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The assessment in this review paper is founded on the synthesis of experimental and
theoretical investigations, which methodically appraise the gamma-ray shielding
capabilities of prevalent materials. These materials encompass lead (Pb), iron (Fe),
concrete, cement, and clay. The evaluation of shielding performance involved the use of
gamma sources Cs-137 and Co-60, along with critical metrics such as the half-value layer
(HVL) and the linear attenuation coefficient (LAC). The findings demonstrate that lead
exhibits superior attenuation properties compared to iron, while clay, cement, and
concrete demonstrate significantly inferior attenuating capabilities. The use of composite
shielding combinations, such as Pb + Fe and Pb + cement, has been demonstrated to
enhance attenuation efficiency. The review underscores two notable aspects. Firstly, it
highlights the pressing need for substance optimization in radiation protection

applications, and secondly, it outlines the prospective benefits of composite shielding.

1. INTRODUCTION

Gamma rays, a highly energetic form of electromagnetic
radiation, interact with matter primarily through three
fundamental mechanisms: photoelectric absorption this
process dominates at low gamma energies (<100 keV),
Compton scattering at intermediate energies (100 keV to
several MeV), and pair production when photon energies
exceed 1.022 MeV. The dominance of each mechanism
depends on the energy of the incident gamma photons and the
atomic number (Z) of the shielding material. Gamma radiation
shielding is of critical importance for ensuring safety in a
variety of fields, including nuclear reactor operations, medical
diagnostics [1-4], radiotherapy, and industrial radiography. In
the context of nuclear power plants [5, 6], the implementation
of shielding measures is paramount to prevent the escape of
harmful radiation into the environment, thereby safeguarding
the well-being of workers and neighboring populations. In the
medical context, shielding [7-10] is mandatory in diagnostic
imaging and therapeutic applications to restrict patient and
staff exposure to ionizing radiation [11]. The International
Atomic Energy Agency (IAEA) has historically underscored
the significance of effective shielding as a component of its

guidelines for radiation protection and nuclear safety standards.

As indicated by the extant literature, industrial radiography
and radiological facilities [12] also pose substantial risks due
to the use of high-energy gamma sources, such as cobalt-60
and cesium-137 [13]. Gamma rays are a form of
electromagnetic radiation that possesses a high degree of
penetration, and their capacity to ionize atoms renders them
particularly hazardous to living tissues and electronic systems.
Therefore, effective attenuation of the aforementioned rays
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necessitates the utilization of materials characterized by
elevated density and high atomic number (Z). The
enhancement of photon absorption is facilitated through
mechanisms including photoelectric absorption, Compton
scattering, and pair production [14, 15]. The selection of an
appropriate shielding material is influenced by several
practical factors [16]. The evaluation of these parameters
encompasses material attenuation performance, as measured
by the linear attenuation coefficient (LAC) [17, 18] and the
half-value layer (HVL). Additional factors include
manufacturing cost, mechanical strength, availability,
fabrication ease, and environmental safety. Lead (Pb) [19-22],
with an atomic number of 82 and a density of 11.34 g/cm?, has
been the material of choice for gamma shielding for decades
due to its superior attenuation characteristic. A substantial
body of research has corroborated its pervasive efficacy in
industrial and medical contexts. Nevertheless, despite its
apparent advantages, lead is associated with several
disadvantages.

The substance under consideration has been demonstrated
to be substantial in weight and financially exorbitant. It has
also been found to be a significant source of toxicity, thereby
constituting a potential hazard to human health and the
environment in both its application and subsequent disposal
[23]. Consequently, there has been an increased focus on the
exploration of alternative shielding materials. Iron (Fe),
concrete, cement, and clay [24, 25] are among the most
frequently studied alternatives, particularly in architectural
and civil engineering applications [26], where structural and
radiation protection requirements frequently coincide. The use
of these materials is advantageous in two respects: first, they
have been demonstrated to be more accessible; secondly, and
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this point is of particular relevance to the present discussion,
they are also less environmentally damaging than alternative
materials. It has been demonstrated, however, that on a per
thickness basis these materials are generally less efficient than
lead. Nevertheless, due to their extensive accessibility and
comparatively reduced expense, they are considered practical
solutions for large-scale shielding applications. The present
study undertakes a critical evaluation of the gamma-ray
shielding effectiveness of various common materials [27, 28],
including metals and building composites. This study draws
on both theoretical calculations and experimental findings to
compare shielding performance, with a particular focus on
LAC and HVL values [29-33]. Moreover, it investigates the
prospective benefits of hybrid and composite shielding
materials [34-38], including lead-iron alloys and layered
cement-lead composites. These materials are designed to
amalgamate the strengths of their constituents while
compensating for the deficiencies of each individual material.
Such novel approaches have the potential to provide
customized shielding solutions, enhancing protection [39, 40],
cost-effectiveness, and sustainability.

This review focuses on evaluating and comparing the
gamma ray shielding effectiveness of both conventional and
alternative construction materials, with special emphasis on
their linear attenuation coefficient (LAC) and half-value layer
(HVL) properties. The study aims to bridge the gap between
theoretical modeling and practical application by analyzing
both experimental measurements and composite material
performance [19, 21].

The Objectives of this study to assess shielding capabilities
of commonly available materials including: Lead (Pb)Iron
(Fe), concrete, cement and clay. Quantify and compare each
material’s: linear attenuation coefficient (LAC), half-value
layer (HVL) and density. Evaluate composite materials, such
as Pb+Fe and Pb+Cement, to determine whether combining
materials improves attenuation, potential trade-offs in cost,
weight, and usability. Investigate the energy dependence of
attenuation performance across a range of gamma ray energies
(notably at 662 keV and beyond). Determine the applicability
of materials in real-world scenarios: Medical imaging rooms,
nuclear reactor shielding, Radiation labs, Industrial
radiography [24, 26].

However the Scope of this review focuses exclusively on
gamma radiation (high-energy photons), excluding neutron or
alpha/beta particle shielding. Incorporates both experimental
data (e.g., air kerma rate measurements from SSDL Sudan)

and theoretical calculations using exponential attenuation laws.

Considers pure materials and composites in slab or cubic
geometries typically wused in structural applications.
Emphasizes civil, medical, and nuclear infrastructure, where
cost-effective and scalable shielding solutions are essential.
This review is intended to support researchers, engineers, and
health physicists in selecting or designing shielding materials
that balance effectiveness, cost, and safety, while also
identifying gaps for future innovation, particularly in the area
of composite and lead-free shielding technologies [29, 30, 33].

2. METHODOLOGY

Concrete mix, cement mortar, and clay samples were
prepared and used independently as shielding materials. The
British mix design method was followed to produce concrete
with a strength target of 25 N/mm? Cubes of concrete [41]
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were cast in two standard sizes: 150x150x150 mm and
100x100x100 mm. Cement mortar was prepared in a ratio of
1:4:0.5 (cement:sand:water) and cast similarly. For clay, an
optimum moisture content of 40% was established via a
Proctor compaction test. Densities of the shielding materials
were as follows: lead (11.34 g/cm?®), iron (7.87 g/cmd),
concrete (2.374 g/cm?), cement (2.139 g/cm?), and clay (1.335
g/cm?) [42]. Lead and iron samples were prepared in slab
forms of different thicknesses. Measurements were carried out
at the Secondary Standard Dosimetry Laboratory (SSDL) in
Sudan. Air [43, 44] kerma rate was determined at a reference
distance from OB-85 irradiator using gamma sources Cs-137
(662 keV) and Co-60 [45] (1173 and 1332 keV).

Shielding samples were placed at the irradiator exit window.
The setup included a UNIDOS Electrometer, ionization
chamber, barometer, and thermometer. The dosimetry system
calibration was traced to the Physikalisch-Technische
Bundesanstalt (PTB) via the IAEA laboratory. The chamber
was located 2 meters from the gamma source. Air kerma,
defined as the kinetic energy released per unit mass of air, was
used to evaluate gamma intensity both with and without
shielding samples [46]. Linear attenuation coefficients were
derived from the slope of attenuation plots using the
exponential attenuation law. Half-value layers were calculated
from LAC data to indicate shielding thicknesses required to
reduce the radiation intensity by 50%.

2.1 Data analysis and attenuation calculations

Gamma rays are eliminated from the beam if they come into
contact with the shielding material. The attenuation coefficient,
which calculates the shielding material's efficacy, is the total
of all interaction probabilities. Therefore, before any material
is utilized as a shield, the shielding parameters must be
precisely determined [47, 48]. The linear attenuation
coefficient (LAC) and the half-value layer (HVL) are two
fundamental parameters used to quantify the shielding
effectiveness of materials against gamma radiation. These
parameters are essential for designing radiation protection
systems in nuclear medicine, radiography, industry, and
research.

The Lambert-Beer law equation controls the shielding
material's ability to reduce radiation intensity (1).

[ =TIe™ @)
where, Iy refers to the count rate with no shielding material,
and I is the count rate with shielding material of thickness x
and attenuation coefficient . Taking the natural logarithm on
both sides, we obtain Eq. (2).

)

Using this formula [19, 20], the attenuation coefficient is
calculated by measuring the gamma-ray intensity both with
and without a shield and with varying thicknesses of shielding
material positioned between the source and the detector. Since
the mass attenuation coefficient (um) is independent of the
material's physical state, it is typically used to compare the
shielding properties of various materials. The updated formula
for calculation. Design parameters for radiation shielding
include mean free path, tenth layer value (TVL), half layer
value (HLV), and others [17, 49-51]. HVL is known to be the



width of a material needed to cut the air kerma of an X-ray or
gamma ray in HLV Eq. (3).

In2

HVL = =~ 3)

Composite materials are engineered by combining two or
more constituents with significantly different physical or
chemical properties, aiming to enhance performance
compared to the individual components. In gamma ray
shielding, composites are designed to optimize attenuation
efficiency, weight, cost, and environmental safety.

However, mechanistically, composite shielding works by
strategically combining high-Z absorbers with low-Z
structural binders, enhancing gamma ray attenuation over a
wide energy range. This approach leverages different
interaction mechanisms photoelectric absorption, Compton
scattering, and pair production to create a multifunctional
barrier that balances effectiveness with cost, manufacturability,
and safety. Future work involves nano-composites, hybrid
geometries, and functionally graded materials for optimized,
application-specific shielding solutions. High-Z constituent
(e.g., Pb): Dominates via photoelectric absorption, especially
for low-energy photons. Cement matrix: Adds mechanical
stability, lowers weight, and engages in Compton scattering at
mid-energy ranges. This result in moderate attenuation with
improved formability and reduced toxicity.

Metallic Reinforcement Composites (e.g., Pb + Fe), Iron (Fe)
adds structural integrity and magnetic shielding. Enhances
secondary electron absorption due to dense electron cloud
from both metals. Effective for intermediate to high-energy
photons due to enhanced scattering and partial pair production
at higher energies. Low-Z Matrix + High-Z Additive (e.g.,
Clay + Pb), Clay, a low-density, porous material, offers poor
shielding on its own. But when combined with fine lead
particles or oxides: Scattering pathways increase, enhancing
photon interaction probability. Localized Z contrast in the
matrix increases probability of photoelectric interaction. And
this results in marginal improvement, suitable for low-cost,
large-volume applications.

Attenuation coefficient superposition principle

In heterogeneous materials, the effective linear attenuation
coefficient ¢ is approximated by Eq. (4):

Heff = Xi Wikl (4)
where,

I; is the attenuation coefficient of the i-th component.

w; is the mass or volume fraction.

This principle is nonlinear at higher energies due to
secondary photon buildup and scatter effects, but it serves as a
first-order model in most cases. The experimental results were
tabulated and visualized using graphs to compare shielding
efficiency. Composite shielding configurations were also
evaluated to determine performance improvements over
individual materials. From the standpoint of application, these
results facilitate the selection of appropriate materials
according to radiation type, requisite protection levels, cost,
and environmental factors [52]. The findings indicate that a
more sophisticated strategy for radiation shielding is
warranted. This strategy involves the use of multi-material
combinations that are suited to specific use situations. Finally,
the findings suggest the existence of promising avenues for
future research. One such avenue pertains to the development
of innovative and eco-friendly composite materials that can
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perform at least comparably to lead while concurrently
diminishing their harmful effects. From an applied perspective,
these findings enable the selection of suitable materials based
on radiation type, requisite protection levels, cost, and
environmental factors. The findings support the
implementation of a more sophisticated strategy for radiation
shielding, with multi-material combinations being particularly
effective in specific application scenarios. In summary, the
findings indicate the necessity for further research. This
encompasses the development of innovative, eco-friendly
composite materials that can demonstrate comparable or
superior performance to that of lead while concurrently
addressing its detrimental effects.

2.2 Energy dependence of attenuation

A collimated gamma-ray source (Cs-137 or Co-60), a
detector (like an ionization chamber), and slabs of the test
material of varying thicknessesGamma ray attenuation is
highly energy-dependent both LAC and HVL are critical in
assessing and comparing radiation shielding materials. While
LAC provides a direct measure of gamma attenuation per unit
thickness, HVL translates this into a practical shielding design
value. These parameters are determined through experimental
attenuation measurements or derived theoretically from
known material properties and gamma energies, forming the
backbone of radiation safety engineering. As the photon
energy increases, the probability of interaction with matter
decreases, resulting in lower LAC and higher HVL values
across all tested materials. For instance, iron’s HVL increased
from 1.199 cm at 662 keV to 2.065 cm at 2 MeV, a nearly 70%
increase, indicating reduced effectiveness at higher energies.
This trend is typical due to the shift from photoelectric
dominance at lower energies to Compton scattering and pair
production at higher energies [53, 54]. Lead, although the most
effective at low to moderate energies, also shows reduced
performance at higher photon energies, necessitating thicker
layers to maintain the same shielding level.

This dependency underscores the need to tailor shielding
material selection and thickness to the specific energy
spectrum of the gamma radiation source in use.

3. RESULTS AND DISCUSSIONS

Table 1 compares the shielding effectiveness of five
materials lead, iron, concrete, cement, and clay based on their
density, linear attenuation coefficient (LAC), and half-value
layer (HVL). Lead (Pb) stands out as the most efficient
shielding material with the highest LAC (1.121 cm™) and the
lowest HVL (0.617 cm), attributed to its high atomic number
and density (11.34 g/cm?). Iron (Fe) provides a good balance
of attenuation and cost [43, 44], with a moderate LAC of 0.463
cm™! and HVL of 1.496 cm. Concrete and cement, common in
structural shielding, show reduced effectiveness, with LACs
of 0.151 and 0.139 cm™!, and HVLs of 4.593 and 4.965 cm,
respectively. Clay, despite being naturally abundant, performs
poorly as a shield due to its low density (1.34 g/cm?) and the
highest HVL of 6.779 cm.

Table 2 is composite shielding properties [28, 34], this table
evaluates the effect of combining lead with other materials to
enhance shielding while reducing cost and weight [9, 41, 55,
56]. Pb + Fe shows the most significant improvement, with an
LAC of 0.727 cm™ and HVL of 0.982 cm, combining
structural strength with effective attenuation. Pb + Cement and



Pb + Clay combinations show moderate improvements over
their base materials, but still fall short of the performance
achieved with pure lead or Pb + Fe. Table 3 is the comparative
overview this table consolidates data from Tables 1 and 2,
providing a unified comparison of pure and composite
materials. It confirms that lead remains the benchmark in
gamma shielding. The Pb + Fe composite achieves “very good”
performance, making it a viable alternative where full lead
shielding is impractical. Other composites (Pb + Cement and
Pb + Clay) offer incremental gains, which may be useful in
applications prioritizing cost or availability over maximum
attenuation [57]. Figure 1 presents the linear attenuation
coefficient (LAC) comparison of individual materials. This
figure likely presents a bar chart comparing the LAC values of
individual shielding materials such as Lead (1.121 cm™), Iron
(0.463 cm ™), Concrete (0.151 cm™), Cement (0.139 cm™), and
Clay (0.101 cm™). The results clearly indicate that Lead (Pb)
provides the highest attenuation capability, making it the most
effective shielding material due to its high atomic number and
density. Iron offers a practical balance between performance
and structural utility.

Materials like cement, concrete [41], and especially clay
show lower attenuation values, reflecting their limited
effectiveness for high-energy gamma shielding unless used in
large thicknesses. Figure 2 displays the half-value Layer
(HVL) comparison of individual materials. This chart likely
visualizes HVL values, showing the thickness of material
needed to reduce gamma intensity by 50%. As expected, Lead
has the lowest HVL (0.617 cm), confirming its superior
shielding ability. Iron, with an HVL of 1.496 cm, performs
well but requires a thicker barrier. The HVL values increase
significantly for concrete (4.593 cm), cement (4.965 cm), and
especially clay (6.779 cm), showing that these materials are
less efficient and require larger volumes to achieve
comparable protection. Figure 3 presents composite material
LAC and HVL performance, this figure likely displays the
enhanced LAC and reduced HVL values for composite
materials: Pb + Fe, Pb + Cement, and Pb + Clay. The Pb + Fe
composite achieves a notable improvement (LAC = 0.727
cm!, HVL = 0.982 cm), combining Lead's high attenuation
with Iron’s structural properties. Pb + Cement and Pb + Clay
offers moderate enhancements but still fall short of Pb + Fe.
These combinations suggest potential in practical applications
where full lead shielding is impractical due to cost or toxicity
concerns. Figure 4 is comparative shielding performance
(Summary Figure), this figure likely compiles all materials—
individual and composite into a single comparative plot of
LAC and HVL. It reinforces earlier observations: Lead
dominates in attenuation efficiency; composites, particularly
Pb + Fe, offer a promising compromise between performance
and practicality. Clay remains the least efficient material
across all metrics. The figure provides a comprehensive
overview, supporting the recommendation for adopting
optimized composite shielding in radiation-sensitive
environments, especially where weight, cost, or environmental
concerns limit pure lead usage.

Lead (Pb) is traditionally regarded as the gold standard in
gamma radiation shielding due to its high density (11.34
g/cm®) and high atomic number (Z = 82), it also comes with
several significant limitations both in practical applications
and environmental contexts. These limitations have
increasingly driven interest in alternative and composite
shielding materials. Below is a detailed discussion of lead’s
main drawbacks. While lead remains effective for gamma

shielding, its toxicity, weight, mechanical limitations, and
regulatory restrictions make it less suitable for many modern
applications. Consequently, research has shifted toward lead-
free or composite shielding materials such as heavy concrete,
high-Z polymer composites iron-loaded materials and
nanostructured or hybrid shielding systems.

Table 1. Gamma Shielding Properties shows density,
linear attenuation coefficient (LAC), and half-value layer
(HVL) for individual materials

Material Density LAC HVL Shielding
(g/cmA?) (cm™) (cm) Rank
Lead (Pb) 11.34 1.121 0.617 Excellent
Iron (Fe) 7.87 0.463 1.496 Good
Concrete 2.37 0.151 4.593 Fair
Cement 2.14 0.139 4.965 Moderate
Clay 1.34 0.101 6.779 Poor

Table 2. Composite shielding properties highlights the
improved performance when combining lead with other

materials
Composite  LAC (cm') HVL (cm) Remarks
Pb +Fe 0.727 0.982 Very Good
Pb + Cement 0.15 4.63 Improved
Pb + Clay 0.115 6.066 Slightly Improved

Table 3. Comparative shielding performance of building and
metallic materials against gamma radiation

Material Density LAC HVL Shielding
(g/em®) (cm™) (cm) Rank
Lead (Pb) 11.34 1.121 0.617 Excellent
Iron (Fe) 7.87 0.463 1.496 Good
Concrete 2.37 0.151 4.593 Fair
Cement 2.14 0.139 4.965 Moderate
Clay 1.34 0.101 6.779 Poor
Pb + Fe 9.61 0.727 0.982 Very Good
szlzn . 6.74 0.150 4630  Improved
Pb + Clay 6.34 0.115  6.066 Slightly
Improved

Iron is ideal where mechanical strength and moderate
shielding are needed, concrete and cement are preferred for
permanent structures and cost-effective large-scale protection,
clay serves well in rural or natural constructions and can be
upgraded with additives, research into composite materials
(e.g., Pb+Fe, cement with metal oxides) continues to explore
how these materials can be enhanced to offer lighter, safer, and
affordable alternatives to traditional lead shielding.

Challenges of composite or hybrid shielding materials,
material compatibility, homogeneity and fabrication lower
overall density complexity in modeling and Simulation
moisture and thermal sensitivity regulatory and certification
barriers. Composite and hybrid materials hold significant
promise in modern radiation shielding, offering a path toward
lighter, safer, and more sustainable solutions. However,
careful material design, testing, and regulatory validation are
essential to overcome technical and practical limitations.

As radiation-based technologies continue to expand across
medical, industrial, nuclear, and aerospace sectors, the
development of novel shielding materials and designs holds
transformative potential for enhancing safety, efficiency, and
versatility in radiation protection. Novel shielding materials



and designs are set to revolutionize radiation protection across
disciplines. By combining material science, nanotechnology,
and advanced manufacturing, future shielding systems will
be: More efficient, Safer for users and the environment,
Tailored to specific operational contexts. This progress not
only enhances radiation safety standards but also enables

broader use of ionizing radiation in fields like precision
medicine, clean energy, and aerospace exploration.

Lead clearly outperforms others with the highest LAC and
lowest HVL, while composites like Pb + Fe also show
significant improvements over basic construction materials
like cement and clay as shown in Figure 3.

Linear Attenuation Coefficient (LAC) of Materials

1O}

0.2f

0.0

Lead (Pb) Iron (Fe)

Concrete

Cement Clay
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Figure 1. The linear attenuation coefficient (LAC) comparison of individual materials
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Figure 2. Comparison LAC and HVL for each material to visually demonstrate their shielding effectiveness
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Figure 3. Comparison of the linear attenuation coefficient (LAC) and half value layer (HVL) for various shielding materials
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Figure 4. Comparison of the gamma shielding performance of different composite materials: Fe also show significant
improvements over basic construction materials like cement and clay

4. CONCLUSIONS

This study compares the shielding performance of lead
against gamma radiation. Lead is better at shielding because it
is dense and has a high atomic number. These properties lead
to its excellent linear attenuation coefficient (LAC) and
minimal half-value layer (HVL). However, despite these
advantages, the practical use of lead is often limited by
significant drawbacks. These include high cost, substantial
weight, environmental toxicity, and limited availability in
certain regions. The exploration of alternative materials is
necessary because of these constraints. These materials must
be able to offer effective radiation protection without the
disadvantages associated with the current materials. It has
been demonstrated by the analysis that varying degrees of
gamma attenuation are provided by materials like iron,
concrete, cement, and clay, but high shielding efficiency may
not be achieved by their performance alone for applications
requiring it. However, when combined with lead in layered or
composite configurations, noticeable improvements in
shielding effectiveness can be achieved. Examples include Pb
+ Fe, Pb + Cement, and Pb + Clay. A promising middle ground
is offered by these composites, as the superior attenuation
properties of lead are combined with the structural, economic,
and handling benefits of lighter and more abundant materials.
In the future, research should focus on creating new composite
shielding materials that are affordable, lightweight, and eco-
friendly, as well as easy to get. Investigations into a variety of
materials, including composite structures, recycled industrial
by-products, and polymer-metal hybrids, may offer innovative
solutions. In addition, advanced modeling and simulation tools
should be used to optimize material combinations and
geometries for specific radiation environments. The goal is to
produce high-performance shielding materials that are
scalable for widespread use in medical, industrial, nuclear, and
space applications, thereby enhancing both occupational and
public radiation safety.
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