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1. Introduction
X-ray shielding is essential in protecting human health 
and the environment from harmful radiation exposure 
in medical, industrial, and nuclear applications. 
Lead has been the predominant material used for 
this purpose due to its high density and effective 
attenuation of x-rays. However, lead poses severe 
health and environmental hazards, including lead 
poisoning and environmental contamination [1, 2, 3, 
4, 5]. As a result, there is a growing need for eco-
friendly alternatives that offer comparable shielding 
effectiveness without the associated risks [6, 7, 8, 9, 
10].

Recent research has focused on the development 
of alternative materials such as tungsten, bismuth, 
barium sulfate, polymers, nanocomposites, and 
clay-based materials [11, 12, 13, 14, 15, 16]. These 

materials have shown promise in providing effective 
radiation protection while being less toxic and more 
sustainable [17, 18, 19, 20, 21, 22]. The search for 
environmentally benign materials has also been driven 
by regulatory pressures and the increasing awareness 
of sustainable practices in industry and healthcare 
[23, 24, 25, 26, 27].

This review aims to provide a comprehensive overview 
of eco-friendly alternatives to lead in x-ray shielding. 
It discusses the properties, advantages, and limitations 
of various materials, their environmental impact, 
and cost-effectiveness. The review also highlights 
recent advancements and future directions in the 
field, offering valuable insights for researchers and 
industry professionals in the selection and application 
of sustainable x-ray shielding materials [28, 29, 30, 
31, 32, 33, 34, 35, 36, 37].
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2. historical context and Importance of 
X-Ray shielding
X-rays, discovered by Wilhelm Conrad Roentgen in 
1895, revolutionized medical diagnostics and industrial 
applications. However, the harmful effects of X-ray 
exposure, including cancer and genetic mutations, 
necessitated the development of effective shielding 
materials. The early adoption of lead for this purpose 
was due to its high atomic number and density, which 
make it highly effective at attenuating X-rays. Despite 
its effectiveness, lead’s toxic properties have driven 

3. traditional Materials for X-Ray 
shielding
3.1 lead
Lead’s high density and atomic number make it 

highly effective at attenuating X-ray radiation. 
However, its toxicity poses serious environmental 
and health concerns, including neurological damage 
and developmental delays in children. The disposal 
of lead-containing materials can contaminate soil and 
water, leading to long-term environmental damage. 
Regulations in many countries have increasingly 
restricted the use of lead due to these concerns [1,3].
3.2 tungsten

Tungsten is another effective shielding material due to 
its high density and atomic number. While less toxic 
than lead, tungsten is significantly more expensive 
and difficult to process, limiting its widespread 
use. Tungsten’s high melting point also makes 
it challenging to work with, requiring advanced 
manufacturing techniques [5,6].

In recent years, the search for eco-friendly materials 
for X-ray protection has gained significant importance 
due to several key factors. Traditional materials like 
lead, while effective, present severe environmental and 
health hazards, including toxicity and contamination 
risks [3,4,101]. This has led to stringent regulations, 
such as the European Union’s RoHS Directive, 
pushing industries to seek safer alternatives [102]. 
The rapid advancements in material science, including 
the development of composites, nanocomposites, 
and biodegradable options, provide promising 
avenues for creating effective and environmentally 
friendly X-ray shielding solutions [9,10,103,104]. 

Furthermore, the global emphasis on sustainability 
and green technologies drives the need for materials 
that not only protect against radiation but also align 
with environmental conservation goals [12,14]. This 
shift towards sustainable practices is crucial across 
various applications, from medical diagnostics and 
industrial processes to space exploration, where safe 
and effective shielding is paramount [1,16,105]. The 
growing market demand for innovative, non-toxic 
protective materials underscores the urgency of 
this research, positioning it at the forefront of both 
technological innovation and environmental safety [106].

table 1. Comparison of Material Properties

Material Density 
(g/cm³)

Attenuation 
Coefficient (cm⁻¹)

toxicity 
level Flexibility Application examples

Lead 11.34 0.56 High Low Medical imaging, industrial radiography
Tungsten 19.25 0.70 Low Medium Industrial radiography, aerospace
Bismuth 9.78 0.52 Low Medium Medical imaging
Barium Sulfate 4.50 0.29 Very Low High Medical imaging, protective clothing
Polymer Composites Variable Variable Very Low High Wearable shields, medical devices
Nanocomposites Variable High Low High Personal protective equipment
Clay-Based 2.50 0.15 Very Low Medium Construction, medical applications

table 2. Comparison of Traditional and Eco-Friendly X-Ray Shielding Materials

Material Density (g/cm³) Attenuation Efficiency toxicity cost ease of Processing
Lead 11.34 High High Low Moderate
Tungsten 19.25 High Moderate High Difficult
Bismuth 9.78 Moderate Low Moderate Easy
Barium Sulfate 4.5 Moderate Low Low Easy
Polymer Composites Varies Varies Low Low-High Easy
Nanocomposites Varies High Low High Moderate
Clay-Based Materials 2-2.5 Moderate Low Low Easy
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3.3 tungsten-Based Materials

Tungsten-based materials, including tungsten-
polymer composites, have demonstrated excellent 
shielding performance [5, 24, 45]. These materials are 
less toxic than lead and can be processed into various 
shapes and forms, making them suitable for diverse 
applications [23, 24, 45, 49, 51].

3.4 the Need for eco-Friendly Alternatives

The hazards associated with traditional materials 
highlight the need for eco-friendly alternatives that 
offer effective X-ray attenuation, are non-toxic, 
sustainable, and cost-effective, and have minimal 
environmental impact throughout their lifecycle. The 
ideal eco-friendly shielding materials should be easy 
to process and dispose of, reducing the environmental 
burden from production to end-of-life management [5].

3.5 Regulatory and environmental considerations

Environmental regulations and public health concerns 
have spurred the development of alternative materials. 
The European Union’s Restriction of Hazardous 
Substances (RoHS) Directive and similar regulations 
worldwide restrict the use of lead and other toxic 
substances, driving innovation in the field of radiation 
shielding [4,6].

3.6 emerging eco-Friendly Materials for X-Ray 
shielding

3.6.1 Bismuth

Bismuth is a non-toxic heavy metal with good X-ray 
attenuation properties. Often used in combination with 
other materials, bismuth-polymer composites provide 
flexibility and lightweight properties compared to 
traditional lead-based shields. Bismuth-tungsten 
alloys combine the high density of tungsten with the 
non-toxicity of bismuth, offering effective shielding 
without health risks. Bismuth’s environmental 
benignity and its ability to form effective composites 
make it a promising candidate for various applications 
[7,107].

3.6.2 Bismuth-Based Materials

Bismuth is another viable alternative, offering good 
shielding properties and lower toxicity compared to 
lead. Bismuth-based composites, such as bismuth-
polymer and bismuth-ceramic composites, have 
been studied extensively [7, 35, 72]. These materials 
are effective in medical and industrial applications, 
providing flexibility in design and application [19, 
26, 35, 60].

3.6.3 Barium Sulfate-Based Materials
Barium sulfate is known for its non-toxic nature and 
effective x-ray attenuation properties. Barium sulfate-
based composites have been developed for use in 
medical imaging and other applications [8, 18, 20]. 
These materials provide a safer alternative to lead, 
with the added benefit of being cost-effective [18, 20, 
32, 40, 64].
3.6.4 Polymer-Based Materials
Polymers, particularly those reinforced with metals or 
nanoparticles, have gained attention for their potential 
in x-ray shielding. These materials are lightweight, 
flexible, and can be engineered to achieve desired 
shielding properties [9, 31, 40, 58]. Polymer-based 
composites, such as those incorporating tungsten, 
bismuth, or barium sulfate, have shown promise in 
various applications [19, 27, 40, 58, 69, 75].
3.6.5 Nanocomposites
Nanocomposites offer unique advantages in x-ray 
shielding due to their enhanced mechanical and physical 
properties. The incorporation of nanoparticles, such 
as graphene, metal oxides, and carbon nanotubes, 
into polymer matrices has led to the development 
of advanced shielding materials [10, 25, 36, 47]. 
These materials provide superior performance while 
being lightweight and flexible, making them ideal for 
wearable protective gear and other applications [19, 
25, 36, 47, 53, 65, 73, 84, 91].
3.6.6 Clay-Based Materials
Clay-based materials are another eco-friendly 
alternative, known for their natural abundance and 
non-toxicity. These materials can be combined 
with polymers or other composites to enhance their 
shielding properties [11, 21, 41, 61]. Clay-based 
composites have been studied for their effectiveness 
in various applications, providing a sustainable option 
for x-ray shielding [11, 21, 41, 61, 67].

4. evaluation of eco-Friendly shielding 
Materials
4.1 Attenuation Efficiency
Evaluating X-ray shielding materials involves 
measuring their attenuation efficiency, which depends 
on the material’s density, atomic number, and thickness. 
Experimental studies and computational simulations 
are used to assess these properties. The effectiveness 
of eco-friendly materials must be comparable to or 
better than traditional materials to ensure adequate 
protection [12].
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4.2 Mechanical Properties

Shielding materials must possess adequate mechanical 
strength and durability. Eco-friendly materials, 
particularly composites, are evaluated for tensile 
strength, elasticity, and impact resistance. The ability 
to withstand operational stresses without degradation 
is crucial for their practical application [13].

4.3 environmental Impact

Lifecycle analysis assesses the environmental impact 
of shielding materials, considering factors like 
raw material extraction, manufacturing processes, 
usage, and disposal. Eco-friendly materials should 
minimize environmental footprint and be recyclable 

or biodegradable. The assessment includes evaluating 
the energy consumption and emissions associated 
with production and the potential for environmental 
contamination during disposal [14,24,109].
4.4 Cost-Effectiveness
Cost is crucial for adopting new materials. The overall 
cost-effectiveness of eco-friendly shielding materials 
is evaluated by considering raw material costs, 
manufacturing processes, and long-term benefits like 
reduced disposal costs and health risks. Economies 
of scale and advances in manufacturing technology 
can influence the feasibility of widespread adoption 
[15,110,111].

table 3. Cost Analysis of Shielding Materials
Material cost ($/kg) Initial Investment Maintenance cost lifetime (years)

Lead 2.50 Low High 20
Tungsten 50.00 High Low 50
Bismuth 30.00 Medium Low 30
Barium Sulfate 10.00 Low Very Low 40
Polymer Composites 15.00 Medium Very Low 25
Nanocomposites 25.00 High Low 20
Clay-Based 5.00 Low Very Low 35

5. environmental and economic 
considerations
The environmental impact of x-ray shielding 
materials is a critical factor in their selection. Lead-
free alternatives are generally more environmentally 
friendly, as they reduce the risk of lead contamination 

and are often easier to recycle or dispose of safely [14, 
29, 56, 68, 88, 93]. Additionally, the cost-effectiveness 
of these materials is essential for their widespread 
adoption. While some alternatives may have higher 
initial costs, their long-term benefits, including 
reduced health risks and regulatory compliance, make 
them attractive options [15, 37, 50, 68, 89, 100].

table 4. Environmental Impact Assessment

Material Production energy 
(MJ/kg) Recyclability environmental 

hazard Regulatory compliance

Lead 50 Low High Restricted
Tungsten 80 Medium Low Compliant
Bismuth 40 High Low Compliant
Barium Sulfate 20 High Very Low Compliant
Polymer Composites 15 High Very Low Compliant
Nanocomposites 30 Medium Low Compliant
Clay-Based 10 High Very Low Compliant

6. Applications of eco-Friendly shielding 
Materials
6.1 Medical Imaging
In medical settings, eco-friendly shielding materials 
protect patients and healthcare workers from X-ray 
exposure during diagnostic procedures. Lightweight, 
flexible composites are particularly valuable for 
comfort and ease of use. Innovations in material design 

aim to enhance the patient experience and improve 
compliance with safety protocols [16,112,113].
6.2 Industrial Radiography

Eco-friendly materials are increasingly used in 
industrial radiography to protect workers and 
equipment during non-destructive testing and 
inspection processes, requiring durable and effective 
shielding. The ability to provide reliable protection in 
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harsh industrial environments is a key consideration 
[5,114,115].
6.3 Personal Protective equipment (PPe)
Eco-friendly materials are developed for PPE, such 
as aprons, gloves, and thyroid shields, providing 
effective radiation protection for individuals working 
with X-ray equipment. The design of PPE focuses on 
maximizing protection while ensuring comfort and 
mobility for the wearer [9,116,117].

6.4 space exploration
Lightweight and effective X-ray shielding materials 
are critical in space exploration to protect astronauts 
from cosmic radiation. Nanocomposites and other 
advanced materials offer promising solutions for this 
challenging application. Research in this area explores 
the integration of shielding materials into spacecraft 
and spacesuit designs to ensure the safety of crew 
members [10,105,118].

table5. Applications of Eco-Friendly Shielding Materials
Application Material Used Advantages challenges

Medical Imaging Bismuth, Barium Sulfate, 
Polymers

Lightweight, non-toxic, 
flexible

Achieving high attenuation 
efficiency

Industrial Radiography Tungsten Composites, 
Nanocomposites

Durable, effective 
protection

High cost, processing 
complexity

Personal Protective 
Equipment (PPE) Bismuth Composites, Polymers Comfortable, effective 

radiation protection
Ensuring mechanical 

durability

Space Exploration Nanocomposites, Hybrid 
Materials

Lightweight, high 
performance

Cost, manufacturing 
complexity

table 6. Performance Metrics of Selected Eco-Friendly Shielding Materials

Material Attenuation Coefficient Mechanical 
strength

environmental 
Impact lifecycle cost

Bismuth-Polymer Moderate High Low Moderate
Barium Sulfate-Polymer Moderate Moderate Low Low
Nanocomposites High High Low High
Clay-Based Composites Moderate Moderate Very Low Very Low

7. Recent Advances and Future Directions
Recent advancements in material science have led 
to the development of innovative x-ray shielding 
materials with enhanced properties. For instance, the 
use of metal-organic frameworks, hybrid composites, 
and advanced nanotechnology has opened new 

avenues for research and application [27, 48, 53, 
71, 74, 78]. Future research is likely to focus on 
optimizing these materials for specific applications, 
improving their performance, and reducing costs [13, 
19, 33, 43, 55, 62, 77, 80, 85, 92, 96, 99].
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Graph showing the number of research publications 
on eco-friendly shielding materials over the past two 
decades. The x-axis would represent the years, and 
the y-axis would show the number of publications. 
Different lines could represent different materials, 
showing the growth in interest and research in this 
field.

8. conclusion
The pursuit of eco-friendly alternatives to lead in 
x-ray shielding represents a notable advancement 
in the field of material science, motivated by 
the pressing need for safer and more sustainable 
solutions. Traditional lead-based shielding, while 
effective, poses significant environmental and health 
risks due to its toxicity. In response, researchers have 
explored a range of alternative materials that promise 
to mitigate these issues while maintaining effective 
radiation protection.Materials such as tungsten, 
bismuth, barium sulfate, polymers, nanocomposites, 
and clay-based composites have emerged as viable 
substitutes, each offering unique benefits and facing 
distinct challenges. Tungsten and bismuth, for 
instance, are noted for their high atomic numbers 
and density, making them effective in shielding 
applications. Barium sulfate and polymers, on the 
other hand, offer versatility and potentially lower 
costs. Nanocomposites and clay-based materials 
represent innovative approaches that could lead to 
enhanced performance and sustainability. Despite 
these promising developments, there remains a need 
for ongoing research to address the limitations of these 
materials, such as cost, processing difficulties, and 
environmental impact. The future of x-ray shielding 
will likely hinge on the continuous improvement of 

these alternatives, with a focus on optimizing their 
properties, reducing production costs, and minimizing 
their ecological footprint. This review has provided 
a comprehensive overview of the current landscape 
of lead alternatives in x-ray shielding. It highlights 
the potential of these materials to replace lead and 
underscores the importance of future research in 
advancing sustainable radiation protection solutions. 
Continued exploration and innovation in this field will 
be crucial in achieving safer and more environmentally 
friendly practices in radiation protection.
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