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ARTICLE INFO ABSTRACT

Keywords: In radiography, effective radiation shielding plays a vital role in safeguarding

Lead-free materials patients, medical staff, and the public, as well as in preserving the integrity of

Radiation surrounding materials. Traditionally, lead has been the primary shielding material

Shielding due to its high atomic number and density, which provide efficient attenuation of

Medical radiology radiation. However, lead presents several challenges, including significant weight,
toxicity, long-term health risks, and serious environmental concerns. Lead waste is
classified as hazardous due to its non-biodegradable nature, its potential for
contaminating soil and water, and the difficulties associated with safe disposal and
recycling processes. These issues have driven the search for safer and more
sustainable alternatives. Recent advancements have led to the development of lead-
free shielding materials designed to replace conventional lead-based shields. Among
these, lead-free multilayered polymer composites have emerged as promising
substitutes, often enhanced with elements such as bismuth, tungsten, barium, tin,
cadmium, gadolinium, antimony, and molybdenum to improve their radiation
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address the limitations of traditional lead shielding, with a particular focus on their
development and application in medical settings. By reducing toxicity, lowering
weight, and improving recyclability, these materials offer a more environmentally
friendly and health-conscious approach to radiation protection.

1. Introduction

1.1. Types and biological effects of ionizing
and non-ionizing radiation

Radiation is the process through which energy
travels or propagates in the form of waves or
particles through space or through some other
medium [1]. Radiation is classified into ionizing
radiation (IR) and non-ionizing radiation (NIR).
IR, such as high-energy photons, neutrons,
protons, and alpha particles, has sufficient energy
to liberate tightly bound electrons from atoms,
creating charged particles (ions). This ionization
process can damage biological tissues and lead to
severe health effects, including acute radiation

syndrome, organ damage, and an increased risk
of cancers such as leukemia. In contrast, NIR
(e.g., visible light, infrared, and radio waves) has
lower energy and cannot ionize atoms or
molecules [2-4].

Among ionizing radiation are alpha particles,
consisting of two protons and two neutrons
(helium nuclei), making them relatively heavy
and positively charged. Due to their high mass
and charge, alpha particles have low penetration
power and can be stopped by a sheet of paper or
the outer layer of human skin [5, 6].

Other types of ionizing radiation are beta
particles, which are high-speed electrons or
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positrons with moderate penetration power. They
are more penetrating than alpha particles but can
be stopped by materials such as plastic, glass, or
a few millimeters of aluminum [7].

Moreover, X-rays and gamma rays are
electromagnetic radiation with very high energy
and penetration power [8]. In recent years, their
use in medicine has expanded with the
development of new technologies and
applications in diagnostics, especially in imaging
and in some therapy protocols [9-11].

Radiation is a crucial component in modern
medicine, encompassing electromagnetic waves
and particulate radiation. Advanced imaging
techniques have improved diagnostic and
therapeutic procedures. X-ray systems create
images of internal structures, while CT provides
detailed cross-sectional views. Positron emission
tomography (PET) evaluates physiological and
metabolic processes. Other radiation-based
methods include radionuclide imaging for organ
function assessment, laser technology for precise
surgical interventions, and ultraviolet radiation
for therapeutic purposes. Radiation processing is
also used in industrial contexts for material
properties enhancement and sterilization [12].

1.2. Applications of radiation in medicine and
industry

Radiation is widely applied in medicine and
industry, but its use requires careful control due
to potential health hazards. It is essential in
medical imaging, cancer therapy, industrial
inspection, material processing, and research.
Radiation injury severity can be affected by a
wide range of confounding factors, including
age, gender, prior medical conditions, radiation
types, duration, and dose rates. Radiation types,
radiation dosages, and radiation dose rates are
positively linked with the death rate [13].

1.3. Radiation hazards
measures

and protective

Although radiation has many uses in industry and
medicine, there are serious hazards associated
with it, particularly when exposure is extended.
Ionizing radiation penetrates biological tissues,
damages DNA, produces free radicals, and

interferes with cellular processes. This may result
in health problems such as an elevated risk of
cancer due to genetic mutations, severe burns
from radiation, and possible genetic harm from
the ionizing effects of X-rays and gamma rays.
Acute Radiation Syndrome, which is marked by
nausea, vomiting, and death, can also be brought
on by high exposure. The most serious long-term
health dangers in the medical field are from the
ionizing effects of X-rays and gamma rays, even
while other forms of radiation cause sunburn and
heating of tissues [14].

To reduce the risks of radiation exposure, various
protective measures are implemented. In medical
imaging,  especially in  radiation-based
procedures, three fundamental principles—time,
distance, and shielding—are crucial for
minimizing exposure. Decreasing exposure time
and increasing distance are both effective
strategies, as radiation exposure is inversely
proportional to the square of the distance from
the source [15, 16]. Shielding plays a crucial role
in protecting healthcare professionals. Shielding
devices such as lead aprons, glasses, and thyroid
protectors are designed to absorb and block
radiation, thus significantly reducing exposure
[17].

Despite their cost and potential discomfort, these
devices are vital for ensuring safety. Shielding is
universally important across all forms of medical
imaging, as it provides an additional layer of
protection beyond merely managing exposure
time and distance. By effectively utilizing
shielding,  healthcare = professionals  can
substantially decrease their radiation dose,
making it a critical component of radiation safety
practices [18].

1.4. ALARA principle and shielding material
selection

The ALARA principle was generally introduced
by the ICRP in 1977 under the general term of
“As Low as Reasonably Achievable” [19], and
then introduced in endourology by Greene et al.
in 2011 [20]. In medical imaging, the ALARA
principle is crucial for minimizing radiation
exposure while maintaining the required
diagnostic quality. Based on this idea, the lowest
possible effective radiation dose is used during
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radiological procedures [21]. For radiation
shielding materials to be both practical and
effective, a number of important criteria must be
balanced.

Due to their increased likelihood of interacting
with radiation and resulting in increased energy
transfer, high atomic number (high-Z) materials
with high-density materials such as bismuth (Bi),
lead (Pb), and barium (Ba) are favored [22].
However, if employed in greater thicknesses,
materials with lower atomic numbers and
densities can also offer efficient shielding,
producing comparable protective effects to those
of high-Z materials. Aside from the type and
intensity of radiation, other important factors to
consider are the handling, weight, and cost of the
materials. In addition to efficiently attenuating or
absorbing radiation, effective shielding materials
should also be affordable and manageable in real-
world applications. Traditional materials are
effective, but they frequently have drawbacks
like high cost, heaviness, and toxicity. This
situation has led to continuous research to create
better substitutes [23].

1.5. Role and limitations of lead

Lead (Pb) is widely recognized as the most toxic
heavy metal in radiation shielding contexts, and,
along with mercury (Hg), arsenic (As), cadmium
(Cd), and chromium (Cr), it ranks among the top
priority metals of public health concern due to
their ability to cause systemic toxicity, multi-
organ damage, and carcinogenic effects even at
low exposure levels [24, 25]. Due to its high
atomic number (Z) and favorable interaction
cross-section, which make it extremely effective
at blocking photon radiation, lead has long been
utilized as a radiation shield [26]. Lead can be
found in various forms, including lead bricks,
leaded glass, leaded plastics, and lead shot, to suit
different applications [27]. Its density and
compactness improve its shielding ability, which
makes it very suitable for space-limited
applications, like nuclear medicine and medical
radiology [28, 29]. For example, clinical
personnel also wuse lead-based protective
materials when performing radiological imaging,
like X-ray image-guided interventional radiology
procedures.

Furthermore, from an economic standpoint, there
1S no commercial product with a similarly
excellent shielding capacity and workability as
lead [30]. However, lead has significant
drawbacks, including its toxicity and high cost,
which restrict its use in many applications. Lead-
based materials pose serious health risks due to
their toxicity and the potential formation of
harmful particles on surfaces, which contributes
to lead’s decreased desirability despite its
effective shielding properties [31].

1.6. Lead-free alternatives

Furthermore, lead aprons, which are frequently
used in medical settings, are traditionally very
heavy and can be uncomfortable and problematic
for the back when worn for extended periods
[32]. These issues highlight the need for safer,
non-toxic, and more sustainable alternatives for
radiation shielding, as lead has poor strength and
hardness also limit its durability [29]. Due to the
disadvantages of lead, scientists are investigating
alternative materials for radiation shielding.
Various lead-free materials have been explored
and categorized into glasses, ceramics, pure
metals, polymers, concrete, and various
composites. Among these materials, the literature
often highlights metals and metals under
different compositions and variations as key
elements, with the most common ones being
Bismuth [33-36], Tungsten [37, 38], Barium
[39], Tin [40], Molybdenum [41], Cadmium
[42], Gadolinium [43] and Antimony [44].

These substitutes for lead are meant to limit the
negative impacts on patients, medical personnel,
and the environment while encouraging safer and
more environmentally friendly procedures. This
review examines radiation-shielding materials,
which contain Bismuth, Tungsten, Barium, Tin,
Molybdenum, Cadmium, Gadolinium, and
Antimony. Each of these materials has the
potential to replace lead in radiation shielding,
with an emphasis on their characteristics,
efficacy, and possible uses in healthcare
environments. In other words, alternatives are
discussed in this review, going over their
makeup, radiation-attenuation properties, and
potential applications in medical radiation
protection. Research is still ongoing to optimize
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these materials for particular uses, weighing the
advantages against any potential disadvantages.

2. Lead-Free Alternative Materials
2.1. Material selection criteria

The essential characteristics of some materials
that improve the radiation-shielding efficacy are
listed in Table 1, together with those of lead.
Lead is widely used as a reference material due
to its established shielding properties. The other
materials are typically incorporated as additives
in various chemical compositions, some of which
are discussed in detail in the following sections
(see Table 1).

2.2. Physical properties of elements

Basic properties, including atomic number,
weight, density, and melting point, of the
elements of interest and lead are given in Table
1. Bismuth (Bi), a non-toxic, high-density heavy
metal, is increasingly valued for its strong
radiation absorption properties, making it a
promising lead-free alternative for shielding
applications. Its oxide form, Bi.Os, offers

enhanced durability and efficiency in blocking
radiation, competing with lead-based materials
while addressing health and environmental
concerns. Tungsten (W) also stands out as an
effective shielding material due to its high atomic
number and density, offering good protection
against radiation. Its thermal stability and
resistance to environmental degradation make it
ideal for high-temperature applications, even
though there are still issues with its processing.

Barium (Ba), particularly in oxide form (BaO),
enhances gamma radiation attenuation in glass
systems and other composites, contributing to the
development of sustainable, lead-free shielding
solutions.

Other metals, such as tin (Sn), cadmium (Cd),
gadolinium (Gd), antimony (Sb), and
molybdenum (Mo), also offer valuable
contributions to radiation shielding technologies.
Their unique properties, including high atomic
numbers and densities, help improve material
performance across diverse applications. These
metals pave the way for advanced, eco-friendly
shielding materials that meet the growing need
for non-toxic, safer alternatives.

Table 1. Basic properties of lead and its radiation-shielding alternatives

Atomic Atomic Density Melting Point

Element Latin Names Symbol Number Weight (g/cm?) °O)
Lead Plumbum Pb 82 207.2 11.3 327.5
Bismuth Bismuthum  Bi 83 209 9.78 271.3
Tungsten Wolframium W 74 183.9 19.3 3410
Barium Barium Ba 56 137.3 3.62 727
Tin Stannum Sn 50 118.7 7.31 231.9
Cadmium Cadmium Cd 48 112.41 8.65 321
Gadolinium Gadolinium  Gd 64 157.25 7.9 1312
Antimony Stibium Sb 51 121.76 6.68 630.6
Molybdenum Molybdaenum Mo 42 95.95 10.28 2623

3. Detailed Material Analysis
3.1. Bismuth (Bi)

Bismuth (Bi) is a non-toxic, inexpensive heavy
metal with distinctive properties, including high
specific gravity, photoluminescence,
photoelectric and photovoltaic effects, strong
oxidation ability, and water insolubility. It also
has a white crystalline structure, high electrical

resistance, and strong diamagnetic properties.
The surface of Bi crystals typically displays
iridescent rainbow colors due to interference
effects from the oxide layer [45, 46].

Bismuth is known as the wonder metal due to its
diverse oxidation states and strong tendency to
form bismuth clusters as a result of the electrons'
easy involvement in chemical combinations in
the p orbital [47].
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Bismuth, a metallic element with an atomic
number of 83 and a mass number of 208.980,
exhibits strong absorption characteristics for
ionizing radiation due to its high atomic number.
With a density of 9.78 g/cm?, melting point
approximately  271.5°C,  bismuth  atoms
contribute to increasing the material’s overall
density. The high concentration of electrons in
bismuth enhances interactions between incident
photons and the material’s electrons, leading to a
significant reduction in radiation intensity. This
combination of high atomic number and density
makes bismuth an excellent candidate for
radiation protection and shielding, positioning it
as a promising material for developing advanced
shielding solutions in various applications.
Bismuth metal (99.5%) costs about $250/kg [48,
49].

Bismuth oxide is a highly effective lead
alternative for radiation shielding. Its non-toxic
nature, high atomic number, and 8.9 g/cm?
density. Its higher melting point compared to
lead ensures better durability. As the bismuth
oxide content increases, shielding parameters
such as the half-value layer and tenth-value layer
improve, enhancing its efficiency in blocking
radiation. While lead is inexpensive and readily
available due to its abundant supply and
established mining processes, bismuth requires a
larger initial investment. However, the long-term
savings with bismuth come from reduced health
and environmental protection needs [50-54].

Karimi et al. highlighted the growing demand for
lead-free radiation shielding materials due to
health concerns surrounding lead poisoning and
leakage [55]. They compared various glass
shields, including a commercial lead-based
shield, four previously studied shields, and three
new lead-free variants, by evaluating their
shielding performance according to international
standards (IEC 61331). The materials were
analyzed for air kerma ratios, lead equivalent
values, and shielding properties using Monte
Carlo  N-Particle  eXtended (MCNPX)
simulations [56].

Mass attenuation coefficients and effective
atomic numbers (Zeff) were obtained from the
XCOM database [57], covering the diagnostic X-
ray energy range (40-120 keV). The study

introduced three novel glasses—borate-based
(Ir1), phosphate-based (Ir2), and silicate-based
(Ir3). The Ir3 glass, composed of 0.05 Al.Os, 0.3
Si0s, 0.1 BaO, and 0.55 Bi20s with a density of
5.4 g/cm?, along with the borosilicate-barium-
based Tu glass, exhibited superior shielding
properties, rivaling those of lead-based glass.
These findings indicate that Ir3 and Tu glasses
are promising alternatives as lead-free
transparent shields for use in diagnostic X-ray
energy ranges [55].

Yu et al. addressed the need for lightweight, lead-
free X-ray shielding materials due to the toxicity
and heaviness of conventional lead-based shields
[58]. They synthesized bismuth titanate (BTO)
particles and incorporated them into an epoxy
resin (ER) matrix at varying loadings (0—65
wt%). The surface roughness and hardness of the
BTO-ER composites were analyzed to assess
their X-ray attenuation. Results showed that a 2
mm thick 65BTO-ER composite (0.65 Bi4T1:012
+ 0.35 CHO) achieved X-ray attenuation
efficiencies of 97% at 80 kVp and 95% at 100
kVp, equivalent to 0.35 mm of lead but with half
the weight. This demonstrates the potential of
BTO-based composites as non-toxic,
environmentally  friendly alternatives  to
conventional lead shielding in diagnostic X-ray
protection [58].

Khazaalah et al. focused on improving the
efficiency of lead-free glass as a radiation shield
while addressing the issues of dark brown
bismuth glass and reducing waste glass
accumulation in landfills by incorporating soda-
lime-silica (SLS) glass waste [59].

Using the melt-quenching method, WBiBZn-
SLS glass was fabricated at 1200 °C with varying
concentrations of WO; (0—0.05 mol). The waste
glass, composed of 74.1% SiO2, provided the
SiO: content. Radiation attenuation parameters
were measured using narrow-beam geometry and
X-ray fluorescence (XRF). Results indicated that
increasing WOs concentration reduced the half-
value layer and increased the linear attenuation
coefficient (n). WBiBZn-SLS glass, composed
of WOs (0.05%), Bi203 (19%), ZnO (28.5%), and
other components, proved to be a non-toxic,
transparent, and effective radiation shielding
material [59].
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Li et al. tackled the challenge of designing
flexible, lightweight radiation shielding
materials for complex structures by developing
for designing and assessing the safety of nuclear
systems to predict y-ray shielding performance
[60, 61]. The study tested Pb- and Ta-doped
Bi/PU coated fabric composites for shielding
properties, mechanical performance, and wear
resistance. The results showed that Ta doping
enhanced y-ray shielding, surpassing non-doped
composites. However, Ta doping reduced wear
resistance and tensile strength. The Bi/Ta/PU
composite (50% Bi + 5% Ta + 45% CsHsN20x2)
provides efficient, eco-friendly radiation
protection, suitable for personal protective gear
and collective shielding equipment, offering
excellent vy-ray shielding while remaining
lightweight and flexible [60].

Uosif et al. explored the need for effective, lead-
free protective cover glass for solar cells in
superstrate arrangements, where lightweight,
radiation resistance, optical clarity, and structural
integrity are essential [62]. Solar panels used in
spacecraft suffer from reduced energy output due
to UV and radiation damage to the cover glass.
To address this, lead-free phosphate glasses with
varying Bi2Os content [xBi20s—(40 — x)CaO—
60P20s, x = 5-30 mol%] were fabricated using
high-temperature melting.

The study measured gamma shielding across
multiple photon energies (81-2614 keV) and
found that increasing Bi.Os content enhanced the
mass attenuation coefficient, though it decreased
with rising photon energy. The 60P-0s—30Bi.0s—
10CaO glass exhibited the best overall
performance, making it a promising lead-free
option for radiation shielding in space-based solar
cell applications [62].

Al-Hadeethi et al. investigated bismuth borate
glass samples with varying compositions [(99-x)
B20s5 + 1 Cr20s + (x) Bi20s, where x = 0-25 wt%]
using the melt quenching technique [63]. The
mass attenuation coefficient (MAC) of the
glasses was measured using four different point
sources (**'Am, '*Ba, "2Eu, "Cs). The
experimental MAC values closely matched
theoretical results from XCOM [57], with

deviations under 3%. The glass with 25 wt%
Bi20s showed high attenuation, comparable to
commercial lead borate glasses. Transmission
factor (TF) values were found to be lower at
lower energies and increased with photon energy.
The addition of Bi:Os reduced TF, enhancing
shielding performance. Half-value layer (HVL)
data highlighted greater photon penetration at
higher energies, with HVL for BCrBi-20 glass
being 0.171 cm at 0.0595 MeV and 4.334 cm at
1.408 MeV. The study also determined the fast
neutron removable cross section (FNRC),
showing that bismuth borate glasses, particularly
the 25 wt% sample (74 B20s + CrOs + 25 Bi20s),
outperformed lead borate glass and concrete in
radiation shielding [63].

Liu et al. explored the development of bismuth
tungstate (Bi2WQOs) nanostructures as potential
alternatives to lead-based materials for radiation
shielding [64].

With increasing nuclear activities and the need
for low-toxicity protective materials, this study
focused on fabricating Bi2WOs nanosheets.
These nanosheets demonstrated gamma-ray
attenuation properties comparable to lead-based
materials for low-energy gamma rays. Given
their lower toxicity, Bi2WOs nanosheets are
considered more suitable for fabricating personal
protective  equipment, offering promising
prospects for shielding low-energy radiations and
significant market potential in healthcare,
nuclear facilities, acrospace, and other radiation-
intensive industrial applications.[64].

Mass attenuation coefficient (MAC) values of
the bismuth-based materials studied by the
abovementioned groups are provided in Table 2
and Table 3 for various photon energies. These
values were calculated for the composition of
materials using the web database Epixs.
Additionally, the MAC values are illustrated in
Figure 1 as a function of energy, alongside those
for lead.

As it can be seen from Table 2 ,3 and Figure 1,
lead shows higher MAC values than bismuth-
based materials at low photon energies (15-60
keV),
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Table 2. Mass attenuation coefficients (cm%g) and lead equivalent for bismuth-based materials at various
energies

Energy Karimi et Yu et al., Khazaalah Li et al.,
(MeV)  al, 2020 TPEE 50 PbEq. 2022 PPEG 5003 Pb Eq.

0.015 64.9535 0.5844 57.2564 0.5151 43.0642 0.3874 65.0400 0.5851

0.02 47.5849 0.5528 42.9795 0.4993 26.2039 0.3044 48.0042 0.5577
0.03 16.7666 0.5526 15.1838 0.5004 9.0106 0.2970 16.9876 0.5599
0.04 9.7453 0.6791 7.2213 0.5032 4.2236 0.2943 8.0812 0.5631
0.05 5.4813 0.6844 4.0657 0.5076 2.3674 0.2956 4.5461 0.5676
0.06 3.4287 0.6886 2.5576 0.5137 1.4948 0.3002 2.8545 0.5733
0.08 1.6504 0.7006 1.2520 0.5315 0.7547 0.3204 1.6867 0.7160
0.1 3.0872 0.5563 2.7453 0.4947 1.2434 0.2241 3.1426 0.5663
0.15 1.1550 0.5733 1.0416 0.5171 0.5106 0.2535 1.1797 0.5856
0.2 0.5989 0.5986 0.5481 0.5478 0.2968 0.2967 0.6129 0.6127
0.3 0.2670 0.6624 0.2514 0.6237 0.1639 0.4067 0.2740 0.6799
0.4 0.1689 0.7283 0.1627 0.7013 0.1208 0.5208 0.1737 0.7487
0.5 0.1268 0.7866 0.1240 0.7696 0.1001 0.6213 0.1305 0.8095
0.6 0.1040 0.8344 0.1029 0.8255 0.0877 0.7036 0.1071 0.8592
0.8 0.0799 0.9043 0.0802 0.9071 0.0728 0.8237 0.0824 0.9320
1 0.0671 0.9486 0.0678 0.9587 0.0637 0.9000 0.0692 0.9780
1.5 0.0516 0.9925 0.0525 1.0090 0.0508 0.9760 0.0532 1.0228
2 0.0451 0.9826 0.0457 0.9950 0.0441 0.9599 0.0464 1.0096
3 0.0394 0.9341 0.0393 0.9317 0.0371 0.8788 0.0402 0.9512
4 0.0372 0.8883 0.0365 0.8723 0.0336 0.8026 0.0375 0.8964
5 0.0363 0.8521 0.0352 0.8252 0.0317 0.7423 0.0364 0.8528
6 0.0361 0.8241 0.0346 0.7887 0.0305 0.6956 0.0359 0.8190
8 0.0366 0.7845 0.0344 0.7373 0.0294 0.6299 0.0360 0.7713
10 0.0377 0.7583 0.0349 0.7032 0.0291 0.5865 0.0367 0.7397
15 0.0408 0.7214 0.0370 0.6554 0.0296 0.5245 0.0393 0.6955

Table 3. Mass attenuation coefficients (cm%g) and lead equivalent for bismuth-based materials at various

energies

Energy Uosif et al., Al-Hadeethi Liu et al,

(MeV) 2023 Pb Eq. etal, 2022 L PEG 2018 Pb Eq.
0.015 37.2820 0.3354 27.3167 0.2458 106.0480 0.9541
0.02 26.6959 0.3101 20.6541 0.2399 70.9025 0.8237
0.03 9.3782 0.3091 7.3601 0.2426 24.9387 0.8219
0.04 4.4689 0.3114 3.5480 0.2472 11.7914 0.8217
0.05 2.5345 0.3165 2.0346 0.2540 6.5854 0.8223
0.06 1.6130 0.3240 1.3097 0.2631 4.0985 0.8232
0.08 0.8167 0.3467 0.6794 0.2884 3.5603 1.5114
0.1 1.6674 0.3005 1.3995 0.2522 4.6158 0.8317
0.15 0.6635 0.3293 0.5696 0.2828 1.6824 0.8352
0.2 0.3701 0.3700 0.3257 0.3255 0.8439 0.8435
0.3 0.1901 0.4717 0.1744 0.4327 0.3494 0.8668
0.4 0.1337 0.5765 0.1260 0.5431 0.2068 0.8914
0.5 0.1078 0.6686 0.1032 0.6403 0.1473 0.9141
0.6 0.0928 0.7440 0.0897 0.7198 0.1163 0.9324
0.8 0.0755 0.8542 0.0739 0.8359 0.0849 0.9604
1 0.0654 0.9240 0.0644 0.9096 0.0692 0.9778
1.5 0.0517 0.9928 0.0511 0.9815 0.0518 0.9958
2 0.0448 0.9760 0.0441 0.9610 0.0456 0.9929
3 0.0378 0.8962 0.0367 0.8692 0.0412 0.9764
4 0.0344 0.8214 0.0328 0.7833 0.0402 0.9607
5 0.0325 0.7620 0.0305 0.7149 0.0404 0.9481
6 0.0314 0.7161 0.0290 0.6619 0.0411 0.9382
8 0.0304 0.6514 0.0274 0.5869 0.0432 0.9243
10 0.0302 0.6087 0.0267 0.5375 0.0454 0.9149
15 0.0310 0.5482 0.0265 0.4681 0.0510 0.9018
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Figure 1. Mass attenuation coefficient values of
various bismuth-based materials compared with lead

showing superior attenuation. For instance, at 15
keV, lead’s MAC is 111.1520 cm?/g, while
bismuth-based materials values range from
273167 cm?g to 106.0480 cm?/g which
indicates good performance although lead has the
superiority. As the photon energy increases to
moderate levels (100-1000 keV), bismuth’s
MAC values approach lead’s values, as the
performance of materials based on bismuth
becomes comparable. For example, at 100 keV,
lead’s MAC is 5.5496 cm?*/g, whereas bismuth-
based materials values range from 1.2434 cm?/g
to 4.6158 cm?/g also in the same interval when
the energy is 800 keV MAC ranges between
0.0728 cm?/g (Khazaalah et al., 2022) and 0.0849
cm?/g (Liu et al., 2018) which almost equals the
lead’s MAC value 0.0884 cm%*g. At high
energies (1000 keV and above), both materials
exhibit significantly lower MAC values, with
bismuth-based  materials’ values closely
matching those of lead. At 1500 keV, lead’s
MAC is 0.0521 cm?/g, while bismuth’s values
range from 0.0511 cm?g to 0.0532 cm?¥g.
Overall, while lead provides better attenuation at
lower energies, bismuth-based materials offer
comparable shielding effectiveness at moderate
to high energies, making it a viable lead-free
alternative for high-energy photon shielding
applications.

3.2. Tungsten (W)

Tungsten (W), also known as wolfram, is a
greyish-white to steel-grey metal characterized
by extreme hardness, wear resistance, high
melting point, high density, and excellent
thermal and electrical conductivity; while pure
tungsten is malleable and ductile, adding small

amounts of carbon and oxygen enhances its
hardness and brittleness [65]. Tungsten has an
atomic weight of 183.9, an atomic number of 74,
and a density of 19.3 g/cm?. It has a melting point
of 3410°C and a boiling point of 5660°C, with a
specific gravity of 19.3. Its crystalline form is
gray-black and cubic, and it remains unoxidized
in air at ordinary temperatures while being highly
resistant to acids. Compared to lead (Pb),
tungsten has a higher density with values of 19.3
g/cm? [66, 67].

Tungsten's high melting point of 3387°C makes
it a challenging material to machine or cast, but
it has better shielding qualities than lead because
of its high atomic number (Z). Due to its high
melting point, tungsten is a high temperature
material that has long been used to make light
bulb filaments [68, 69]. Tungsten can be used to
create radiation shielding materials with greater
potential, lower costs, environmental
friendliness, and improved optical properties
when it is used in the development of such
materials. Approximately, tungsten powder
(99.999%) costs about $2900/kg [70].

Jamal AbuAlRoos et al. assessed tungsten
carbide (WC), composed of 98.65% tungsten and
1.35% carbon, as a lead-free radiation shielding
material for nuclear medicine [71]. The study
analyzed WC using Field-Emission Scanning
Electron Microscopy (FESEM) and energy
dispersive X-ray (EDX), confirming its 99.9%
purity and an average particle size of 40—50 um.
Discs of WC (0.1 cm, 0.5 cm, and 1.0 cm
thickness) were compared to lead discs of similar
thickness. Gamma spectroscopy with sources
(%1, **Ba, '*?Eu, and "*Cs) across 0.160 MeV to
0.779 MeV energies measured attenuation
properties. The experimental attenuation
coefficients of WC and lead were compared to
theoretical values from the NIST database. The
results showed that gamma spectroscopy peaks
exhibited a linear relationship with energy.
Relative differences between measured and
theoretical mass attenuation coefficients were
within 0.19-5.11% for both materials. WC
demonstrated lower half-value layers and mean
free paths compared to lead, indicating its
potential as an effective, lead-free alternative for
radiation shielding in nuclear medicine [71].
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Azman et al. reviewed tungsten carbide (WC),
with a composition of 98.65% tungsten and
1.35% carbon, as a lead-free alternative for
radiation shielding [72]. They addressed lead’s
drawbacks, including toxicity, weight, and
opacity. Tungsten carbide’s high atomic number,
density, and excellent shielding properties make
it a promising material. The review covers recent
advancements in WC’s physical properties, its
application as a nanofilm for radiation shielding,
and various deposition techniques for fabricating
these films. It also discusses the morphological
structure of WC nanofilms, as well as key
challenges and future directions in this field [72].

Lee et al. proposed a dual-layered Pb-free
shielding method to protect workers from external
radiation exposure during the decommissioning
of the Kori-1 nuclear power plant, which has
been shut down since 2017 [73]. Using the Monte
Carlo method, the study optimized and estimated
the performance of various materials in terms of
equivalent dose rate and radiation shielding
effectiveness. The dual-layer Pb-free shielding
outperformed conventional shields, with WC-Co
showing particularly high performance in
reducing external radiation during the
dismantling of the steam generator (S/G). The
simulation results provide valuable guidance for
selecting materials and designing effective Pb-
free dual-layer shields for this decommissioning
process [73].

Das et al. examined metal-based polymer
composites, specifically tungsten (W) —
polymethyl methacrylate (PMMA), for radiation
shielding [73]. They used FLUKA Monte Carlo
[74] code to assess the effectiveness of W-
PMMA composites in attenuating coupled
neutron-gamma radiation. Results indicated that
even a 20 vol% concentration of W particles
significantly enhances the radiation shielding
capability of PMMA. The study identified
optimum heavy metal concentrations for
shielding: 70 vol% W and 30 vol% Pb, with the
Pb shield showing significantly higher doses.
Additionally, the research explored double-layer
laminates with W and PMMA in various
configurations, finding that the new W-PMMA
composite-based double-layer shield performed

best in volumetric dose reduction, while single-
layer W-PMMA composites offered the lowest
specific dose [75]. Olivieri et al. developed lead-
free x-ray  shielding materials  using
Acrylonitrile-butadiene-styrene ~ (ABS)-based
composites with high tungsten and bismuth oxide
content [75].

These composites, selected for their mechanical
strength and ABS's availability as a recycled
material, exhibited good filler dispersion within
the polymer matrix while retaining their
mechanical properties. The optimal formula,
consisting of 70% WOs and 30% ABS, shows
promise  for lead-free x-ray shielding
applications, including wearable personal
protective equipment [76].

Mass attenuation coefficient (MAC) values of
the tungsten-based materials studied by the
abovementioned groups are provided in Table 4
for various photon energies. These values were
calculated for the composition of materials using
the web database Epixs. Additionally, the MAC
values are illustrated in Figure 2 as a function of
energy, alongside those for lead.

Considering the values given in Table 4 and
plotted in Figure 2, some of the tungsten-based
materials generally exhibit higher MAC values
than lead at very low energies and in some low to
moderate photon energies.

For example, at 15 keV, tungsten's MAC ranges
from 77.2264 cm?/g (Olivieri et al., 2024) to
136.3780 cm?/g (Jamal AbuAlRoos et al., 2020
and Azman et al., 2023), compared to lead’s
MAC of 111.1520 cm?/g. At moderate energies
(100-1000 ke V), tungsten-based material's MAC
values are still higher, with a 100 keV value
ranging from 2.5364 cm?/g (Olivieri et al., 2024)
to 4.3836 cm*g (Jamal AbuAlRoos et al., 2020
and Azman et al., 2023), compared to lead’s
5.5496 cm?*g. At high energies (1000 keV and
above), tungsten’s MAC converges with that of
lead, with a 1000 keV value from 0.0654 cm?/g
(Lee et al., 2021) to 0.0667 cm?*g (Das et al.,
2023), while lead’s is 0.0708 cm?*g. Overall,
tungsten-based  materials  offer  superior
attenuation at lower energies and comparable
performance at higher energies.
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Table 4. Mass attenuation coefficients (cm%g) and lead equivalent for tungsten-based materials at various

energies

Ener AbuAlRoos Azman et Lee et al., Das et Olivieri
(MeVg)y etal,2020 al,2023 'PE@ 2021 PbEq- 1 2023 PPEG "Ztozl"" Pb Eg.
0.015 136.3780  136.3780 1.2270 126.1490 1.1349 97.0939 0.8735 77.2264 0.6948
0.02 64.9188 64.9188 0.7541 59.9718 0.6967 46.2325 0.5371 36.7799 0.4273
0.03 22.4349 22.4349 0.7394 20.6911 0.6819 16.0079 0.5276 12.7550 0.4204
0.04 10.4978 10.4978 0.7315 9.6745 0.6741 7.5176 0.5238 6.0080 0.4187
0.05 5.8199 5.8199 0.7267 5.3634 0.6697 4.1901 0.5232 3.3637 0.4200
0.06 3.5971 3.5971 0.7225 3.3171 0.6662 2.6084 0.5239 2.1064 0.4231
0.08 7.7232 7.7232 3.2785 6.9941 2.9690 5.5312 2.3480 4.4201 1.8763
0.1 4.3836 4.3836 0.7899 3.9742 0.7161 3.1582 0.5691 2.5364 0.4570
0.15 1.5649 1.5649 0.7768 1.4258 0.7077 1.1528 0.5722 0.9426 0.4679
0.2 0.7777 0.7777 0.7773 0.7136 0.7133 0.5904 0.5902 0.4943 0.4940
0.3 0.3210 0.3210 0.7965 0.2998 0.7438 0.2613 0.6483 0.2298 0.5702
0.4 0.1911 0.1911 0.8236 0.1814 0.7819 0.1655 0.7136 0.1515 0.6531
0.5 0.1371 0.1371 0.8508 0.1319 0.8184 0.1247 0.7734 0.1173 0.7279
0.6 0.1088 0.1088 0.8723 0.1057 0.8478 0.1025 0.8219 0.0983 0.7887
0.8 0.0803 0.0803 0.9085 0.0791 0.8948 0.0792 0.8961 0.0778 0.8803
1 0.0659 0.0659 0.9314 0.0654 0.9246 0.0667 0.9431 0.0664 0.9383
1.5 0.0499 0.0499 0.9588 0.0499 0.9585 0.0516 0.9926 0.0519 0.9978
2 0.0442 0.0442 0.9630 0.0441 0.9604 0.0453 0.9867 0.0453 0.9874
3 0.0406 0.0406 0.9615 0.0401 0.9498 0.0400 0.9467 0.0393 0.9296
4 0.0402 0.0402 0.9592 0.0393 0.9389 0.0380 0.9085 0.0366 0.8749
5 0.0408 0.0408 0.9565 0.0396 0.9296 0.0374 0.8774 0.0354 0.8309
6 0.0418 0.0418 0.9540 0.0404 0.9219 0.0374 0.8530 0.0349 0.7965
8 0.0444 0.0444 0.9502 0.0425 09110 0.0382 0.8183 0.0349 0.7477
10 0.0471 0.0471 0.9474 0.0449 0.9034 0.0395 0.7953 0.0355 0.7154
15 0.0533 0.0533 0.9431 0.0504 0.8924 0.0431 0.7626 0.0379 0.6698
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Figure 2. Mass attenuation coefficient values of
various tungsten-based materials compared with lead

3.3. Barium (Ba)

Barium is the heaviest of the stable alkaline earth
metals, with an atomic weight of 137.3, density
of 3.62 g/cm3, and atomic number of 56. A soft
metal that is silver-white and melts at 725°C is
the free element. Barium volatiles, particularly
halide salts, give the Bunsen flame a light green
tint [77]. Barium as metal is generally non-toxic
to humans and functions as a bone opacifier in
the human body [78]. Barium oxide opens up
new possibilities for environment friendly

radiation shielding materials [79]. Due to its high
atomic number and good attenuation coefficient,
barium-based glasses have a very promising
gamma radiation attenuation coefficient [30].
Due to its high density and atomic number,
barium is a substance that is very good at
absorbing ionizing radiation.

Barium oxide (BaO), for instance, can improve
glass systems' capacity to guard against gamma
radiation. strong atomic number, strong electrical
resistance, high refraction, low coefficient of
thermal expansion, low dispersion, and
comparatively low melting point are only a few
of barium's advantageous characteristics. Due to
barium’s high density and heavy-metal
characteristics, adding more of it to materials
enhances their shielding capabilities even
further. Barium metal (99.2 + %) costs roughly
$3 per gram. Sen Baykal et al. designed and
synthesized a lead-free, high-density borosilicate
glass sample, BSBaZn, for potential use in
radiation shielding applications in medical and
industrial settings [80].
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The glass composition is given by 7B20s-
50S10:-38Zn0O-5Ba0. Structural and optical
analyses, including FTIR spectroscopy, revealed
four fundamental regions of interest in the glass,
and it showed a transmittance rate of 80% in the
350-1100 nm wavelength range. Gamma-ray
attenuation properties were assessed using a
high-purity Germanium (HPGe) detector and a
133Ba radioisotope. The study employed the
MCNPX Monte Carlo code to calculate gamma-
ray transmission factors (TF) [56]. The results
demonstrated that BSBaZn exhibits promising
structural, optical, and gamma-ray shielding
characteristics. Its high transparency and density
make it a strong candidate for radiation
protection in medical and industrial facilities
where both source and patient monitoring are
crucial [80].

Moradi et al. investigated barium tantalate
(Ba5Ta4015) as a lead-free alternative for x-ray
shielding in interventional radiology [81].
Traditional lead-based materials, while effective,
pose challenges due to their weight and toxicity.
The study employed Geant4 Monte Carlo
simulations to explore various barium tantalate
formulations doped with rare earth elements.
Results indicated that barium tantalate doped
with 15% Erbium or 10% Samarium by weight
offers effective x-ray shielding with over 30%
weight reduction compared to lead-based
materials. These findings suggest that barium
tantalate could serve as a viable, lighter, and safer
option for radiation shielding in medical settings
[81].

Souza et al. introduced a novel, cost-effective
lead-free elastomeric material for radiation
shielding, designed to enhance user ergonomics
while preventing exposure to harmful levels of
ionizing radiation [82]. The material comprises a
blend of 1 BaSO4 (barium sulfate) with 0.9 Si
(silicon), 1.8 C (carbon), 5.4 H (hydrogen), and
0.9 O (oxygen), combined with addition-cure
liquid silicone rubber. X-ray transmission
measurements were performed for various
thicknesses of this material and the results were
compared with Monte Carlo simulations to
ensure its effectiveness. The findings confirm
that this material meets the requirements for use
in radiation protection garments, offering a
lighter and more ergonomic alternative to
conventional lead-based shields [82].

Hannachi et al. explored a new ceramic-based
material for y-radiation shielding, specifically
focusing on barium tungstate (BaWO4) doped
with holmium oxide (Ho203) in varying
amounts [83]. Monte Carlo simulations were
employed to assess radiation attenuation. The
radiation shielding coefficients decreased with
higher Ho203 content. Specifically, the linear
attenuation coefficient decreased by 13% from
0.386 cm™ to 0.338 cm ™ at 0.662 MeV with an
increase in Ho203 from 0% to 75%.
Concurrently, the lead equivalent thickness
increased from 3.22 cm to 3.67 cm. The optimal
material identified in this study for y-radiation
shielding is a composite with 75% BaWO4 and
25% Ho203, as it provides a balance between
shielding effectiveness and material composition
[83].

Mass attenuation coefficient (MAC) values of
the barium-based materials studied by the
abovementioned groups are provided in Table 5
for various photon energies. These values were
calculated for the composition of materials using
the web database Epixs. Additionally, the MAC
values are illustrated in Figure 3 as a function of
energy, alongside those for lead.

As it can be seen from Figure 3, barium-based
materials generally show lower MAC values than
lead but are comparable at higher photon
energies. At 15 keV, MAC values for the
materials range from 5.4464 cm?/g (Souza et al.,
2023) to 89.9327 cm?/g (Hannachi et al., 2023),
which are lower than that of lead (111.1520
cm?/g). At moderate energies (100—-1000 keV),
MAC values of the materials are significantly
lower. For example, MAC values for 100 keV
photon energy are ranging from 0.3535 cm?/g
(Souza et al., 2023) to 2.9686 cm?/g (Hannachi et
al., 2023), all are lower compared to lead’s
5.5496 cm?/g value. For higher photon energies
(1000 keV and above), the MAC values for
barium converge with those of lead. At 1000 keV
energy, lead has 0.0708 cm?*/g MAC value, and
materials have the values in a range between
0.0619 cm?/g (Sen Baykal et al.,, 2023) and
0.0970 cm?/g (Souza et al., 2023). Overall, it can
be said that barium-based materials are less
effective than lead at low and moderate photon
energies, where attenuation is reduced. However,
at higher energies their performance becomes
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comparable, making them a viable, safer, and
more environmentally friendly alternative in
specific high-energy applications across diverse
medical imaging and therapy scenarios.
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Figure 3. Mass attenuation coefficient values of
various barium-based materials compared with lead

4. Other Emerging Materials
4.1. Tin (Sn)

Tin, which is not an essential metal, is a silvery,
soft and pliable metal which resists corrosion and
is widely used in industry and occurs in both
inorganic and organic forms in nature. It has
more commercially used organometallic
derivatives than any other element, leading to a
significant increase in global production of
organotin compounds over the past decades. Due
to their extensive industrial applications,
substantial quantities of organotins have entered
various ecosystems [84].

Tin (Sn) has an atomic weight of 118.69, an
atomic number of 50, a density ranging from 5.8
to 7.3 (white tin), a melting point of 231.9°C, and
a boiling point of 2602°C. Tin has three
allotropic forms: white metallic, tetragonal (tin
white), and white rhombic (tin brittle). When
cooled below 13.2°C, it converts to gray tin or a-
tin cubic [85]. Tin can be converted by chemical
and biological reactions in the environment to
form more toxic organotin compounds.
Commercial tin has ranged in price over the last
25 years from 50¢/lb ($1.10/kg) to over $6/kg.
Nowadays, a kilogram of pure tin costs roughly
$260 [86].

Bjarnason et al. evaluated the absorption
capability and weight of various lead-alternative

radiation-shielding materials, focusing on tin,
antimony, bismuth, and tungsten [87]. Factors
such as toxicity, atomic number, density, K-edge
absorption energy, and availability were
considered. The attenuation coefficients of these
elements were calculated using the XCOM
software package [57], and the metals were
mixed with polymers at mass ratios of 50%, 70%,
80%, and 85%. The study concluded that all new
shielding materials tested are suitable for
diagnostic X-ray applications. When compared
to commercial lead garments, the 85% metal-
polymer samples were lighter than a 0.5-mm lead
garment and offered superior radiation
protection. This suggests significant potential for
these materials in commercial applications [87].
Bakhshandeh et al. explored the potential of a
composite shield made from tin and tungsten as
an alternative to traditional lead shields used in
nuclear medicine [88]. Lead aprons, while
effective, are criticized for their weight and
toxicity. The study focused on evaluating the
biological protection offered by the tin-tungsten
composite compared to lead shields. Blood
samples from non-radiation operatives were
exposed to gamma radiation from technetium,
and DNA damage was assessed. The composite
shield demonstrated a density about one-tenth
that of lead, at 1.23 g/cm?. Results indicated that
DNA damage was lower with the lead-free shield
compared to lead shields, with time being a
significant factor in DNA damage, while the type
of shield and distance did not show a significant
effect. The study highlights the potential of tin-
tungsten composites as alternative for reducing
radiation-induced DNA damage, addressing the
drawbacks of lead-based shielding [88].

Alim et al. investigated the potential of various
alloys as replacements for lead and its derivatives
in radiation shielding applications [89]. The
study aimed to identify an optimal shielding
material by evaluating the radiation-shielding
characteristics of five different alloys: Tin-
Silver, Manganin-R, Hastelloy-B, Hastelloy-X,
and Dilver-P. Key photon interaction parameters
were determined for these alloys across an
energy range of 30 to 1333 keV using narrow-
beam transmission geometry and experimental
measurements with two detectors (Si(Li) and
Nal(Tl)). The results were compared with
theoretical ~ calculations from Phy-X/PSD
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software. Finally, while Manganin-R alloy stands
out as the superior shielding material for photon
energies due to its high density, melting point,

tensile strength, modulus of elasticity, and
specific heat, the Tin-Silver alloy excels in
aspects like attenuation coefficients [89].

Table 5. Mass attenuation coefficients (cm?/g) and lead equivalent for barium-based materials at various

energies

Ener Sen Baykal Moradi et Souza et Hannachi

(Me\ig)y etal, 203 PPEG al, 2024  PPEG al, 2023 P Ee etal,2023 'PEG
0.015 30.7976 0.2771 85.2541 0.7670 5.4464 0.0490 89.9327 0.8091
0.02 14.0786 0.1635 40.1536 0.4665 2.6018 0.0302 42.4186 0.4928
0.03 4.6220 0.1523 13.7212 0.4522 1.0176 0.0335 14.5221 0.4786
0.04 3.0146 0.2101 14.7046 1.0247 1.7718 0.1235 12.1147 0.8442
0.05 1.6941 0.2115 8.2566 1.0309 1.0996 0.1373 6.7796 0.8465
0.06 1.0753 0.2160 5.1129 1.0269 0.7670 0.1540 6.4625 1.2980
0.08 0.5561 0.2361 5.0138 2.1284 0.4734 0.2010 5.2568 2.2315
0.1 0.3584 0.0646 2.8285 0.5097 0.3535 0.0637 2.9686 0.5349
0.15 0.1971 0.0979 1.0200 0.5063 0.2447 0.1214 1.0696 0.5310
0.2 0.1487 0.1487 0.5212 0.5210 0.2049 0.2048 0.5450 0.5447
0.3 0.1129 0.2802 0.2327 0.5772 0.1681 0.4172 0.2410 0.5980
0.4 0.0969 0.4176 0.1490 0.6423 0.1480 0.6378 0.1532 0.6604
0.5 0.0868 0.5387 0.1132 0.7022 0.1341 0.8319 0.1158 0.7183
0.6 0.0795 0.6380 0.0938 0.7520 0.1236 0.9909 0.0955 0.7662
0.8 0.0692 0.7830 0.0732 0.8282 0.1081 1.2235 0.0741 0.8388
1 0.0619 0.8753 0.0620 0.8768 0.0970 1.3712 0.0626 0.8854
1.5 0.0504 0.9678 0.0484 0.9296 0.0788 1.5147 0.0487 0.9362
2 0.0436 0.9501 0.0427 0.9303 0.0675 1.4701 0.0430 0.9367
3 0.0362 0.8568 0.0383 0.9073 0.0539 1.2764 0.0386 0.9138
4 0.0322 0.7690 0.0370 0.8843 0.0458 1.0947 0.0373 0.8910
5 0.0298 0.6995 0.0369 0.8656 0.0405 0.9499 0.0372 0.8725
6 0.0283 0.6457 0.0373 0.8507 0.0367 0.8370 0.0376 0.8576
8 0.0266 0.5700 0.0387 0.8297 0.0316 0.6773 0.0391 0.8367
10 0.0258 0.5200 0.0405 0.8154 0.0284 0.5722 0.0409 0.8226
15 0.0253 0.4483 0.0449 0.7949 0.0240 0.4247 0.0453 0.8021

4.2. Cadmium (Cd) wt% HDPE, which showed a decent

Cadmium (Cd) with atomic number 48 and
atomic weight 112.41. It belongs to group XII of
the periodic table. Its soft, silvery-white metal,
with a density of 8.65 g/cm? and melting point of
321°C. Cadmium is soft, malleable, and ductile.
It is resistant to corrosion, used as a protective
plate, water-insoluble, and non-flammable,
although it burns in air to form cadmium oxide.
Cadmium, is a non-essential transition metal that
can pose health risks to humans and animals due
to its lack of a physiological function [90, 91].

El-Khatib et al. investigated HDPE composites
with micro-sized and nano-sized cadmium oxide
(CdO) particles for gamma radiation shielding
[92]. The study found that nano-CdO/HDPE
composites performed better than micro-
CdO/HDPE, especially at low gamma-ray
energies. The best performance was achieved
with a composite of 40 wt% nano-CdO and 60

improvement in shielding at 59.53 keV due to the
higher interaction probability between gamma-
rays and nano-sized particles. From this study, it
can be concluded that nano-CdO exhibits strong
performance as a radiation shielding material
[92].

4.3. Gadolinium (Gd)

Gadolinite is a soft, silvery-white rare-earth
metal named after the Finnish chemist Gadolin.
With an atomic number of 64 and an atomic
weight of 157.25, gadolinium has a melting point
of 1313 °C, a boiling point of 3273 °C, and
density approximately 7.90 g/cm® [93].
Gadolinium oxide, also known as gadolinia, is
named after gadolinite, the mineral from which it
was initially derived. Gadolinium is also present
in other minerals such as monazite and

bastnasite, which hold significant commercial
value [48, 94].
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Ogul et al. used 3D printing to create poly lactic
acid (PLA) samples with 10% and 20%
gadolinium oxide nanoparticles to evaluate their
radiation shielding potential [95]. The optimal
composition of the P-PLA-Gd20 sample was C
40.0009, H 4.4757, O 38.1767, and Gd 17.3467.
This sample emerged as the best material,
demonstrating excellent gamma-ray attenuation
comparable to lead and achieving 100% thermal
neutron shielding with a 10 mm thickness. This
makes it a promising alternative to traditional
lead aprons for both X-ray and neutron shielding
[95].

4.4. Antimony (Sb)

Antimony 1is a silvery white metal with atomic
number 51, and atomic mass 122. Antimony
name is of Greek origin, “anti” plus “monos,”
translating to “a metal not found alone”. This is
accurate as native antimony metal is rarely
found, it is usually discovered as a sulfide
mineral, the most important being stibnite,
Sb2S3. Antimony has a fairly low melting point
for a metal, 630.6°C, is very brittle and a poor
conductor of heat and electricity [96-98].
Antimony is typically used in combination with
other materials for radiation shielding,
particularly in alloys or composites, to enhance
their protective properties against X-rays and
gamma radiation. It is rarely used as a standalone
shielding pmaterial [99, 100].

Ozkalayci et al. aimed to fabricate and
investigate the gamma photon shielding
efficiency of antimony (Sb) doped polymer resin
composites [101]. They wused orthophthalic
unsaturated polyester resin (C1607H14) as the
matrix and antimony powder as the filler. Sb
particles were added to the composites in
concentrations ranging from 5 to 20 wt%.
Different isotopes were used to test gamma
radiation shielding properties across energy
levels from 59.5 to 1408.0 keV. To assess
gamma-ray attenuation, the mass attenuation
coefficient (MAC) was calculated, along with
another key. Ozkalayci et al. found that a 20%
antimony, 80% polyester resin composite
provided the best gamma shielding among the
tested Sb-doped polymers, showing superior
attenuation performance [101].

4.5. Molybdenum (Mo)

Molybdenum, a trace element essential for
microorganisms, plants, and animals, was
discovered in 1778 by Karl Scheele, a Swedish
scientist. It was originally thought to be lead, but
its name, molybdos, comes from the Greek and
means "lead-like." While molybdenum trioxide
is a white powder that changes to a yellow
substance when heated, molybdenum is a silver-
white metal that can also be found as a black or
dark-gray powder. The powdered form of
molybdenite, also known as molybdenum
disulfide, is gray and shiny. This metal has a
melting temperature of 2610°C and a boiling
point of 5560°C. Its atomic weight is 95.94 and
its atomic number is 42 with density of 10.28
g/cm®. Because it may give other materials
hardness, weldability, and corrosion resistance,
molybdenum is valued [102 - 105].

Al-Mugren et al. investigated HDPE composites
doped with tungsten carbide, molybdenum
carbide, and silicon carbide for kilovoltage
radiation shielding. The produced shielding
materials, composed of 85% HDPE and 15%
MoC, were cut into disks, which were found to
be lighter than lead (Pb). Findings suggest that
HDPE composites doped with 15% MoC present
the most promising configuration for low-energy
X-ray shielding (30-50 keV) [106]. MACs and
Pb-equivalents for tin, cadmium, gadolinium,
antimony, and molybdenum are summarized in
Table 6.

5. Performance Comparison and Discussion
5.1. Comparative MAC values

Mass attenuation coefficient (MAC) values of
the investigated lead-free materials, namely
bismuth, tungsten, barium, tin, cadmium,
gadolinium, antimony and molybdenum, are
presented in Tables 2—5 and Figures 1-4, with
lead included as the reference material. At low
photon energies in the range of 15-60 keV,
where the photoelectric effect is the predominant
interaction mechanism, materials with higher
atomic numbers and densities demonstrate
superior attenuation efficiency. Lead, with an
atomic number of 82 and a density of 11.34
g/cm?, consistently records the highest MAC
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values, reaching 111.1520 cm?g at 15 keV.
Tungsten, with a slightly lower atomic number
but a significantly higher density of 19.3 g/cm?,
achieves comparable or in some cases higher
MAC values in this low-energy range,
particularly in high-purity carbide forms.

Bismuth-based materials, benefitting from an
atomic number of 83 and a density close to 9.8
g/cm?, also show strong attenuation performance,
with several dense bismuth oxide and glass
composites approaching or exceeding 100 cm?/g
at 15 keV, highlighting their effectiveness for
specialized shielding, diagnostic radiology, and
potential advanced therapeutic applications in
modern medical environments.

== Lead (Pb)
S —— Tin- Alim et al,
. Cadmium - El Khatib et al_
N, —=— Gadolinium - Ogul et al.

—+— Antimony - Ozkalayci et al

—*— Molybdenum - Al Mugren et al.

100

10"

Mass Attenuation Coefficient (cm?/g)

Energy (MeV)
Figure 4. Mass attenuation coefficient values of
various tin-, cadmium-, gadolinium-, antimony-, and
molybdenum-based materials compared with lead

In contrast, barium-based materials, despite their
usefulness in certain composite formulations,
generally display lower MAC values unless
present in high-density oxide or tungstate forms.
Lower atomic number materials such as tin,
cadmium, gadolinium, antimony  and
molybdenum  exhibit noticeably reduced
performance in this energy range; for instance,
tin achieves 46.3733 cm?*g, gadolinium 17.2580
cm?/g and cadmium 15.1459 cm?/g, reflecting the
strong dependence of photoelectric absorption
probability on the cube of the atomic number. In
the moderate photon energy range between 100
and 1000 keV, Compton scattering becomes the
dominant interaction mechanism. In this regime,
attenuation is influenced more by electron

density than by atomic number alone, leading to
a narrowing of the performance gap between lead
and some of the high-density alternatives.

Tungsten-based composites frequently reach
MAC values close to those of lead, with high-
performance formulations recording up to 4.38
cm?/g at 100 keV compared to lead’s 5.5496
cm?/g. Bismuth-based glasses and polymer
composites also perform competitively, with
values around 4.6 cm?/g at the same energy.
Barium-based systems, even when optimized,
generally remain below 3.0 cm*g at 100 keV,
while among the lower atomic number group,
molybdenum and tin perform better than
cadmium, gadolinium and antimony due to their
higher densities and more favorable electron
densities. These observations indicate that in the
Compton scattering—dominated energy range,
high-density lead-free alternatives can provide
attenuation performance that is suitable for many
medical and industrial applications, even if they
do not exactly match lead.

At high photon energies above 1000 keV, the
influence of atomic number on attenuation
efficiency decreases significantly as pair
production and other high-energy processes
become more relevant. Under these conditions,
the MAC values of all investigated materials
converge. At 1000 keV, lead’s MAC value of
0.0708 cm?/g is essentially identical to that of
molybdenum (0.0705 cm?/g) and only slightly
higher than those of tungsten, bismuth, cadmium,
gadolinium and certain high-density barium
composites. This convergence confirms that at
high energies, a variety of lead-free materials can
provide comparable shielding performance,
allowing the selection of materials to be guided
by other considerations such as toxicity,
environmental impact, cost, ease of fabrication
and mechanical properties.

In summary, lead remains the most effective
shielding material at low photon energies due to
the strong atomic number dependence of the
photoelectric effect, while tungsten and bismuth
offer the closest overall performance across the

full energy spectrum. Barium is more
competitive at higher energies or when
incorporated  into  optimized  composite
formulations, and lower atomic number

materials, although less effective at low energies,
become comparable to lead in the high-energy
range.

These findings highlight the importance of
matching the choice of shielding material to the
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photon energy range of interest, while also taking
into account practical factors such as weight
reduction, user comfort, cost-effectiveness and

environmental sustainability in the development
of next-generation radiation shielding solutions.

Table 6. Mass attenuation coefficients (cm?®/g) and lead equivalent for Tin, Cadmium, Gadolinium,
Antimony and Molybdenum based materials at various energies

Tin Cadmium Gadolinium Antimony Molybdenum

ThereY Alim, Kl]::;;ib Ogul et Ozkalayer mu?gl;en

MW 00 PPE etal, TPE® 5 %504 PPEG ‘“;021; PbEq- “oial, PPEQ
2019 2024

0.015 46.3733 04172 15.1459 0.1363 17.2580 0.1553 10.7647 0.0968 4.4297 0.0399
0.02 21.2498 0.2469 6.9845 0.0811 8.1018 0.0941 4.9900 0.0580 2.0575 0.0239
0.03 40.7164 1.3419 13.3942 0.4414 2.8296 0.0933 1.7170 0.0566 3.9865 0.1314
0.04 19.3301  1.3470 6.3846 0.4449 1.3834 0.0964 4.2385 0.2954 1.9248 0.1341
0.05 10.6820  1.3338 3.5685 0.4456 0.8064 0.1007 2.4067 0.3005 1.1207 0.1399
0.06 6.5519 1.3159 2.2257 0.4470  2.1988 0.4416 1.5291 0.3071 0.7421 0.1490
0.08 3.0234 1.2834 1.0840 0.4602 1.1119 0.4720 0.7729 0.3281 0.4201 0.1783
0.1 1.6744 0.3017 0.6464 0.1165 0.6742 0.1215 0.4798 0.0864 0.2952 0.0532
0.15 0.6088 0.3022 0.2952 0.1465 0.3092 0.1535 0.2403 0.1193 0.1888 0.0937
0.2 0.3257 0.3255 0.1968 0.1967 0.2036 0.2035 0.1705 0.1705 0.1535 0.1535
0.3 0.1636 0.4059 0.1333 0.3308 0.1348 0.3344 0.1226 0.3042 0.1236 0.3065
0.4 0.1154 0.4974 0.1096 0.4724 0.1095 0.4718 0.1031 0.4445 0.1081 0.4660
0.5 0.0936 0.5807 0.0963 0.5977 0.0956 0.5934 0.0916 0.5685 0.0977 0.6062
0.6 0.0810 0.6497 0.0874 0.7007 0.0864 0.6930 0.0836 0.6702 0.0899 0.7213
0.8 0.0665 0.7529 0.0753 0.8517 0.0742 0.8392 0.0724 0.8191 0.0786 0.8894
1 0.0579 0.8187 0.0671 0.9477 0.0660 0.9321 0.0647 0.9138 0.0705 0.9963
1.5 0.0463 0.8906 0.0543 1.0438 0.0533 1.0240 0.0524 1.0077 0.0573 1.1011
2 0.0411 0.8946 0.0470 1.0238 0.0460 1.0012 0.0453 0.9855 0.0493 1.0726
3 0.0368 0.8722 0.0389 0.9221 0.0377 0.8931 0.0371 0.8784 0.0398 0.9426
4 0.0356 0.8493 0.0346 0.8260 0.0331 0.7915 0.0326 0.7777 0.0344 0.8205
5 0.0354 0.8311 0.0320 0.7496 0.0303 0.7105 0.0297 0.6975 0.0308 0.7233
6 0.0358 0.8164 0.0302 0.6899 0.0284 0.6475 0.0278 0.6351 0.0284 0.6477
8 0.0372 0.7966 0.0283 0.6060 0.0261 0.5585 0.0255 0.5471 0.0253 0.5409
10 0.0389 0.7834 0.0273 0.5507 0.0248 0.4998 0.0243 0.4891 0.0234 0.4706
15 0.0431 0.7625 0.0267 0.4721 0.0236 0.4172 0.0230 0.4071 0.0210 0.3714

6. Conclusion

In conclusion, this review highlights the critical
need for alternatives to lead in radiation
shielding, given its disadvantages, particularly in
medical applications. While lead remains highly
effective in attenuating radiation, its toxicity
causes significant health risks to both patients
and medical staff. Furthermore, environmental
hazards associated with the disposal and
potential contamination of lead compounds
emphasize the wurgency for safer, more
sustainable options. The alternative materials
examined in this review—Bismuth, Tungsten,
Barium, Tin, Cadmium, Gadolinium, Antimony,
and Molybdenum—demonstrate  promising
potential to address these challenges. Of these,
Tungsten and Bismuth stand out because they are
non-toxic, safe for the environment, and have a
large amount of research and literature proving
their effectiveness.

These materials not only reduce the health risks
associated with lead but also align with modern
sustainability goals by decreasing it’s negative
impacts. Although they come at a higher cost,
their superior performance in radiation shielding,
coupled with their safety profile, make them
attractive candidates for further development.
The shift toward these alternatives could greatly
improve the safety standards of healthcare
practices by eliminating the harmful side effects
of lead, such as chronic toxicity and
contamination risks. As ongoing research and
technological advancements continue to enhance
the performance and cost-efficiency of these
materials, they hold the potential to revolutionize
the future of medical radiation shielding. This
transformation would not only ensure better
protection for medical professionals and patients
but also contribute to a significant reduction in
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the environmental effects of radiation shielding
practices.

Finally, these emerging alternatives may play a
pivotal role in shaping a safer and more
sustainable approach to radiation protection in
healthcare settings. Future research should
prioritize the design and experimental validation
of new composite materials that combine high
atomic number (high-Z) elements with
lightweight polymers or ceramics, aiming to
achieve effective shielding with reduced mass.
Comprehensive studies covering a wide photon
energy range, along with cost and lifecycle
analyses, will be important to assess their
practical applicability.

Moreover, exploring additive manufacturing
methods, such as 3D printing, could allow for the
production of patient-specific or procedure-
specific shielding devices, improving both
radiation protection efficiency and user comfort
in clinical environments.
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