0.25 0.26 1.36 1.41 3.54
PS2 2.63 0.23 0.25 1.37 1.72 20.53
PS3 3.58 0.24 0.25 1.83 2.03 10.20
PS4 3.59 0.21 0.25 1.95 2.34 16.78
PS5 4.95 0.28 0.25 2.34 2.66 12.05
PS6 5.16 0.22 0.19 3.15 2.97 6.11
AS1 2.85 0.45 0.13 1.24 1.49 16.52
AS2 4.51 0.33 0.13 1.45 1.87 22.35
AS3 6.25 0.20 0.38 2.32 2.26 2.90
AS4 5.89 0.16 0.34 2.79 2.64 5.62
AS5 8.00 0.18 0.33 3.11 3.03 2.77
AS6 10.21 0.22 0.36 3.42 3.41 0.07
™1 2.49 0.31 0.14 1.77 1.80 1.57
T™M2 3.20 0.31 0.23 2.47 2.49 0.90
™3 4.25 0.20 0.32 3.24 3.19 1.61
T™M4 5.27 0.12 0.20 3.96 3.88 1.91
™S 4.96 0.18 0.33 4.69 4.58 2.40
TM6 6.54 0.20 0.25 5.32 5.27 0.94
a4 b) _ 4 ¢ _6
a3 E 3 B T4 T
= ) =T =] St = B N
5§21 =Tl 52 il 2, o1l
il 3592388 BT spug3gg  ME ssoozee
g c2EEEEE S £2%922%% § EEREEEE
- /=] k= o =]
(6] O O

Fig. 4. Graph of calculated effective density of a) PS series, b) AS series, and ¢c) TM series.
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4 5 s (%

B

Fig. 5. FESEM images at 500x magnification of a) PS2, b) AS2, and c) TM2.

Elemental analysis using energy-dispersive X-ray
spectroscopy (EDX)

Oxygen content trends, summarized in Table 3 and
Fig. 6, further support the FESEM observations. The
control PDMS sample showed the highest oxygen
content (31.22 wt.%), originating from Si-O-Si
linkages. However, at higher tin concentrations, a
slight increase in oxygen content may occur due to the
formation of SnO or SnO, as a result of oxidation. 3
Increasing tin content progressively reduced oxygen
levels, as less polymer was present. For example,

oxygen decreased from 26.59 wt.% in PS1 to 18.26
wt.% in PS6.

At higher tin loadings (> 50 wt.%), oxygen content
slightly increased, attributed to the formation of
SnO/Sn0O; due to surface oxidation of tin particles.
This was most evident in AS5-AS6 and the TM series,
where oxygen levels remained in the 19-28 wt.%
range. While tin oxides may enhance radiation
attenuation due to their high atomic number,
excessive oxidation can reduce flexibility and
compromise long-term durability. Thus, minimizing
uncontrolled oxidation during fabrication is essential
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Fig. 6. Element oxygen weight percentage against tin composition in a) PS series, b) AS series, and c) TM series.

for ensuring structural reliability. These oxides
appear because of enhanced interaction between
the tin concentration and the oxygen present in
the environment or the composite matrix.?>* The
composite has a large surface area of tin particles,
which may also encourage further oxidation at this
point, which would reintroduce oxygen in the form
of tin oxides and account for the composition’s rapid
increase in oxygen percentage. >

Oxygen has been associated with composite oxi-
dation. The presence of oxygen can have a positive
or negative coefficient depending on the composition
of the material and conditions. Nevertheless, oxida-
tion can enhance certain properties like radiation
shielding, as in the case of high atomic number ox-
ides like tin oxide, because it brings oxygen into the
structure, but in many cases, it degrades the perfor-
mance of radiation-shielding composites.>> Oxygen
can also cause the polymer matrix, leading to chain
scission, embrittlement, or lowered ductility. These
effects damage the matrix structure, reducing the
composite’s efficiency in radiation attenuation. The
formation of oxides that involve oxygen might be
responsible for the nonuniformity of the composite.
This unevenness can lead to the formation of ‘leaky
points’, which decrease the ability to shield. *>*” They
may degrade faster in radiation-net environments
such as space or nuclear power plants in synergistic
effects of radiation, oxygen, and weather factors like
temperature and humidity.

Average porosity analysis

Fig. 7 presents the porosity region of the PS1 com-
posite for layer 2, analyzed using ImageJ software.
The image was obtained at 500x magnification with
a scale bar of 100 um, which was applied to calibrate
the region size during analysis. This calibration
ensures that the porosity measurements reflect the
true physical dimensions of the sample rather than
only pixel counts. FESEM images at both 500x and
1000x magnifications were utilized to obtain reliable

Table 3. Element oxygen by weight percentage.

Element oxygen by

Composite Label weight percentage (wt.%)

Control 31.22
PS1 26.59
PS2 25.68
PS3 20.04
PS4 10.37
PS5 9.56

PS6 18.26
AS1 21.57
AS2 28.52
AS3 20.79
AS4 26.13
AS5 27.79
AS6 27.65
T™M1 27.48
T™2 19.02
T™M3 23.51
T™4 24.57
TM5 21.58
T™M6 21.22

measurements across different areas of the sample.
The average porosity values were calculated as
relative porosity percentages. Results indicate that
the PS series shows very low porosity in layer 1
(ranging from 0% to 0.01% within the PDMS layer)
and slightly higher values in layer 2 (associated
with the pure tin mixture). Nevertheless, overall
porosity remains minimal, and major line porosity is
consistently low in both layers, suggesting that the
fabrication process achieved good structural resis-
tance and reduced the likelihood of void formation.
The variability of porosity percent in PS series,
AS series, and TM series composites based on layer
content is highlighted in relative percentage trends
as shown in Fig. 7, reflective of Table 4. In the AS
series, for layer 1 (PDMS layer), all the composites
reveal negligible porosity, ranging from 0% to 0.07%.
However, for layer 2 (tin alloy mixture), all compos-
ites except AS1 and AS2 show a much higher porosity.
Total porosity values in the AS series range from 0.21
% to 0.67 %, and due to the predominance of porosity
in the second layer, the problem of uniform packing
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Fig. 7. Porosity region in the PS1 composite measured for layer 2 using ImageJ software analysis. The FESEM image was acquired at 500x
magnification with a 100 um scale bar, which was used for calibration of the analyzed region.

Table 4. The porosity percentage of each composite.

Effective porosity (%)

Composite Label Layer 1 Layer 2 Total
PS1 0.01 0.08 0.09
PS2 0.00 0.13 0.13
PS3 0.00 0.01 0.01
PS4 0.01 0.03 0.03
PS5 0.00 0.01 0.01
PS6 0.07 0.09 0.16
AS1 0.00 0.65 0.65
AS2 0.07 0.60 0.67
AS3 0.02 0.19 0.21
AS4 0.00 0.41 0.41
AS5 0.01 0.33 0.34
AS6 0.01 0.22 0.23
TM1 0.12 0.12 0.24
T™M2 0.09 0.10 0.19
T™3 0.08 0.17 0.25
T™M4 0.10 0.20 0.30
T™5 0.13 0.53 0.66
T™M6 0.58 0.58 1.16

or perfect bonding between the tin alloy and polymer
matrix can be assumed. This trend simply suggests
the general need for enhanced processing techniques
to ensure that porosity is well-controlled and that
the structural loading property of AS composites is
well-augmented.

Porosity analysis using ImageJ confirmed that void
formation primarily occurred in the filler-rich layers
(Table 4, Fig. 8). In the PS series, porosity remained
very low (0.01-0.16%), indicating consistent mi-
crostructural integrity. The AS series exhibited higher
porosity (0.21-0.67%), especially in the filler layer,
suggesting incomplete packing or bonding at higher
alloy contents. The TM series showed the highest
porosity (0.24-1.16%), consistent with its dual filler

design. For instance, TM6 exhibited 1.16% porosity,
significantly higher than PS or AS composites. Nev-
ertheless, TM composites compensated with higher
density and improved bonding due to the synergistic
effects of alloy and pure tin fillers. These results high-
light that porosity is strongly linked to fabrication
conditions and filler interactions, with direct impli-
cations for density and mechanical stability.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of control PDMS, PS1, AS1, and TM1
are shown in Fig. 9. Control PDMS exhibited the ex-
pected peaks: Si—O-Si stretching (1000-1100 cm?),
C—H stretching (2960-2850 cm!), and Si-C vibrations
(~800 cm?). These confirmed the siloxane backbone
of the matrix. For the control PDMS spectrum, the ex-
pected characteristic peaks of polydimethylsiloxane
are observed. The strong absorption between 1000
and 1100 cm! corresponds to Si-O-Si stretching, con-
firming the siloxane backbone of PDMS. Peaks in
the range of 2960-2850 cm! indicate C-H stretching
from methyl groups, while a distinct signal around
800 cm! reflects Si-C vibrations. These are typi-
cal and confirm the identity of unmodified PDMS. 3¢
Composite spectra retained these backbone features,
indicating chemical compatibility between PDMS and
tin fillers. However, subtle differences were observed:
PS1 showed weak carbonyl absorption (~1700 cm?),
AS1 exhibited a broader O-H band (~3300 cm!),
and TM1 displayed complex signals in the fingerprint
region (<1000 cm?), suggesting filler-matrix inter-
actions and potential surface functionalization. The
overall reduction in transmittance with increasing tin
content reflects enhanced scattering and absorption
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Table 5. Summary data of conventional lead and best morphological samples.

Samples Density (g/cm®) Porosity (%) Notes on Radiation Attenuation

Lead 11.34 - High density; absorbs more radiation

AS5 3.11 0.34 Balanced density and structure; flexible
TM6 5.32 1.16 High density, suitable for flexible shielding

by metallic fillers. The degree of transmittance re-
duces as the tin content increases, which suggests
greater scattering and absorption from the fillers
incorporated. 38

Result summary

Table 5 compares the density and porosity of con-
ventional lead with the best-performing tin—-PDMS
composites. Lead remains the densest material, 11.34
g/cm3,% offering superior shielding but with draw-
backs in terms of brittleness, toxicity, and weight.
Among the composites, AS5 (3.11 g/cm3, 0.34%

porosity) demonstrated the best balance between
density, low porosity, and flexibility, making it a reli-
able candidate for structural shielding applications.
TM6 (5.32 g/cm?, 1.16% porosity), while slightly
more porous, achieved the highest effective density
among the composites, positioning it as the closest
morphological match to lead. These findings high-
light that although tin—-PDMS composites do not yet
match the shielding density of lead, they provide
significant advantages in flexibility, processability,
and safety, making them promising alternatives for
specific radiation protection applications.
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Conclusion

The PS, AS, and TM composite series demonstrated
distinct structure-property relationships. Density in-
creased with tin content, with the TM6 composite
achieving the highest effective density (5.32 g/cm?®).
FESEM and porosity analysis confirmed that filler
dispersion critically affects microstructural integrity,
with PS composites showing the lowest porosity, AS
composites achieving improved interfacial adhesion,
and TM composites balancing density with bonding
performance.

EDX results revealed decreasing oxygen content
with higher tin loading, though surface oxidation in-
troduced secondary effects. FTIR confirmed that filler
incorporation did not disrupt the PDMS backbone but
induced subtle modifications in functional groups.

Overall, AS5 (3.11 g/cm3, 0.34% porosity) emerged
as the most balanced composite, combining low
porosity with satisfactory density and structural sta-
bility, while TM6 (5.32 g/cm?®, 1.16% porosity) pro-
vided the highest effective density, offering the clos-
est morphological comparison to conventional lead.

While lead (11.34 g/cm®) remains unmatched in
density and attenuation, the developed tin—-PDMS
composites demonstrate clear advantages in terms
of flexibility, safety, and lightweight performance.
These results establish a strong microstructural foun-
dation for future comparative studies with lead-based
shields and underline the potential of tin~-PDMS com-
posites as safer, lead-free alternatives for radiation
protection applications.

While the developed tin-PDMS double-layer com-
posites demonstrated promising density, porosity,
and morphological characteristics, some limitations
should also be considered. The double-layer struc-
ture, while enhancing shielding capability, may in-
fluence long-term stability due to potential interlayer
adhesion issues, particularly under repeated bending,
cyclic mechanical loading, or thermal stress. FESEM
cross-sectional images at higher tin loadings sug-
gested localized regions prone to delamination, which
may compromise flexibility and durability. In addi-
tion, the relatively high porosity observed in some
TM composites highlights the need for tighter control
of fabrication conditions to avoid void formation. To
overcome these challenges, future research should
focus on optimizing layer thicknesses to achieve a
balance between shielding efficiency and flexibil-
ity, scaling up the layer-by-layer curing process to
ensure reproducibility in larger-scale applications.
Long-term performance testing, including accelerated
aging and mechanical fatigue studies, is also neces-
sary to evaluate the durability of these composites
under real-world conditions.
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