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Abstract
Lead aprons are used in medical applications as a traditional shielding material, but this use was faced by many health 
problems including toxicity, heavyweight, and cracks, this motivated researchers to develop new shielding materials, 
to overcome these health problems depending on some promising materials, i.e., nanomaterials and polymers, which 
provide many properties that overcome the undesirable properties in lead aprons, and provide the proper or better 
shielding properties against ionizing radiation. Recently, nanomaterials in different forms have attracted considerable 
attention for radiation shielding applications, due to their prominent chemical and physical properties. This work will 
review the basics of radiation, radiation protection, lead aprons, nanomaterials, synthesis and characterization methods, 
polymers, and the scientific efforts to introduce nanocomposites as materials used in attenuation radiation beams and 
hence, to be used as proper radiation shielding materials.
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1  Introduction

Radiation is energy emitted from the nucleus in the 
form of waves or particles. When people hear the word 
radiation, they often think of atomic bomb, Hiroshima 
and Nagasaki, nuclear reactors, Chernobyl accident, and 
radioactivity, but radiation has many other forms. Visible 
light, infrared radiation or heat energy, ultraviolet radia-
tion that produces a suntan, radio and television signals 
are all forms of radiation. All life components are living in 
an environment filled with radiation [1–5].

Radiation sources are natural and artificial. Natural 
sources include natural radioactive series found in earth’s 

crust, as well as cosmic rays. Industrial sources include arti-
ficial radionuclide used in different medical and industrial  
applications. One of the most important radiation sources 
is the X-ray which is generated from stopping fast moving  
electrons in X-ray machines and characteristic X-ray emit-
ted from atomic transitions in heavy elements [1–5].

Past couple of years have seen remarkable develop-
ments in the medical field. Emergence of Medical physics 
is one such advancement wherein radiations are employed 
in not just diagnosing of illnesses but also in treating them. 
This review aims to provide a framework for the know- 
how of radiations and the effect it has on the human body 
when exposed to it. Procedures currently implemented in  
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minimizing the effects of radiations on human life, the 
gaps in them, and possible alternative solutions to the 
challenges presently faced are reviewed.

1.1 � Ionizing radiation

Depending on its ability to interact and ionize exposed 
matter, radiation is categorized into two main categories: 
ionizing and non-ionizing radiation.

•	 Non-ionizing radiation has no capability to ionize 
atoms or molecules of matter because it has lower 
energy than the energy required to ionize these atoms 
or molecules. Thus, the term non-ionizing radiation 
refers to the type of electromagnetic radiation that do 
not carry enough energy to induce ionization, e.g., UV, 
visible light, IR photons, microwaves, and radio waves 
[1–5].

•	 Ionizing radiation involves energy which can ionize 
atoms or molecules of matter, i.e., the minimum energy 
required to separate one electron from its orbital and 
let the atom ionize. Ionizing radiation has many practi-
cal uses in medicine, industry, agriculture, and research, 
but, at the same time, it presents a health threat, when 
used improperly. Medical physics is functioned on the 
study and use of ionizing radiation in medicine; and 
health physics deals with protecting the people and 
environment from the hazards related to the use of ion-
izing radiation [1–5].

1.1.1 � Classification of ionizing radiation

According to the mode of ionization, ionizing radiation 
is grouped into two distinct categories: directly ionizing 
radiation and indirectly ionizing radiation.

•	 Directly ionizing radiation: In direct ionization, radia-
tion energy is transferred to the atoms of the absorber 
through a direct process involving Coulomb interac-
tions between the radiation and the orbital electrons 
of the atoms in the absorber. This radiation category 
includes charged particles, e.g., electrons, protons, α 
particles, heavy ions [1–5].

•	 Indirectly ionizing radiation: In indirect ionization, radi-
ation energy is transferred to the atoms of the absorber 
through a two-step process:

•	 In the first step, radiation interacts with the orbital elec-
trons of the atoms of the absorber, freeing these elec-
trons, as well as producing ion pairs, in the absorber 
[1–5].

•	 In the second step, the free electrons and ion pairs 
transfer the energy they gained in the first step to the 
absorber through direct Coulomb interactions with 

orbital electrons of the atoms in the absorber. This 
radiation category includes photons of X rays and γ 
rays [1–5].

In practical application of the ionizing radiation in 
medicine, both directly and indirectly ionizing radiations 
are widely applied. Radiotherapy, therapeutic radiology, 
or radiation oncology is one of these applications of ioniz-
ing radiation in medicine that is used in cancer treatment. 
Medical imaging is one of these applications of ionizing 
radiation in medicine, that is used in diagnostic purposes, 
and divided into two categories wherein: diagnostic radi-
ology uses X rays for imaging and nuclear medicine; or/
and molecular imaging uses short half-live radionuclides 
for imaging [1–5].

1.1.2 � Effects of ionizing‑radiation on human body

When a material is exposed to ionizing radiation, it inter-
acts with the atoms and molecules of the material, causing 
ionization and excitation of these atoms and molecules. 
As a result of this interaction, radiation loses its energy 
totally or partially, which is absorbed by the material, and 
many physical and chemical reactions are induced, caus-
ing many changes in the properties and structure of the 
exposed material. If the material is a human living tissue, 
the energy absorbed will result in biological effects in most 
parts of the exposed tissue down to cells and DNA, even 
if there may or may not be observable biological effects 
in the human body [1–5]. The biological effects that may 
occur can be grouped into two categories:

1.	 Somatic effects that occur in the individuals exposed.
2.	 Hereditary effects that occur in the offspring of the 

individuals exposed.

These effects can also be categorized depending on the 
magnitude of the absorbed dose received by the exposed 
person as follows:

1.	 Deterministic effects occur in any person receiving 
a dose that is greater than a specific threshold dose, 
which may depend on the person’s physical condition, 
with the increase of magnitude of the dose above the 
threshold as the severity of the effect also increases. 
Radiation-induced skin burn is an example of the 
deterministic effect [1–5].

2.	 Stochastic effects are those effects which do not 
depend on a specific threshold dose but appear when 
the probability of occurrence is a function of dose 
received. Hereditary effects and cancer are examples 
of stochastic effects [1–5].
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1.2 � Radiation protection

•	 Principles

Radiation safety programs are established to limit the 
health risk associated with using ionizing radiation. These 
programs provide guidance to reduce radiation dose to 
the user, staff members and the public by utilizing the 
radiation protection principles, which are the main pillars 
of any radiation safety program at any facility using radia-
tion sources [6]. These principles are:

1.	 Justification: which means to justify any activity that 
involves radiation exposure to have the benefits 
exceed the costs as well as risks. The concept of justi-
fication, established by the International Commission 
on Radiological Protection, ICRP, is one of the key prin-
ciples of radiation protection. The principle means that 
any practice involving exposures to ionizing radiation 
should not be adopted, approved, or licensed unless it 
produces satisfactory benefit to the exposed individu-
als or the society to balance its disadvantages or harm 
effects. In addition, any involvement with the purpose 
to delivering radiation doses should introduce more 
good than harm [1–5].

2.	 Optimization: to maintain the radiation exposure from 
the activity as low as reasonably achievable, i.e., the 
ALARA principle. This principle states that individual 
and collective radiation exposures must be kept as low 
as reasonably achievable, ALARA, taking into account 
the social and economic factors. This principle is con-
sidered as being of fundamental importance in the 
control of occupational exposure at workplace [1–5].

3.	 Dose limitation: highest doses that could be received 
by radiation workers is applicable. These highest 
doses are called dose limits, which are determined to 
control the radiation doses received by individuals or 
groups in any radiological practice, so as to not exceed 
defined radiation dose limits [1–5].

1.3 � Management of radiation doses

To reduce the doses of radiation received during any radi-
ological application, safety practices are implemented, 
which include the following three most vital factors [1–5]:

•	 Time

Using radiation sources should be carefully planned to 
minimize the exposure time. The radiation dose rate from 
a radiation source is the measure of radiation dose per 
unit time, e.g., 10 msv/h at some specific distance away 
from the radiation source. Time is used so significantly in 

all uses of radiation sources, by choosing to implement 
the job with radiation source in the shortest applicable 
time. For a source with specific dose rate, the absorbed 
dose is a function of time of the exposure. Practicing time-
reduction procedure by simulated sources is very useful 
for proper radiation dose management.

•	 Distance

Increasing the distance from a source to an individual 
can be very effective in reducing the dose rate because 
the dose rate varies inversely with the square of the dis-
tance from a point source of radiation to the point where 
the exposed person stands. Thus, the dose rate may be 
reduced to 1% by increasing the distance 10 times. The 
inverse square law is applicable theoretically for a point 
source, and practically used for most radiation protection 
purposes despite the configuration of the source, as the 
source is smaller than the distance to the source.

•	 Shielding

Many materials may serve in shielding against ioniz-
ing radiation, i.e., by attenuating the gamma beams, or 
interacting with particle radiation. The shield effective-
ness depends on the atomic number (Z) of the shielding 
material, as well as sufficient thickness used to reduce the 
radiation doses behind the shield to acceptable doses. 
Each type of radiation, with specific energy requires cer-
tain materials for effective shielding. For example, ordinary 
sheet of paper or a few centimeters of air can stop alpha 
particles, and 1.5 mm of aluminum can stop beta parti-
cles with an energy of 1 MeV, but X and gamma photons 
require materials of high density and high-Z, such as lead 
as shielding material.

1.4 � The interactions of ionizing radiation 
with matter

Depending on the energy of their photons X-ray and 
gamma photons interact with matter in three main pro-
cesses: photoelectric effect, Compton scattering, and pair 
production. The degree of attenuation and the predomi-
nant mechanisms involved in the interactions are influ-
enced by the energy of the X-ray and gamma photons and 
the composition of material exposed to them. Figure 1 
represents the predominance of the three mechanisms of 
interaction as a function of photon energy.

•	 Photoelectric effect

Photoelectric effect is an interaction between a photon 
and a tightly bound orbital electron of an absorber atom, 
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where the photon is completely absorbed, and the elec-
tron, called a photoelectron, is ejected with kinetic energy 
EK. Figure 2 is a schematic representation of the photo-
electric interaction between a photon of energy hν and 
a K-shell atomic electron. There are two major contrasts 
between Compton effect and the photoelectric effect. First 
is that the interaction occurs between a photon and a free 
or loosely bound electron, and the second is the incident 
photon loses part of its energy in the Compton effect.

•	 Compton effect

Compton scattering or Compton effect implies 
an interaction of the X-ray or Gamma Ray photon of 
energy hν with a loosely bound orbital electron of an 
atom of the absorber. The electron which the incident 
photon interacts with, in Compton effect, is assumed 

theoretically free and stationary, and referred to as a 
Compton or recoil electron, which is ejected from the 
atom with kinetic energy gained from the incident pho-
ton. A new photon, referred to as the scattered photon 
with energy hν′ that has less energy than the energy of 
the incident photon, is produced. A typical Compton 
effect interaction is shown schematically in Fig. 3.

•	 Pair production

For an incident photon that has energy exceeding 
2mec2 = 1.02 MeV, with mec2 known as the rest mass of 
electron or positron, there will be a possibility for pro-
duction of an electron–positron pair shown in Fig. 4 with 
complete absorption of the incident photon by the atom 
of the absorber material, conditioned with conservation 
of each of the three physical quantities: energy, charge, 
and momentum. This process occurs when the photon 
comes too near to the atomic nucleus, and interacts with 
its electromagnetic field, and it is dominant for photons 
with energies above 10 MeV.

Fig. 1   Predominance of the three mechanisms of interaction as a 
function of photon energy [4]

Fig. 2   A schematic representation of the photoelectric interaction

Fig. 3   A schematic typical Compton effect

Fig. 4   A schematic of pair production



329

Vol.:(0123456789)

J.Umm Al-Qura Univ. Appll. Sci. (2023) 9:325–340 | https://doi.org/10.1007/s43994-023-00042-9	 Review

1 3

1.5 � Attenuation of radiation

As X-ray or gamma ray beam is passed through a material, 
the beam that emerges from the material varies in inten-
sity. The variation in intensity is caused by attenuation of 
the original beam in the material, which depends on the 
penetrating characteristics of the beam and the physical 
characteristics of the material [1–5].

Attenuation is the reduction of intensity of an X-ray or 
gamma ray beam as it traverses matter. The reduction may 
be caused by:

1.	 Absorption, where energy is transferred from the pho-
tons to atoms of the target or irradiated material.

2.	 Deflection of photons from the beam, i.e., scattering.

As seen in Fig. 5, when a beam of X-rays passes through 
a foil and into a X-ray detector, some of the photons will 
be absorbed completely after interaction with the atoms 
of the foil and some photons may be scattered. Quantita-
tive measurement of the interaction of the X-rays with the 
material contained in the foil is obtained by measuring the 
difference in the intensity of the incident beam as it strikes 
the detector without the foil, and when it strikes the detec-
tor after it has been attenuated by the foil.

The intensity of an X-ray beam passing through a layer 
of material depends on the thickness and atomic num-
ber of the material. These factors are represented in linear 
attenuation coefficients of the material. When the penetra-
tion of X rays needs to be reduced, a shielding material 
with a large linear attenuation coefficient is required [1–5].

Attenuation measurements of X or gamma ray beam 
depends on the number of photons incident on, and 
transmitted though, the absorbing material, as well as the 

absorber thickness. Attenuation is expressed mathemati-
cally according to the following equation

where,I
◦
 is the incident beam intensity on the surface 

of the absorbing material,χ is the thickness of absorb-
ing material,I is the beam intensity transmitted through 
absorbing material of thickness of χ,µ is the linear attenu-
ation coefficient, defined as:

Different radiation attenuating materials have been 
used to produce shields to protect humans from the 
effects of ionizing radiation. Important concerns that chal-
lenge researchers in finding appropriate shielding materi-
als, include its weight, size, and cost of manufacturing the 
final shielding products. High density materials such as 
concrete and lead are used as shields for gamma radiation. 
Low density materials are less effective, but they can also 
be used as shields against radiation with increased thick-
ness to attenuate radiation intensity.

2 � Lead aprons

Due to high density, low cost, easy processability, and 
mainly because of its high atomic number (Z), lead (Pb) has 
been widely used as a shielding material against ionizing 
radiation, especially because it provides effective shielding 
against gamma radiation, which is known to be a highly 
penetrating radiation [7]. Ionizing radiation shields con-
taining Lead or lead-equivalent, usually referred to as “lead 
aprons” or simply as “lead” in hospital slang, are protective 
material shields used to protect staff and patients from 
ionizing radiation employed during medical procedures 
[8].

Lead was the primary material used in radiation shield-
ing for many years owing to its various physical and 
mechanical properties as an excellent radiation shielding 
material. However, concerns over the safety and health 
hazards resulting from using lead have been growing in 
recent times, such as the insidious hazards to workers and 
patients when exposed to lead that negatively affect the 
biological systems of the human body [9].

2.1 � Lead toxicity and toxicokinetic

Lead is a ubiquitous bluish-gray metal found in the 
earth’s crust and has been mobilized in the environment 
by human activities and is present primarily in its diva-
lent form (Pb2+). Lead has many preferable properties. Its 

I = I
◦
e−��

lim
Δx→0

ΔI∕I

Δx
= −μ

Fig. 5   Diagrams show an unattenuated X-ray beam (top) and an 
X-ray beam passing through a foil (bottom) into detectors [5]
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malleability, corrosion-resistance, and ductility, allows 
for easy casting and addition of lead in many products 
like batteries, ammunition, paints, dyes, ceramic glazes, 
gasoline, and medical tools [10]. The toxicokinetics of Pb 
in humans has been extensively studied to simulate the 
complex absorption, distribution and elimination of Pb 
from different parts of human body, e.g., blood, soft tis-
sues, and bones [11, 12].

•	 Absorption: Inorganic Pb can be absorbed by means 
of inhalation, oral, and dermal exposure, resulting in 
Pb being absorbed in different organs:

•	 Respiratory tract: due to its submicron particle size, Pb 
is completely absorbed through the respiratory tract. If 
available in larger particle sizes, after deposition in the 
respiratory tract it may move by mucociliary clearance 
toward the oropharynx and swallowed.

•	 Gastrointestinal tract (GIT): Many factors control the 
fraction of ingested Pb absorbed from the GIT, includ-
ing age, diet, nutrition, and physiological character-
istics of Pb in the medium ingested. GI absorption of 
inorganic Pb occurs mainly in the duodenum by satu-
rable mechanisms. For oral dose of water-soluble Pb, 
children can absorb 40–50% whereas adults can only 
absorb 3–10%.

•	 Dermal: dermal exposure to Pb is a much less efficient 
route than the other two routes of uptake. Many stud-
ies have shown that organic Pb is absorbed through 
the skin in animals [11].

•	 Distribution:
•	 Inside the body, Pb distribution is route-independent 

and due to its + 2 equivalence, approximately 94% of 
the total body burden of Pb is found in the bones in 
adults, while it is approximately 73% in children.

•	 In blood, Pb is primarily in red blood cells. Increasing 
bone resorption and consequently an increase of Pb in 
blood is controlled by conditions like pregnancy, lacta-
tion, menopause, and osteoporosis.

•	 Transfer of Pb from the mother to the fetus, and from 
the mother to infants via maternal milk is possible [11].

•	 Metabolism:
•	 Inorganic Pb is metabolized through formation of com-

plexes with a variety of protein and nonprotein ligands.
•	 Organic compounds of Pb are actively metabolized in 

the liver by oxidative dealkylation by P-450 enzymes 
[11].

•	 Excretion:
•	 Regardless of the route of exposure, Pb is excreted pri-

marily in urine and feces. Also, there are minor routes 
of excretion that include sweat, saliva, hair, nails, breast 
milk, and seminal fluid.

•	 Elimination of Pb is a multiphasic process with varying 
retention times, reflecting pools of Pb in the body, and 

depends on the elimination half-time in blood, which 
ranges from 1 week to 2 years and varies with age and 
exposure history. The apparent half-time elimination of 
Pb from bone is about 1–2 decades [11].

2.2 � Issues with lead as radiation shielding material

•	 Lead dust

Lead aprons, as well as any other radiation shielding 
material containing lead, represent a health risk due to 
formation of lead dust, which may become airborne and 
be accidentally inhaled or ingested by humans [13]. Large 
exposures of lead dust on the skin and the clothes of work-
ers is taken home, which is known as take-home exposure; 
and may be inhaled or ingested by young children with 
normal mouthing behaviors [8]. Hulbert et al. (2009), have 
shown that lead dust is a major source of lead doses in 
children [13]. Lead dust uptake is through the lungs and 
gastrointestinal tract. As children have a higher respira-
tory rate, they tend to respire and inhale more airborne 
lead dust. Lead then enters the child’s bloodstream, and it 
becomes a powerful and versatile toxic material. Lead can 
affect many systems and organs of the body, e.g., central, 
and peripheral nervous systems, immune systems, bone 
marrow, kidneys, myocardium, and endocrine. Further-
more, contamination with lead dust also reaches floors 
and any nearby work surfaces [14, 15]. Thus monitoring 
Airborne lead dust is required, and exposure to it should 
be minimized as much as possible by reducing the uses of 
lead to the maximum extent we can [9, 16].

•	 Lead shields—cause of back pain

The major cause of low-back pain in radiologists, who 
use lead aprons and other types of lead shields, is continu-
ous overuse of back muscles. The heavy weight of lead 
bricks used in the clinical setting has caused numerous 
types of cumulative trauma disorder in the clinical setting 
in nuclear medicine. Examples of which include Myalgia 
wherein there is pain in one or more muscles, tendoni-
tis is inflammation of a tendon, and epicondylitis which 
involves inflammation of and pain in certain bony promi-
nences in the area of the elbow, as a result of excessive 
strain on the forearm [9]. In two surveys on radiologists 
using lead aprons, many types of pain were reported [17, 
18]. Back pain was reported by 52% of those who used 
their lead apron more than or equal to 10 h per week. 
Orthopedic problems included spine problems in 42% of 
responders. Hip, knee, or ankle problems were noted in 
28% of radiologists. Spine problems were connected to 
the procedural caseload and the number of years in prac-
tice [17, 18].
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•	 Cracks in lead aprons

Lead sheets and covering layers may be fragmented 
and gaps will grow with daily use, bending, or improper 
handling, thus lead aprons will lose their effectiveness in 
protection against scattered ionizing radiation. Shields 
should undergo regular radiographic assessment for 
gaps and cracks, and those found unacceptable should 
be removed from use [19].

Many studies were conducted to assess the integrity of 
lead aprons used in department of radiology. Research-
ers in one of these studies examined 63 lead aprons and 
62.5% of the lead aprons had one or more defects. The 
size of the defects was found to range from 1 to 8 cm [20]. 
Another study that was conducted to assess the integrity 
of ten lead aprons used in department of radiology, with 
thicknesses 0.25, 0.35 and 0.50 mm of lead, were investi-
gated by checking for defects so as to evaluate the mean 
personnel dose rate and to compare the percentage mean 
absorbance of the apron. Results showed that 70% of the 
lead aprons showed defects, and only 30% of them were 
not defective. Some of the defective areas in the lead 
aprons, that had cracks and tears were found in certain 
areas close to the critical organs of human body [21].

3 � Lead replacing shielding materials

3.1 � Nanomaterials

Nanoscience is the study of phenomena and manipulation 
of materials at nanoscales, i.e. atomic, molecular and mac-
romolecular. Size range of Nanomaterials is between 1 and 
100 nm. At the nanoscale the properties of the material 
are significantly different from those at the macroscopic 
scale. Figure 6 shows a scale to the relative dimension of 
various objects including nanoscale [22]. Nanotechnology 
is the science and engineering of materials, devices and 
systems at nanometer scale, which involves design, syn-
thesis, characterization and use in different applications 
[22]. Nanotechnology is based on detection of new prop-
erties and behavior of particles less than the size of 100 nm 
that impart to nanostructures built. Because these parti-
cles are smaller than the characteristic lengths connected 
with particular phenomena, they regularly display new 
chemistry and physics depending on the size that leads to 
new behavior [23]. The term “nano” is referred to the Greek 
word “nanos” which means dwarf, but here nanometer 
means 10–9 m, which is one billionth of a meter. The basic 
idea of nanoscience and nanotechnology relies on the fact 
that properties of substances significantly change when 
they are in the nanometer range size compared to their 
bulk form. Also, Nanomaterials with different sizes ranges, 
i.e. low, intermediate, and large nano range have differ-
ent behavior [24]. The dependence of the behavior on the 

Fig. 6   Nano scale compared with various object [26]
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particle sizes can allow one to engineer their properties 
like in the field of electronics. When particles become 
smaller than a critical size, they have been observed to 
change their structure, conductivity, reactivity, melting 
temperature, and mechanical properties.

Nanotechnology has been developed at several stages, 
using different materials, devices and systems and it still 
is undergoing continuous development, for usage in both 
scientific research and in commercial applications [25]. 
Compared to other concepts and applications of science, 
the concepts of nanoscience and nanotechnology are rela-
tively new, but the existence of structures and functional 
devices of nanometer dimensions is very old and have 
existed on Earth as life itself.

3.1.1 � Difference between nanomaterials and bulk 
materials

Primary factors that causes unique structures and proper-
ties exhibited by nanomaterials as compared to the cor-
responding bulk materials are:

1.	 Surface to volume ratio: compared to micro particles or 
bulkmaterials, nanoparticles have a very large surface 
area to volume ratio because fraction of surface atoms 
in nanoparticles increases [27–31].

2.	 Quantum confinement effects: quantum effects in mate-
rials with delocalized electrons shows discontinuous 
behavior [28].

Gold is a clear example wherein the bulk and nanoparti-
cles of the material have different properties, such as mag-
netic, electrical, optical, mechanical, and chemical, as their 
particle size changes. Bulk gold does not react with most 
chemicals as a noble metal, but nanogold have catalytic 
role in many reactions. Thus, by confining gold particles 
in the nanoscale, a fundamental chemical property has 
changed dramatically. Change in physical properties of 
carbon is another significant example when carbon atoms 
form nanotubes. Carbon shows notable change in its con-
ductivity, from carbon as a poor conductor of electricity 
as a bulk material; to many times stronger than steel wire 
with an ability to carry more electricity than a copper wire 
as carbon nanotubes, e.g., fullerenes. Nanotubes are also 
used to hold hydrogen for fuel cells, and carbon Bucky 
balls are used to contain other useful molecules, such as 
drugs.

Nanoparticles are synthesized from various types of 
large organic molecules, and from polymers. One type 
of nanoparticles that have attracted extensive interest 
in biology and medicine, due to their exceptional optical 
and electronic properties, are the semiconductor quan-
tum dots, QDs. QDs exhibit size-dependent behavior, i.e., 

particle size dictates the electronic band gap of the mate-
rial, which in turn controls the shift in the photo- and elec-
troluminescence of the material. Consequently, the optical 
properties of the quantum dots are adjusted through vari-
ation of the size of the nanoparticle [32].

3.2 � Polymers

A polymer is a compound composed of macromolecules 
formed from repeating subunits called monomers of high 
molecular weight [33]. The word “polymer” comes from 
Greek origin which means “many members.” Another type 
of polymer is the oligomer, which is a molecule formed by 
joining monomers with smaller number of repeating units 
than that of a polymer [34]. Synthesis of polymers from 
monomers is done through a chemical reaction termed 
as polymerization. Several chemical mechanisms are used 
in polymerization reactions. The monomer generally has 
a precursor compound bonded with a double chemical 
bond that forms a single bond during polymerization to 
generate a polymer [33]. Polymers are naturally available 
since the early times on Earth, e.g., cellulose, lignin, starch, 
and natural rubber. Macromolecules which are essential 
to all known forms of life, such as deoxyribonucleic acid 
(DNA), ribonucleic acid (RNA), and proteins; linked poly-
mers to life itself. Natural polymers were known and used 
by people of primary civilizations to produce simple arti-
facts. In the nineteenth century, chemical modification 
interferences with natural polymers resulted in produc-
ing many new materials, such as gun cotton, vulcanized 
rubber, and celluloid. In the first decades of the twentieth 
century, relatively modern materials known as synthetic 
polymers entered the technological and practical scene. 
Thus they appear very different from many other materials 
known to humanity for centuries [35]. Synthetic polymers 
are mainly found by chemical reactions, which ensures 
endless opportunities of finding different polymers, but 
are restricted by the laws of chemistry and thermody-
namics as well as by the imagination of polymer chemist. 
These endless opportunities have increased the number 
and diversity of synthetic polymers that are applicable in 
almost all possible fields of human life. The flexibility of 
polymer molecular structure, that is derived from the rich 
synthetic options, transfers into materials with various 
tunable properties and applications. Polymer is character-
ized by enough multi-repetitions of one or more species 
linked to each other, hence it provides a set of physical and 
chemical properties that do not vary significantly with the 
addition of any repeating unit. Its physical, chemical, elec-
trical and optical properties may be changed by changing 
the physical parameters, e.g., solvent environment, tem-
perature, pressure, or magnetic field. The characteristics 
of these properties plays a very important role in their 
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application in our daily life as well as in the chemical indus-
try, pharmaceuticals, and many other fields of science [34]. 
For example, some polymers may be good conductors of 
electricity and hence they are called conductive polymers 
or organic metals, such as polyacetylene [33].

Polymers are found as components of many of the 
objects that surround us, in a broad diversity of appli-
cations in an endless list of daily life applications. These 
applications provide an idea of the importance of syn-
thetic polymers to modern life, in their usefulness and the 
economic value they represent. They include; clothing, 
shoes, personal care products, furniture, electrical and 
electronic appliances, packaging, utensils, automobile 
parts, coatings, paints, adhesives, tires, and so on [35].

3.2.1 � Classification of polymers

•	 Classification based on structure

The oldest and most important classification criteria of 
polymers, which divide polymers into two major types is: 
addition polymers and condensation polymers. The main 
product of the reaction in both types is called a “repeating 
unit”. In the addition polymer, the repeating unit has the 
same composition as that of the monomer, with the only 
difference observed in the chemical bonds with respect 
to that of the monomer. In condensation polymer, some 
atoms of the monomer are lost as a condensation com-
pound when the monomers react to form the repeating 
unit of the polymer [35].

•	 Classification based on kinetic mechanism of the polym-
erization reaction

According to this classification, polymers are divided 
into two types as follows:

A.	 Step-growth polymerization involves the reaction of 
a difunctional monomer AB, which contains both 
functional groups, A and B in the molecule. Another 
scheme involves the reaction between two difunc-
tional monomers of the type AA and BB. Examples of 
step-growth polymers include polyurethane, polyam-
ide, and polyester [35].

B.	 Chain polymerization involves propagation of the 
active centers. It requires an initiator or generator for 
active centers, usually free radicals, anions, or cations. 
A monomer only reacts with an active center and does 
not react with other monomers and will be present till 
the end of the reaction. The conversion is measured in 
terms of the monomer already incorporated in a poly-
mer chain [35].

C.	 Classification according to chain topology

Different chain topology of polymers will exhibit pro-
found differences in crystallinity, physical properties, 
rheological behavior, and so on. For example, LDPE and 
HDPE clearly presents differences in density, crystallinity, 
mechanical and rheological properties derived from the 
presence of long and short branches along the polymer 
chain even though these two polymers have the same 
chemical composition [35].

3.2.2 � Mechanical properties

Long chains with high molecular weights offer unique 
properties to polymers. Relatively low molecular weight 
compounds, C6–C10, are relatively volatile liquids, e.g., 
gasolines. With an increase in the number of ethylene 
units, the compounds start to behave as waxes with low 
melting points. However, as the number of ethylene 
units exceed some 200–300 units, the molecular weight 
of the chains will be in the order of 5000–8000 and the 
material behaves as a solid, exhibiting higher mechanical 
properties. In general, above some minimum molecular 
weight, polymers are considered “high polymers” exhib-
iting increased mechanical properties, corresponding 
to their higher molecular weight. Stress—force per unit 
area, and strain—percentage increase or elongation of 
the original length, are the characteristic quantities of a 
polymer. Stress is needed to stretch the material to a cer-
tain elongation. Thus, the stress—strain plot represents 
highly significant mechanical behavior of a polymer [35].

3.2.3 � Polymer states

Polymers can be observed at numerous scales. The 
repeating unit in a polymeric chain is of few angstroms, 
while the single polymer molecule or chain has a length 
of a few to some tens of nanometers. Polymer morphol-
ogy shows order or disorder regions exhibited by the 
chains. Ordered regions are called crystalline and disor-
dered regions are called amorphous in nature. Polymer 
chains, in the crystalline regions, are packed in regular 
arrangements termed crystallites, e.g., polyethylene 
and polyamides. Crystalline morphology in addition to 
chain flexibility is a result of structural regularity in the 
polymer chain, held by strong forces between molecules. 
Usually, both ordered and disordered regions are found 
in a crystalline polymer; thus, the crystalline polymers 
are semi-crystalline. Completely amorphous polymers 
with their disordered morphology, which refers to bulky 
substituents and rigid chains, e.g., atactic polystyrene 
and polymethyl methacrylate (PMMA) are a common 
occurrence.
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3.3 � Examples of nanomaterials and polymers used 
for photon beam attenuation

3.3.1 � Titanium oxide (TiO2)

Due to high photochemical stability and low cost, Titanium 
Oxide is a promising material as a semiconductor [36]. TiO2 
has been widely employed as pigment, and paint addi-
tive, due to its photostability, light dispersion, and simul-
taneously strong UV light filtering sunscreen. Hence it has 
been manufactured in millions of tons. TiO2 is also one of 
most investigated material in the last decades, for possible 
applications in the fields of energy and environment [37]. 
TiO2 nanoparticles follow the anatase structure due to its 
low surface energy, thus making it possible for the nano-
particles consisting of a few TiO2 units to have structures 
completely different than the structures of bulk material 
[38]. Fine sizes of TiO2 nanoparticles have promising appli-
cations in pigments, catalytic supports, and adsorbents. 
TiO2 nanoparticles are synthesized using many methods, 
the most used and highly studied among these are the 
sol–gel method and the hydrothermal method [36].

•	 Sol–Gel method: This method is based on inorganic 
polymerization reactions. It comprises of four phases: 
hydrolysis, polycondensation, drying and thermal decom-
position as illustrated in Fig. 7.

Hydrolysis of the precursors of the metal or non-metal 
alkoxides takes place with water or alcohols.

where R = alkylgroup

In addition to water and alcohol, an acid or a base also 
helps in the hydrolysis of the precursor. After condensation 
of the solution to a gel, the solvent is removed.

Calcination at higher temperature is required to decom-
pose the organic precursor. Sol particle size depends on 
many factors, such as, solution composition, pH, and tem-
perature. The size of the particles is tuned by controlling 
these factors.

Ti(OR)4 + 4H
2
OTi(OH)4 + 4ROH(hydrolysis)

Ti(OH)
4
TiO

2
+ 2H

2
O(condensation)

This method has major advantages like proper control 
on particle shape, size and size distribution, homogeneity 
of the product, low temperature of sintering, ease of mak-
ing multi-component materials, and ambient temperature 
of sol preparation and gel processing [39].

•	 Hydrothermal method: in this method, precursors used 
are reagents analytical grade titanium tetrachloride and 
sodium hydroxide. The aqueous solution of titanium is 
obtained by mixing one molar stoichiometric ratio of 
Titanium (IV) isopropoxide, TTIP, in 50 ml of distilled 
water. The solution is then added to 2–3 mol of NaOH 
with stirring at several minutes, to result in a white 
colloidal sol. Using distilled water, the final volume is 
adjusted to 90 ml, which needs to be transferred to a 
100 ml Teflon lined auto clave sealed vessel. After heat-
ing the vessel to 240 °C for 12 h, the resultant precipitate 
is to be dried at 450 °C for 2 h to get TiO2 nanoparticles 
[36].

3.3.2 � Bismuth

Bismuth, Bi, is a diamagnetic semimetal, that has many 
properties such as high magnetoresistance, thermal 
conductivity, and high anisotropic electronic behavior. 
Bismuth has many advantages comparing with other ele-
ments of high atomic number. These advantages are: (1) Bi 
is the top of all non-radioactive elements, with Z = 83, i.e., 
it has an excellent nuclear-sensitization possibility; (2) Bi 
confers an important X-rays opacity, high absorption and 
a very high X-ray attenuation coefficient, µ = 5.74 cm2/g, 
at 100 keV [40, 41], (3) Bi demonstrates low toxicity, good 
biocompatibility, and increased cost effectiveness in com-
parison to other high-Z elements [42] and (4) Bi is easily 
eliminated from the body because of its favorable reactiv-
ity and dissolution properties [43].

As a stable high Z number, Bismuth nanoparticles, 
BiNPs, have gained an increased interest in X- ray imaging 
in the past few years. Bi2O3 and Bi2S3 were studied as X-rays 
contrast agents, XCA. To obtain optimal XCA, a high quan-
tity of metal atoms must be contained inside the NPs. Due 
to favorable behavior appreance in using Bi2O3 or Bi2S3, 
the use of metallic Bi as NPs are preferable [41].

Fig. 7   Schematic diagram of sol–gel method
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•	 Synthesis of metallic bismuth NPs

Recently, different synthesis methods of metallic bis-
muth NPs have been published [44]. Most techniques 
approaches synthesis of metallic bismuth using chemical 
synthesis, where bismuth is obtained by a reduction from 
bismuth (III) or more rarely bismuth (V) using a proper cap-
ping agent, such as D-glucose, polymer dextran, starch or 
sodium oleate to control the growth of metallic bismuth 
NPs and to stabilize them after the reduction reaction 
[45]. As an example, BiNPs are formed after the reduc-
tion reaction between Bi(NO3)3 and borane morpholine, 
C4H12BNO, in presence of D-glucose as a capping agent, 
under proper stirring and temperature. Synthesis of BiNPs 
is implemented under different temperature conditions, 
from room temperature up to 350 °C [44]. Few synthesis 
methods depend on green chemistry to produced metal-
lic bismuth NPs coated by hydrophilic moieties using bio-
compatible solvent 1,2-propanediol (PPD) and D-glucose 
as capping agent [46].

3.3.3 � Polymethyl methacrylate (PMMA)

PMMA is a linear amorphous thermoplastic polymer with 
properties that make it satisfactory for most applications. 
It has many advantages including its availability and easy 
preparation, which are common to several other poly-
mers, but the added advantage of PMMA is that it is pro-
duced from a nonvolatile liquid with low-cost monomers 
[47]. PMMA has high surface gloss, high transparency, 
and it transmits light almost without loss in the range of 
360–1000 nm. It has an extraordinarily resistance to oxida-
tive photo-degradation, is remarkably stable to sunlight, 
and displays unusually good weathering behavior. PMMA 
has an appropriate tensile, compressive, and flexural 
strengths. It is classified as a hard, rigid but brittle material. 
It is also resistant to many inorganic reagents, non-polar 
solvents, aliphatic hydrocarbons, dilute aqueous acids and 
alkaline [47]. Special coatings or addition of suitable fill-
ers can be used to enhance scratch resistance of PMMA. It 
has large hydrolytic resistance to both acidic and alkaline 
media [47]. PMMA is polymerized using different polymeri-
zation techniques e.g., free radical and anionic initiations 
by bulk, solution, suspension, and emulsion techniques. 
PMMA may also be used to enhance the behavior at the 
interface between carbon nanotubes and the copolymer 
[48].

3.3.4 � Preparation for polymer composites

Considerable efforts are drawn in a new challenging area 
to make good samples of polymer matrix nanocomposites. 
A wide variety of processing techniques has been tried 

by researchers to make polymer matrix nanocomposites 
and nanoblends [49–51]. Creating a single universal tech-
nique for synthesis of polymer nanocomposites is not an 
easy one for researchers, owing to the huge physical and 
chemical differences between each structure and numer-
ous types of equipment available or needed. Each poly-
mer structure requires a distinct set of synthesis conditions 
to be formed, based on the synthesis effectiveness, and 
desired properties of the final product, as different pro-
cessing techniques will not generally produce equivalent 
products.

In situ polymerization is a familiar technique that is 
used in synthesis of polymer nanocomposites matrix. In 
this method, particles are dispersed in monomer and then 
the mixture is polymerized, as shown in Fig. 8 [52, 53]. This 
technique produces a well-dispersed polymer nanocom-
posite matrix when the inclusions are about 50 nm in size. 
However, for small size particles of about 12 nm, aggre-
gation occurs due to the increase in surface energy for 
smaller particles, which favors further particle segregation 
in the absence of a stabilizer [53].

3.3.5 � Literature review on using nanocomposites 
in photon beam attenuation

Nanostructured materials have shown attractive proper-
ties for radiological protection applications, particularly 
as lighter and lead-free aprons for individual protection. 
Many publications considered using polymeric nanocom-
posites i.e., nanoparticles and nanostructures embedded 
in a polymeric matrix, for shielding purposes against X-rays 
and γ-rays. However, there still is a need to evaluate the 
applicability of polymeric nanocomposites for radiological 
shielding purposes, to investigate if these nanocomposites 
with improved specifications such as light weight, and low 
price can attenuate the X-ray and γ -ray beams like the 
conventional materials currently used.

•	 Attenuation of gamma-ray beams using nanocomposites

Lead is thought to be the best shielding material 
against gamma ray, but many issues such as lead toxicity 
began the need to look for other materials. Introducing 
new environmentally friendly materials has become an 

Fig. 8   Schematic diagram of polymerization
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interesting research area. Table 1 summarizes the obser-
vations on attenuation of gamma-ray beams by various 
researchers using different nanomaterials/polymers com-
binations with varying sizes of nanoparticles and thickness 
of the synthesized shields.

Harish et al. studied particulate polymer composites 
of Isophthalate based unsaturated polyester resin filled 
with filler weight % of 0, 5, 10, 20, 30, 40, and 50. They 
found a linear attenuation coefficient at the highest value 
of � = 0.206cm−1 for 50 wt% of lead monoxide [54]. Kim 
et al. used Monta Carlo simulation to evaluate γ-ray shield-
ing properties of 100 nm and 1 μm W-polypropylene com-
posites containing 7.5 and 15.0 wt%. They found that, as 
the energy of γ-ray increased, the effect of particle size 
decreased, and the degree of attenuation improvement 
for low energy is much higher than that for high energy. 
The effect of particle size disappears with photon energy 
above 1 MeV [55]. Yu et al. prepared two WO3/E44 samples 
with different WO3 particle sizes, 1 μm and 50 nm. These 
samples showed best attenuation property around the 
energy of 59.6 keV and μ of the sample had a remarkable 
jump around the energy of 69.5 keV, which they attributed 
to the K absorption edge of W, 69.508 keV. The nano-WO3/
E44 sample had 1–18% increase of shielding capability [56].

Higgins et al. used monoenergetic sources in a wide 
range of photon energies, to study radiation shielding 

response of 30 wt% of either WO3- and HfO2-epoxy nano-
composites. The result showed that, at low energies, 
122 keV, μ of both nanocomposites was up to 5 times 
higher than that of pure epoxy resin, whereas at high 
energies, 1112  keV and 1407  keV, the enhancement 
was ~ 39.5–51.1% and ~ 15% respectively [57].

Chang et al. investigated effects of shielding of epoxy-
based composites containing tungsten with four differ-
ent weight percentages (30%, 50%, 70% and 80%) using 
two Co-60 different activities. Their result indicated that 
shielding property of nanocomposites increases with the 
increase of tungsten filler loading. The μ of WEP increases 
from 0.08 to 0.27 cm−1, when tungsten content increases 
from 0 to 80% [58].

Abdalsalam et  al. used WinXcom program to study 
attenuation properties of polyethylene and bismuth 
oxide nanocomposite with weight ratios of 0.5, 1, 1.5, and 
2 wt%. They found that the maximum values of the attenu-
ation for all samples occur at 30.8 keV and the attenua-
tion decreases with increasing the energy from 30.8 to 
383.9 keV [59].

A recent study by Agool et al. evidenced a new type 
of polymer blend-nanoparticle nanocomposites of 
(PVA–PEG–PVP) with ZrO2 nanoparticles with different con-
centrations 2, 4, 6 and 8 wt%. They found that μ increased 
with increasing ZrO2 nanoparticles concentration [60].

Table 1   Previous studies on attenuation of gamma-rays beams using nanocomposites

MeV

Authors [No. of refer-
ence]

Nanoparticle Size (nm) Polymer Thickness (mm) Tube voltage (KV) �
max

(cm−1) at (kv) 
(wt%)

Harish et al. [54] Lead monoxide in 
powder form

5.36 µm Isophthalate resin 3 mm 0.662 MeV 0.206 cm−1 for 50 wt% 
of lead monoxide

Kim et al. [55] Tungsten W- nano  ~ 300 nm Polyethylene PE 2.8 cm 0.3–1.2 MeV Attenuation for 
0.3 MeV is much 
higher than ~ 75% 
with filler size 
7.5 wt%

Yu et al. [56] Nano-WO3 1 μm
50 nm

Epoxy resin 8.700 mm 59–1170 keV Best radiation 
attenuation prop-
erty at 59.6 keV 
(245.797 cm−1) 
with linear and 
mass attenuation 
coefficients (1.0706 
cm2 g−1)

Higgins et al. [57] WO3
HfO2

13.1–27.1 nm epoxy 7 mm 122–1407 keV 0.597 ± 0.009 at 
122 keV with 30 wt%

Chang et al. [58] Tungsten 6 μm epoxy 3 cm 1.33, 1.17 MeV 0.27(cm−1)with 
80 wt%

Abdalsalamet al. [59] Bismuth oxide 
(Bi2O3)

25 nm UHMWPE 2 mm 30–383.9 kev 0.837 (cm2/g) at 
30.8 keV with 2.0 w%

Agool et al. [60] zirconium ZrO2 – PVA–PEG–PVP – 0.662 MeV 0.149 (cm−1) with 
8 w%
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•	 Attenuation of X-ray beams using nanocomposites

Many researchers investigated using nanocomposites 
as shielding materials against X-ray beams, and their role 
in attenuation of these beams. Table 2 presents a summary 
of previous studies regarding attenuation of diagnostic 
X-ray radiations using different nanomaterials/polymers 
combinations with varying sizes of nanoparticles and 
thickness of the synthesized shields.

With the intention of achieving a lead-equivalent 
lightweight, protective textile material, against X-ray with 
improved wearability, Maghrabi et al. studied the suit-
ability of microparticle size bismuth oxide, Bi2O3 coating 
for textiles as an alternative to lead. Efficiency of Two tex-
tile materials coated with Bi2O3 have been evaluated as 
X-ray shielding. The experimental parameters of the X-ray 
exposures were 80 kVp, 12 mAs. The researchers found 
that Bi2O3 can be coated on fabrics, and it is an efficient 

material to produce effective, flexible, and wearable 
lead-free aprons. Polyester fabrics coated with more than 
50% Bi2O3 showed improved ability as shielding material 
against X-rays [61].

Nambiar et al. synthesized polymer nanocomposite of 
bismuth oxide, BO, and polydimethylsiloxane, PDMS, using 
different weight percentages BO Nano powder 28.57, 
37.73, and 44.44 wt% of BO in PDMS, and each sample 
was 1.3 mm thick. The best attenuation capability was cor-
responding to the BO concentration 44.44 wt%, and the 
thickness 3.73 mm, used with X-rays generated at a tube 
potential of 60 kVp [62].

Another study used W and Bi2O3 nanoparticles as func-
tional powder fillers with Vinyl silicone rubber, VMQ, was 
used as the matrix. Chai et al. reported that the VMQ/ W/
Bi2O3 and VMQ/W nanocomposites displayed better atten-
uation for X-ray than that of VMQ/Bi2O3 and PbO/VMQ 
composites, especially at an X-ray energy of 87 keV [63].

Table 2   Previous studies on attenuation of X-rays beams using nanocomposites

KeV

Authors [No.of 
reference]

Nanoparticle Size (nm) Polymer Thickness (mm) Tube voltage (KV) �
max

(

cm−1
)

 at (kv) 
(wt%)

Maghrabi et al. 
[61]

Bismuth oxide 
Bi2O3

10 µm polyvinyl chloride 
(PVC)

1.03 mm 80 kVp Maximum attenu-
ation was 67% at 
80 kV and 23.08%

Nambiar et al. [62] bismuth oxide 
(BO)

90–210 nm Polydimethylsilox-
ane (PDMS)

1.3 mm 40–150 kV Maximum attenu-
ation was 86% 
at 60 kv and 
44.44 wt%

Chai et al. [63] Bi2O3
Tungsten W- nano

2 μm
6 μm

Methyl vinyl 
silicone 
rubber(VMQ)

2 mm 48–185 keV 13(cm2/g) at 87 keV 
and 80 wt%

Jamil et al. [64] bismuth 
trioxide(Bi2O3)

Tungsten dioxide 
WO3

90–210 nm Polyvinyl alcohol 
(PVA)

0.2220–
0.0681 mm

8.64–57.53 keV 254.38 (cm2/g) at 
8.64 keV with 
35 wt% Bi2O3, 
15 w/w% PVA

Aghaz et al. [65] Tungsten dioxide 
WO3

20–100 nm
Less than 20 μm

EPVC polymer 
matrix

1 ± 0.2 mm 40–100 kev 41.27% at 70 kVp 
with 60 wt% of 
WO3

Azman et al. [66] WO3  < 100 nm
 ~ 20 μm

Epoxy 7 mm 22–120 kV I/I0 ~ 0.57 at 122 keV 
with 30 wt%

Botelho et al. [67] Copper (II) oxide 
CuO

13.4 nm
56 μm

Beeswax 2 mm 26–102 kV Transmitted air 
kerma attenuated 
by factor 14% at 
(26, 30) kV with 
5 wt%

Künzel et al. [68] Copper (II) oxide 
CuO

10–100 nm Epoxy resin 3-9 mm 25- 120 kV Kerma air 45 μGy at 
25 kV with 5 wt%

Fontainha et al. 
[69]

Zirconia ZrO2 100 nm Poly(vinylidene 
fluoride–triflu-
orethylene)

1.0 mm 40 keV 60% with 10% ZrO2 
at 40 keV

Li et al. [70] Gadolinium oxide 
(Gd2O3)

 < 100 nm Epoxy resin – 31, 59.5, 80 and 
356 keV

28% at 59.5 keV 
with 5 wt%



338

Vol:.(1234567890)

Review	 J.Umm Al-Qura Univ. Appll. Sci. (2023) 9:325–340 | https://doi.org/10.1007/s43994-023-00042-9

1 3

Electro-spun PVA/Bi2O3 and PVA/WO3 nanofiber mate-
rials with different concentrations of PVA (10 w/w% or 
15 w/w%) and variable wt% (0–40 wt%) of filler loading 
(Bi2O3 and WO3) were synthesized by Jamil et al. to inves-
tigate their performance as shielding materials against 
X-ray. The studied parameters were density, thickness, and 
mass attenuation coefficients, μ, of the samples. XRF unit 
at various X-ray energies 8.64–57.53 keV, was used to study 
X-ray attenuation ability of the samples. They reported the 
highest attenuation efficiency of all X-ray energies was cor-
responding to the sample of 15 w/w% PVA with 35 wt% 
Bi2O3. As compared to Bi2O3, WO3 showed less attenuation 
efficiency [64].

Aghaz et  al. studied WO3 nano and micro particles 
merged into EPVC polymer matrix with 20%, 50% and 60% 
of mass proportions as radiation shielding against X-rays 
of energy range, 40–100 keV. The results showed a maxi-
mum attenuation of 41.27% at 70 kVp was corresponding 
to the sample 60% WO3 [65]. WO3-epoxy composites were 
investigated as shielding materials for X-rays by Azman 
et al. Improved performance was achieved of the nano-
sized WO3-epoxy at 25–35 kV, but no effect was found at 
40–120 kV [66].

X-ray attenuating ability of nano and micro CuO dis-
persed in beeswax or epoxy resin, was studied by two 
research teams, Botelho et al. [67] and Künzel et al. [68] 
respectively. They found that the nanocomposites with 
CuO concentration of 5 wt%, 10 wt% and 30 wt% were 
more effective in attenuating 26 and 30 kVp X-ray beams, 
and no significant attenuation is achieved at 60 and 
102 kVp.

The investigation was conducted by Fontainha et al. 
to produce nanocomposites of zirconia nanoparticles 
and Poly vinylidene fluoride try fluor ethylene, PVDF-TrFE, 
copolymers, with 1, 2, 3, 5 and 10 wt% of ZrO2 nanopar-
ticles. They found that nanocomposites with 10% of ZrO2 
demonstrated radiation shielding characterization and can 
attenuate 60% of the X-ray beams [69].

Li et al. prepared epoxy resin matrix composites filled 
with dispersed gadolinium oxide, Gd2O3 at micro and nano 
scales with different weight contents. They found that 
nano-Gd2O3 composites have better ability as shielding 
materials against X-ray and γ-ray beams than micro-Gd2O3 
composites. They also found that with Gd2O3 content of 
around 5 wt%, shielding properties improved by ~ 28% at 
59.5 keV [70].

4 � Conclusion

This review aimed to investigate the attempts that have 
been made to use nanocomposite materials in pho-
ton beam attenuation and hence as radiation shielding 

material. Nanomaterials in different forms, with polymers 
of different types i.e., nanocomposites, represents an 
attractive alternative of lead in shielding against ionizing 
radiation with considerable attention for applications, due 
to their prominent chemical and physical properties. Vari-
ous factors should be considered when using the nano-
composites as a new radiation shielding material such as 
the mechanical properties of the nanocomposites, durabil-
ity, stability, and resistivity against environmental condi-
tions, the cytotoxicity of nanomaterials.
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