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ABSTRACT

This review explored recent developments in reinforced composite design and

applications for improved radiation shielding and high percentage attenuation.

Radiation energy moves as a wave. Thus unguarded exposure to high-energy

radiation is inimical to the human tissue and the overall health standing of

individuals which may result in cancer, tumour, skin burns and cardiovascular

diseases. Radiation energy is conventionally contained using lead-based shields.

However, recent literature has faulted the continued use of lead citing draw-

backs such as high toxicity, poisoning, lack of chemical stability, heaviness and

hazardous after life handling. Consequently, the trending research evidence has

shown mass deviation towards the use of reinforced polymer composite as an

alternative to lead due to their light weight, low cost, high resilience, good

mechanical tenacity and interesting electrical properties. The present review

therefore summarizes the criteria for ionizing radiation shielding material

design, mechanism of radiation energy shielding, beam penetration in com-

posite shielding materials, theoretical shielding parameters in the design of

radiation protective materials, scheme of reinforced composite material selec-

tion for shielding purposes and various control variables in the design of

composite for ionizing radiation shielding. In addition, an attempt was made to

highlight gaps in research and draw future scope for further studies. It is

expected that this review will give some guidance to the future exploration in

the design and application of reinforced composite with respect to ionizing

radiation shielding processes.
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Introduction

The improvements in medical, industrial, agricultural

and research innovations have offered to ascend to a

large number of engineering design undertakings in

the electromagnetic radiation space. The higher fre-

quencies of electromagnetic radiation, comprising

x-rays and gamma beams, are sorts of ionizing radi-

ation. Ionizing radiation is a kind of energy delivered

by molecules that move as electromagnetic waves or

particles. Unguarded ionizing radiation may cause

substantially serious harm to the atoms in living cells

by damaging their deoxyribonucleic acid, breaking

bonds or eliminating electrons in biological particles,

disturbing their structure, capacity and function [1].

In this regard, the design engineers are often anxious

about the general considerations in the composition

of an array of electromagnetic shields tailored for

ionizing radiation shielding applications such as in

the construction of shipping containers and store-

rooms for ionizing radiation sources, clinical radia-

tion rooms, radioactive research equipment housing

and facilities.

Generally, electromagnetic radiation proliferates as

both electrical and magnetic waves moving in chunks

of energy referred to as photons. Electromagnetic

radiation occurs over a range from high-energy

radiation (e.g., X-radiations or X-rays and gamma-

rays) to extremely low energy radiation (e.g., radio

waves and microwaves). The electromagnetic spec-

trum fluctuates to various extents and the adjustment

of such ranges change depending on the requirement

for ongoing applications [2]. The energy of electro-

magnetic radiation is measured in electron volt (eV).

Attwood and Sakdinawat [3] classified electromag-

netic spectrum into visible light (1eV � 3:3eV), ultra-

violet light (3:3eV � 100eV), soft X-radiations

(100eV � 10keV), hard X-radiations (10keV � 100keV)

and gamma-rays (100keV � 100MeV). The application

of various spectrums depends on the amount of

energy required. While X-ray crystallography and

mammograph requires spectrum up to 10 keV,

medical computerized tomography scan and airport

security may require up to 100 keV. Hence, the pen-

etration level certainly justifies the potential condi-

tions for using a particular reinforced material to

reduce the health hazards associated with accumu-

lated radiation dosage.

Individuals can contact gamma-rays and X-rays

from various origins such as radiological labs,

radioactive elements in the earth, scholarly investi-

gations that require radioactive isotope, atomic bomb

research labs, manned spaceships, high power

channel reactor and nuclear plants. In principle,

ionizing radiation cannot be halted totally, but can

only be attenuated using appropriate shielding

materials [4]. Thus, the assurance of radiation pro-

tection for hardware and operators in these areas is a

significant safety condition [5, 6]. Ott [7] noted that

appropriate shielding materials for gamma and

x-radiations must have a high magnetic permeability

for them to take up the radiation fields adequately.

Tishkevich et al., [8] showed that materials with huge

atomic charge values have higher shielding efficiency

against high-energy ions from the locus of direct

ranges of particles.

Several other research breakthroughs have been

published in the field of lead-free perspective

shielding materials. Tishkevich et al., [9] achieved

optimal shielding effectiveness using Bismuth shields

having 2 g/cm2 reduced thickness and 156 attenua-

tion coefficient under 1,6–1,8 meV electron radiation

energy. Tishkevich et al., [10] correlated phase dis-

engagement and attenuation characteristics of novel

composite shields, authors found that the new lead-

free shields provide absorbed dose reduction up to 6

times for outer space protons. Kadyrzhanov et al.,

[11] studied the shielding and radiation response of

CuBi2O4 composite at varied film thickness from

5 lm to 10 lm; the study showed that synthesized

composite film shields possess a significant degree of

stability to irradiation. Despite interesting discoveries

reported in these studies, a concise articulation of

necessary design background in the development of

new shielding materials is still needful.

Therefore, the objective of the current literature

review is to assess the recent developments and most

important conceptual issues in the design of rein-

forced composite materials for attenuation of ionizing

radiation. It covers the existing theories and methods

with their achievements and drawbacks. Further-

more, the scheme of reinforced composite material

selection for shielding purposes and various control

variables in the production of composite for radiation

shielding was highlighted. Also, future research

directions were addressed.
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Criteria for ionizing radiation shielding
and drawbacks of conventional lead-based
shields

Gamma-rays are biologically unsafe for living

organisms; hence it should be protected by the use of

sufficiently dense shields. High-density and high-

atomic number characteristics are alluring qualities

for ionizing radiation shields. Scientists are persis-

tently searching for sustainable and environment-

friendly shields [12]. Few factors impact the robust

selection process and utilization of radioactive pro-

tecting materials. Robust selection considers attenu-

ation effectiveness, shielding efficiency, porosity,

thermal properties and cost implications. Materials

that retain their design properties after radiation

absorption can also be considered. Thick and highly

dense materials are appropriate for high energy

radiation absorption design [13, 14]. Therefore, the

decision regarding the appropriateness of shielding

material is reliant upon many factors. Example are

the expected attenuation levels, simplicity of heat

dissipation, protection from radiation damage,

dependable thickness-to-weight ratio, long-term

usage, consistency of shielding ability and accessi-

bility. The attenuation level is thus reliant upon the

shield’s cross-section [15]. A potential shielding

material ought to possess reasonably high thermal

properties. Furthermore, it is expected that the

attenuated radiation will have no fundamentally

destructive impact on the shielding material proper-

ties. During the design of a potential shielding

device, equilibrium should be made between the cost,

accessibility, and simplicity of design and the impact

of the shield size, weight and setup on the users.

Large literary evidence [15–17] showed that tungsten

and lead are tenacious in the attenuation of gamma

radiation, while high thickness concrete and rein-

forced polyethylene are better materials for halting

neutrons. The designer ought to likewise know about

the material’s scrap value and the adaptability of the

materials. The thermal stability of the shield, move-

ability, environmental conditions, load-bearing, or

non-load bearing are additionally essential to

consider.

Although lead-based shields have been frequently

utilized for radiation shielding purposes, lead is

notorious for its substantial contamination and

incredibly low degree of neutron ingestion [18], lack

in chemical stability, heaviness, low flexibility, high

toxicity and requires the processing of hazardous

waste [19]. Lead can be hazardous because of its

powder which can cause air pollution and may be

coincidentally breathed in by users. User exposure to

lead can initiate harmful consequences for haemato-

logical and cardiovascular systems. Lead-based

shields used to protect specialists against radiation

frequently cause the client back pain [20].

The high level of lead toxicity to human and the

environment is well documented [21, 22]; therefore,

light weight reinforced composites are generally

considered [23]. Furthermore, carefully designed

composite materials could exhibit rare properties

such as sensible costs, reasonable adaptability, and

great mechanical/electrical properties. El-Khatib

et al. [24] found a promising 40 wt% nano cadmium

oxide (CdO) reinforced composite shield as a

replacement for lead-based shields (Fig. 1a). Soylu

et al. [25] produced composite made from tungsten

carbide/ethylenevinylacetate (EVA) polymer at 50,

60, and 70% volume fractions (Fig. 1b). They found

that the composite material’s shielding efficiency was

higher than lead (Pb) in a 137Cs gamma source.

Related results were also found using high-density

polyethylene/wolfram and boron carbide [26], Zir-

conia nanoparticles/Polyvinylidene fluoride-tryfluo-

rethylene copolymers [27], Boron carbide (B4C)/

polyimide [28], polymethyl methacrylate/bismuth

trioxide particles [29], Red mud/ Brine sludge/epoxy

resin [30], epoxy/boron carbide (B4C)/lead

(Pb)/graphene oxide [31], Tungsten-based material

[15, 17] and Polyvinyl Pyrrolidone in Polyethylene

and copper oxide nanoparticles [32]. These studies

suggest that reinforced composites can reasonably

replace lead as a robust shielding material.

Mechanism of radiation energy shielding

Managing radiant energy and keeping it from kin-

dling physical damage to workers or the environ-

ment is a significant aspect of material selection

concerns when designing facilities that transmit risky

electromagnetic spectrum. As a result, ensuring the

safety of personnel and equipment that might be

undermined from ionizing radiation is of critical

importance. One of the attributes of X-ray and

gamma radiations that makes them very useful for

various clinical, industrial, agricultural and research
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application is their permeating capacity. When they

are coordinated into a material, a portion of the

photons is either retained or dissipated, while others

totally enter the material [33]. The permeation which

is the inverse of attenuation can be designated as the

portion of radiation going through the material. The

measure of permeation relies upon the individual

material photons, thickness (x), atomic number (Z)

and density (q) as shown in Fig. 2.

The transmitted ray detector is the component that

‘‘receives’’ the invisible ray image coming through the

material, known as the attenuated intensity. McAlis-

ter [34] reported a few regular sources of x-ray and

gamma-ray as shown in Table 1. While making the

choice of radiation shielding material, it is imperative

to comprehend the mechanisms of radiation attenu-

ation. Photoelectric absorption, compton scattering

and pair production are the three most significant

attenuation mechanisms for x-ray and gamma-ray

[35].

The linear attenuation coefficient (Eq. 1) is the sum

of the contributions due to the three individual

interactions [36]:

l ¼ lPE þ lC þ lPP ð1Þ

where PE = photoelectric, C = Compton and PP =

pair production. The way toward mitigating the

impacts and level of entrance of electromagnetic

radiation differs as per the kind of radiation source

concerned and the type of shielding material

involved. Diverse radiation protecting materials are

more qualified to particular types of radiation than

others, as dictated by the interaction between parti-

cles and the shielding material’s atomic structure.

Assessment of beam penetration
in composite shielding materials

Polymer composite materials are broadly applied in

different businesses of present-day mechanical

assembling due to their low cost, low-specific gravity,

light weight, high-shielding ratio, moderate tensile

strength, ease of handling, and formation into dif-

ferent shapes. Researches are ongoing for the devel-

opment of reinforced composite shields which can be

customized for specific radiation shielding applica-

tions. Notwithstanding the attractive radiation

shielding potentials of reinforced composite materi-

als, this class of materials also possesses higher

mechanical quality and thermal stability in contrast

to a plain (unreinforced) polymer [37]. Another point

of attraction in the use of reinforced composites for

Figure 1 a mass attenuation coefficients of lead (Pb) compared with 40 wt% nano CdO reinforced HDPE [32]. And b Shielding

efficiency of C1-50%, C2-60%, and C3-70% tungsten carbide reinforced composites compared with lead [25].

Figure 2 Graphical display of radiation shielding process.
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radiation shielding is the fact that resin and rein-

forcement is chosen in line with the specific area of

application.

Nambiar and Yeow [38] explained that neutrons

and gamma-quanta have high penetrating force,

which behoves designers to structure radiation

shielding materials with a thickness and density that

relies upon the attributes of the materials used to

attenuate them [37, 38]. Polymer composites can

suitably suffice for these materials as a viable safe-

guards against radiations. Condruz, Puscasu, Voicu,

Vintila, Paraschiv and Mirea [39] designed a carbon

fibre-reinforced epoxy cyanate ester blend with var-

ious coating mechanisms. They found that the

developed material provides ion beam shielding

comparable to 2 mm thick aluminium shield.

In another study, Axtega et al. [40] examined the

radiation shielding capabilities of carbon nan-

otubes/tungsten nano-particles reinforced composite

using proton reproduction in the region of 1–100. In

this way, they concluded that at lower energies, lay-

ers made from prepregs have equivalent impact on

the particle energies similar to 50 lm of tungsten

material. Similarly, Brander et al. [41] produced

epoxy reinforced with carbon fibre and the new

material showed comparable shielding capabilities

similar to 2 mm of aluminium at same energy

boundaries. Although Uosif [42] revealed that the

alloys Ag–Cu-Sn provided similar protection as pure

Lead (Pb) per unit mass, the weight and cost limita-

tions of these materials have ignited the repeated

search for tailored reinforced composites as a radia-

tion shielding material.

Theoretical shielding parameters
in the design of radiation protective
materials

The three fundamental technique used to minimize

the effects of ionizing radiation is by reduction of

exposure time, increased distance, and by use of

effective shielding material. Therefore, effective

radiation protection approach requires the advance-

ment of these three essential techniques. The time

which is the measure of radiation accumulated by a

human being is dependent upon the duration of

exposure to the radiation field. The measure of radi-

ation an individual gets will likewise rely upon how

close the person is to the source. Be that as it may,

when diminishing the time or expanding the distance

may not be conceivable, one can pick a protecting

material to lessen the ionizing radiation peril. Eval-

uating the suitability of different sorts of composites

for ionizing radiation shielding requires recent

information on significant shielding parameters.

Accordingly, the information on essential radiologi-

cal boundaries of novel composite materials pro-

posed for radiation energy shielding applications are

significant for the appraisal of conceivable radiation

exposure [43].

The linear attenuation coefficient for high-energy

radiation within a small interval is the likelihood per

unit distance of movement that a molecule encoun-

ters an interaction in form of dissipation or assimi-

lation. From this definition, it is effortlessly indicated

that the likelihood of a molecule moving a distance x

without interaction is defined by Eq. 2.

Table 1 Common sources of

radiation energy with their

half-life

S/N Radiation source Symbol—decay mode Half-life (Min) Energy (keV)

1 Medical X-Ray X-Ray – 5� 100

2 Technetium-99 m 99 m Tc- c 361.2 140:5

3 Thallium-201 201Tl- e 4380 135; 167

4 Indium-111 111In- e 4075.2 171; 245

5 Fluorine-18 18F-b? 109.8 511

6 Gallium-68 68 Ga-b? 68 511

7 Caesium-137 137Cs-b- 525,600 662

8 Cobalt-58 58Co-e 102,124.8 511; 811

9 Cobalt-60 60Co-b- 525,600 1173; 1333

10 Nitrogen-16 16 N-b- 0.11883 6129; 7115

11 Iodine-131 131I-b- 11,548.368 971

12 Americium-241 241Am- a 227,164,320 52,936.008
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P xð Þ ¼ e �lxð Þ ð2Þ

According to Wang et al. [44] some shielding

parameters have to be evaluated to elicit attenuation

capabilities of any potential radiation protective

material. Such parameters include

massattenuationcoefficientðlmÞ; half � valuelayerðHVLÞ;
heaviness, effectiveatomicnumber (ZeffÞ and effective

electron density ðNEÞ. At the point when a gamma-

ray crosses a composite protective material, the

source energy will be halted in line with Lambert–

Beer’s law shown in Eq. 3 and Fig. 3.

I ¼ Ioe
�lxð Þ ¼ Ioe

�l
qxdð Þ ¼ Ioe

�lmxdð Þ ð3Þ

where Io represents the incident (unattenuated) while

I stands for transmitted (attenuated) energy, l (cm-1)

is the linear attenuation coefficient, x (cm) is the lin-

ear thickness and xd (g/cm2) is density thickness of

shielding material; lm(cm
2/g) isthemassattenuation

coefficient, l ¼ q� lm; xd ¼ q� x. Radiation protec-

tion efficiencies is usually estimated using Eq. 4

RPE(% ) = 1� I

I0

� �
� 100 ð4Þ

A straight line can be acquired with thickness as

the horizontal (x) axis and ln I
Io

as the vertical (y) axis;

the gradient of the straight line is l. The bigger the

value of l is, the better the shielding efficiency of the

material [45]. Therefore, the total mass attenuation

coefficient lm of the composite shield could be

determined using Eq. 5:

lm;total ¼
Xn
i¼1

wi
l
q

� �
i

ð5Þ

wi ¼
ViqiP
Viqi

� �
ð6Þ

When many reinforcers are combined in a hybrid

composite shield, the volume fraction of each con-

stituent reinforcement is related to the weight frac-

tion in Eq. 7.

Vfr;i ¼
wi

qi

� �
wR

qR

� �
þ
Pn

i¼1
wi

qi

� � ð7Þ

For a hybrid composite shield made from nth

number of reinforcers, the density of the composite is

given by Eq. 8.

qhybrid g=cm3
� �

¼ Vfr;R � qR
� �

þ
Xn
i¼1

Vfr;i � qi
� �

ð8Þ

where wi, Vi; qi and
l
q

� �
i
represent the mass/weight

fraction (%), the volume fraction (%), the density (kg/

m3) and the mass attenuation coefficient of ith com-

ponent in the composite [46] and wR is the mass/

weight fraction (%) of the resin and qR represents the

density of the resin. The attenuation efficiency of the

composite is improved at high values oflm. The

ShieldingrateðSRÞ is also found from Eq. 9:

SR ¼ 1� e �lxð Þ ð9Þ

Again, the attenuation efficiency of the composite

is improved at high values of SRð Þ. Olukotun et al.

[47] calculated the half-value layer (HVL) which is the

necessary thickness for attenuation of 50% incident

beam using Eq. 10.

HVL ¼ ln2

l
ð10Þ

In the same vein, Kaçal et al. [48] calculated tenth-

value layer (TVL) which is the necessary thickness for

effective attenuation of 10% incident beam using

Eq. 11. The authors noted that a higher shielding

efficiency is envisaged at lower values of

HVL and TVL.

TVL ¼ ln10

l
ð11Þ

The reciprocal of linear attenuation coefficient 1
l

� �
is termed mean-free-path length (kÞ representing the

normal length travelled by a beam just before it

makes the first interaction with a shield. The energy 2
conveyed over time within a given mass of a com-

posite ðmÞ is comprised of all charged and un-

charged ionizing molecules going into the composite
Figure 3 The relationship between gamma radiation intensity

(I) and shield thickness (x).
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minus all charged and un-charged ionizing mole-

cules leaving the composite. Along these lines, the

energy conveyed is engaged with the ionization and

agitation of particles inside the composite and the

related chemical changes [49]. The specific energy

therefore is related to conveyed energy and mass in

Eq. 12.

The specific energy z � 2
m

ð12Þ

The absorbed dose D is therefore described in

Eq. 13.

D ¼ lim
M!0

z ¼ d2
dm

ð13Þ

Although the absorbed dose is quantifiable; how-

ever, as a rule, it is hard to compute from the episode

radiation intensity and material properties because

such a computation would require comprehensive

auditing of the energies of all particles leaving the

shield. Therefore, the kineticenergyofradiation

producedperunitmassinthematter kerma� Kð Þ which is

utilized only with indirectly ionizing (uncharged)

radiation applies in Eq. 14.

K � lim
M!0

Etr

m
¼ dEtr

dm
ð14Þ

where Etr represents the amount of the underlying

active energies of all the charged ionizing particles,
�
Etr

is the mean energy moved to the secondary

charged particles in the mass m. For the computa-

tions of percentage heaviness, lead is often taken as

standard and normalized 100%. Hence, the percent-

age heaviness of reinforced composite shields can be

accessed from Eq. 15 [50].

%heaviness ¼ Density of composite
�
Density of lead

� �
� 100

ð15Þ

The density q of the composite is estimated utiliz-

ing the Archimedes method [51] and determined

utilizing Eq. (16).

q ¼ m1

m2 �m3
� ql ð16Þ

where m1, m2 and m3 are, respectively, the mass of

sample, the mass sample in the air, and the mass of

sample submerged in ethanol. While the density of

the submersion fluid is denoted as ql. The densities

are frequently contrasted with the theoretical values,

qc (assuming that no void exists) in Eq. (17) [52].

qc ¼
100

F
qf
þ E

qR

h i� ql ð17Þ

where F;E; qf andqR denote the weight percentage of

the reinforcer, weight percentage of the resin, density

of the reinforcer and density of the resin, respectively.

In the course of compounding and production, the

density of composite materials can be influenced by

the reinforcement particle packing and porosity. For

example, Tishkevich et al., [53] showed that com-

posite film shields made from Bismuth have a clo-

sely-packed microstructure. Consequently, bulk

density (Db) accounts for air holes while true density

(Dt) takes care of the mass per unit volume of the

composite, which considers the volume without air

holes. The shielding effectiveness of the material is

improved as the bulk density (Db) of the material

increases. The porosity of the shielding material is

therefore captured utilizing Eq. 18:

Porosity %ð Þ ¼ 1�Db

Dt

� �
� 100 ð18Þ

The Db and Dt of the composite shield can be

expressed by Eq. 19 and Eq. 20. They are directly

related to the porosity.

Db ¼
WR

VP þ Vair
ð19Þ

Dt ¼
WR þWm

V þ VP
ð20Þ

where Wp;Wm;VP;VandVair represent the weight of

the resin, weight of the shield, volume of shielding

material, volume of the shield and the pore volume,

respectively. Other important parameters according

to Akman et al. [54] can be determined from Eq. 21

and Eq. 22.

Effective atomic number ðZeffÞ ¼

P
i fiAi

l
q

� �
iP

j fj
Aj

Zj

l
q

� �
j

ð21Þ

Effective electron density ðNEÞ ¼
Zeff

Atot
NAntotð Þ ð22Þ

where Ai ¼ atomicweight, fj ¼ fractionbymole,

Zj ¼ theatomicnumber, NA ¼ Avogadronumber, Atot ¼
totalatomicweight and ntot ¼ elementnumber
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Scheme of reinforced composite material
selection for radiation shielding

Making a suitable and compelling shield against

ionizing radiation requires an optimal selection of

materials, distance, and thickness. Selecting the cor-

rect material for the design of radiation shielding

devices and facilities thus demand trade-offs between

weight, volume, cost, material properties, perfor-

mance, manufacturability, design requirements,

maintainability, reliability and environmental impact.

In picking a shield material, the principal thought

should be the viability and effectiveness of the shield.

Unarguably, a great deal of variables should be

investigated during material selection, which is the

reason a material specialist is often included in any

radiation shielding design group. The viability of the

shield is dictated by the interactions between the

episode radiation and the atoms of the material.

According to Chen et al. [55], the design targets are

fundamental factors in which case the decision is

based on the initial engineering computations and

general know-how of the experts involved. General

performance requirements of the material often

include many parameters which specify how com-

posite shields ought to perform or the principles that

they should follow in a particular situation.

The flow of material selection for ionizing radiation

shielding using reinforced composite is articulated in

Fig. 4. Given the material performance requirements,

potential materials and prevailing standards,

designers can choose the best shielding material.

Hence in the choice of material, firstly, the designers

settle on the material performance requirements and

subsequently screen various factors that could influ-

ence material performance. Factor screening alludes

to an exploratory arrangement that is expected to

locate a couple of significant factors from a rundown

of numerous likely ones. The basic role of factor

screening is to pinpoint significant main effects.

Factor screening which is also called screening design

is utilized for screening an enormous number of

design parameters to locate the most crucial param-

eters that will have a critical effect on the material

shielding performance. Plackett–Burman designs

permit the designer to appraise many factors in a

minimum number of trials [56].

Secondly, potential materials that can be used in

the shielding application are chosen using the Design

of Experiment (DOE) strategy. DOE is a part of

applied statistics that deals with arranging, leading,

sectioning, and analysing controlled experiments to

examine the factors that influence the process [57].

DOE gives room for multiple input factors to be

controlled, determining their effect on the desired

responses (RPE; lm; Cost, Weight). By controlling

numerous input factors at the same time, DOE can

recognize important interaction, main effect and

higher order effect of factors that could have been

missed when using one-factor-at-a-time strategy [58].

When DOE is employed, all potential blends can be

researched (full factorial) or just a segment of the

potential mixes (partial factorial). Therefore, (DOE) is

an orderly technique that can be used to find the

connection between factors influencing composite

material shielding performance. As such, it is

deployed to find cause-and-effect ties necessary for

effective management of shielding material compo-

sition inputs in order to optimize the output/

responses.

Thirdly, all necessary improvements in the mate-

rial properties are decided and ultimately, choices of

materials are made which out of the potential mate-

rials best satisfies the performance requirements,

Multi-objective Optimization (MOO) is a very useful

multiple-criteria decision-making tool that is usually

applied at this stage [59–61]. MOO is a decision tool

deployed for solving mathematical optimization

problems having more than one objective function to

be optimized simultaneously. The result of MOO

models is for the most part communicated as a bunch

of Pareto optima, representing optimal tradeoffs

between given design criteria.

Research evidence abounds on the preferred use of

polymer resin in the production of composite mate-

rials for radiation shielding proposes, such resin

include polyester [19], epoxy [62], polyvinyl acetate

[63], non-isocyanate polyurethane [64], low-density

polyethylene [65], bisphenol-A-vinylester [66], poly-

styrene [5], rubber[67], Polypropylene[68],

Polypropylene [69], vinyl chloride and polyimide

[70]. Also, various reinforcers as shown in Table 3

have been deployed for filling [40, 71, 72].

Ordinarily, the choice of resin and filler depends

on the objective of material design, cost, and avail-

ability and focus properties. However, for radiation

shielding purposes designers target reinforced poly-

mer composite that is rich in hydrogen bonds, cap-

able of providing neutron scattering and elimination
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of discharged heat [73, 74]. In industrial radiography

maximum energy spectrum of the radiation is in the

range up to 122 keV. Therefore, these composite

materials are useful for radiation protection of the

X-ray radiation. Table 2 compares the radiation

shielding efficiency of lead with alternative materials

for different radiation energy sources.

Control variables in the design
of composite for ionizing radiation
shielding

This section gives a clear picture of various issues

relating to environmental conditions, nature of rein-

forcements, manufacturing conditions, polymeriza-

tion strategies and design constraints as they affect

the attenuation capabilities of polymeric composites

reinforced with both natural and man-made rein-

forcers for ionizing radiation energy shielding. Fig-

ure 5 articulates the potential control variables

affecting the radiation shielding capabilities of rein-

forced composites in a cause and effect (fish-bone)

diagram.

Effects of environmental conditions
on the ionizing radiation shielding
effectiveness of composites

The potential of hydrogen (pH)

Nambiar and Yeow [38] established different prop-

erties expected of a regular material for radiation

protection to include high density, flexibility, hard-

ness, high atomic number, the high attenuation

Figure 4 The flow of material

selection for ionizing radiation

shielding using reinforced

composite.
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coefficient of y-radiation, high amount of hydrogen

bonds and cheapness. They proposed that the fillers

must satisfy the condition of 8[pH[ 5 and the

expected high density could be achieved by the

addition of more mineral reinforcements. Barabash

et al. [76] similarly concluded that mixing reinforcers

and matrix at high difference in the potential of

hydrogen will result in the release of gaseous prod-

ucts in the boundary layer. Haque et al. [77] used

locally available heavy minerals with Ilmenite, Mag-

netite, Garnet, Rutile, Zirconium contents to fabricate

the composite blocks for the gamma photons with

energies 0.662 meV—1.25 meV. They found the

shielding effectiveness of Ilmenite and Zirconium

composites relatively good for 137Cs and 60Co radia-

tion sources, respectively.

Temperature

Temperature has a compelling effect on the shielding,

mechanical, and damage properties of composite.

Cadieu et al. [78] detailed the damage mechanisms of

reinforced composite indicating fibre pullout and

inter laminar failure generation below 20�C. They

reported plastic flow of the polymer matrix at 60�C
and intra-laminar micro-cracking at a temperature

above 90�C. Composite materials have shown a great

potential for applications requiring high thermal

stability and radiation shielding ability [28]. Wei et al.

[79] upheld that the shielding effectiveness of com-

posite such as grapheme/polymer-derived sili-

coboroncarbonitrides increased with temperature.

Mu et al. [80], in their study on shielding properties

of silicon carbide fibre-reinforced silicon carbide

Table 2 Radiation shielding

efficiency of lead and

alternative materials for

different radiation source

S/N Reinforcement Polymer Shielding efficiency % Radiation source Reference

1 Roland composite

apron

66.7 99 m Tc [75]

2 Lead apron 74 99 m Tc

3 Lead 84 ± 0.9 137Cs [25]

4 WC-70% EVA-30% 93.3 ± 0.2 137Cs

5 Lead 54 ± 2.1 131I

6 WC-70% EVA-30% 87.3 ± 0.9 131I

7 Lead 98 ± 0.5 241Am

8 WC-70% EVA-30% 68.9 ± 0.3 241Am

9 WCP-50%/B4C-20% HDPE-30% 73.93 137Cs [26]

10 Lead 70.86 137Cs

11 WCP-50%/B4C-20% HDPE-30% 59.86 131I

12 Lead 59.38 131I

WC Tungsten carbide, EVA Vinyc Acetate, WCP warm compaction powder, B4C boron carbide

powder, HDPE high-density polyethylene

Radiation 
shielding 
compositeInjection speed

Temperature

Pressure

Time

Manufacturing conditions

Catalyst

Resin 

Hardeners

Curing time

Polymerization

Shield thickness  

Nature of reinforcers

Weight

Cost

Design constraints

pH

Temperature 

Moisture & humidity

Environmental conditions

Density

Fiber treatment

Fiber orientation

Filler particle size and Fiber length

Reinforcements

Fiber content (wt.% /V.%)

Figure 5 Cause and effect

(fish-bone) diagram showing

potential control variables in

the design of composite for

ionizing radiation shielding.
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matrix composites reported that the complex per-

mittivity and tan d of reinforced composites have

obvious temperature-dependent behaviour and

increase with the increasing temperatures. The

authors also observed that the total shielding effec-

tiveness of the composites with titanium silicon car-

bide filler is enhanced with the temperature increase

from 25 �C to 600 �C. Barani, et al. [81] reported the

shielding and thermal properties of graphene fillers/

epoxy composites at elevated temperatures. Their

study suggests that such a blend of composites is

promising for packaging applications where shield-

ing is an important design consideration. Nikbin et al.

[82] studied the effect of various temperatures at 25,

200, 400, and 600 �C, on the mechanical and gamma-

ray shielding properties of heavy-weight concrete

with various contents of Nano Bismuth Oxide at

levels of 0, 2, 4 and 6%. Authors found improved

mechanical and gamma-ray shielding properties of

the heavy-weight concrete with the addition of

Nano Bismuth Oxide particles. Also, these properties

remained stable at elevated temperatures.

Moisture & humidity

Composite materials are known to debase when

exposed to moisture and humidity. Thus, humidity

confounds the difficulty of getting high shielding

efficiency with composites. Airale et al. [83] reported

that absorbed moisture decreases the properties of

twill woven carbon fibre/epoxy composites. Zhang

et al. [84] obtained similar results when they

observed that the properties of flax/unsaturated

polyester composite started to drop sharply at 70%

relative humidity and ended up with a more than

sixfold reduction at 90% relative humidity. Addi-

tionally, Alawsi et al. [85] studied the effect of high

humidity (98%) on the durability of symmetric and

anti-symmetric composite reinforced with E-glass

fibre. Authors found that symmetric and anti-sym-

metric laminates lost about 54% and 27% of their

properties, respectively. These results highlighted the

importance of air conditioning and dehumidification

in fibre composite fabrication facilities.

Density

As a rule, materials that are high in density are more

successful than low-density materials for attenuation

of ionizing radiation. Nonetheless, low-density

materials can make up for the dissimilarity with

expanded thickness, which is as critical as density in

radiation shielding applications. Kim and Cho [86]

noticed that when a polymer resin is utilized to make

a radiation shield, the proportion of the shielding

material is expanded to improve the shielding

effectiveness.

As appeared in Fig. 6, Kim and Cho [86] saw that

the linear attenuation coefficient of composites rise

with increment in the wt% of the reinforcer which is

because of the increase in the density of the com-

posites and diminishes with increment in energy.

Similar findings have also been reported by El-Khatib

et al. [24]. They revealed that the composites filled

with nano-CdO have better c-radiation shielding

ability than those filled with micro-CdO at the same

weight fraction. This performance could be attributed

to improved compaction and limited porosity

resulting in higher probability of interaction between

c-rays and nanoparticles. Belgin and Aycik [87] also

showed that the shielding performance of hematite–

ilmenite reinforced composite increased as the filler

particle size decreased.

Influence of design constraints
on the shielding properties of composites

It is expected that staff should be protected against

the ionizing radiation discharged from various

sources within reasonable limits of cost, weight,

space and thickness.

Figure 6 Effect of density on linear attenuation coefficients and

filler weight fraction in polymer composites [86].
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Cost

There are a few factors that impact the choice and

utilization of composite shielding materials but cost

proficiency can influence radiation attenuation from

multiple points of view. The procurement costs,

transportation costs, installation costs and ultimate

scrap value of the materials are likewise significant

points to consider when deciding what materials

should be used [88]. Cost is an imperative to consider

while choosing the proper radiation shielding mate-

rial. This is because the choice of reinforced com-

posite material for ionizing radiation shielding can

become unattractive when the cost is outrageously

high. Therefore, the cost of the resultant composite

shield should be estimated and kept within the limit.

According to Shehab et al. [89], the cost of com-

posites consists of the recurring cost and the non-

recurring cost. The material cost, direct labour cost

and energy cost are summed to get the recurring cost,

while the indirect labour cost, equipment cost, tool-

ing cost and facility cost contribute the non-recurring

cost, as presented in Eqs. 23–36

Cost ¼
X

Recurring costþ
X

Non - recurring cost

ð23Þ

Recurring cost ¼
X

Material cost

þ
X

Directlabour cost

þ
X

Energy cost ð24Þ

Material cost ¼
X

Rawmaterial cost

þ
X

Supportmaterial cost ð25Þ

Rawmaterial cost

¼
Partmaterialmass kg

� �
�Material unitprice NGN

kg

� �

1�material scraprate
� �

� 1� rejectrate
� �

ð26Þ

Supportmaterial cost ¼ Rawmaterial cost NGNð Þ

� Rate of support material cost

Rawmaterial cost

� �

ð27Þ

Direct LabourCost

¼
Direct Labour time Days

� �
� LabourRate NGNð Þ

1� Reject Rate
� �

�No:Parts=run

ð28Þ

Energy Cost ¼ Rate or cost of electricity
NGN

kWh

� �

� power kWð Þ � time hrsð Þ
ð29Þ

According to Ma [90] the typical material scrap rate

for a fibre-reinforced composite is 15% and the typi-

cal reject rate for hand lay-up is assumed to be 5%.

The typical rate of support material cost to raw

material cost for fibre-reinforced composite is 3%,

Where:

NoParts=run ¼ the quantity of parts for single run:

ð30Þ

DirectLabour Time ¼ Nooperators � Process Time

ð31Þ

Direct Labour Time ¼Nooperators

� Process Time

Non-recurring cost ¼
X

Indirect LobourCost

þ
X

Equipment Cost

þ
X

Tooling Cost

þ
X

Facility Cost

ð32Þ

Indirect Labour Cost

¼ Indirect Labour Time � Labour Rate

1� Rejected Rate
� �

�No:parts=run

ð33Þ

Equipment Cost

¼ Equipment Time� Equipment Cost Rate

1� Rejectrate
� �

�Noparts=run

ð34Þ

Equipment Cost Rate

¼ Equipment Investment

Equipment Life� Equipment Annual Available Time

ð35Þ

Tooling Cost

¼ Tooling Investiment

1� Reject Rate
� �

�Noparts=mould � Tooling Life Cycle

ð36Þ

where

No. parts/mould = the quantity of parts in one mould.

Facility Cost

¼ Process Time� Facility Cost Rate

1� Reject Rate
� �

�No:parts=run

ð37Þ
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Facility Cost Rate

¼ Facility Investment

Facility Life� Facility Annual Available Time

ð38Þ

Weight

Lighter weight is better in radiation shielding appli-

cations for various reasons. In the case of shields that

people carry about, lighter weights can reduce fati-

gue. Traditionally, weight reduction can be achieved

by using lower density materials. Unfortunately,

radiation shielding materials require materials with

high density and high atomic number. The designer

is therefore tasked to find a common ground for the

development of lightweight shields. In the recent

past, researchers have vigorously pursued light-

weighting targets in various radiation shielding

applications. Steffens et al. [91] characterized novel

multilayer lightweight radiation shielding materials

as alternatives to the standard aluminium shielding

for space applications using the Monte-Carlo simu-

lations. Chen et al. [92] showed the potential of uti-

lizing the light-weight composite metal foams as

shielding material replacing current heavy materials

used for attenuation of the low energy gamma-ray

with additional advantages such as high energy

absorption and excellent heat rejection capabilities. Li

et al. [93] established the low cost, light weight, and

structure conformability of bismuth nanoparticle–

polymer composite tailored for personal radiation

protection. Kim et al. [94] also confirmed the possi-

bility of producing lightweight aprons that can be

used for shielding low dose radiations.

Lightweight design is thus an interdisciplinary

engineering approach that aims to develop a radia-

tion shielding system of minimum weight that fulfils

the desired function with optimal utilization of

available resources. Requirements for lightweight

shields are always extreme, always related to new

materials, information and production technologies

and solving specific problems. Nevertheless, the

required ionizing radiation shielding effectiveness of

the material can still be obtained by combining

materials with specific properties in a composite

system.

Nature of reinforcers

The reinforcement for composites intended for radi-

ation shielding can be in the form of hybrid, partic-

ulate, strands or multi-layered laminate [95]. Hybrid

composites may have imperfections due to fabrica-

tion mistakes, voids in the composite, frail bonding

between matrix and reinforcement, insufficient cur-

ing time and contaminations; these defects could

affect the overall shielding performance of the com-

posite materials. Perhaps the most ideal approaches

to defeat these defects involve the incorporation of

nano-particles using the rule of hybrid mixture [96].

Hemath et al. [97] maintained that the hybrid nano-

particles contribute to the viable dispersion of rein-

forcers within the matrix. Nanofillers are frequently

added to improve electrical properties, radiation

shielding capacities, thermal conductivity and overall

functionality of the hybrid composites. Bertolini et al.

[98] examined hybrid composites based on thermo-

plastic polyurethane with a mixture of carbon nan-

otubes and carbon black modified with polypyrrole

for electromagnetic shielding purposes. Authors

found that addition of carbon nanotubes and carbon

black significantly improved the electrical conduc-

tivity, radiation shielding and rheological properties.

When contrasted with fibre-based composites,

particulate composites have lower properties. How-

ever, particulate composites are preferred in areas

where significant wear resistance levels are required

[99]. Fan et al. [100] studied the effect of different

sizes of Lead tungstate (PbWO4) particles on ethylene

propylene dieneterpolymer (EPDM) composite for

gamma-ray shielding. Their study showed that

attenuation of gamma-rays for the sub-micro-PWO

composite was substantially enhanced compared to

micro-PWO reinforced composite. Similarly, Zhang

et al. [101] introduced particles of micro-gadolinium

oxide and nano-tungsten shells into an aluminium

matrix for gamma-ray shielding applications. A sig-

nificant improvement was observed due to the

addition of core–shell particles. In a related study, Li

et al. [102] studied the effect of particle size on

gamma radiation protecting property of gadolinium

oxide scattered epoxy gum lattice composite. Their

results show that nano-Gd2O3 composites have a

better ability to shield X and c rays than micro-Gd2-

O3 composites, and an enhanced effect of * 28% is

obtained with Gd2O3 content of around 5 wt.% at

59.5 keV. The explanation is ascribed to a higher
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likelihood of interaction between c-beam and

nanoparticles. Malekzadeh et al. [103] examined the

impact of nano-sized and miniature estimated bis-

muth–silicon (Bi–Si) composites on X-beam associa-

tions were explored by calculating the mass

attenuation coefficients in an analytic radiology

energy scope of 60–150 keV utilizing the Monte Carlo

(MC) code. Results of their study demonstrated that

nano-composites had higher photon constriction

properties (around 11–18%) than those of micro-sized

samples for poly-energy X-rays. Along these lines, it

was discovered that the shielding properties of

composites were significantly improved by the

addition of Bi nano-particles for lower energy

photons.

A multilayer shield comprises at least two layers of

various materials. In this arrangement, the incoming

radiation will have more opportunities to be dissi-

pated and absorbed by the shield [104]. Multilayer

composite shields are useful for attenuating mixed

radiation. This is because every one of the layers has

diverse shielding properties that they can be blended

and coordinated to tackle a specific radiation issue

contingent upon the application. A multilayer radia-

tion shield with an optimal blend of parameters can

improve the shielding performance [105]. Kim et al.

[106] examined strategies for multilayer structuring

of non-leaded metal (BiSn)/polymer/tungsten com-

posites for enhanced c-ray shielding. Authors repor-

ted that multilayer (BiSn/polymer)/W laminate

offered both a sufficient thickness with flexibility and

an effective shielding against c-rays to meet the

requirements for protective clothing or protective

equipment. This work demonstrates that (BiSn/

polymer)/W laminates can be used as a reliable Pb-

substitution material to protect the human body from

the high-energy c-rays. In another related study, Park

et al., [107] also found that multilayered tin, bismuth-

tin (BiSn) alloy, and tungsten composites exhibit

significantly enhanced shielding capabilities.

The thickness of shielding material

Atta et al. [67] prepared radiation shielding com-

posites of varying thickness (0.05, 0.1, 0.15 and

0.2 cm) by mixing Styrene-Butadiene Rubber pow-

der-1502 (SBR) and Montmorillonite with commer-

cially available metal oxides. They found that the

transmission of c-ray through composite samples

decrease as the sheet thickness increases.

In another study by Das and Maiti [108], thickness

was reported to have played a major role in

improving the shielding efficiency of single-walled

carbon nano-tubes/ethylene vinyl acetate composites

especially at frequencies above 12 GHz. Similarly,

Wu et al. [109] observed that at gamma-ray shielding

effect of a 3D-printed Poly-Ether-Ether-Ketone/

Tungsten composites of 50%, 60% and 70% weight

fractions increased with an increase in the thickness

of shield for both low-energy 137Cs and high-en-

ergy 60Co radiation energy source as shown in Fig. 7.

Influence of Reinforcement characteristics
on the shielding properties of composites

Fibre content

(weight fraction ( wt.%) /volume fraction (V.%)): The

filler weight fraction has been widely reported to

have effected the composites radiation shielding

performance. Aycik and Belgin [66] considered

composites as novel shielding materials using 5, 10,

15, 20 and 25% (wt) filler loading ratios. They found

20% filler loading value as optimum for bisphenol-A-

vinylester-based composites. Fontainha et al. [110]

produced radiation shielding Bi2O3 containing com-

posites with concentrations of 2, 4 and 8% wt. of

Yttrium stabilized zirconia and bismuth oxide. Fon-

tainha et al. [27] prepared polymer-based nano-

composites with 1, 2, 3, 5 and 10 wt% of ZrO2

nanoparticles using a sol–gel route with zirconium

butoxide as the precursor for zirconium oxide nano-

clusters. The radiation shielding characterization

conducted using x-rays with an effective energy of

Figure 7 Gamma-ray shielding characteristics of PEEK/tungsten

composite materials at 50 wt.%, 60 wt.%, and 70 wt.% tungsten

mass ratios [109].
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40 keV showed that composites with 10% of ZrO2,

and only 1.0 mm thick, can attenuate 60% of the

x-rays beam. Al-Sarray et al. [111] in a similar study,

produced polymeric composite materials and mea-

sured their radiation shielding properties. Barite was

used in different rates of 0%, 10%, 20%, 30%, 40%,

and 50% as reinforcement in the epoxy composite.

Their findings indicate that there is a linearly

increasing relation between barite rate and the linear

attenuation coefficients.

Mkhaiber and Dheyaa [112] also conducted an

experimental examination of reinforced epoxy com-

posites prepared for radiation protection applications

at various reinforcing ratios 10 20 30 40 50% and

found optimal values for linear attenuation coeffi-

cient, heaviness and half-value thickness at 50%

reinforcing ratio. Soylu et al. [25] produced a new

metal-polymer composite in the form of a disc and

investigated shielding efficiencies against gamma

radiation. A micro-compounder was used for the

preparation of polymer blends containing 50, 60 and

70% filler ratio which were subsequently hot-pressed

at 1200C to produce discs that have 1 and 2 mm

thickness and 5 cm diameter. The best shielding

efficiency against gamma source was obtained using

70% tungsten carbide contained composite. Barabash

et al. [64] summarized the minerals considered as

fillers for radiation purposes in Table 3.

Samkova et al. [113] prepared composites con-

taining zirconia and bismuth oxide at 2, 4, 8%wt

concentrations for use in high dose medical proce-

dures. They found that electromagnetic shielding in

reinforced composite grows with the increase of fibre

content with a peak at 8%. A similar outcome was

reported by Chang et al. [62] who found that radia-

tion inhibition capabilities of tungsten powder rein-

forced epoxy composites with different weight

percentages (30%, 50%, 70% and 80%) rises with the

increase in tungsten filler loading. Kinsaraa et al.

[114] considered lead balls and tungsten powder as

fillers, a range of filler material thickness and differ-

ent shell material thickness using design of experi-

ment, their results showed that filler material

thickness of the composite shield has the strongest

impact on the shielding capability of the material

produced. The use of other chemical elements such as

Barium (Ba), Calcium (Ca) and Strontium (Sr) have

also been reported [115]. However, continued incre-

ment in reinforcement content may lead to more and

more chain scission, resulting in a decrease in

mechanical properties [62, 116].

Filler particle size

Filler particle size is an important parameter that

affects the radiation attenuation performance of

composite shielding materials. Belgin and Aycik [87]

used two mineral (hematite–ilmenite) with different

particle sizes as fillers in a polymer-matrix composite

to investigate the effects of particle size on shielding

performance within a wide range of radiation energy

(0–2000 keV). They found that as the filler particle

size decreased the shielding performance increased.

The highest shielding performance reached was 23%

Table 3 Properties of potential reinforcement with regular radiation shielding materials

S/

N

Reinforcement Density (g/

cm3)

Molecular weight

(g/mol)

K-Absorption edge

(KeV)

Melting point

(0C)

Atomic

number

Source

1 Bismuth(III)

oxide

8.9 465.96 817 [19]

2 Lead 11.34 207.2 88.0 327.46 82

3 Baryte 4.48 233.39 1580 56

4 Steel 7.85 55.845 1370 28

5 Boron Carbide 2.52 55.255 2,763 5

6 Aluminium

Alloy

2.70 26.98 - 660.4 13

7 Rubber 1.522 180 4.99

8 Tungsten 19.25 183.8 69.5 3422 74 [86]

9 Barium 3.51 137.3 37.4 727 56

10 Cadmium oxide 8.15 128.41 1427 48
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with particle sizes being between\ 7 and\ 74 lm.

Buyuka et al. [13] studied titanium diboride-boron

carbide composites which were produced from 0.02-

1000 lm boron carbide particle sizes for searching for

the behaviour against the gamma-ray. They found

that decrease of particle size of boron carbide in

boron carbide-titanium diboride composites causes

higher linear and mass attenuation coefficient values.

Prohorenko et al. [5] modified composite materials

for radiation protection using the powdered Alu-

minium particle of size 10–20 microns, 50–60 microns

and Tungsten particles of sizes 30–40 microns,

200–210 microns in a polystyrene matrix, all samples

produced to absorb the flux of gamma radiation fully

in the energy range from 0 to 130 keV. Sabri and

Mahdi [117] comparatively studied the shielding

properties of lead oxide (PbO) composite using micro

particle size with (5,10,15,20,30) wt.% and Nano

particle size with (1,2,3,4,5) wt.% in gamma radiation.

They found that the concentration (30) % of the micro

shields and (5) % of Nano shields were of good

attenuation, good mechanical specifications and more

suitable to forming.

Kim et al. [118] found that nano-W composites

increased attenuation up to 75% for 0.3 meV incident

photons in contrast to the micro-structured compos-

ites. Scholarly evidence has shown that the nano-

sized filler expands the capacity of composites to

retain and dissipate photons since they scatter

splendidly uniform inside the polymer framework

when contrasted with smaller scale filled composites

[118–120]. It could be comprehended that the reduc-

tion of boron carbide particle size in the composites

results in higher linear and mass attenuation coeffi-

cient [13].

Fibre length

Samkova et al. [116] explored ways of improving the

electromagnetic shielding ability of plaster-based

composites using carbon fibres and found that fibres

shorter than the critical length exhibit poor

properties.

Fibre orientation

Various scholarly assessments of beam penetration in

composite shielding materials suggest that aligned

fibre-reinforced composite configurations possess

better resistance to beam penetration than randomly

oriented composites [121], similar result was collab-

orated by Vijaya and Dharma [2] who reported

higher properties in aligned Carbon Nano

Tubes/composites than randomly oriented configu-

ration. Hence, it is important for designers of rein-

forced composites for the purpose of radiation

shielding to adopt aligned fibre orientation where it

is applicable.

Fibre treatment

After the ratting and extraction of natural fibres, it

often contains undesirable celluloses, dust, and other

foreign particles. Consequently, a pre-treatment is

essential for every natural fibre. Fibre treatments

therefore remove futile celluloses from the fibre,

improve the strength and make it more appropriate

for bonding with the resin [122, 123]. A typical

chemical that is broadly utilized by specialists is

sodium hydroxide (NaOH) and known to be an alkali

treatment [124]. An investigation on mechanical

properties of NaOH treated sisal and jute fibres

revealed that the treatment upgraded the tensile

strength of the composite by 20%, flexural strength by

25%, impact strength by 27.27% and hardness by 5%

[125]. In another investigation, drumstick strands

were pre-treated with alkali and was utilized along-

side glass fibres. It was concluded that the alkali

treatment to drumstick strands raised the impact

strength of the composite to a greater extent [126].

Close to alkali treatment is maleic anhydride which is

chiefly used for composites made from polyethylene

or polypropylene. Thus, it is affirmed that the

chemical treatment improves the holding between

the fibre and matrix [127]. Aside from alkali and

maleic anhydride, there are a few different chemicals

utilized by scientists for fibre treatment purposes.

Some of them are potassium hydroxide, hydrogen

peroxide, benzoyl chloride, silanes, esters, and so on

[127].

Influence of manufacturing conditions
on the shielding properties of composites

A better understanding of how processing parame-

ters may affect properties of composites would lead

to a better quality control of the resultant composite

materials particularly where optimum mechanical

and radiation shielding characteristics are expected
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[128]. This is because problems arising during the

compounding process may affect the thickness,

strength, and flexibility of the material, resulting in

mass-production problems [129]. Therefore, suit-

able processing techniques and parameters must be

carefully selected in order to yield the optimum

composite products.

Temperature

Megat-Yussof, Abdul and Ramli [128] investigated

the effect of holding pressure and injection temper-

ature on oil palm empty fruit bunch ? HDPE, (EFB)-

HDPE. Samples were produced at various injection

temperatures, namely 150, 170,190 and 210 while

holding pressure was fixed at 80 bars. Injection tem-

peratures have been shown to influence the com-

posites tensile and fracture strength although with

less impact on the flexural strength. Utilizing high

injection temperature has resulted in heat-induced

degradation of the fibre [68]. They concluded that, in

order to obtain a composite with good properties,

injection temperature should be properly monitored.

Panigrahi, Li and Tabil [130] investigated the

mechanical behaviour of Flax fibre and HDPE bio-

composite, while fibre content, injection temperature

and injection pressure were modified. Their study

showed that the material properties are significantly

dependent on fibre content and injection

temperature.

Melt temperature is one of the most significant

factors in the processing of reinforced composites

materials. In the event that the melt temperature is

excessively low, the resin probably will not melt

completely and may be too clingy to flowing. On the

other hand, if the melt temperature is excessively

high, the resin could debase. Melt temperature is thus

impacted by Barrel temperature, Screw speed, Screw

backpressure, and injection time. Generally, dissolv-

ing of the resin takes place on account of the frictional

heat from the screw pivot inside the barrel. In a study

by Fetecau et al. [131], the effects of melt temperature,

mould temperature, holding pressure and injection

speed on properties of low-density polyethylene

reinforced with 2.5 wt% multi-walled carbon nan-

otubes were assessed. The study showed melt tem-

perature as the most significant factor affecting elastic

modulus. In a study by Tissandier et al. [132], the

temperatures of both parts of the mould were inde-

pendently controlled and the results showed that

increasing mould temperature increases skin thick-

ness and the degree of asymmetry of samples

produced.

Panigrahi et al. [130] investigated the influence of

injection temperature (166- 200 �C), fibre content (10-

30% wt) and injection pressure (4.8—6.9 MPa) on

properties of flax fibre-reinforced polyethylene bio-

composites. The study found tensile strength signif-

icantly dependent on injection temperature and fibre

content.

Pressure

As soon as 95 percent of the molten plastic has been

injected, the machine will drop into hold pressure

which is about � of injection pressure. Holding

pressure is utilized in compacting the molecules in an

organized manner. Hold pressure is required until

the door freezes off, regularly in 3 to 4 s. When that

occurs, hold pressure has no more impact on the

atoms on the opposite side of the entry way [133].

Megat-Yusoff et al. [128] investigated the effect of

varying levels of holding pressure (60, 70, 80, and 90

bars) and injection temperature (150, 170,190 and

210 �C) on oil palm empty fruit bunch high-density

polyethylene composites. The results indicated that

holding pressure significantly affected the compos-

ites tensile and fracture strength as an increase in

holding pressure increased the molecular position of

the matrix [134]. However, increasing holding pres-

sure beyond it optimal level resulted in reduced

crystallinity leading to compromised material prop-

erties [135].

The essence of clamp pressure is to ensure that the

mould did not open suddenly when the injection

pressure is applied. Therefore, the extent of clamp

pressure required depends on the material being

formed. The simpler stream materials require less

injection pressure; in this manner they require little

clamp pressure. Injection pressure is the basic pres-

sure required to inject up to 95 percent of the molten

resin into the sample mould. Usually, the peak

pressure and quickest fill rate are the best conditions.

Be that as it may, high injection pressure can result to

an increment in moulded-in stress. On the other

hand, backpressure arises during the return activity

of the screw subsequent to the material injection

process. Backpressure is utilized for better blending

of the plastic, evacuating limited quantities of

entrapped air, and controlling the heaviness of the
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shot by keeping up an exact thickness of a given

volume of molten mixture. The greatest setting is

required in the light of the fact that anything over

that will cause an excess of distribution of the plastic

and result in a thermally debased product.

Time

Shafka et al. [136] prepared lead-polymer nano-

composite for nuclear shielding applications with

process controlled using milling time of 30, 60 and

90 min. They found that the optimum milling time to

reach finer size is 60 min with an average crystallite

size * 68 nm.

Injection speed

The injection speed is the propelling speed of the

screw during the injection process. The injection

speed ought to be diminished at the finishing stage of

injection to guard against blazing toward the finish of

the stroke, and to upgrade the development of

homogenous weld lines after a separated stream [137]

Gaps in the Research and Future Scope

Obviously, reinforced polymer composites were

widely researched by several authors and have

shown the promise of acceptable ionizing radiation

shielding properties. Due to the addition of high

density, elements of high atomic number and highly

conductive nano fillers, the resultant composite

exhibits better radiation attenuation and electrical

conductivity compared to lead-based shields. How-

ever, there is still a gigantic degree of lacuna in the

correlation between porosity and shielding efficiency

in addition to composite shielding efficiency and

internal materials structure evolvement.

Majority of the researches relating to reinforced

composite for radiation shielding applications mainly

focused on the assessment of shielding efficiency,

attenuation properties, shielding parameters for

composite shields, physical and structural features of

assorted types of reinforced polymer composites.

Apart from few studies that considered Monte Carlo

simulation [44, 91, 103, 138] and some other modern

approaches, the application of machine learning

methods which can enhance the predictive inquest

and optimization of shielding capabilities of rein-

forced composites is missing in the literature.

This review shows that there is an earnest need to

discover alternative radiation shields to supplant

lead-based ones. Lead has been broadly utilized in

different medical and home grown settings because

of its physical and synthetic properties. That

notwithstanding, lead has been delegated a conceiv-

able human cancer-causing agent by the Nigerian

Cancer Society (NCS). These days, a large portion of

research centres on lead-free, low weight, low cost

reinforced composite shields that can be utilized for

ionizing radiation shielding. As clarified in the liter-

ature, achieving an optimal combination of rein-

forcement and matrix in particulate, hybrid and

multilayer composite to obtain higher shielding effi-

ciency is a difficult assignment. Also, adequate dis-

persion of reinforcements and assurance of proper

wetting of resin with reinforcement in low thickness

composites may require a custom made manufac-

turing system. Nevertheless, authors opine that the

effective use of classical methods such as the rule of

hybrid rule mixtures, interface mechanics, interface

de-bond criterion and surface treatment protocols

could be the icing on the cake.

Future research efforts could deploy potential

material and machine-based control variables in the

design of ionizing radiation shielding composite as

identified in the current review at the appropriate

range to secure optimal shielding efficiency for rein-

forced lead-free polymer composite materials. It is

worthy to additionally research the hybridization of

regular biodegradable materials with high-density

elements such as Bismuth (III) oxide, Baryte, Boron

Carbide, Rubber, Tungsten, Barium and Cadmium

oxide. These will likely improve mechanical proper-

ties, stiffness, shielding efficiency and ultimately

lower cost and weight.

Conclusions

The new advancements in reinforced composite

design for ionizing radiation shielding applications

were reviewed. The review provides a definite

understanding of the criteria for ionizing radiation

shielding material design, mechanism of radiation

energy shielding, beam penetration in composite

shielding materials, theoretical shielding parameters

in the design of radiation protective materials,
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scheme of reinforced composite material selection for

shielding purposes and various control variables in

the design of composite for ionizing radiation

shielding. Till now scientists have undertaken

endeavours to combine distinctive assortment of

constituent materials to manufacture composites.

Furthermore, analysts have improved the content

percentage (w%/V%) and other control factors to

develop a better composite to achieve the highest

shielding efficiency.

With the growth of electronic, medical and nuclear

industries, light weighting is an extra specialized

prerequisite in addition to high shielding efficiency.

Consequently reinforced composite materials have

been considered by experts as a suitable alternative to

concrete and lead based shields. In addition, litera-

ture has shown that reinforced polymeric materials

can be adequately optimized for efficient radiation

shielding application. Radiation shield optimization

is concerned with using a statistical formulation

involving linear attenuation coefficient, radiation

protection efficiencies, cost and weight to support

selection of the optimal shielding material among

many alternatives. In view of the recently published

research findings, authorities have confirmed that

fibre-reinforced polymer composites are preferable

shielding materials when compared with the poly-

mer alone.

A few focuses can be summed up from the litera-

ture, for example, polymers with low atomic number

are not adequate for ionizing radiation shielding

applications. However, one of the popular arrange-

ments is the reinforcing the polymeric material with

non-lead elements of high atomic numbers. This

approach creates new composites that would be

lighter and multi-functional. The future of reinforced

composite materials is bright because of the broad

utilization of these novel materials in numerous

fields, hence, there is a need to sort out accepted

procedures to improve the properties and shielding

efficiency of reinforced composite materials to

enhance their utilization in radiation shielding

process.

Towards accomplishing the greatest and highest

shielding efficiency, experts have evolved many

advanced manufacturing techniques to overcome the

time deferral and intricacy of regular methods.

Overall, the review showed that the shielding of

ionizing radiation can be accomplished by utilizing a

wide scope of high density and high atomic number

materials. Nevertheless, understanding the basic

principles associated with ionizing radiation interac-

tions with matter that results in attenuation can help

in the selection of shields for a given application. This

understanding combined with the knowledge of

other material design constraints will guide the

deployment and utilization of assets to develop the

most efficient ionizing radiation shields. Addition-

ally, before commercializing any novel composite

tailored for ionizing radiation application, a complete

exploratory examination and testing of such com-

posite shield are highly recommended.
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