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A B S T R A C T

The search for alternatives to toxic lead-based shielding materials is vital for sustainable radiation protection. 
This study investigates polyvinyl alcohol (PVA) composites reinforced with recycled eco-friendly fillers: granite, 
glass, and redmud as substitutes for conventional gamma-ray shields. Shielding parameters, including Linear and 
Mass attenuation coefficients (μ, μ/ρ), Half value layer (HVL), Tenth value layer (TVL), Mean free path (λ), and 
Effective atomic number (Zeff), were measured for composites with 10–40 wt% filler concentrations using gamma 
energies from 511 to 1332 keV. Experimental results closely matched theoretical values determined from XCOM 
and AutoZeff softwares. The findings show that increasing filler concentrations lead to an increase in μ, μ/ρ, and 
Zeff, whereas decrease in HVL, TVL, and λ for all three PVA composites. The maximum value of μ/ρ i.e., 0.090, 
0.089, and 0.082 cm2/g is observed at 511 keV, and Zeff i.e., 10.068, 8.527 and 7.988 at 1332 keV for 40 wt% 
filler concentration for PVA - Granite, PVA-Glass and PVA-Redmud, respectively. Furthermore, among the 
composites, PVA–granite exhibited the highest μ (0.28 cm− 1), μ/ρ (0.09 cm2/g), and Zeff (10.07), along with the 
lowest HVL (2.50 cm), TVL (8.31 cm), and λ (3.61 cm) values at 40 wt% for a given energy. These results 
highlight that PVA–granite acts as a relatively better shielding composite and serves as a promising, lightweight, 
flexible, and eco-friendly alternative for radiation shielding in medical, nuclear, and aerospace applications.

1. Introduction

Gamma radiation is a high-energy electromagnetic radiation emitted 
from atomic nuclei. The rapid advancement of science and technology 
has led to a widespread applications, due to its unique properties, 
particularly its strong penetrating ability, across diverse fields such as 
nuclear medicine, medical diagnostics, industrial processing, scientific 
research, and security (Hussain et al., 2022). Prolonged exposure to this 
ionizing radiation can be harmful for materials used in devices as well as 
for the living biome (Ahmad et al., 2021), and can increase the risk of 
developing genetic mutations, causing damage to blood cells and tissues 
and organ failure (Elgazzar and Kazem, 2014). Thus, an in-depth un
derstanding of gamma-ray interactions with matter is essential for 
advancing radiation protection and dosimetry. Developing effective 
shielding materials has become a research priority in nuclear science 
and technology (Chmielewski, 2010; Alrowaili et al., 2025; Henaish 
et al., 2020). Traditionally, materials such as lead and lead-based 

composites, bismuth oxide, and tungsten have been used as 
gamma-ray shielding due to their high atomic numbers and densities, 
which make them effective at absorbing high-energy photons. However, 
these materials have considerable drawbacks as they are dense and 
heavy, which limits their applicability in scenarios where weight is a 
constraint. Additionally, lead being toxic, imposes environmental and 
health hazards during their handling, usage and disposal (Gual et al., 
2018). Considering these limitations, alternative materials that are 
lightweight, non-toxic, cost-effective and flexible are increasingly 
desirable in radiation shielding applications.

Recent studies have shown a growing interest in developing sus
tainable and efficient materials for gamma radiation shielding. Struc
turally engineered composites used in construction have demonstrated 
promising photon attenuation capabilities. Novel absorbers synthesized 
from waste marble/polyester incorporating PbCO3 and CdO have 
exhibited improved attenuation along with environmental benefits 
(Sayyed et al., 2022a), while the green conversion of hazardous CRT 
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waste and red mud into radiation-shielding concrete has underscored 
the potential of upcycling industrial waste (Sayyed et al., 2022b). 
Enhanced gamma attenuation has also been achieved in gyp
sum–lime–waste-marble mortars through micro/nano-PbO addition 
(Alabsy et al., 2023), and natural materials such as clays (Elsafi et al., 
2021), local granites (Abdalla et al., 2022), heavy-mineral-doped clay 
bricks (Mahmoud et al., 2021), OPC pastes blended with glass wastes 
(Shwita et al., 2021), mineralized siltstone/dolostone formations (Aita 
et al., 2022), and even different wood species (Barman et al., 2022) have 
been evaluated for their radiation-shielding performance. Likewise, the 
gamma shielding properties of dental ceramics (Şengül et al., 2023) 
indicate that diversified natural and engineered materials can be effec
tively tailored for nuclear protection. In addition to construction mate
rials, glass-based matrices, geopolymer binders, and advanced 
glass-ceramic compositions are being extensively investigated as 
promising Pb-free alternatives for gamma shielding. Bi2O3-doped recy
cled CRT glass exhibited improved density, microstructural refinement, 
and radiation energy absorption (Alzahrani et al., 2023), while 
metakaolin-based geopolymers containing borosilicate waste glass 
demonstrated favorable physicochemical and shielding properties 
(Alrowaili et al., 2024). Lead-oxide loading has been validated to 
enhance attenuation in newly developed geopolymer networks 
(Echeweozo et al., 2024), and apatite–wollastonite matrices modified 
with SiO2, Fe2O3, and TiO2 have shown competitive absorption behav
iour (Elqahtani et al., 2025). Multi-component glass systems, including 
Pb–W–B glasses with Sb/Al/Bi modifiers (Katubi et al., 2024), 
silicon-rich Na2O–SiO2–Al2O3–CaO–ZnO glasses (Alzahrani et al., 
2024), P2O5-based glasses (Katubi et al., 2023), and Ga-silicate systems 
(Alsaiari et al., 2025a), have demonstrated high shielding efficiency, 
with reviews confirming that modifier class critically governs attenua
tion and microstructural densification (Al-Buriahi et al., 2025). 
Furthermore, Bi2O3–Y2O3 co-doped glass-ceramics have exhibited 
enhanced nuclear shielding through improved structural compactness 
and high-Z loading (Alsaiari et al., 2025b). However, most glass, geo
polymer, ceramic, and construction-derived shielding systems, though 
effective in attenuation, suffer from limitations such as high density, 
brittleness, rigidity, processing difficulty, and lack of flexibility or 
portability. Consequently, polymer-based composites are now emerging 
as attractive alternatives due to their low cost, light weight, ease of 
moulding or 3D forming, and versatile chemical stability, making them 
suitable candidates for next-generation flexible radiation-shielding ap
plications (Singh and Kumar, 2019).

A range of polymers, including polyoxymethylene (POM), Natural 
rubber (NR), Poly methyl acrylate (PEA), Poly-phenyl-methacrylate 
(PPM) (Bhosale et al., 2017), Polyamide nylon-6 (PA-6), 

Poly-acrylonitrile (PAN), Poly-vinylidene chloride (PVDC), Poly-aniline 
(PANI), Polyethylene terephthalate (PET), Poly-phenylene Sulfide 
(PPS), Poly-pyrrole (PPy), Poly-tetrafluoro-ethylene (PTFE) (Kaçal et al., 
2019), Poly-vinylidene chloride (PVC) (Yang et al., 2023) etc., have 
been investigated for their attenuation properties, revealing their po
tential in shielding applications. Among these polymers, polyvinyl 
alcohol (PVA) stands out due to its distinctive properties. PVA is a 
water-soluble synthetic polymer with favorable compressive and elastic 
mechanical properties (Issa et al., 2021). It is non-toxic, environ
mental-friendly, and has significant durability in ambient environments, 
making it a suitable candidate for radiation shielding, particularly in 
applications where weight and flexibility are critical (Thangprasert 
et al., 2019). Moreover, PVA’s ability to dissolve in water facilitates 
eco-friendly disposal and recycling, further enhancing its appeal in 
green engineering (Chiang et al., 2024). Polymer composites have 
shown enhanced shielding efficacy when polymers are blended with 
suitable fillers. Various studies have demonstrated the benefits of 
incorporating fillers into the polymer matrix, such as PVA-Bentonite 
clay (Wang et al., 2013), PVC-bismuth vanadate (Singh et al., 2017), 
PVA-Red mud (metal oxide-rich waste) (Daw et al., 2019), 
PVA-dysprosium (III) oxide and erbium (III) oxide (Mostafa et al., 2022), 
PVA-yttrium oxide (Yu et al., 2007), PVA - Cadmium chloride (Baraker 
and Lobo, 2018), Polymethyl methacrylate (PMMA)-bismuth trioxide 
(Jia et al., 1999), PVC–polyethylene glycol (PEG)-polyvinyl Pyrrolidone 
(PVP) - zirconium oxide (Agool et al., 2017), PMMA-Colemanite (Bel 
et al., 2019), and Metalized polypropylene (MAPP)-newspaper fiber 
(Ashori and Sheshmani, 2010), etc., with increased attenuation capa
bility compared to pristine polymer.

The choice of filler material is critical as it impacts the composite’s 
density, atomic composition, and overall effectiveness in gamma-ray 
shielding. Additionally, incorporating fillers provides flexibility in 
designing lightweight and customizable materials for specific applica
tions, making polymer composites an attractive area of study in radia
tion shielding. Therefore, from a sustainability perspective, the use of 
materials that are readily available, cost-effective and environmental 
friendly is highly desirable. In this regard, construction and demolition 
(C&D) waste represents an attractive filler resource, since vast quantities 
remain unutilized; valorizing such waste not only supports recycling and 
waste-management strategies, but also contributes to the development 
of greener, eco-friendly radiation shielding materials. Fig. 1 illustrates 
the annual generation and composition of C & D waste over the past six 
years, revealing an increase from about 140 million tons in 2019 to over 
240 million tons in 2024. The most recent data indicates that these waste 
primarily comprises of bricks (64 %), metals (14 %), wood (13 %), and a 
mixture of glass, plastics, and other materials (9 %) (Sakthibala et al., 

Fig. 1. (a) Annual trend of construction and demolition (C&D) waste generation and (b) corresponding material composition distribution.
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2025), (Bonifazi et al., 2025). Granite, which is an igneous rock, is a 
typical shielding material used in building construction because of their 
large attenuation cross-section for gamma rays (Pavlidou et al., 2006). 
Glass, primarily consisting of silica (SiO2), which is commonly found in 
sand, is an emerging radiation shielding material (Issa et al., 2020; 
Madbouly et al., 2022; Alomayrah and Al-Buriahi, 2024). Redmud 
contains various oxides, such as oxides of iron, aluminum, silicon and 
titanium, which contribute to its moderate density and enable it as a 
sustainable candidate for radiation shielding (El-Khayatt and Saudi, 
2024) (Salati et al., 2022). These materials are easily accessible from 
construction and demolition sites and are economical. In this context, 
the present work aims to address both the escalating issue of C&D waste 
generation and the need for economical, eco-friendly radiation shielding 
materials. To promote effective recycling of solid waste and simulta
neously enhance the gamma-ray attenuation performance of polymer 
composites, filler powders such as granite, glass, and red mud, extracted 
from construction and industrial waste streams, were incorporated into 
the PVA polymer matrix. The selection of these materials is justified by 
their abundance, low cost, and high elemental density, making them 
suitable candidates for sustainable and efficient gamma-ray shielding 
applications.

2. Theory

Absorption and scattering phenomena are the main factors influ
encing the attenuation of gamma ray photons as they pass through an 
absorber (Chikkegowda et al., 2024a). When gamma radiation is inci
dent on an absorber of thickness (t), intensity of the radiation decreases 
along the thickness of a material (Junior et al., 2017), (Krishnappa et al., 
2023). The amount of incident radiation (I) attenuated when it passes 
through a material of thickness ‘t’ is indicated by the linear attenuation 
coefficient (μ), given by, 

I(x) α e− μt (1) 

Higher μ value indicates that the material is more effective at 
reducing radiation intensity and it depends on the sample composition 
(Watanabe, 1999). The reciprocal of μ is called the mean free path (λ), 
which is the average distance a gamma ray travels between collisions 
with atoms of target material (Basu et al., 2019). In essence, λ gives a 
natural concept of how far radiation can travel before being affected and 
μ quantifies the rate of attenuation. 

λ=1/μ (2) 

The thickness at which the incident radiation reduces to half of its 
initial value is known as half value layer (HVL). Likewise, the tenth 
value layer (TVL) specifies the thickness of material required to reduce 
radiation intensity to 10 % of its initial value (Chikkegowda et al., 
2024b), (Reddy et al., 2022). HVL and TVL values were determined 
using the following equations. 

HVL= ln(2)/ μ (3) 

TVL= ln(10) / μ (4) 

The attenuation of radiation mainly depends on the atomic number 
and the density of the shielding material. To obtain the density inde
pendent attenuation parameter, Beer-Lambert’s law can be modified as 
(Swinehart, 1962), 

I = I0 e− (μ/ρ)ρt (5) 

Taking ln on both sides, we get 

lnI= lnI0 − (μ / ρ)ρt (6) 

Thus, the magnitude of the slope of the plot lnI versus ρt directly 
gives the mass attenuation coefficient μ/ρ (Chikkegowda et al., 2024c), 
(Reddy et al., 2021). Higher slope indicates a higher value of μ/ρ, 
indicating a better shielding property.

In a compound or mixture of elements, the average number of atoms 
interacting with the radiation is indicated by the parameter, effective 
atomic number (Zeff). Zeff is the ratio of (σa) and (σel) , represented as 

Zeff =
(σa)

(σel)
(7) 

Where σa is atomic cross-section and σel is the electronic cross-section, 
which represent the probabilities of gamma ray photons interacting 
with the nucleus and electrons, respectively. It changes according to the 
gamma ray energy and characterizes multi-element samples in terms of 
equivalent elements (Sankarshan et al., 2017, 2020; Gowda et al., 2005; 
Krishnaveni and Gowda, 2005). In terms of mass attenuation coefficient 
of individual constituent elements of the sample, Zeff, is given by, 

Zeff =
ƩiniAi(μ/ρ)i

Ʃi
niAi
Zi
(μ/ρ)i

(8) 

Fig. 2. Schematic representation of preparation of PVA composite films.
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where the atomic number, number of formula units, atomic weight and 
mass attenuation coefficient of the ith constituent element are repre
sented as Zi, ni, Ai, and (μ∕ρ)i, respectively (Sankarshan and Umesh, 
2018).

3. Experimental details

For synthesizing PVA composites, laboratory grade PVA powder 
(99.99 % pure) was used without any further purification. Glass powder 
was recovered from broken household glassware. Granite and redmud 
were obtained from a construction site in Mysore district, Karnataka, 
India. A PVA solution (6.54 wt%) was prepared using 100 ml distilled 
water in a beaker and heated at a uniform temperature of 60 ◦C, stirred 
continuously using a magnetic stirrer at 400 rpm to obtain a clear so
lution. Each filler in powder form was added at this stage and with 
continuous stirring at 60 ◦C, a homogeneous PVA composite solution 
was obtained with varying filler concentration of 10, 20, 30, 40 (wt.%). 
The prepared PVA–Granite, PVA–Glass and PVA–Redmud composite 
solutions were transferred into separate Petri dishes and kept for drying 
at room temperature for 2 days. To ensure experimental reliability, three 

sets of PVA composites (0–40 wt%) were prepared. The films were 
peeled off after drying and resized in dimensions of 2 x 3 cm2. The 
schematic diagram of sample preparation is depicted in Fig. 2. The 
thickness of each film was measured at multiple points using a screw 
gauge, where average sample thickness ranged from 0.10 to 0.20 cm.

Synthesized PVA composite films were subjected to gamma ray 
interaction studies. A calibrated gamma ray spectrometer housing a 
thallium-activated sodium iodide scintillation detector coupled with 
multichannel analyzer (MCA)-based computer is used to measure 
gamma ray intensity, using 22Na (511 keV), 137Cs (661.6 keV) and 60Co 
(1173 and 1332 keV) gamma sources (Fig. 3). PHAST software from the 
Bhabha Atomic Research Centre (BARC), Mumbai, India, was utilized to 
attain gamma ray spectrum. The linearity of the spectrometer was 
checked initially, and the acquisition time was set to obtain 105 to 106 

counts under the photo peak. Gamma-ray shielding parameters were 
evaluated using the area under photo peak, obtained with the help of the 
Gaussian peak fitting routine. The composition of the samples was 
determined using Energy dispersive spectroscopy (EDS), which is 
further used in the theoretical calculations of gamma ray attenuation 
parameters using XCOM and AutoZeff software.

Fig. 3. Schematic representation of gamma ray spectrometer experimental setup.

Fig. 4. EDS and elemental composition of (a) PVA-Granite (b) PVA-Glass, and (c) PVA-Redmud with a filler concentration of 40 wt%.
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4. Results and discussion

In this study, PVA composite samples such as PVA-Granite, PVA- 
Glass and PVA-Redmud with different filler concentrations have been 
synthesized by the solution casting method. To know the elemental 
composition, the synthesized films were characterized by Energy 
dispersive spectroscopy. Fig. 4(a–c) show the EDS and the corresponding 
atomic % and weight % of elements present in PVA-Granite, PVA-Glass 
and PVA-Redmud composites for 40 wt% filler concentration, 
respectively.

In the present work we have examined the radiation shielding 
properties of PVA-Granite, PVA-Glass and PVA-Redmud composites by 
evaluating several key shielding parameters such as linear attenuation 
coefficient (μ), mass attenuation coefficient (μ/ρ), half value layer 
(HVL), tenth value layer (TVL), mean free path (λ), and effective atomic 
number (Zeff), using both experimental and theoretical methods.

From the experiment, gamma ray spectra for samples of different 
compositions of fillers for different thicknesses were obtained. The 
transmitted intensity (I) recorded using a PC-based MCA was obtained 
using PHAST software. The mass and dimensions of each of these sam
ples were used to calculate mass thickness (ρt). The logarithm of in
tensity, ln (I) is plotted against ρt and the slope of the resulting line is 
used to determine the μ/ρ. Theoretically, μ/ρ values were computed 
using XCOM (version 3.1) software developed by NIST (National Insti
tute of Standards and Technology) (MJ, 1998). The software utilizes a 
detailed database of atomic cross sections that explain how radiation 
interacts with various substances. Both theoretical and experimental 
values obtained for PVA-Granite, PVA-Glass and PVA-Redmud samples 
of different percentage compositions at energies 511, 661.6, 1173, and 
1332 keV are reported in Tables 1–3. These theoretical data were found 
to agree well with experimental values within experimental errors. μ is 
obtained by multiplying μ/ρ with the sample density. With the help of 
these μ values, λ, HVL, and TVL values are determined using equations 
(2)–(4), respectively.

The experimentally obtained μ/ρ is used to obtain the atomic/mo
lecular interaction cross section of the particular material. The elec
tronic cross section is calculated from the theoretical values of μ/ρ and 
the elemental composition of the material obtained by EDS data. This 
information is then used to determine the Zeff of the samples using 
equation (7) to assess the sample effectiveness in shielding against 
gamma radiation. Theoretical calculations of Zeff were carried out using 
AutoZeff software (version 1.7) (Taylor et al., 2012), which considers 
the atomic composition and weight percentages of elements in a sample. 
It calculates Zeff as a weighted average based on the interaction proba
bilities of different elements. The software also incorporates the energy 
of the incident radiation, which is essential for accurate results. The 
experimental errors in determining the gamma ray interaction param
eters mainly arise from sample geometry and gamma ray intensity 
measurements. The overall experimental uncertainty in the measured 
shielding parameters was estimated to be approximately ~5 %, calcu
lated using the root-sum-square method. The primary sources of un
certainty included counting statistics (0.6 %), which arise from the √N 
dependence of photon counting; sample thickness variation (1.0 %), 
determined from multiple measurements across each film; and density 
determination (1.5 %), due to slight errors in mass and volume mea
surements. Additional uncertainties were contributed by detector cali
bration and efficiency (2.0 %), reflecting instrumental and 
energy-dependent variations; sample inhomogeneity (3.0 %), caused by 
non-uniform filler dispersion and surface irregularities; geometry and 
alignment (0.5 %), from minor deviations in source-to-detector posi
tioning; and electronic or systematic factors (2.0 %), associated with 
background subtraction, dead time, and energy resolution. Combining 
these factors yields a total experimental uncertainty of about 5 %, which 
is within acceptable limits for gamma-ray attenuation measurements. 
The experimental gamma ray attenuation parameters along with the 
experimental errors and the theoretical values for these parameters for Ta
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Fig. 5. (a) HVL, (b) TVL and (c) μ/ρ versus filler concentration, (d) HVL, (e) TVL and (f) μ/ρ versus energy of the gamma source, respectively, for PVA- 
Redmud composite.

Fig. 6. Zeff plotted against, filler concentration for (a) PVA-Granite, (b) PVA- Glass, and (c) PVA-Redmud composites and Zeff plotted against energy of the photons 
for (d) PVA-Granite, (e) PVA- Glass, and (f) PVA-Redmud composites, respectively.
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three sets of samples are calculated and the best data among them are 
provided in Tables 1–3, for PVA-Granite, PVA-Glass and PVA-Redmud 
for different compositions at gamma ray energies, 511, 661.6, 1173, 
and 1332 keV, respectively.

From the data, it is observed that experimental values of shielding 
parameters for PVA-Granite, PVA-Glass, and PVA-Redmud, agree well 
with theoretical values within the limit of experimental errors. It is 
worth noting that, μ, μ/ρ and Zeff increased significantly, whereas λ, HVL 
and TVL decreased with increase in filler concentration from 0 to 40 wt 
% of fillers in composites for the energies of present interest. A typical 
representation of the plot of HVL, TVL and μ/ρ, versus percentage fillers 
and gamma energies of present interest, for PVA-Redmud composite is 
as shown in Fig. 5(a–f), respectively. The experimental and theoretical 
values in the plots are denoted by dots and lines, respectively, with 
experimental errors as error bars. Fig. 6(a–f), depicts the plot of Zeff 
versus percentage of fillers and energy for PVA-Granite, PVA-Glass and 
PVA-Redmud, respectively.

At 40 wt%, the increased content of the filler leads to greater photon 
attenuation, resulting in reduced penetration depth. For example, in the 
case of gamma ray energy at 511 keV, HVL decrease to 2.501, 2.665, and 
2.755 cm for PVA-Granite, PVA-glass, and PVA-Redmud compared to 
3.78 cm at 0 wt%, showing a substantial improvement. Similarly, the 
TVL also reduce to 8.312, 8.857 and 9.155 cm for PVA-Granite, PVA- 
glass, and PVA-Redmud, respectively. This confirms that increasing the 
weight percentage of the fillers significantly improves the shielding 
capacity by requiring less material to achieve the same attenuation. 
Lower values of the HVL and TVL at 40 wt% for all composites, PVA- 
Granite, PVA-Glass, and PVA-Redmud, indicate enhanced radiation 
shielding effectiveness at higher filler concentrations. Among 40 wt % of 
PVA-composites, PVA-Granite composite exhibited the highest μ/ρ and 
Zeff across all energies compared to PVA-Glass and PVA-Redmud. From 
the experimentally obtained values provided in Tables 1–3, it is 
observed that, the highest change in the parameters with respect to 
pristine PVA (0 wt%) varies in the following manner. μ/ρ, μ, HVL, TVL, 
and λ, varied from 0.085 to 0.090 cm2/g, 0.183 to 0.277 cm− 1, 3.780 to 
2.501 cm, 12.560 to 8.312 cm, and 5.454 to 3.309 cm, respectively, at 
511 keV, whereas, Zeff varied from 6.559 to 10.068 at 1332 keV, for 
PVA-Granite 40 wt% with an estimated experimental error of 5 %. 
Hence, PVA-Granite exhibited a highest shielding performance 
compared to PVA-Glass, and PVA-Redmud. Further, with increase in 
energy, μ/ρ and μ decreases, HVL, TVL, and λ increases, whereas Zeff 
remains almost constant. The constant Zeff values with increasing energy 
in the range of 0.1–1 MeV is attributed to the dominance of Compton 
scattering, which is linearly dependent on the atomic number (Z) of the 
elements in the material.

5. Conclusion

In the present study PVA-based composites reinforced with granite, 
glass, and redmud fillers have been successfully fabricated and charac
terized to evaluate their gamma radiation shielding properties. The 
incorporation of fillers significantly enhanced the shielding perfor
mance, particularly at higher filler concentrations. The essential pa
rameters like μ, μ/ρ, λ, HVL, TVL and Zeff were determined. The 
experimentally determined parameters were compared with theoretical 
values obtained using EDS data and found to agree with theoretical 
values within an experimental error of ~5 %. Therefore, the attenuation 
studies demonstrated that μ, μ/ρ and Zeff increased, whereas λ, HVL and 
TVL decreased with an increasing amount of fillers (0–40 wt%) for all 
energies of present interest. On the other hand, as the energy of the 
source increased, μ, μ/ρ and Zeff decreased, whereas λ, HVL and TVL 
increased. The maximum values of μ/ρ i.e., 0.090, 0.089, and 0.082 
cm2/g were observed at 511 keV for PVA–Granite, PVA–Glass, and 
PVA–Redmud composites, respectively, at a 40 wt% filler concentration. 
Correspondingly, Zeff values at 1332 keV were found to be 10.068, 
8.527, and 7.988 for the same composites. The maximum percentage 

deviation is observed in PVA–Granite, i.e., increasing the filler content 
from 0 to 40 wt%, reduced the HVL by 33.8 %, TVL by 33.8 %, and λ by 
33.8 %, while μ increased by 51.9 % and Zeff by 51.2 %. Hence, among 
the composites studied, PVA- Granite exhibited superior gamma atten
uation properties, followed by PVA-Glass and PVA-Redmud. These 
findings reveal that PVA composites reinforced with waste materials 
such as granite, glass, and red mud as fillers with PVA can serve as 
lightweight, flexible, and eco-friendly sustainable alternative materials 
to conventional lead-based shielding materials, and have potential ap
plications in medical imaging facilities, nuclear power plants and other 
radiation prone industrial environments. Future studies could be 
focused on optimizing the filler composition to further enhance shield
ing performance, along with comprehensive evaluation of mechanical 
properties to ensure structural integrity under practical conditions. In 
addition, long-term durability assessments, including the effects of 
environmental exposure and radiation aging, could be conducted to 
validate real-world stability.
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