
Composites Science and Technology

Polymer
Composites and
Nanocomposites
for X-Rays 
Shielding

It Meng Low
Nurul Zahirah Noor Azman



Composites Science and Technology

Series Editor

Mohammad Jawaid, Lab of Biocomposite Technology, Universiti Putra
Malaysia, INTROP, Serdang, Malaysia



Composites Science and Technology (CST) book series publishes the latest
developments in the field of composite science and technology. It aims to publish
cutting edge research monographs (both edited and authored volumes) compre-
hensively covering topics shown below:

• Composites from agricultural biomass/natural fibres include conventional
composites-Plywood/MDF/Fiberboard

• Fabrication of Composites/conventional composites from biomass and natural
fibers

• Utilization of biomass in polymer composites
• Wood, and Wood based materials
• Chemistry and biology of Composites and Biocomposites
• Modelling of damage of Composites and Biocomposites
• Failure Analysis of Composites and Biocomposites
• Structural Health Monitoring of Composites and Biocomposites
• Durability of Composites and Biocomposites
• Biodegradability of Composites and Biocomposites
• Thermal properties of Composites and Biocomposites
• Flammability of Composites and Biocomposites
• Tribology of Composites and Biocomposites
• Bionanocomposites and Nanocomposites
• Applications of Composites, and Biocomposites

To submit a proposal for a research monograph or have further inquries, please
contact springer editor, Ramesh Premnath (ramesh.premnath@springer.com).

More information about this series at http://www.springer.com/series/16333

mailto:ramesh.premnath@springer.com
http://www.springer.com/series/16333


It Meng Low • Nurul Zahirah Noor Azman

Polymer Composites
and Nanocomposites
for X-Rays Shielding

123



It Meng Low
Department of Applied Physics
Curtin University
Perth, WA, Australia

Nurul Zahirah Noor Azman
School of Physics
Universiti Sains Malaysia
Gelugor, Pulau Pinang, Malaysia

Composites Science and Technology
ISBN 978-981-13-9809-4 ISBN 978-981-13-9810-0 (eBook)
https://doi.org/10.1007/978-981-13-9810-0

© Springer Nature Singapore Pte Ltd. 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore

https://doi.org/10.1007/978-981-13-9810-0


Contents

1 Introduction and Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Organisation of Chapters . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.1 Historical Foundations of X-Ray Shielding . . . . . . . . . 4
1.2.2 X-Ray Attenuation . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.3 X-Ray Interactions with Matter . . . . . . . . . . . . . . . . . . 6
1.2.4 X-Ray Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.5 Effect of Particle-Size on X-Ray Attenuation . . . . . . . . 10
1.2.6 Advantages and Disadvantages of Commercial

Lead Glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.2.7 Other Commercial Polymer Composites for X-Ray

Shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Materials and Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1 Lead Oxide–Epoxy Composites . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.1.2 Density Measurements . . . . . . . . . . . . . . . . . . . . . . . . 18
2.1.3 Measurement of X-Ray Mass Attenuation

Coefficients (lm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.4 Powder Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.5 Optical Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.6 Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . 20

2.2 Tungsten Oxide—Epoxy Composites . . . . . . . . . . . . . . . . . . . . 20
2.2.1 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.2 Measurement of X-Ray Mass Attenuation

Coefficient (lm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

v



2.3 Ion-Implanted Epoxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.1 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.2 Ion-Implantation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Ion Beam Analysis and Rutherford Backscattering

Spectroscopy (RBS) . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3.4 Measurement of X-Ray Mass Attenuation Coefficients

(lm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 Ion-Implanted Acrylic and Glass . . . . . . . . . . . . . . . . . . . . . . . 23

2.4.1 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.2 Ion-Implantation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.3 Ion Beam Analysis and Rutherford Backscattering

Spectroscopy (RBS) . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.4 Measurement of X-Ray Linear Attenuation

Coefficients (µm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5 Electrospun Bismuth Oxide/Poly-lactic Acid Nanofibre-Mats . . . 24

2.5.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5.2 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.5.3 Measurements of Sample Thickness and Porosity . . . . . 25
2.5.4 Measurement of X-Ray Transmission . . . . . . . . . . . . . 26
2.5.5 Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . 27

2.6 Micro-sized and Nano-sized Tungsten Oxide-Epoxy
Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.6.1 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.6.2 Measurements of X-Ray Transmission . . . . . . . . . . . . . 28
2.6.3 Powder Diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.6.4 Flexural Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.6.5 Indentation Hardness Test . . . . . . . . . . . . . . . . . . . . . . 29

2.7 Starch Filled Bi2O3–PVA Composites . . . . . . . . . . . . . . . . . . . 30
2.7.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.7.2 Samples Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.7.3 Density Measurements . . . . . . . . . . . . . . . . . . . . . . . . 31
2.7.4 Measurement of X-Ray Transmission . . . . . . . . . . . . . 31

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3 Microstructural Design of Lead Oxide–Epoxy Composites
for Radiation Shielding Purposes . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.1 Density of Samples . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.2 X-Ray Mass Attenuation Coefficients . . . . . . . . . . . . . 35
3.2.3 Phase Compositions . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2.4 Microstructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

vi Contents



3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4 Synthesis and Characterization of Pb, Bi or W Compound Filled
Epoxy Composites for Shielding of Diagnostic X-Rays . . . . . . . . . . 45
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2.1 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.2 Effect of Filler Loading on the X-Ray Transmission

(I/Io) by Epoxy-Based Composites . . . . . . . . . . . . . . . . 47
4.2.3 Phase Compositions . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2.4 Microstructure Analyses . . . . . . . . . . . . . . . . . . . . . . . 49
4.2.5 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5 Effect of Particle Size, Filler Loadings and X-Ray Energy
on the X-Ray Attenuation Ability of Tungsten Oxide–Epoxy
Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6 Characterisation of Micro-Sized and Nano-Sized Tungsten
Oxide-Epoxy Composites for Radiation Shielding of Diagnostic
X-Rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.2.1 Characteristics of X-Ray Transmissions . . . . . . . . . . . . 66
6.2.2 Crystallite Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.2.3 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7 Synthesis and Characterization of Ion-Implanted Epoxy
Composites for X-Ray Shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

7.2.1 Rutherford Backscattering Spectroscopy (RBS) . . . . . . 78
7.2.2 X-Ray Mass Attenuation Coefficients . . . . . . . . . . . . . 79

7.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Contents vii



8 A Comparative Study of X-Ray Shielding Capability
in Ion-Implanted Acrylic and Glass . . . . . . . . . . . . . . . . . . . . . . . . 83
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
8.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
8.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

9 Characteristics of X-Ray Attenuation in Electrospun Bismuth
Oxide/Poly-lactic Acid Nanofibre Mats . . . . . . . . . . . . . . . . . . . . . . 93
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
9.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

9.2.1 Thickness Measurement . . . . . . . . . . . . . . . . . . . . . . . 95
9.2.2 Porosity Measurement . . . . . . . . . . . . . . . . . . . . . . . . . 95
9.2.3 X-Ray Transmissions . . . . . . . . . . . . . . . . . . . . . . . . . 96
9.2.4 Microstructure Analyses . . . . . . . . . . . . . . . . . . . . . . . 101

9.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

10 Effect of Bi2O3 Particle Sizes and Addition of Starch
into Bi2O3–PVA Composites for X-Ray Shielding . . . . . . . . . . . . . . 107
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
10.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

10.2.1 Density of the Composites . . . . . . . . . . . . . . . . . . . . . 109
10.2.2 X-Ray Transmission by the Composites

Without Starch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
10.2.3 Effect of Starch Addition on the X-Ray

Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
10.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

11 Summary and Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . 123
11.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

11.1.1 Filler Dispersion Within Epoxy Resins
by Melt-Mixing Method . . . . . . . . . . . . . . . . . . . . . . . 123

11.1.2 Filler Dispersion Within Epoxy, Acrylic and Glass
by Ion-Implantation Method . . . . . . . . . . . . . . . . . . . . 124

11.1.3 Filler Dispersion Within PLA Nanofibre Mats
by Electrospinning Method . . . . . . . . . . . . . . . . . . . . . 125

11.1.4 Effect of Starch Addition into PVA Composites . . . . . . 125
11.2 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

viii Contents



Chapter 1
Introduction and Background

Abstract Radiation (X-ray/gamma-ray) shielding is an age-old problem and has
been studied in greater details up till now, due to their interactions being most promi-
nent in many applications such as in medical fields (i.e. diagnostic imaging and
therapy). X-rays/gamma-rays are the most penetrating of ionizing radiation that is
known to be harmful to human health and heredity.X-ray photons are produced by the
interaction of energetic electrons with matter at the atomic level. As an X-ray beam
passes through an object, (i) it can penetrate the section of the matter without any
interaction (i.e. Thompson scattering); (ii) it can interact with the matter and totally
be absorbed by the atoms of the matter (i.e. photoelectric effect) or (iii) it can interact
partially with the matter and be scattered from its original direction in all directions
(i.e. Compton scattering). Hence, there is no doubt that X-ray shielding require-
ments have become more stringent as standards for exposure of personnel (patient
and radiographer worker) and the general public during the diagnosis examination
is carried out.

1.1 Introduction

1.1.1 Background

Radiation (X-ray/gamma-ray) shielding is an age-old problem and has been stud-
ied in greater details up till now, due to their interactions being most prominent in
many applications such as in medical fields (i.e. diagnostic imaging and therapy).
X-rays/gamma-rays are the most penetrating of ionizing radiation that is known to
be harmful to human health and heredity. X-ray photons are produced by the interac-
tion of energetic electrons with matter at the atomic level. As an X-ray beam passes
through an object, (i) it can penetrate the section of the matter without any inter-
action (i.e. Thompson scattering); (ii) it can interact with the matter and totally be
absorbed by the atoms of the matter (i.e. photoelectric effect) or (iii) it can interact
partially with the matter and be scattered from its original direction in all directions
(i.e. Compton scattering). Hence, there is no doubt that X-ray shielding require-

© Springer Nature Singapore Pte Ltd. 2020
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2 1 Introduction and Background

ments have become more stringent as standards for exposure of personnel (patient
and radiographer worker) and the general public during the diagnosis examination
is carried out.

To overcome the danger of X-rays, the material chosen for X-ray shielding must
have a criterion to totally absorb the transmitted and the scattered X-ray from expo-
sure of personnel and the general public. Hitherto, lead glass is the well-known
material for X-ray shielding either for diagnostic or therapeutic examinations, but it
is heavy, expensive, and extremely brittle. Thus, it is not surprising that the applica-
tion of polymers in X-ray shielding technology is increasing steadily since polymers
also have an enormous potential in many crucial applications that glass could not
meet because of their unique properties such as the ability to form intricate shapes,
optical transparency, low manufacturing cost, and toughness.

This book focuses mainly on the nanotechnology advances in designing electro-
magnetic radiation (focused onX-ray) shieldingmaterials. It covers viable processing
methodologies with the newmaterial’s design concept to enhance radiation shielding
purposes to meet the safety requirements for use in medical X-ray imaging facilities.

In this book, we describe a simple sample preparation procedure for dispers-
ing different types of micro-sized and nano-sized particles into polymeric materi-
als by different methods such as melt-mixing, ion-implantation and electrospinning
method. Accurate and effective melt-mixing method was becoming increasingly
important so that a uniform mixture will be produced. Whilst, the ion-implantation
technology is capable of precisely controlling the number of implanted ions into the
material. Meanwhile, electrospinning is a method which provides advantageous to
use the nanofiber webs in a layered structure together with a suited substrate material
and offers sufficient strength and durability. Such, the final products produced have
high potential applications for shielding of ionizing radiations such as X-rays and
gamma-rays.

The X-ray attenuation ability of the fabricated composites was studied by means
of X-ray transmission or X-ray attenuation coefficient determinations for the X-ray
energy ranges used in the diagnostic examination by three separate equipments, i.e.
general radiography unit, mammography unit and X-ray Absorption Spectroscopy
(XAS).

This work seeks to gain a better understanding of fabricating new polymer com-
posites with good filler dispersion for the usage as an X-ray shielding material. This
research program led to in-depth analysis of synthesis methods, X-ray attenuation
ability and characterization of these polymer composites.

1.1.2 Organisation of Chapters

This book consists of eleven chapters where background, literature review and
research aims are introduced in this chapter.Meanwhile, themethodology to fabricate
the samples by dispersing different types ofmicro-sized and nano-sized particles into
polymeric materials using different methods such as melt-mixing, ion-implantation
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and electrospinning method, together with the test methods to measure the physical,
mechanical and X-ray attenuation ability of the fabricated X-ray shielding samples
are presented in Chap. 2.

Chapter 3 describes the preliminary investigation of the filler dispersion within an
epoxy matrix since the comprehensive literature survey reveals that the gamma/X-
ray shielding characteristics of the filler (PbO and Pb3O4)-reinforced epoxy resins
have not been attempted. This analysis allowed for the discussion of the effects
of filler loadings on the density, phase composition, and morphology of the epoxy
composites. Moreover, the X-ray attenuation by the samples was performed using
calibrated general diagnostic radiography unit.

In Chap. 4, further analyses of filler-reinforced epoxy resins are reported. This
work comprises similar characterizations of the synthesized different species of filler
(PbCl2, WO3 and Bi2O3)-epoxy composites as in Chap. 3 including the discussion
of their mechanical properties. In addition, the feasibility of these composites for use
in X-ray shielding purpose is compared with the commercial lead glass. Meanwhile,
Chap. 5 reveals the effect of particle size, filler loadings andX-ray tube voltage on the
X-ray transmission of the WO3-epoxy composites. For this study, a mammography
and a diagnostic radiography unit were used which comprised of variable X-ray tube
voltages 25–120 kV. Then, Chap. 6 is the continuous analysis of Chap. 5 which
provides the X-ray transmission results from XAS and also some mechanical and
microstructural analyses on the samples included.

Chapters 7 and 8 report the fabrication of filler-polymers matrix (epoxy, acrylic
and glass) using ion-implantation. Heavy elements such as Pb, W and Au ions were
implanted on the polymer matrix since they are a well-known candidate for X-ray
shielding material. A comparative study of the near surface composition depth pro-
filing of the implanted samples was performed using ion beam analysis (Rutherford
backscattering spectroscopy). Moreover, the comparative X-ray attenuation analysis
of the samples was performed using calibrated general diagnostic radiography unit.

The third final episode (Chap. 9) of this book is the presentation of a novel elec-
trospinning method to fabricate the filler-polymer nanofiber mats. Poly lactic acid
(PLA) was used as the matrix for nanofiber mat synthesis due to its advantages for
the electrospinning process. This work presents the performance of PLA nanofiber
mat embedded with different particle sizes for X-ray transmission study. A better
understanding was gained by the comparative study using solution casting method
to synthesize same composition of similar composites but in a thin film form.

Meanwhile, the second final episode (Chap. 10) of this book is about the effect
of particle sizes and addition of starch into filler–polymer composites for X-ray
shielding purpose. TheX-ray transmission analysis of the prepared sampleswas done
using X-ray fluorescent spectroscopy (XRF) and mammography unit. A preliminary
investigation of the effect of starch addition into the polymer composite on the X-ray
transmissions by different particle sizes of polymer composites was also studied.
Polyvinyl alcohol (PVA) was used as the matrix due to its exclusive chemical and
physical features. Starch was added in the mixture of filler-polymer composite since
it seems to be a very good substrate for preparation of nanoparticles and improving
the dispersion of nanoparticles within the polymer matrix.
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In the final chapter (Chap. 11), the results obtained in this work are summarised.
The challenges and future research directions in this field are highlighted in the
concluding remarks.

1.2 Literature Review

1.2.1 Historical Foundations of X-Ray Shielding

During the early part of the 20th century, once the X-ray was discovered by Wil-
hem Röntgen in 1895, the potential hazards of ionizing radiation (especially X-
rays/gamma-rays) were recognized and thus, radiation protection has evolved into
an elaborate infrastructure of controls and disciplines specifying how this shield
should be deployed [1–3]. Recently, X-ray shielding requirements have becomemore
stringent as standards for exposure of personnel and the general public have been
reviewed. Lead is the first material used as a shielding for X-ray since it possesses
high atomic number (Z) which is mandatory to absorb the unwanted radiation. Once
the danger of lead has become a major concern, many researchers have attempted
to fabricate polymer composite in order to replace lead as the main radiation shield-
ing material. X-ray technologists practice a principle called as-low-as-reasonably-
achievable (ALARA) dose when dealing with X-rays, so that radiation dose received
by personnel and the general public can be as low as possible [4–7].

In addition, by the extensive use of nuclear energy and radioactive isotopes in
various fields’ such as reactors, nuclear power plants, nuclear engineering and space
technology, the radiation shielding became an important subject due to required
proper precautions to avoid from the radiation hazards [1]. However, this book cov-
ered only the preparation and fabrication of the radiation shielding material focused
on the X-rays with the energy of the diagnostic ranges.

1.2.2 X-Ray Attenuation

The meaning of attenuation is reducing the X-ray beam intensity as it pass through
specific material. This reduction occurs either by scattering or absorption. Several
researchers have focused their efforts on studying how to measure the X-ray attenua-
tion onanabsorbingmaterial.Whereasmost researcherswho examine this issue tried
to measure and calculate the photon (X-rays/gamma-rays) attenuation coefficient of
the absorbing material and made a comparison with the theoretical value tabulated
from NIST XCOM [8–15], while the other take the direct X-ray transmission results
as an approach [16–18].

In particular, the former can be measured for specific X-ray energy for a narrow
beam geometry setup as shown in Fig. 1.1. The reduction in the X-ray beam intensity
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Fig. 1.1 Schematic
illustration of a narrow beam
geometry setup for
measurement of X-ray
attenuation process

Incident beam

Io 
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I
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(X-ray attenuation) for the absorbing material at that specific X-ray energy studied
is measured by determining an X-ray attenuation coefficient which expressed the
quantity of attenuated X-ray beam passing through specific thickness of shielding
material [19].

There are two main X-ray attenuation coefficients used to determine the quantity
of attenuated X-ray beam. These coefficients are linear attenuation coefficient (µ)
and mass attenuation coefficient (µm). Each one of these coefficients depend on
specific prosperity of absorbing material. Firstly,µ expresses the exponential change
in the intensity of X-ray beam per thickness unit of absorbing material [19]. It has
the dimensions of an inverse length (1/cm) and it represent the summation of three
types of X-ray interactions which are photoelectric effect, Compton scattering and
pair production. Monochromatic X-ray photons collimated into a narrow beam are
attenuated through an absorbing material according to Beer Lambert’s law as stated
in Eq. (1.1) [20]:

μ = (− ln I
Io
)

x
(1.1)

where Io is the incident X-ray intensity, I is the attenuated X-ray photon intensity, µ
is the linear attenuation coefficient and x is the thickness of the absorbing material
as illustrated in Fig. 1.1. In order to measure the X-ray attenuation ability regarding
to the physical state of the absorbing material, the mass attenuation coefficient (µm)
is the preferred to be used and is obtained by dividing the µ by the density of the
absorbing material (ρ) according to the following Eq. (1.2) [20]:

μm =
(
− ln I

Io

)

xρ
(1.2)

There are another two types of X-ray attenuation coefficients used to determine
the quantity of attenuated X-ray beam which are atomic attenuation coefficient (µa)
and electronic attenuation coefficient (µe). The former coefficient, µa represents the
fraction of attenuated beam by single atom of absorbing material which is obtained
by dividing the µm by the number of material’s atoms per gram. On the other hand,
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the latter coefficient, µe represents the fraction of attenuated beam by the number of
material’s electrons per gram which is obtained by dividing the µm by the number
of material electrons per gram [19].

For instance, Hussain et al. (1997) have studied the shielding properties of
polyethylene glycol-lead oxide composite for Co-60 gamma-ray source [21]. They
calculated the linear attenuation coefficient, µ from the plot of log of the count rate
versus the composite thickness (X) using Eq. (1.3):

Log I (X) = Log Io−μX (1.3)

where I(X) = count rate for the radiation that has not been involved in any collision
during passage through the composite, Io = count rate in the absence of shielding
material and μ = linear attenuation coefficient, is the slope of the plot [22]. In their
case, they did not compare the attenuation coefficient results with the theoretical
tabulated from XCOM [16]. Meanwhile, using a similar method, Harish et al. [11]
have investigated the radiation shielding properties of gamma-rays from Ba-133,
Cs-137 and Co-60-point sources of lead oxide (PbO, PbO2 and Pb3O4) with differ-
ent concentrations filled isophthalic resin polymer composites. They found that the
attenuation coefficient of the composite at the specific gamma-rays energy and found
that experimental results are in a good agreement with the theoretical tabulations [16]
under acceptable error.

Whereas, it would be much more useful to present the X-ray transmission (i.e.
measured intensities through absorbing material divided by the measured intensity
in the same configuration with absorbing material absent) over the full energy range
(weighted by an appropriate model for X-ray tube spectrum) if the thickness of
the absorbing materials is fixed. Absolute intensities obviously depend on the mAs
setting, distance from source to detector, detector calibration etc. [23]. Usually, this
direct transmission measurements were done for the polychromatic X-ray energies
since by quoting thesemeasurements would correct for all the effects [17, 18, 23, 24].
Some examples of X-ray transmission through the nanosized filler/polymer samples
versus X-ray tube voltages containing polychromatic X-ray energies were studied
by many researchers such as Kűnzel et al. (2012) in which they studied the X-ray
transmission of nanosized CuO-epoxy resin samples at various X-ray tube voltages
[18].

1.2.3 X-Ray Interactions with Matter

Generally, there are three possibleX-ray interactions happen in an absorbingmaterial
as shown in Fig. 1.2 which are:

(1) Scattering—An X-ray photon will interact with an atom of absorbing material
and it will be deflected. Depending on the case, it may or may not loss of energy.
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Fig. 1.2 Possible X-ray
interactions happen in the
material

Scattering 

Absorption 

No interaction 

(2) Absorption—An X-ray photon will interaction with an atom of absorbing
material and will loses all of its energy to the atom.

(3) No interaction/penetration—AnX-ray photon just passes through the absorbing
material without interacting with any atoms of absorbing material.

These possible interactions are categorized into five different types of X-ray inter-
action with matter in which must be considered in radiological physics as listed
below:

a. Photoelectric effect
b. Compton scattering effect
c. Pair production
d. Rayleigh scattering
e. Photonuclear interactions.

The first three types of X-ray interaction are the most important since their inter-
actions result in the transfer of energy to electrons and then imparted to matter along
their tracks. These interactions depend on both photon energy E and atomic number
Z of the absorbing material.

The photoelectric effect is dominant at the lower photon energies while the Comp-
ton scattering effect takes over at medium energies (200 keV to about 10 MeV). Pair
production is leading at the higher photon energies (above 10 MeV). Compton scat-
tering effect domination is very broad for low Z of absorbing material and gradually
narrow with increasing Z. At a given photon energy, the relative probability of two
processes would be the ratio of their cross sections.

TheRayleigh scattering is an elastic interaction inwhich the photon ismerely redi-
rected through a small angle with no energy loss. The last interaction (photonuclear)
is only significant for photon energies above a few MeV.

Further discussions only related to photoelectric effect and Compton scattering
effect since both take part in the photon energy ranges studied for this book.

(a) Photoelectric effect

Photoelectric effect is the most important interaction to concern during the interac-
tion of low energy photons with matter (Fig. 1.3). During photoelectric interaction,
an inelastic collision occurred between the incident X-ray photon with an orbiting
electron (inner shell electron). The photon gives up all of its energy and therefore
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Emission of electron Photon beam 

Fig. 1.3 Process of photoelectric effect in an absorbing material

disappears (absorbed by the electron). Then, the electron is ejected from the atom
and flies off into space as photoelectron which may undergo another interaction with
the atom. The vacancy left is immediately filled by an electron from the outer shell.
The quantum ‘jumps’ of the electron producing a characteristic radiation which is
equal to the energy difference between shells. The photoelectric effect always yields
three end products: (1) characteristic radiation; (2) a negative ion (photoelectron);
and (3) a positive ion (an atom deficient one electron) [25–27].

The probability of the photoelectric effect is inversely proportional to the cube of
the X-ray energy (1/E)3 and directly proportional to the cube of the atomic number
of the absorbing material Z3.

(b) Compton scattering effect

Almost all the scatter radiation that encounter in diagnostic radiology comes from
Compton scattering. During this interaction, an incident photon of relatively high
energy strikes a loosely bound outer shell electron, ejecting it from its orbit. The
photon is then deflected by the electron and travel in a new direction as scatter
radiation with part of its original energy. The reaction produces an ion pair of a
positive atom and a negative ion (outgoing/recoil electron) [28]. Figure 1.4 shows
the process of Compton scattering interaction.

The probability ofCompton scattering depends directly on the number of electrons
(i.e. density) within the absorbingmaterial. Compton scattering represent the greatest
percentage of occupational exposure for radiation workers in the diagnostic energy
level [29].

1.2.4 X-Ray Energy

X-rays are the most penetrating of ionizing radiation following gamma-rays that are
known to be harmful to human health and heredity. They are emitted by excited atoms
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Fig. 1.4 Process of Compton scattering in an absorbing material

in the process of de-excitation to aground state bymeans of electrons changing atomic
energy levels (characteristic or fluorescence X-rays) or by an ion or a charged particle
when a negative acceleration is applied to it (slowing down in a Coulomb force field
or changing direction (continuous or bremsstrahlung X-rays). Most commonly, the
energy ranges of X-rays are classified as follows (in terms of the generating tube
voltage) [26]:

• 0.1–20 kV Low energy or “soft” X-rays
• 20–140 kV Diagnostic-range X-rays
• 140–300 kV Orthovoltage X-rays
• 300 kV–1 MV Intermediate-energy X-rays
• 1 MV upward Megavoltage X-rays.

Table 1.1 provides the accelerating voltage and the target material used to produce
X-rays vary depending on the specific applications for the diagnostic-range X-ray
energies (20–140 keV) since this energy range is related to this book.

Basically, these X-ray energy ranges are classified as polychromatic and
monochromatic X-rays. Polychromatic X-rays are a broad spectrum of X-ray ener-
gies having various wavelengths, the expected form of X-ray generated in clinical

Table 1.1 The accelerating voltage and the target material used to produce X-rays vary depending
on the specific applications [30]

Use Accelerating
voltage (kV)

Target Source
type

Average
photon
energy
(keV)

Diagnostic
X-rays

Mammography 20–30 Rhodium,
Molybdenum

Tube 20

Dental 60 Tungsten Tube 30

General 40–140 Tungsten Tube 40

CT 80–140 Tungsten Tube 60
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practice. Meanwhile, monochromatic X-ray is an X-ray with exclusively a single
wavelength [31, 32]. As for the diagnostic X-rays, average photon energy was mea-
sured using half-value layer (HVL) experiment [33] for each of the accelerating
voltage used for the specific applications. This average photon energy is an impor-
tant parameter for further attenuation coefficient comparison between the measured
value of the experiment and the tabulated data NIST XCOM [16].

1.2.5 Effect of Particle-Size on X-Ray Attenuation

Currently, it was demonstrated that materials at the nanoscale have unique physical
and chemical properties compared to their bulk counterparts and these properties
are highly promising for a variety of technological applications. Hence, there are
no doubts that numerous analytical methods have been developed to investigate the
effect of particle size of a material on the X-ray attenuation for various incoming
X-ray energy ranges including the scattered photons [2, 5, 11, 34–41]. Some X-ray
technologists believed that nano-sized particles will disperse more uniformly within
the matrix with fewer agglomerations when compared to micro-sized particles and
consequently affected the density and composition that modify the X-ray attenua-
tion ability of the material [2, 17, 42]. In addition, nanomaterials have unique mate-
rial properties that can be exploited to develop novel lead-free radiation-protection
materials.

For instance, Hołyńska (1969) found that the intensity of scattered radiation
increases with increasing grain size [34]. This size-effect has been observed in a
sand matrix and for samples containing heavy elements such as iron or barium [34].
Moreover, the latest work done by Buyuk et al. (2012) proved that decreasing the tita-
nium diboride particle size in the titanium diboride reinforced boron carbide-silicon
carbide composites results in a higher linear attenuation coefficient for the energy of
0.662 MeV emitted by a Cs-137 gamma source [43]. In a complementary finding, a
recent study by Botelho et al. (2011) showed that nanostructured copper oxide (CuO)
is more effective in attenuating X-ray beams generated from lower tube voltages (i.e.
26 and 30 kV), whilst no significant variation in the attenuation of the X-ray beams
generated from higher tube voltages (i.e. 60 and 102 kV) were observed [17].

Künzel and Okuno (2012) also provided similar results, showing that the X-ray
beam attenuation is greater for a nanostructured CuO compound incorporated to a
polymeric resin compared to themicrostructured counterpart for low energies of tube
voltages (25 and30kV) for a range of 5, 10 and30%CuOconcentrations incorporated
into polymeric resins [44]. They found that the sample of 5, 10 and 30% nanostruc-
tured CuO incorporated to a polymeric resin absorbs more low energy photons (25
and 30 kV tube voltages) compared to the microstructured ones. Meanwhile, for the
X-ray beams produced at 60 and 120 kV tube voltages, a minimal difference, less
than 2%, in the X-ray transmission through the nanostructured and microstructured
materials is observed [44].
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1.2.6 Advantages and Disadvantages of Commercial Lead
Glass

X-ray shielding lead glass is utilized inmedical and industrial applications so that the
operator can view the part or patient without being exposed to X-ray or Gamma-ray.
To provide viewing of the patient in the X-ray room while providing protection to
the operator, lead glass viewing windows can be furnished in the barrier. In most
cases, the X-ray attenuation of the glass must be at least equal to the wall or barrier
in which the window is installed. It can be installed in multiple layers so as to provide
the same lead equivalency as the wall [45–47].

Lead glass ensures excellent protection against gamma and X-rays. Its effective-
ness for X-ray shielding increases the attenuation of ionizing photons emitted by
X-ray equipment, because this property increases dramatically as the atomic num-
ber of the attenuating material increases. Lead has a high atomic number which is
further increases the density of lead glass, thus increasing the attenuation of X-ray
photons. X-rays used in medical applications, specifically diagnostic X-rays, often
have lower energies on the ionizing radiation spectrum, which are easily shielded by
leaded glass [46].

Lead glass utilizes lead in the form ofmore than 65% lead oxide into a glass during
the manufacturing process. It is transparent and easy to see through for observation
purposes since it is made of high-quality optical grade material. It also offers a high
refractive index and high light transmission with little to no distortion, even in the
thickest available varieties, delivers superior visual clarity and does not discolor due
to radiation. One important advantage during everyday use is that the glass resists
scratches much better than plastic since it has hard and polished both surfaces (using
Mohs’ hardness scale tests at Level 6 which compatible to feldspar, a constituent of
granite) [48]. It also is an incombustible material and has a high chemical resistance
as well [45–48].

Even though lead glass provides good X-ray attenuation ability, but it also still has
some disadvantages or limitations. Lead glass transmits more light, thereby it will
create more annoying reflections causing eye strain to medical personnel. Moreover,
it is very fragile and easily breakable or can shatter into sharp pieces if not handled
with care. It is also a heavy and very expensive material. In addition, it cannot be
tempered as it is physically impossible due to its lowmelting temperature and surface
characteristics. During shipment, it is more prone to breakage, so it must be shipped
on its edge and never laid flat. Crates must not be stacked upon or dropped [47]. Due
to these drawbacks, many researchers are seeking a new safely, rigid and not heavy
radiation shielding material. One of the advanced contributions is using polymer
composites to fabricate new radiation shielding material [49].
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Table 1.2 Lead
equivalencies, thicknesses
and densities of lead acrylic
used as X-ray shielding [52]

Lead equivalency (mm) Thickness (mm) Weight (lb./ft)

0.3 7 2.3

0.5 12 3.9

0.8 18 5.9

1.0 22 7.2

1.5 35 11.5

2.0 46 13.7

1.2.7 Other Commercial Polymer Composites for X-Ray
Shielding

Recently, several significant research efforts have been focused toward designing
efficient, stronger, lightweight, cost-effective, and flexible shielding materials for
protection against radiation encountered in medical X-ray either for diagnosis or
treatment. In this regard, polymer composites have become attractive candidates for
developing materials that can be designed to effectively attenuate photon or particle
radiation. Here are some commercial polymer composites used nowadays for X-ray
shielding purposes.

(a) Lead acrylic

Lead acrylic is made from an acrylic copolymer resin into which lead is chemically
introduced as an organo-lead salt compound. It is a unique, versatile, transparent
plastic that contains 30% lead weight and has a constant density of 1.6 gm/cm3

with a refractive index of 1.54. It combines superb light transmission with effective
radiation protection. Recently, it has been widely used as the substitution for lead
glass as the observation viewing windows and intercommunication windows, door
glazing, panoramic glazing, mobile shielding protection or protection panels for
check-up systems [50, 51]. Lead equivalencies, thicknesses and densities of lead
acrylic are summarized in Table 1.2 [52].

For the same lead equivalent, lead acrylic has to be approximately 5 times thicker
than lead glass, significantly reducing observation capabilities. For example, 2.0 mm
lead glass would be 5/16′′ thick and lead acrylic would be approximately 1–1/2′′
thick for the same protection.

(b) X-ray lead vinyl

X-ray lead vinyl is more suitable for use in low energy X-ray/gamma radiation
reduction. It is flexible and pliable for a wide variety of applications such as a lead
vinyl curtain since it has uniform density for a consistently dependable shielding
value and is very durable and abrasion resistant for everyday use. Moreover, it has
a high acid/alkali resistance and it is smooth and easy to clean its surfaces on both
sides [53]. Table 1.3 shows the lead equivalence shielding value for a specified lead
vinyl thickness.
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Table 1.3 Lead equivalence
shielding value for a specified
lead vinyl thickness [53]

Lead vinyl thickness (mm) Lead equivalence shielding value
(mm)

0.8 0.25

1.6 0.50

3.2 1.00

(c) Poly tungsten

Poly tungsten or also known as the tungsten—filled polymer is a composition
of various resins and tungsten powder which are mixed together through special
metallurgical technology. The resins may include acrylonitrile butadiene styrene
(ABS), polypropylene (PP), polybutylene terephthalate (PBT), polyamide (PA),
polyurethane (PU), and thermoplastic elastomer (TPE). Poly tungsten has a high
density of more than 11.34 g/cm3 which provide a perfect radiation shielding per-
formance since tungsten has comparable radiation shielding ability as a lead but is
less hazardous than lead. The poly tungsten is made of non-toxic and recyclable
materials and produces no pollution to the environment. To date, many manufac-
turers, especially those in the medical industry, are trying to replace lead radiation
shielding products with poly tungsten products. Furthermore, it has good flexibility
and excellent workability in which the poly tungsten sheets can be cut or holed with
household scissors and formed into shapes with various curved surfaces [54, 55].

Tungsten-filled polymers can replace lead in radiation shielding applications such
as X-ray equipment and CT scanning devices, tungsten poly syringe, tungsten poly
collimator, radiation-protective clothing, etc. Testing, both on prototypes and actual
products already in use, has proven that our tungsten-filled polymer products provide
radiation shielding better than lead material radiation shielding without leakage or
hot spots [54].

(d) Hybrid polymer X-ray shielding material

The hybrid polymer X-ray shielding material is a chemical compound of many
organic and inorganic materials so that it is able to shield X-ray radiation. This
X-ray radiation shielding material can be used in many areas like in research labo-
ratories, in medicine, industry, agriculture or military. It has many advantages over
lead shielding plates. Apart from being able to stop the X-ray, it is lighter and can
shape easier than lead plates and also it is economic. Another important specification
of this hybrid polymer X-ray shielding material is it is not toxic to human beings and
for the environment [56].

(e) Other polymer composites

In the meantime, many researchers tried to prepare new polymer composites for
X-ray shielding purposes too. For instance, Harish et al. (2009) have prepared
lead monoxide-polyester [12] and also lead oxide-isophthalic resin (ISO) [11] for
gamma radiation shielding applications. The lead monoxide-polyester composites
were observed to exhibit excellent % of heaviness and half value layer in comparison
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with other conventional materials [12]. Meanwhile, the lead monoxide-ISO compos-
ites when compared to conventional shieldingmaterials perform as strong contenders
to barite, steel and concrete at low gamma ray energies. Even at higher gamma ray
energies considered, they perform satisfactorily and are very much comparable to
steel and concrete [11].

Nambiar et al. (2011) have prepared polydimethylsiloxane (PDMS) composites
with different weight percentages (wt%) together with the following high atomic-
number (Z) materials: (i) bismuth tungsten oxide (BTO), (ii) bismuth oxide (BO)
[57]. X-ray attenuation tests were performed using the diagnostic X-ray machine
(Ysio, Siemens) for voltages from 40 to 150 kV. PDMS composite with 36.36 wt%
of BTO shows an overall increase of 18.3 and 50% attenuation relative (absolute
differential between the % attenuation) to that achieved by 18.18 wt% of BTO and
pure PDMS (no BTO) respectively. A composite sample with 60.6 wt% of BO
(thickness of 2.67 mm) has shown the best result, by far, with 92.5% attenuation of
the beam at 60 kV [57].

Furthermore, polymer-based nanocomposites for shielding against diagnostic X-
rays were developed. For instance, Nambiar et al. (2013) succeeded in fabricating
polydimethylsiloxane/bismuth oxide (PDMS/BO) nanocomposites by using differ-
ent weight percentages (wt%) of bismuth oxide (BO) nanopowder [49]. The X-ray
attenuation properties of the nanocomposites were characterized using diagnostic X-
ray energies from 40 to 150 kV tube potential and were compared to the attenuation
characteristics of 0.25-mm-thick pure lead sheet. The PDMS/BO nanocomposite
(44.44 wt% of BO and 3.73-mm thick) was capable of attenuating all the scattered
X-rays generated at a tube potential of 60 kV, which is the beam energy commonly
employed in interventional radiological IVR [49].
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Chapter 2
Materials and Methodology

Abstract Various composite samples were prepared by mixing lead oxide, bis-
muth oxide or tungsten oxide of either nano-sized or micro-sized with epoxy resin,
acrylic, PLA and PVA polymers using three different methods i.e melt-mixing, ion-
implantation and electrospinning. Meanwhile, there were various samples character-
ization tests were done such asX-ray attenuationmeasurement, densitymeasurement
and morphology studies in order to characterize the properties of the prepared sam-
ples so that they were applicable and suitable to be the X-ray shielding material
candidate.

2.1 Lead Oxide–Epoxy Composites

2.1.1 Samples Preparation

Micron-sized of PbO and Pb3O4 powder (Chem Supply, Gillman, South Australia,
product numberLL021)were used as thefiller to prepare leadoxide–epoxycomposite
samples. Initially, the filler powderwas added into the FR251 epoxy resin (Bisphenol-
Adiglycidyl ether polymer) before the FR251 hardener (isophoronediamine) was
mixed into it. The ratio of epoxy resin to hardener used was 2:1. The mixing of
filler powder in epoxy resin was done through gentle stirring with a wooden stick
within a beaker with constant speed for 10 min to ensure uniform dispersion of the
powder in epoxy matrix. The well-mixed mixture was then cast in a 4 × 6 cm2

rectangular silicon rubber mold with a thickness of 5 mm and could set overnight at
room temperature. The list of samples with different weight percentages of PbO and
Pb3O4 fillers are shown in Table 2.1.
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Table 2.1 List of composites
prepared with different
weight fractions of filler and
epoxy system and
corresponding designations
used in this study

Composite by weight fraction
(wt%)

Composite designation

Filler Epoxy system

PbO 10 90 A1

30 70 A2

50 50 A3

70 30 A4

Pb3O4 10 90 B1

30 70 B2

50 50 B3

70 30 B4

2.1.2 Density Measurements

The apparent density ρ of prepared samples was measured using the Archimedes
method and calculated using Eq. (2.1) [1]. A calibrated single pan electrical balance,
ethanol, and toluene were used for this purpose.

ρ = m1

m2 − m3
(ρl) (2.1)

where m1, m2 and m3 are the mass of the sample weighted on the balance, the mass
of the sample hanging on balance arm in the air and the mass of the sample hanging
on the balance arm immersed in ethanol respectively while ρ l is the density of the
immersion liquid (ethanol and toluene).

The measured densities were compared with the theoretical values, ρc (with an
assumption that the samples were free from voids) which are determined according
to Eq. (2.2) [2]:

ρc = 100[
F
ρ f

+ E
ρe

] (2.2)

where F is the wt% of the filler, E is the wt% of epoxy, ρ f is the density of filler, ρe

is the density of epoxy system.
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2.1.3 Measurement of X-Ray Mass Attenuation Coefficients
(µm)

To determine the initial dose (Do), the generated X-rays were directly exposed to the
DIADOS diagnostic detector connected to DIADOS diagnostic dosemeter (PTW-
Freiburg, Germany) without having passed though any sample. The distance between
the X-ray tube and the detector was set to 100 cm, and the X-ray beam was well
collimated according to the size of the sample. This experiment was done using
a calibrated X-ray machine in Royal Perth Hospital, Western Australia. The final
dose (D) was taken with the sample placed on the detector. The exposure was set at
10 mA s, where the X-ray tube voltage was started at 40 kVp with 10 kVp increment
up to 100 kVp. Next, the linear attenuation coefficient (μ) for each sample was
determined by Eq. (2.3), where x is the thickness of the sample. This μ is divided by
the calculated ρcomp according to Archimedes’ method [1] to determineμm (Eq. 2.4).

μ =
(
ln Do

D

)

x
(2.3)

The observed results of lm were compared with the theoretical values evaluated
from Hubbell’s database, NIST XCOM.

μm = μ

ρcomp
(2.4)

2.1.4 Powder Diffraction

Powder diffraction measurements were performed at the Australian Synchrotron in
Melbourne to identify the crystalline phases present in the samples. This work was
conducted on the Powder Diffraction beamline, and the diffraction patterns were
recorded in the 2θ range of 10–60° at a fixed wavelength of 1.37 Å.

2.1.5 Optical Microscopy

Optical microscopy was done using Nikon ME600 optical microscope. The samples
were polished using diamond pastes from 15 to 1.0 lm to obtain mirror-like surface
finish.
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Table 2.2 List of prepared
samples with different weight
fractions of filler (WO3) and
epoxy resin

Composite by volume fraction (vol%)

Filler (WO3) Epoxy resin

5 95

10 90

20 80

30 70

35 65

2.1.6 Scanning Electron Microscopy (SEM)

The surface of the samples was also examined using a Zeiss Evo 40XVP scanning
electronmicroscope. Samples were Pt-coated to prevent any charging on the samples
during the imaging process. The backscattered electron technique was chosen to gain
better contrast because of different atomic number between epoxy and lead. A pure
epoxy sample was also examined as a control.

2.2 Tungsten Oxide—Epoxy Composites

2.2.1 Samples Preparation

Nano-sized (<100 nm) and micro-sized (~20 μm) tungsten oxide (WO3) were used
as filler for synthesizing WO3-epoxy composites. The former was obtained from
Sigma-Aldrich and the latter (FR251) from Fibreglass and Resin Sales.

To prepare WO3-epoxy composite samples, WO3 powder was added into the
FR251 epoxy resin (Bisphenol-A diglycidyl ether polymer) before the FR251 hard-
ener (Isophoronediamine) was mixed into it. The ratio of epoxy resin to hardener
used was 2:1. The mixing of WO3 powder in epoxy resin was done through gentle
stirring using a stirring machine at constant speed for 15 min to ensure uniform dis-
persion of the powder in epoxy matrix. The well-mixed mixture was then cast in a
4 cm × 6 cm rectangular silicon rubber mould with a thickness of 7 mm and could
set overnight at room temperature. The list of prepared samples with different weight
percentages of WO3 are shown in Table 2.2.

2.2.2 Measurement of X-Ray Mass Attenuation Coefficient
(µm)

This work was done using two different sets of equipment. For the lower X-ray
energy range, a mammography unit (brand: Siemens AG, model: 2403951-4 G.E
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Health Care) was used while a general diagnostic X-ray machine (brand: Shimadzu,
model: Circlex 0.6/1.2 P364DK-100SF) was used for the higher X-ray energy range.
The initial X-ray intensity (Io) was determined by directly measuring X-rays with
the DIADOS diagnostic detector connected to DIADOS diagnostic dosimeter (PTW-
Freiburg,Germany) in the absenceof the sample.Thedosimeter is a universal dosime-
ter for measuring simultaneous dose and dose rate for radiography, fluoroscopy,
mammography, dental X-ray and CT with a sensitivity of 0.01 microRoentgen (μR).
Meanwhile the transmitted X-ray intensity (I) was taken with the sample placed on
the detector. The distance between the X-rays’ tube and the detector was set to 86 cm
since this is the maximum distance that can be adjusted for the mammography unit,
and the X-ray beam was well collimated to the size of the sample.

The exposure was set at 10 mAs to obtain meaningful readings for this type of
detector. The range 22–49kVofX-ray tube voltagewas selected frommammography
unit since the machine can go only within this range for lower X-ray energy. On the
other hand, the range of X-ray tube voltage (40–120 kV)was chosen from the general
diagnosticX-raymachine because this range is the normal range ofX-ray tube voltage
used in general diagnostic imaging purposes. The transmitted X-ray beam intensity
(I) for each sample at each X-ray tube voltage was determined directly from the
dosimeter reading. For each composite, the measurements were performed three
times to obtain an average value. The performance of micro-sized and nano-sized
WO3-epoxy composite was compared from the graph of I as a function of filler
loading for each X-ray tube voltage.

2.3 Ion-Implanted Epoxy

2.3.1 Samples Preparation

Pure epoxy samples were prepared by mixing one part of FR251 hardener
(Isophoronediamine) with two parts of FR251 epoxy resin (Bisphenol-A diglycidyl
ether polymer). The mixing of epoxy resin and hardener was done through gentle
stirring using a stirring machine (2 level of speed) within a beaker with constant level
1 speed for 10 min to ensure the uniformity of the mixture. Then, the mixture was
cast in cylindrical Fixiform moulds (diameter of 25 mm) with a thickness of 2 mm
and allowed to set overnight. The cured epoxy samples were polished using diamond
pastes from 15 to 1.0 lm to obtain flat and mirror-like surface finishes.

2.3.2 Ion-Implantation

For this preliminary investigation of the X-ray attenuation characteristics of ion-
implanted composites, we started with lower implanted dose in order to prevent
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possiblemelting and/or decomposition of the epoxy samples during ion implantation.
Polished epoxy samples were implanted with tungsten (W), gold (Au) and lead (Pb),
produced by a metal evaporation and direct extraction ion source. For this type of
ion source, the charge distribution of positive ions was measured previously by RBS
and they are: W+1 = 1%, W+2 = 16%, W+3 = 58%, W+4 = 25%, Au+1 = 12%, Au+2

= 78%, Au+3 = 9%, Au+4 = 1% and Pb+1 = 35%, Pb+2 = 64%, Pb+3 = 1%. These
values are close to the theoretical prediction using the Debye–Huckel approximation
of non-ideal plasma [3]. The RBSmeasured values of charge distribution result in an
average charge ofW+ 3.07,Au+1.99 andPb+1.66. Thus, the ion acceleration of 40 kV
used in this work afforded an average implantation energy of W= 122.8 keV, Au=
79.6 keV and Pb = 66.4 keV, and a projected range in epoxy of 80 nm, 59 nm and
54 nm, respectively. The beam size was close to 20 cm2, and the beam current used
in this experiment was around 30 lA. The ion fluence was monitored by converting
the ion target current into pulses using a current-to-frequency convertor. In this work
all three ions were implanted at nominal doses between 7 × 1014 ions/cm2 and 1.4
× 1015 ions/cm2, measured by RBS, after the implantation process, and converted
in [at. %] for ease of comparison.

2.3.3 Ion Beam Analysis and Rutherford Backscattering
Spectroscopy (RBS)

The near surface composition depth profiling of ion-implanted epoxy samples was
characterized by ion beamanalysis andRBSusing a beamof 1.8MeVHe1+ ions beam
at the Australian Nuclear Science and Technology Organisation. The information
obtained was processed using SIMNRA code [4] which allowed calculation of depth
distribution of implanted species and the implanted dose, which was converted in
concentration. For these particular samples, a depth resolution of the order of 10 nm
was achieved for the implanted heavy element.

2.3.4 Measurement of X-Ray Mass Attenuation Coefficients
(µm)

This work was done using a general diagnostic X-ray machine (brand: Shimadzu,
model: Circlex 0.6/1.2 P364DK-100SF). The initial X-ray dose (D0) was determined
by directly measuring X-rays with the DIADOS diagnostic detector connected to
DIADOS diagnostic dosemeter (PTW-Freiburg, Germany) in the absence of the
sample. The dosemeter is a universal dosemeter for measuring simultaneous dose
and dose rate for radiography, fluoroscopy, mammography, dental X-ray and CT.
Meanwhile the exit dose (D) was taken with the sample placed on the detector. The
distance between the X-rays tube and the detector was set to 100 cm and the X-ray
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beam was well collimated to the size of the sample. The exposure was set at 10 mAs
to obtain meaningful reading for this type of detector while the tube voltage was
increased from 40 to 100 kV in step of 10 kV for each dose measurement. The range
of X-ray tube voltage (40–100 kV) was selected because this diagnostic imaging
purposes. The mass attenuation coefficient, (μm = l/ρcomp) for each sample was
determined from Eqs. (2.3) and (2.4).

2.4 Ion-Implanted Acrylic and Glass

2.4.1 Samples Preparation

Commercial samples of acrylic and glass were used for this work.

2.4.2 Ion-Implantation

As a starting study of X-ray shielding capability on different ion-implanted matri-
ces, the sample matrixes were implanted with tungsten (W) of a nominal dose (7 ×
1014 ions/cm2) and lead (Pb) of the nominal dose (7 × 1014 ions/cm2) and (1.4 ×
1014 ions/cm2) respectively. These lower nominal doses were chosen as the preface
investigation in order to prevent possiblemelting and/or decomposition of the sample
matrix during high energy implantation and then will be converted in [at.%] for ease
of comparison. The ions were produced by a metal evaporation and the direct extrac-
tion ion source. The charge distribution of positive ions of W and Pb as measured
previously by RBS are: W+1 = 1%, W+2 = 16%, W+3 = 58%, W+4 = 25%, and
Pb+1 = 35%, Pb+2 = 64%, Pb+3 = 1% which are nearly the same as the theoretical
prediction by the Debye–Huckel approximation of non-ideal plasma [3]. The RBS
measured values of the charge distribution provided an average charge of W+3.07 and
Pb+1.66. Meanwhile, an average implantation energy of W = 122.8 keV and Pb =
66.4 keV was afforded with the ion acceleration of 40 kV used in this study. The
beam size was close to 20 cm2, and the beam current used in this experiment was
around 30 μA. The ion fluence was monitored by converting the ion target current
into pulses using a current-to-frequency convertor.

2.4.3 Ion Beam Analysis and Rutherford Backscattering
Spectroscopy (RBS)

Characterization of the near surface composition depth profiling of all ion-implanted
samples was performed using an ion beam analysis and RBSwith a beam of 1.8MeV
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He1+ ions beam at the Australian Nuclear Science and Technology Organization.
Next, the information gathered was processed with SIMNRA code [4] to get the
calculation of the depth distribution of implanted species and then was converted
in concentration [at.%]. These results were compared with the previous results on
ion-implanted epoxy samples [5].

2.4.4 Measurement of X-Ray Linear Attenuation Coefficients
(µm)

A general diagnostic X-ray machine (Make: Shimadzu, Model: Circlex 0.6/1.2
P364DK-100SF), a DIADOS diagnostic detector and a DIADOS diagnostic dosime-
ter (PTW-Freiburg, Germany) were used to study the X-ray shielding capability of
these implanted sample matrixes. The DIADOS dosimeter is a universal dosime-
ter for measuring simultaneous dose and dose rate for radiography, fluoroscopy,
mammography, dental X-ray and CT. The incident X-ray dose was measured by
placing the detector directly below the X-ray tube at a distance of 100 cm. The exit
dose (D) was measured by placing the sample on the detector. The X-ray beam was
well collimated to the size of the sample and the exposure was set at 10 mAs to
receive significant readings for this type of detector. The range of X-ray tube volt-
age (40–100 kV) was selected for this investigation since this range is the normal
range of X-ray tube voltage used in the general diagnostic imaging purposes. The
linear attenuation coefficient, μ (unit: cm−1) for each sample was determined from
Eq. (2.3).

2.5 Electrospun Bismuth Oxide/Poly-lactic Acid
Nanofibre-Mats

2.5.1 Materials

Bismuth (III) oxide (Bi2O3) particles of sizes 90–210 nm and 10 μm were used
as filler for synthesizing electrospun Bi2O3/poly lactic acid (PLA) nanofibre mats
and Bi2O3/PLA thin films. Bi2O3, chloroform and methanol were obtained from
Sigma-Aldrich. Meanwhile, PLA (3051D) pellets with the molecular weight Mn
= 93.500 g mol and glass transition temperature Tg = 65.50 °C were supplied by
NatureWorks USA.
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Table 2.3 Prepared
electrospun Bi2O3/PLA
nanofibre mats with different
weight fractions (wt%) of
filler (Bi2O3) and PLA

Filler (Bi2O3) (wt%) PLA (wt%)

24 76

28 72

34 66

38 62

2.5.2 Samples Preparation

Electrospinning was carried out using 9% wt/v PLA solution by mixing with 8 mL
of chloroform and 2 mLmethanol as the solvents. The micro(m)-Bi2O3 and nano(n)-
Bi2O3 suspension was added at 24–38 wt% to the polymer solution and was homog-
enized for 45 min under ultrasonication. For electrospinning process, the solutions
were transferred to a 10-mL syringe pump with 25-G needles. The flow rate of poly-
mer solution was 1 mL/h, and the applied positive voltage used was in the range of
18–20 kV. The distance between the needle tip and the target was set at 12 cm. The
resulting nanofibre mats were collected on a flat aluminium foil for about 2 h to get
an acceptable thickness for X-ray transmission experiment. The nanofibre mat was
removed from the aluminium foil and was cut to a dimension of 2.0 × 1.5 cm2 or
was folded together before cutting so that the nanofibre mat has an acceptable thick-
ness for a reliable X-ray transmission experiment. Three sets of the same nanofibre
mats were prepared. The list of prepared electrospun Bi2O3/PLA nanofibremats with
different weight percentages of Bi2O3 are shown in Table 2.3.

The solution casting method was performed to prepare Bi2O3/PLA thin films for
verifying the X-ray transmission results obtained for electrospun Bi2O3/PLA fibre
mats. In this method, PLA was mixed with the chloroform without methanol (since
methanol was only used in the electrospinning process to increase the conduction of
the solution and will totally evaporate during the process) of the same amount as in
the electrospinning process and was homogenized for 45 min under ultrasonication.
Then, the solution was poured into a beaker of 5 cm diameter and left in the fume
cupboard for 24 h to dry. Next, the thin film was removed from the beaker and
three sets of the same thin film were cut to pieces of 2.0 × 1.5 cm2 for X-ray
transmission experiments. The list of prepared Bi2O3/PLA thin films with different
weight percentages of Bi2O3 are the same as shown in Table 2.3.

2.5.3 Measurements of Sample Thickness and Porosity

Since it is difficult to produce all the electrospun Bi2O3/PLA fibre mats to have a
constant thickness which is an important factor in X-ray transmission comparison,
the average thickness of nanofibre mat was measured by weighing and carefully
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determining the area of the nanofibre mat. The average thickness (tave) of the nanofi-
bre mat was determined from Eq. (2.5) where m is the mass, A is the surface area;
and ρ is the apparent density of the electrospun Bi2O3/PLA nanofibre mat.

tave = m

Aρ
(2.5)

The apparent density (ρ) of the electrospun Bi2O3/PLA fibre mat was accurately
measured using the density bottle method (ASTM D854). An average of three mea-
surements was taken for each electrospun Bi2O3/PLA fibre mat. The porosity of
the electrospun nanofibre mat was calculated by using the following Eq. (2.6). A
calibrated single pan electrical balance and distilled water were used for this purpose.

Porosi ty(%) =
(
1− ρ

ρtheory

)
(2.6)

where, ρ theory is the bulk density of the Bi2O3/PLA composite.
The average thickness tave of individual (2.0× 1.5 cm2) thin films was measured

using vernier caliper.Meanwhile, the apparent density (ρ) of thin filmswasmeasured
using Eq. (2.7) where m is the weighted sample’s mass and A is the surface area of
Bi2O3/PLA thin film.

ρ = m

tave × A
(2.7)

2.5.4 Measurement of X-Ray Transmission

Two separate instruments were used to characterize the X-ray transmission of pre-
pared samples. The first involved the use of X-ray absorption Spectroscopy (XAS)
beamline at the Australian Synchrotron. Experiments were carried out in the energy
range of 7–20 keV using a Si (311) monochromator and a beam size on the sample of
about 0.25 by 0.25mm2 and a photon flux of about 1011 ph/s. Transmission data were
collected in an ionization chamber after the sample, and compared to the incident
beam flux. For each sample 20 readings were recorded at each energy. To normalize
the data collected readings were also recorded for an empty sample holder.

The second instrument used was a mammography unit (brand: Siemens AG,
model: 2403951-4 G.E Health Care) at Royal Perth Hospital, Western Australia.
For the work with this mammography unit, the exposure was set at 10 mAs to obtain
meaningful readings for DIADOS diagnostic detector connected to the DIADOS
diagnostic dosimeter (PTW-Freiburg, Germany) and the range 22–49 kV of X-ray
tube voltage was selected. The dosimeter is a universal dosimeter for measuring
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Table 2.4 Anode/filter
combination operated by the
mammography machine

X-ray tube voltage (kV) Anode/filter combination

22 Mo/Moa

25

30

35 Mo/Rhb

40

45 Rh/Rhc

49

aMolybdenum anode/molybdenum filter. bMolybdenum
anode/rhodium filter. cRhodium anode/rhodium filter

simultaneous dose and dose rate for radiography, fluoroscopy, mammography, den-
tal X-ray and CT with a sensitivity of 0.01 microRoentgen (μR). Three different
anode/filter combinations (Table 2.4) were used for filtering the X-ray beam pro-
duced by the chosen X-ray tube voltages used for the mammography machine, since
the combination was controlled by the machine itself. The X-ray beams generated by
these anode/filter combinations composed mainly of the characteristic X-ray ener-
gies of molybdenum (17.5 and 19.6 keV) or rhodium (20.2 and 22.7 keV). For each
sample, the measurements were performed three times. The detector was placed
86 cm under the X-ray tube since this is the maximum distance that can be adjusted
for the mammography unit, and the X-ray beam was well collimated to the size of
the sample size to minimize the scattered X-ray produced by the sample.

An average value for the incident intensity Io (determined by directly measuring
X-rays passed through the detector in the absence of the sample) and transmitted
intensity I (determined by a sample placed in front of the detector) were calculated
and a graph of the X-ray transmission (T = I/Io) as a function of wt% was plotted
for each of the X-ray tube voltage chosen with (T ) was related to Eq. (2.8).

T =
(

I

Io

)
= e−μtave (2.8)

2.5.5 Scanning Electron Microscopy (SEM)

The depth profile of the samples was examined using Zeiss Evo 40XVP scanning
electron microscope at the voltage of 15 kV with the working distance between
8.0 and 9.0 mm. Both secondary electrons (SE) and backscattered electron (BSE)
techniques coupled with an energy dispersive X-ray spectroscopy (EDS) were done
after standard coatingwith platinum tominimize charging to show the different of the
image due to the different atomic number of PLA and bismuth. A pure electrospun
PLA nanofibre mat was also examined as a benchmark.
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Table 2.5 Compositions of
WO3-epoxy composites with
different volume fractions of
filler WO3 and epoxy resin

Composite by volume fraction (vol%)

Filler (WO3) Epoxy resin

2 98

4 96

6 94

8 92

10 90

2.6 Micro-sized and Nano-sized Tungsten Oxide-Epoxy
Composites

2.6.1 Samples Preparation

Nano-sized (<100 nm) tungsten oxide and micro-sized (~20 μm) tungsten oxide
(WO3) were used as the filler for synthesising WO3-epoxy composites. The former
was obtained from Sigma-Aldrich and the latter (FR251) from Fibreglass and Resin
Sales. The particle sizes were provided by Sigma-Aldrich.

Details about the preparation of the WO3-epoxy composite samples are available
in [6]. For the current work, the thickness of the samples was set at 2.0 mm. The list
of the prepared samples with the different volume percentages of WO3 is shown in
Table 2.5.

2.6.2 Measurements of X-Ray Transmission

This work was done using the X-ray Absorption Spectroscopy (XAS) beamline at
the Australian Synchrotron located in Melbourne. Experiments were carried out in
the energy range of 10–40 keV using an Si (311) monochromator and a beam size
on the sample of about 0.25 × 0.25 mm2 and a photon flux of about 1011 ph/s.
Data on X-ray transmission (I/Io) were collected in an ionisation chamber after the
sample, and compared to the incident beam flux. For each sample, 20 readings were
recorded at each energy level. To normalise the data collected, readings were also
recorded for an empty sample holder. The average I/Io was calculated and plotted as
a function of filler loadings (WO3 vol%) for each synchrotron radiation energy. The
X-ray transmission (I/Io) was related to the linear attenuation coefficient (μ) and the
thickness of the samples (t) through Eq. (2.8).

Next, all the samples were examined again with a mammography unit and a
radiology unit according to previous experiments [6].
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2.6.3 Powder Diffraction

Powder diffraction (PD) measurements were conducted to identify the crystallite
size of the WO3. This was done at the Australian Synchrotron in Melbourne, on the
Powder Diffraction beamline. Mythen detectors were used to record the diffraction
patterns in the 2θ range of 0°–60° at a fixed wavelength of 1.13 Å. The crystallite size
(L) of the nano sized WO3 was determined using the Scherrer equation as follows
(Eq. 2.9):

L = kλ

(FWHM) cos θ
(2.9)

where k is a constant depending upon the crystal shape and size (k = 0.90), λ is
the wavelength, FWHM is the full-width half maximum of the peak and 2θ is the
diffraction angle of the strongest peak.

2.6.4 Flexural Tests

Three-point bending tests were used to determine the flexural strength and modulus
of theWO3-epoxy composites containing different loadings of nano-sized andmicro-
sizedWO3. Specimens with dimensions 60 mm× 10 mm× 2 mmwere prepared for
the test according to the ASTMD790-03 standard [7] on a universal testing machine
(LLOYD Instruments). A minimum of three samples was tested for each composite
and the average results were taken. In these measurements, the samples were tested
to the applied load with the results calculated by the NEXYGEN Plus software.

2.6.5 Indentation Hardness Test

The hardness values of polished WO3-epoxy composites were determined using a
Rockwell hardness tester with scale H. The hardness measurements were conducted
using an indentation load of 588.4 N and ball diameter of 0.3 cm. Five measurements
were conducted for each sample in order to obtain an average value.
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2.7 Starch Filled Bi2O3–PVA Composites

2.7.1 Materials

Bismuth (III) oxide, Bi2O3, with a density of 8.9 g/cm3, (10–100 nm, Sigma-Aldrich)
and (20 lm, Alfa Aesar), polyvinyl alcohol, PVA [molecular weight: 89,000–98,000;
hydrolysis rate: 99? %; density: 1.3 g/cm3 (Sigma-Aldrich)], and starch (potato
starch, Sigma-Aldrich) were used in the present study.

2.7.2 Samples Preparation

PVA powder was dissolved in double distilled water at 90 °C and stirred for 6 h
in order to ensure that the powders dispersed uniformly. The micro-sized and the
nanosized Bi2O3–PVA composites were added with different weight percentages
(wt%), as depicted in Table 2.6.

The PVA solution was prepared by mixing the PVA powder with distilled water in
a beaker. Then, Bi2O3 powder was added and heated at a constant temperature (90–
100 °C). The solution was stirred at a constant speed for 6 h in order to ensure that
the powders dispersed uniformly. The micro-sized and the nano-sized Bi2O3–PVA
composites were prepared with different weight percentages (wt%), as depicted in
Table 2.6. The steps were repeated with the addition of different amounts of starch,
as listed in Table 2.7. For the initial investigation, the addition of starch into the
composite was prepared only for the Bi2O3 filler with wt% of 8, 12, and 15. This
procedure was performed to gain better dispersion of both micro-sized and nano-
sized Bi2O3 particles within the PVA matrix, as well as to assist in enhancing the
effect of Bi2O3 particle sizes on the X-ray transmission readings. This preliminary
approach was done due to the supporting evidence provided by Hejri et al. [8],
who claimed that uniform dispersion of TiO2 nanoparticles was found within the

Table 2.6 Weight percentage of Bi2O3 and PVA

Element Weight percentage (wt%)

Bi2O3 8 12 15 18 21

PVA 92 88 85 82 79

Table 2.7 Weight percentage of Bi2O3, PVA and starch

Element Weight percentage (wt%)

Bi2O3 8 8 12 12 15 15

PVA 91 89 87 85 84 82

Starch 1 3 1 3 1 3
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starch–PVA matrix. Finally, the mixture was cast in a rectangular glass plate with
a dimension of 11.6 cm × 9 5.6 cm. The sample was left to dry for a week in a
closed container within a fume cupboard. After drying, the polymer composite was
peeled off from the casting plate, stored, and ready for transmission measurement.
The average thickness of the polymer composite was found to be about 0.25 mm.

2.7.3 Density Measurements

The density, ρ, of the samples was determined by using the Archimedes principle
with ethanol as the immersion medium, based on the relation provided in Eq. (2.1).

2.7.4 Measurement of X-Ray Transmission

The X-ray transmission was performed by using two modalities, i.e., X-ray fluores-
cence spectroscopy (XRF) and mammography units (brand: Philips, model: Mam-
moDiagnost AR). In addition, several metal targets, such as niobium, molybdenum,
palladium, silver, and tin, were used to measure the X-ray transmission by the sam-
ples via XRF unit. These metal targets produced the characteristic of X-ray with
energy values of 16.59, 17.46, 21.21, 22.20, and 25.2 keV, respectively. Meanwhile,
the mammography unit was used to measure the energy of the X-ray photons pro-
duced by tube voltages that ranged from 23 to 35 kV. As for the X-ray transmission
measurement of the samples by using XRF unit, the composite sample was placed
in front of the germanium detector and it was exposed with the selected energy. On
the other hand, for the mammography unit, the source to surface (SSD) distance was
arranged at 66 cm and the exposure was set at 10 mAs. The X-ray transmission was
obtained by measuring the dose received via Raysafe Xi MAM detector system. The
dosimeter is well known as a universal dosimeter for measuring simultaneous dose
and dose rate for radiography, CT, mammography, and fluoroscopy. Moreover, the
X-ray beam was collimated to a dimension of 3 cm × 9.3 cm in order to minimize
any scattered radiation. The initial X-ray beam intensity (Io) was obtained by directly
measuring the dose received by the detector in the absence of sample. Other than
that, the final X-ray beams’ intensity (I) was taken by measuring the dose received
with the sample placed on the detector. Initial investigations of starch–composite
mixture related to Bi2O3 particle size and its effect on the X-ray transmissions had
been carried out by using the XRF unit.
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Chapter 3
Microstructural Design of Lead
Oxide–Epoxy Composites for Radiation
Shielding Purposes

Abstract Composite epoxy samples filled with PbO and Pb3O4 were fabricated to
investigate the mass attenuation characteristics of the composites to X-rays in the
diagnostic imaging energy range. The effect of density on the attenuation ability of
the composites for radiation shielding purposes was studied using a calibrated X-ray
machine. Characterization of the microstructure properties of the synthesized com-
posites was performed using synchrotron radiation diffraction, optical microscopy,
and scanning electron micros-copy. The results indicate that the attenuation ability
of the composites increased with an increase in density. The particle size of WO3

fillers has a negligible effect on the value of mass attenuation coefficient. Microstruc-
tural analyses have confirmed the existence of uniform dispersion of fillers within
the matrix of epoxy matrix with the average particle size of 1–5 μm for compos-
ites with filler loading of ≤30 wt% and 5–15 μm for composites with filler loading
of ≥50 wt%.

3.1 Introduction

During the early part of the 20th century, the hazards from ionizing radiationwere rec-
ognized, and the use of lead and other materials became commonplace for shielding
against X-rays [1–3]. Once the dangers of X-rays are considered, lead has become an
important material for radiation protection. Since then protection has evolved into an
elaborate infrastructure of controls and disciplines specifying how this shield should
be deployed [4–6]. Recently, shielding requirements have become more stringent
as standards for exposure of personnel and the general public. X-ray technologists
practice a principle called as-low-as-reason- ably-achievable dose when dealing with
X-rays, so that radiation dose received by personnel and the general public can be as
low as possible [3–7].

The shielding for radiation purposes are based on the type and energy of the
radiation itself. Gamma and X-rays are the most penetrating radiations as compared
to other ionizing radiations. Their interaction depends on the probability of their
collision with the atoms of the materials during the interaction. To increase the
probability, they will interact the density of the material they are passing through
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needs to be increased which means the materials should have a lot of atoms with an
assumption that the materials are free from voids. If dealing with a material having
a lot of pores, porosity needs to be considered, because it will affect the interaction
of the radiations with the atoms within the material [8].

Lead-glass is one example of the material used as shielding materials for ionizing
radiations, but it is heavy, expensive, and very brittle. So, it is not surprising that
polymers have made inroads into markets that were in the beginning dominated by
glass. Polymers also have a great potential in many important applications that glass
could not meet because of their unique properties, such as a low density, ability to
form intricate shapes, optical transparency, low manufacturing cost, and toughness.
However, the use of polymers is still limited, because of their inherent softness and
low thermal stability [9, 10]. One modern example of the filler-reinforced polymer
used for radiation shielding is lead-acrylic [11, 12]. Moreover, many researchers
tried to create new lead-based composites for this radiation shielding purposes such as
lead-polyester composites [13], lead-styrene butadiene rubber [14], lead-polystyrene
[15], and similar materials.

Rudraswamy et al. [16] have shown that some lead compounds such as PbO, PbO2,
PbNO3, and PbCl2 have an adequate mass attenuation coefficient, lm for use in radi-
ation shielding purposes. Unfortunately, the usage of either lead or lead compounds
alone will cause certain health risks to human, animals, and to the surroundings [17].
Moreover, lead or lead compounds themselves are also not malleable and lack in
mechanical strength [18].

Additionally, there are many methods available to achieve a good dispersion of
fillers within a polymeric matrix. One of the traditional methods for dispersing fillers
in polymer matrices is melt-mixing method of the fillers into the polymer. The fillers
are weighted and added straightly into the polymer for mixing. In many works done,
many researchers used a static mixer with constant speed during the mixing process
to achieve homogenously dispersion of fillers within the polymers [13, 19]. It is
expected that lead oxide–epoxy composites will be a good material to be used as
radiation shielding in diagnostic radiology purposes. This is because lead oxide can
be easily dispersed within a polymer matrix [13]. Besides, an epoxy system is a
thermoset material that is generally stronger and better suited to higher temperatures
than thermoplastics, so it can withstand the high energetic X-rays bombardment
during the diagnostic imaging [20]. Hence, the purpose of this study is to prepare
and characterize a composite that is made of an epoxy system filled with lead oxides.
The feasibility of this material for use in X-ray shielding is discussed.

3.2 Results and Discussion

3.2.1 Density of Samples

As can be seen from Table 3.1, the values of apparent density for samples obtained
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Table 3.1 Comparison of
measured and theoretical
density values for the
composites

Composite designation Density of composite, ρcomp

(g/cm3)

Theoretical Measured

A1 1.26 1.26 ± 0.01

A2 1.56 1.53 ± 0.01

A3 2.06 2.05 ± 0.02

A4 3.00 2.93 ± 0.03

B1 1.26 1.26 ± 0.01

B2 1.55 1.55 ± 0.01

B3 2.02 2.00 ± 0.03

B4 2.90 2.83 ± 0.03

from the Archimedes’ technique did not totally agreed with the theoretical values
because of experimental uncertainties. The porosity calculated for each sample was
less than 1%. Besides, the higher the wt% of the filler within the composite, the
higher the value of qc as also been observed by Harish et al. [13], Berger et al. [21].

3.2.2 X-Ray Mass Attenuation Coefficients

The μm values given in NIST are specifically measured for characteristic photon
energy, whereas in this experiment; the X-ray tube voltages used are in continuous
spectrum. So, the equivalent energies for the X-ray tube voltages used within the
experiment must be taken into account for comparing the value of lm between NIST
and experiment. The equivalent energies for the X-rays tube voltages used are shown
in Table 3.2. These values were calculated using the equation fitted as an exponential
function (Eq. 3.1) [22]:

y = a
−( x

c )
exp + b (3.1)

Table 3.2 Equivalent energy
for the various X-ray tube
voltages used

X-ray tube voltage (kVp) Equivalent energy (keV)

40 29.9

50 34.3

60 38.5

70 42.5

80 46.2

90 49.7

100 52.9
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where a, b, and c in the Eq. (3.2) are constants with values of −97.535, 106.857,
and 168.672, respectively, whereas y is the equivalent energy and x is the X-ray tube
voltage. For composites, the value of μm was calculated using Eq. (3.2):

µm =
∑

wiµmi (3.2)

where μm is the mass attenuation coefficient of the composite, whereas wi and μmi

are the weight fraction and the mass attenuation coefficient of each compound used
to make the composite, respectively.

The plots in Fig. 3.1a–c show that almost all the lines for the lm experimental
values were a few percent lower than the lm values interpolated from NIST for
the given X-ray tube voltages. These results are like the work done by Gerward
et al., which they have found that tabulated X-ray mass attenuation coefficients are
commonly a few percent higher than the measured values [23, 24]. Icelli et al. [25]
obtained very similar results where the higher the density of the material, the higher
the value ofμm. However, the relationship between mass attenuation coefficient (lm)
and particle size of lead oxide remains unknown. The use of nanosized lead oxide
increase or decrease the value of μm? As nanosized lead oxide was not available,
the effect of particle size of WO3 filler (purchased from Sigma–Aldrich, Castle
Hill, NSW, Australia) on μm was studied. The procedure to prepare this composite
was similar to that for preparing PbO–epoxy samples. Figure 3.1d shows the effect
of particle size on the mass attenuation coefficient in epoxy composite filled with
either microsized (~20 μm) or nanosized (<100 nm) WO3. It is clearly shown that
particle size has a negligible effect on the value of μm of a material for this range
of X-ray energy 40–100 kVp. However, it should be noted that nanosized particles
(e.g., CuO) have been reported to show better X-ray attenuation at the lower X-
ray beam energy (i.e., 26–30 kV) [26, 27]. As photoelectric absorption dominates
at low photon energies, the probability of an X-ray with low energy to interact
and to be absorbed is higher for nanosized particles, in addition to maximization
of the surface/volume ratio. However, as photon energy increases, the probability of
Compton scattering increases, and hence the attenuation by thematerial decreases, as
this interaction is weakly dependent on atomic number of the element and the photon
energy. Hence, the probability of an X-ray with higher energy to interact and to be
absorbed becomes similar for both nanosized andmicrosized particles. It appears that
the use of nanosized particles only helps in providing a uniform dispersion within
the epoxy matrix but has no direct effect on the value of μm as clearly indicated in
Eq. (3.2). Only the abundance of WO3 dispersed in the composite will influence the
value of μm. The mass attenuation coefficient, μm is the rate of photon interactions
within 1-unit of mass per 1-unit of area (g/cm2). It depends on the energy of the
photon and the concentration of electrons in the material. Its value will decrease
rapidly with the increment of photon energy. Further the chance of a photon coming
close enough to an electron is higher when the concentration of electrons within
the material is higher, because it is absorbed by the material. Electron concentration
was determined by the physical density of the material. Thus, composites with a fine
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Fig. 3.1 Mass attenuation coefficients as a function of kVp as obtained from NIST (n) and exper-
iment (e) for samples of a PbO–epoxy composite, b Pb3O4–epoxy composite, c close-up view of
(a), and d micro-and nano-WO3 epoxy composites [29]
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Fig. 3.1 (continued)

dispersion of high-density material provide more interaction probability for photons
and also better radiations shielding properties [13, 28]. To ascertain the shielding
ability of the composites, calculations of μm were done to compare the 50 wt% of
PbO reinforced isophthalate resin composite performed by Harish et al. [13] The
value of μm for their composite was calculated to be 0.0948 cm2/g, whereas the
values of μm for samples A3 and B3 in this study, which also have 50 wt% of the



3.2 Results and Discussion 39

Table 3.3 Mass attenuation
coefficients interpolated from
NIST databases for gamma
rays of energy 0.662 MeV
from Cs-137 point source

Composite designation Mass attenuation coefficient, μm
(cm2/g)

A1 0.0871

A2 0.0924

A3 0.0978

A4 0.1055

fillers, were 0.0978 and 0.0974 cm2/g, respectively. The calculation of μm was done
by interpolating NIST databases for gamma rays of energy 0.662 MeV from a Cs-
137-point source. These results show that samples A3 and B3 in this study provided
better radiation shielding than the composite fabricated by Harish and coworkers.
Moreover, the usage of lead oxides for radiation shielding can be minimal in the
fabrication of composites and thus reduce the health risks associatedwith lead oxides.
The results for other samples at the same energy range are shown in Table 3.3.

3.2.3 Phase Compositions

The reference for phase-fitting the peaks were taken from International Centre for
Diffraction Data PDF-4 + 2009 database. The wavelength for all these databases
was chosen to be the same as the wavelength of the synchrotron radiation used.
From Fig. 3.2a, all the peaks belong to orthorhombic PbO crystal structures (PDF_4
þ files 01-076-1796). While for composite filled with Pb3O4 powder, all the peaks
were identified as tetragonal Pb3O4 crystal structures (PDF-4 + file 04-007-2162)
as shown in Fig. 3.2b. These indicate that the powders of PbO and Pb3O4 used were
single-phase pure.

3.2.4 Microstructures

The typical fracture surfaces for the samples are shown in Fig. 3.3. The scratches
seen in the images were due to the polishing process. These images have shown
that the fractured surfaces were quite rough, and the fillers (white patches) were
well dispersed and firmly embedded in the epoxy matrix due to their relatively small
particle size and good compatibility with the epoxy matrix. Although the fillers have
a greater weight fraction than epoxy, they were dispersed quite uniformly with only
some agglomerations to be found. As can be seen in Fig. 3.3a, the blurry white
patches are clear indications of some minor filler agglomerations. The scanning
electron microscopy (SEM) images in Fig. 3.4 have provided results that agreed
with the optical images shown in Fig. 3.3. The bright regions represent the filler
particles (lead-oxide) dispersed in the dark epoxy matrix. The fillers were seen to be
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Fig. 3.2 Typical powder diffraction patterns for a PbO–epoxy composite and b Pb3O4–epoxy
composite [29]
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Fig. 3.3 Optical micrographs showing the typical uniform dispersion of fillers in the matrix of
epoxy for two composite samples: a A3 and b B2. 50 × magnification [29]

quite uniformly dispersed in the composites, although minor agglomerations can be
observed. The average particle size obtained from the SEM images was ~1–5 μm
for composites with filler loading of ≤30 wt% and ~5–15 μm for composites with
filler loading of ≥50 wt%.

3.3 Conclusions

Epoxy composites filledwith dispersed lead oxide particles of 1–5μmfor composites
with filler loading of ≤30 wt% and 5–15 μm for composites with filler loading
of ≥50 wt% have been successfully fabricated. These composites showed good
X-ray attenuation properties and could be considered as a potential candidate for
radiation shielding in diagnostic radiology purposes. The particle size of WO3 fillers
has a negligible effect on the value mass attenuation coefficient (μm) for the X-ray
energy of 40–100 kVp. In addition, the lead oxide–epoxy composites in this study
are superior to the lead oxide-isophthalate resin composite previously investigated.
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Fig. 3.4 SEM micrographs showing the uniform dispersion of PbO or Pb3O4 particles within the
epoxy matrix in various composite samples: a A3, b A4, c B2, d B3, and e pure epoxy [29]
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Chapter 4
Synthesis and Characterization of Pb, Bi
or W Compound Filled Epoxy
Composites for Shielding of Diagnostic
X-Rays

Abstract Lead chloride, bismuth oxide and tungsten oxide filled epoxy composites
with different weight fractionswere fabricated to investigate their X-ray transmission
characteristics in the X-ray diagnostic imaging energy range (40–127 kV) by using
a conventional laboratory X-ray machine. Characterizations of the microstructure-
properties of the synthesized compositeswere performed using synchrotron radiation
diffraction, backscattered electron imaging microscopy, three-point bend test and
Rockwell hardness test. As expected, the X-ray transmission was decreased by the
increment of the filler loading. Meanwhile, the flexural modulus and hardness of the
compositeswere increased through an increase in filler loading.However, the flexural
strength showed a marked decrease with the increment of filler loading (≥30 wt%).
Some agglomerations were observed for the composites having ≥50 wt% of filler.

4.1 Introduction

X-rays/gamma-rays are the most penetrating of ionizing radiation than is known to
be harmful to human health and heredity. Hence there is no doubt that the attenu-
ation of them through composite materials has attracted much attraction amongst
the researchers especially for medical studies [1–3]. The most important quantity
to characterize the attenuation of photons (X-rays/gamma-rays) within the extended
material they pass through is the linear attenuation coefficient (μ) or mass attenua-
tion coefficient (μ/ρ). This quantity is needed in solving various problems such as
in radiation dosimetry and radiation shielding application [1, 4, 5].

Lead-glass is one of the materials used for shielding of ionizing radiations, but
it is heavy, expensive and very brittle. So, it is not surprising that the application of
polymers in X-ray shielding technology is increasing steadily. This is due to several
advantages that glass could not meet because of their unique properties, such as low
manufacturing cost and rugged shatter-resistant material. In addition, the improved
dispersion of fillers within polymer will enable the formation of mechanically stable
materials and the possibility to modify both chemical composition and the related
physical properties of polymers by easy-to-control fabrication parameters [6–10].
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However, the use of polymers is still limited, because of their inherent softness and
low thermal stability [11–13].

Recently, many researchers have tried to synthesize new filler-reinforced polymer
composites for radiation shielding and as the replacement for lead glass which is
heavy and very fragile [14–17]. TheX-ray shielding properties of the filler-reinforced
polymer composites generally increase with a good dispersion degree of the filler
within the polymer [18]. One modern example of the filler-reinforced polymer used
for radiation shielding is lead-acrylic [19, 20]. The lead acrylic of the same size of
lead glass with equal lead equivalence, the lead acrylic has nearly twice the weight
of lead glass and it is even thicker than lead glass if just looking for the same lead
equivalent factor, hence reducing the observation capabilities.

The comprehensive literature survey reveals that the gamma/X-ray shielding char-
acteristics of filler-reinforced epoxy resins have not been attempted. In a recent work
on WO3-filled epoxy composites [21], we investigated only the effect of nano-sized
andmicro-sized fillers on X-ray attenuation in the energy range of 22–127 kV but the
mechanical properties of these composites were not investigated. The results showed
that nano sized WO3 was more effective than micro-sized WO3 in X-ray attenuation
only at the low energy range of 22–35 kV but this size effect was not apparent at the
higher energy range of 40–120 kV.

Thus, the aim of this study was to prepare, characterize and compare the physical,
mechanical and X-ray transmission properties of epoxy composites filled with Pb,
Bi or W compound. The feasibility of these composites for use in X-ray shielding is
compared with the commercial lead glass.

4.2 Results and Discussion

4.2.1 Density

From Table 4.1, the apparent density of each sample of the same filler type increased
with the increment of filler content, a phenomenon which was also observed by

Table 4.1 Density of filler-epoxy composite samples

% Weight Density (cm3/g)

PbCl2-epoxy Bi2O3-epoxy WO3-epoxy

(e) (t) (e) (t) (e) (t)

10 1.24 ± 0.02 1.25 1.26 ± 0.01 1.26 1.24 ± 0.03 1.26

30 1.47 ± 0.05 1.52 1.55 ± 0.03 1.56 1.50 ± 0.02 1.54

50 1.85 ± 0.03 1.92 2.00 ± 0.03 2.04 1.87 ± 0.06 1.98

70 2.54 ± 0.06 2.63 2.68 ± 0.07 2.95 2.71 ± 0.03 2.79

(e)—experiment, (t)—theory
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Harish et al. [14]. However, the results did not agree very well with the theoretical
values, especially when the filler loading was more than 30 wt% due to lack of epoxy
to fully cover the surfaces of filler powder, resulting in the concomitant increase in
the number of pores and thus reducing the density of the composite. Equation (4.1)
was used to compute the relative errors for density measurements relative to the
theoretical density values:

δρs =
(

δm1

m1
+ δm2 + δm3

m2 − m3
+ δρe

ρe

)
× ρs (4.1)

where δρs is the apparent density uncertainty of the sample, δm1, δm2 and δm3 are
the mass uncertainty of the sample weighted in the balance, the sample hanging on
the balance arm in the air and the sample hanging on the balance arm immersed in
ethanol respectively. δρe is the density uncertainty of ethanol calculated from the
error of its measured density and its accepted density.

The theoretical density values (ρcomp) were calculated from Eq. (2.2) with an
assumption of the samples being void-free.

The computed errors for density values relative to the theoretical density values
are in the acceptable limit (i.e. <10.0%).

4.2.2 Effect of Filler Loading on the X-Ray Transmission
(I/Io) by Epoxy-Based Composites

The plots in Fig. 4.1a show that for the same filler type and at the same X-ray
tube voltage, X-ray transmission value was decreased by the increment of the filler
loading. For example (Fig. 4.1b), at 60 kV X-ray tube voltage, X-ray transmission
for the 10 wt% of Bi2O3-epoxy composite is about 57 times greater than the X-ray
transmission value for the 70 wt% of Bi2O3-epoxy composite. This was due to the
amplification of elemental composition of the composite with the increment of filler
loading in the epoxy basewhich play an important role in absorbing theX-ray passing
through them. A similar result in X-ray transmission as a function of filler loading
was obtained for epoxy composites filled with PbCl2 and WO3.

In order to ascertain the shielding ability of the composites, these results were
compared with commercial lead glass (thickness: 10 mm) which contained 56 wt%
of Pb (information provided by Gammasonics Institute for Medical Research Pty
Ltd.) (see Fig. 4.1a). Bi2O3-epoxy composite having 70 wt% of Bi2O3 gave nearly
the same (I/Io) value as compared to lead glass and other composite samples even
though it is thinner than lead glass. Hence the usage of lead in X-ray shielding can
be substituted by Bi2O3 whereby Bi is classified as least toxic compared to Pb. In
addition, even though the 70wt%WO3-epoxy composite with 8mm thickness shows
higher (I/Io) values when compared to lead glass (Fig. 4.1c), WO3-epoxy composite
also can be a substitute material for Pb in X-ray shielding by increasing its thickness
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Fig. 4.1 a X-ray transmission (I/Io) as a function of X-ray tube voltage for all composites and
commercial lead glass; b X-ray transmission (I/Io) as a function of Bi2O3 loading (wt%) showing
that (I/Io) was decreased by the increment of the filler loading; and c X-ray transmission (I/Io) as a
function of X-ray tube voltage for epoxy composites filled with 70 wt% of PbCl2, Bi2O3 and WO3
[23]
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so that it can provide similar X-ray transmission characteristic as lead glass. The
usage of PbCl2-epoxy composite with larger thickness can also be considered as a
lighter alternative for lead glass in X-ray shielding.

4.2.3 Phase Compositions

The reference for fitting the peakswas taken from International Centre forDiffraction
Data (ICDD) PDF-4+ 2009 database. The wavelength for all of these databases was
chosen to be the same as the wavelength of the synchrotron radiation used.

The Powder Diffraction (PD) pattern in Fig. 4.2a shows that all the peaks belong
to orthorhombic PbCl2 (PDF files 04-005-4709). For composite filled with Bi2O3,
all the peaks were identified as monoclinic Bi2O3 (PDF file 00-050-1088) as shown
in Fig. 4.2b and the diffraction peaks shown in Fig. 4.2c belong to monoclinic WO3

(PDF file 00-043-1035). These results indicate that PbCl2, Bi2O3 and WO3 were
single-phase pure without impurities.

4.2.4 Microstructure Analyses

The surface features of samples in Fig. 4.3, which uses atomic number contrast to
differentiate between low and high atomic number elements, show that the fillers
appear brighter (higher atomic number) than the surrounding epoxy (low atomic
number). The fillers (white patches) are seen to be dispersed uniformly in the epoxy
matrix with low filler loading (Fig. 4.3a–c). However, the dispersion of the fillers
within the matrix becomes less uniformwith the increment of filler loading, resulting
in some agglomerations. These filler agglomerations can be seen in composites with
≥50 wt% of filler (Fig. 4.3d–g). To minimize the occurence of these agglomerations,
higher shear forces through faster stirring are required to achieve a fine dispersion
in the polymer matrix. Alternatively, the use of ultrasonication can be used to pre-
vent or minimize filler agglomerations. These methods promote the “peeling off” of
individual particles located at the outer part of the particle bundle, or agglomerates,
and thus results in the separation of individualized particles from the bundles.

4.2.5 Mechanical Properties

Figure 4.4 shows the effect of filler loading on flexural strength, flexural modulus
and Rockwell hardness of epoxy composites. The flexural strength has improved for
composite with 10 wt% filler loading. For instance, the flexural strength of epoxy
has improved by 48% in the composite with 10 wt% WO3 loading. However, the
addition of more filler (≥30 wt%) caused a marked decrease in flexural strength due
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Fig. 4.2 Typical powder diffraction pattern of a PbCl2-epoxy composite;bBi2O3-epoxy composite
and c WO3-epoxy composite [23]
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Fig. 4.3 Backscattered electron micrographs showing the dispersion of fillers in epoxy composites
containing. a 10 wt% PbCl2; b 30 wt% Bi2O3; c 30 wt%WO3; d 50 wt% PbCl2; e 50 wt% Bi2O3;
f 70 wt% PbCl2; and g 70 wt% WO3 [23]



52 4 Synthesis and Characterization of Pb, Bi or W Compound …

Fig. 4.4 The effect of filler loading on a flexural strength; b flexural modulus and c hardness of
epoxy-composites [23]
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to the filler not well dispersed within the epoxy matrix. In addition, the porosity for
the samples was between 1 and 10% with more pores for filler ≥30 wt% because
of air-bubbles trapped in the samples which act as stress-concentrators and thus
the resultant weakening. On the other hand, the flexural modulus increased with an
increase in filler loading which suggests that the stiffness of the composites obey the
rule-of-mixtures. In comparison, the flexural strength and flexural modulus of lead
glass are ~90 MPa and ~6500 MPa respectively, thus indicating that glass is still
superior to epoxy. For the hardness results, they show that an increase in the filler
loading resulted in a modest increase in hardness of the composite. In comparison,
the Rockwell hardness of lead glass is ~HRC 043 [22].

The mechanical properties obtained in this work are adequate for the optimum
sample (i.e. 70 wt% Bi2O3-epoxy composite) in X-ray shielding of radiological
rooms since it is comparable with lead glass in terms of X-ray transmission although
it shows lower flexural properties than lead glass. In particular, the mechanical prop-
erties of the composite did not change even after being repeatedly exposed to the
X-ray beam of highest X-ray tube voltage. Although these flexural properties are
inferior when compared to lead glass, this limitation can be overcome by increasing
the thickness of the 70 wt% Bi2O3-epoxy composite.

4.3 Conclusions

It may be concluded that:

• PbCl2, Bi2O3 or WO3-epoxy composites have good X-ray shielding ability and
hence they can be considered as candidate materials for X-ray shielding of
radiological rooms.

• The 8 mm thick Bi2O3-epoxy composite with 70 wt% Bi2O3 is comparable with
a 10 mm thick commercial lead glass which contains 56 wt% Pb.

• The 8 mm thick PbCl2- and WO3-epoxy composites were not comparable with
the 10 mm thick lead glass unless they were prepared with a thickness greater than
10 mm.

• Both flexural modulus and hardness of composites increased with increasing filler
loading but the flexural strength decreased markedly when the filler loading was
equal or greater than 30 wt%.
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Chapter 5
Effect of Particle Size, Filler Loadings
and X-Ray Energy on the X-Ray
Attenuation Ability of Tungsten
Oxide–Epoxy Composites

Abstract The effect of particle size, filler loadings and X-ray energy on the trans-
mitted X-ray beam intensity by WO3-epoxy composites has been investigated using
the mammography unit and a general radiography unit. Results indicate that nano-
sized WO3 has a better ability to attenuate X-ray produced by lower X-ray tube
voltages (22–35 kV) when compared to micro-sized WO3 of the same filler loading.
However, the role of particle size on transmitted X-ray beam intensity was negligible
at the higher X-ray tube voltage range (40–120 kV).

5.1 Introduction

The use of nanoparticles in designing advanced materials has attracted much attrac-
tion amongst the researchers because of superior physical and mechanical properties
that can be achieved. For instance, recent studies have shown that nano-sized filler
reinforced polymer composites provided much improvement in chemical, physical
and mechanical properties by virtue of better dispersion of the nanoparticles within
the polymer matrix [1–4]. The main improvement of nanoparticles as a filler assem-
bly over conventional materials is the maximization of the surface/volume ratio of
the fillers [5]. For example, nano-particles improved the electrochemical capacitance
of α-Ni(OH)2 in alkali solutions as compared to micro-sized particles of the same
hydroxide due to the greater surface/volume ratio of the nano-particles [6].

Additionally, this size-effect also becomes oneof the virtues in designingmaterials
for shielding of ionizing radiations. Some X-ray technologists believe that this effect
will improve theX-ray attenuation ability of the composite since nano-sizedfillers are
able to disperse more uniformly within the polymer matrix with less agglomeration
as compared to micro-sized fillers [7–9]. A recent study by Botelho et al. [7] found
that nanostructured copper oxide (CuO) is more effective in attenuation of lower
X-ray beam energy (26 and 30 kV) and no significant variation in X-ray attenuation
at higher X-ray beam energy 60 and 102 kV). Kunzel et al. [10] also provided similar
results, which show that the X-ray absorption is higher for a nanostructured CuO
compound compared to the microstructured counterpart for low energy X-ray beams
(25 and 30 kV) for all CuO concentrations incorporated into polymeric resin.
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In general, the attenuation of photons (X-rays/gamma-rays) is dependent upon
three factors: density, elemental composition, and thickness of the absorbing mate-
rial [11]. Even though lead (Pb) or lead compounds provide good X-ray shielding
properties, their usage as the shielding materials has increasingly become a sensi-
tive issue due to its hazardous nature. As a result, much research has been focusing
on developing new X-ray shielding materials which are safer and easier to handle
[12, 13].

The aim of this work was to develop new X-ray shielding materials based on
tungsten oxide-epoxy composites with either nano-sized or micro-sized fillers. The
effect of filler size on the X-ray attenuation in the diagnostic imaging energy range
(22–120 kV) has been investigated. The filler size effect in X-ray shielding ability is
discussed.

5.2 Results and Discussion

Three different anode/filter combinations (Table 2.4) were used for low energy range
X-rays transmitted from the mammography machine, since the combination was
operated by the machine itself. The X-ray beams generated by these anode/filter
combinations composed mainly of the characteristic X-ray energies of molybdenum
(17.5 and 19.6 keV) or rhodium (20.2 and 22.7 keV). For WO3 of 5 and 10 wt%,
the exit dose reading was observed at 22 kV X-ray energy while for 20–35 wt%,
the dose reading was initiated at 30 kV X-ray energy due to the zero reading of the
dosimeter at 22 and 25 kV X-ray tube voltages.

Results in Fig. 5.1a, b clearly show a big difference in the transmitted X-ray beam
intensity between the micro-sized WO3-epoxy composite and the nano-sized WO3-
epoxy composite at 22–49 kV generated by the mammography unit at the same
filler loading. The ratio of transmitted X-ray beam intensity for the micro-sized
WO3-epoxy composite (Tm) to transmitted X-ray beam intensity for the nano-sized
WO3-epoxy composite (Tn); (Tm/Tn) was in the range 1.3–3.0. The ratio (Tm/Tn)
was larger at the X-ray tube voltages ranges 22–35 kV and was decreasing as the
X-ray energy increased (≥40 kV up to 49 kV) as shown in Fig. 5.1a, b. In contrast,
the ratio (Tm/Tn) is ≈1.0, for the diagnostic X-ray tube voltages range (40–120 kV)
generated by the general radiography unit, which suggests Tm ≈ Tn. Thus, the size
effect of WO3 particles was negligible at the X-ray beam produced by higher X-ray
tube voltage range (Fig. 5.2).

Besides that, Fig. 5.3 showed that the value of Tn by the nano-sized WO3 epoxy
composite is higher for the X-ray photon generated by 40 kV of the mammogra-
phy unit compared to the same X-ray tube voltage (40 kV) selected from general
radiography unit. A similar result was also obtained for micro-sized WO3 epoxy
composite (Tm). This outcome proved that the general radiography unit comprised
of a continuous spectrum ofX-rays energy, which is having lower equivalent energies
as compared to the characteristic X-ray energies produced from the mammography
unit (17.5–22.7 keV).

https://doi.org/10.1007/978-981-13-9810-0
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Fig. 5.1 X-ray transmission as a function of filler loading of a 5 and 10 wt% of the nano-sized
WO3-epoxy composite for X-ray tube voltage of 25, 35 and 49 kV generated by mammography
unit and b 20–35 wt% of the nano-sized WO3-epoxy composite as compared to the micro-sized
WO3-epoxy composite for X-ray tube voltage of 30, 35 and 49 kV generated by mammography
unit [14]
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Fig. 5.2 X-ray transmission as a function of filler loading of a 5 and 10 wt% and b 20–35 wt% of
the nano-sized WO3-epoxy composite as compared to the micro-sized WO3-epoxy composite for
X-ray tube voltage of 40–120 kV generated by general radiography unit [14]
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Fig. 5.3 Comparison of transmitted X-rays beam intensity values for all nano-sized WO3 wt%
loading in epoxy sample for 40 kV X-ray energy used by the mammography unit and the general
radiography unit [14]

Generally, photoelectric absorption dominates at lower photon (X-ray) energies
range. A photon is completely absorbed by the atom of the material, and a photo-
electron is ejected in the process. The ejected photoelectrons may undergo single- or
multiple-scattering events with neighboring atoms, which can alter the mass attenu-
ation coefficient of an element relative to the bulk material when considered over a
small range of X-ray energies together with slight fluctuations in the probability of
emission of Auger electron and fluorescent photons. The probability of the photo-
electric interaction is approximately dependent on Z3/E3 where Z is atomic number
of the absorbing material and E is the photon energy. Furthermore, the number of W
particles/gram in the nano-sized WO3-epoxy composite is higher than that for the
micro-sized WO3-epoxy composite. Thus, the probability of an X-ray with lower
energy to interact and to be absorbed may be higher for nano-sized WO3-epoxy
composite rather than micro-sized WO3-epoxy composite.

As photon energy increases, the probability of Compton scattering increases and
hence the attenuation by the material decreases since this interaction was weakly
dependent on Z and E. Hence, the probability of an X-ray photon with higher energy
to interact and to be absorbed may be similar for nano-sized and micro-sized WO3-
epoxy composite.

To support our attenuation results for lowX-ray photon energies, we have repeated
the procedure to measure transmitted X-ray beam intensity of a WO3 compact disc
of the same mass for 20 wt% (31% porosity) and 35 wt% (34% porosity) of WO3

loading in the epoxy composite sample. The results in Fig. 5.4a, b clearly show that



62 5 Effect of Particle Size, Filler Loadings and X-Ray Energy …

Fig. 5.4 X-ray transmission for WO3 compact disc as compared to both micro-sized and nano-
sizedWO3-epoxy composite of the same mass of a 20 wt% and b 35 wt% ofWO3 loading in epoxy
sample for X-ray tube voltage range (30–49 kV) generated by mammography unit [14]
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the WO3 compact disc has the lowest T when compared to both micro-sized and
nano-sized WO3-epoxy composite of the same mass since WO3 particles have been
compressed closer together instead of being dispersed in the epoxy matrix.

Hence, the results obtained in this work are in good agreement with the work of
Kunzel et al. [10] which showed that nano-sized fillers are superior to micro-sized
fillers for attenuating lower X-ray energy but for the higher energy range, the effect
is the same [10].

5.3 Conclusions

The results of this work showed that for the same WO3 loading, nano-sized WO3-
epoxy composite has better X-ray attenuating ability in the lower X-ray tube voltage
range (22–35 kV) when compared to the micro-sized WO3-epoxy composite. How-
ever, the role of particle size in X-ray shielding was insignificant at the higher X-ray
tube voltage range (40–120 kV).
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Chapter 6
Characterisation of Micro-Sized
and Nano-Sized Tungsten Oxide-Epoxy
Composites for Radiation Shielding
of Diagnostic X-Rays

Abstract Characteristics of X-ray transmissions were investigated for epoxy com-
posites filled with 2–10 vol.% WO3 loadings using synchrotron X-ray Absorption
Spectroscopy (XAS) at 10–40 keV. The results obtained were used to determine the
equivalent X-ray energies for the operating X-ray tube voltages of mammography
and radiology machines. The results confirmed the superior attenuation ability of
nano-sized WO3-epoxy composites in the energy range of 10–25 keV when com-
pared to their micro-sized counterparts. However, at higher synchrotron radiation
energies (i.e., 30–40 keV), the X-ray transmission characteristics were similar with
no apparent size effect for both nano-sized and micro-sizedWO3-epoxy composites.
The equivalent X-ray energies for the operating X-ray tube voltages of the mammog-
raphy unit (25–49 kV) were in the range of 15–25 keV. Similarly, for a radiology unit
operating at 40–60 kV, the equivalent energy range was 25–40 keV, and for operating
voltages greater than 60 kV (i.e., 70–100 kV), the equivalent energy was in excess
of 40 keV. The mechanical properties of epoxy composites increased initially with
an increase in the filler loading but a further increase in the WO3 loading resulted in
deterioration of flexural strength, modulus and hardness.

6.1 Introduction

Hitherto, numerous analytical methods have been developed to investigate the effect
of the particle size of a material on the X-ray attenuation for various incoming X-ray
energies including scattered gamma-rays and X-rays [1–11]. It is widely believed
that nano-sized particles are able to disperse more uniformly within the matrix with
fewer agglomerations when compared to micro-sized particles, thus improving the
X-ray attenuation ability of the material [6, 12, 13]. For instance, Hołyńska [4] found
that the intensity of scattered radiations increased with increases in the grain size
of a material. This size effect has been observed in a sand matrix and for samples
containing heavy elements such as iron or barium [4].

Filler-reinforced polymers have gained increasing attention from X-ray technol-
ogists in radiation shielding since polymers have great potential in many important
applications by virtue of their unique properties, such as low density, the ability to
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form intricate shapes, optical transparency, low manufacturing cost and toughness.
One of the filler-reinforced polymers commonly used for radiation shielding is lead
acrylic [14–16]. Moreover, some researchers have also tried to synthesise nano-sized
filler-reinforced polymers for radiation shielding by virtue of the size effect in X-ray
attenuation [2, 6, 17]. For instance, a recent study by Botelho et al. [13] revealed
that the attenuation for X-ray beams generated from low tube voltages (i.e., 26–
30 kV) in nanostructured copper oxide (CuO) was better than microstructured CuO.
However, no significant difference in attenuation was observed for X-rays gener-
ated from higher tube voltages (i.e., 60–102 kV). A similar conclusion on this size
effect in X-ray attenuation was made by Künzel and Okuno [18] for a nanostructured
CuO-polymer system.

In a recent work on WO3-filled epoxy composites [19], we investigated the effect
of nano-sized and micro-sized WO3 filler-epoxy composites on X-ray attenuation in
the X-ray tube voltage range of 22–127 kV generated by a mammography unit and
a general radiography unit. The equivalent X-ray energies for the various X-ray tube
voltages used were in the range of 17.5–60 keV, which conformed to our expectation
since the equivalent X-ray energies for a mammography unit were 17.5, 19.6, 20.2
and 22.7 keV which are the characteristic energies of molybdenum and rhodium;
while the equivalent X-ray energy for a radiology unit is about one-third of the X-ray
tube voltage used. The results showed that nano sized WO3 was more effective than
micro-sizedWO3 inX-ray attenuation only in the lowX-ray tube voltage range of 22–
35 kV but this size effect was not apparent at the higher X-ray operating tube voltage
range of 40–120 kV [19]. Hence, the aim of this work was to verify our previous
work on X-ray transmission in WO3-filled epoxy composites by using synchrotron
radiations as the X-ray source for the characteristic (monochromatic) X-ray energy
range of 10–40 keV. The results obtained were compared with those of previous
work [19] to determine the equivalent energy range of the previous machines used
(a mammography unit and a radiology unit).

6.2 Results and Discussion

6.2.1 Characteristics of X-Ray Transmissions

Since the synchrotron radiations of the XAS beamline contain a large range of ener-
gies (i.e., 10–40 keV), the thickness of the samples was set at 2 mm to ensure that the
detector was able to obtain a meaningful X-ray transmission reading for the lower
energy range without being totally absorbed by the samples. As shown in Fig. 6.1,
there was an obvious difference in X-ray transmissions between the micro-sized
WO3-epoxy and nano-sized WO3-epoxy composites of the same WO3 vol.% at the
energy range of 10–20 keV. With a further increase of synchrotron energy to greater
than 20 keV, there was no difference in X-ray transmissions between these two com-
posites, thus indicating the absence of size effect at play. The results show that for
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Fig. 6.1 Comparisons of X-ray transmission comparison in nano-sized and micro-sized WO3-
epoxy composites for synchrotron radiation generated by the XAS unit for energy of 10–40 keV
[20]

all the WO3 loadings in an epoxy matrix, the ratio of the X-ray transmission of the
micro-sized WO3-epoxy composite (I/Io)m relative to the nano-sized WO3-epoxy
composite (I/Io)n, (I/Io)m/(I/Io)n remained at ~1.0 for the synchrotron energy range
of 25–40 keV. On the other hand, the ratio (I/Io)m/(I/Io)n was 1.15–2.3 for all WO3

loadings (see Fig. 6.2). The values determined for (I/Io)m/(I/Io)n at these energy
ranges indicate that the nano-sized WO3-epoxy samples absorbed more low energy
X-rays than their micro-sized WO3-epoxy counterparts.

Further investigations were conducted to verify our previous results [19] obtained
from a mammography unit and a radiography unit. In this investigation, all the
same measurements from the previous work were repeated with samples of 2 mm
in thickness. Since a mammography unit generates characteristic X-ray energies of
molybdenum (17.5 and 19.6 keV) or rhodium (20.2 and 22.7 keV), it is much easier
to compare with the XAS results (see Fig. 6.3). In the results presented in Fig. 6.3,
it is clearly shown that the X-ray transmission results for the mammography unit
sat between the results of 15–25 keV for the XAS beam energies. In contrast, for
the radiography unit, the operated X-ray tube voltages generated a broad spectrum
(polychromatic X-ray beam). Thus, the equivalent energies for the X-ray tube volt-
ages of the radiography unit were estimated from the XAS results by superimposing
their data together (see Fig. 6.4). As can be seen in Fig. 6.4, the X-ray transmissions
of samples for X-ray tube voltages of 40–60 kV were sitting between 25 and 40 keV
while the others were sitting above 40 keV. Hence, the X-ray tube voltages of 40–
60 kV operated by the radiography unit produced the equivalent X-ray energies in
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Fig. 6.2 The X-ray transmission ratio of micro-sized WO3-epoxy composite (I/Io)m to the X-ray
transmission for nano-sizedWO3-epoxy composite (I/Io)n, (I/Io)m/(I/Io)n for synchrotron energies
(10–40 keV) [20]

Fig. 6.3 Comparisons ofX-ray transmission in nano-sized andmicro-sizedWO3-epoxy composites
for synchrotron radiation generated by the XAS unit for energies of 10–25 keV and mammography
unit tube voltages of 25–49 kV [20]
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Fig. 6.4 Comparisons ofX-ray transmission in nano-sized andmicro-sizedWO3-epoxy composites
for synchrotron radiation generated by the XAS unit for energies of 25–40 keV and radiography
unit tube voltages of 40–100 kV [20]

the range of 25–40 keV while the X-ray tube voltages of ≥60 kV had an equivalent
energy of ≥40 keV.

Figure 6.5 shows the comparison of X-ray transmissions for samples with dif-
ferent thicknesses. Samples of 7 mm thickness were used in our previous study
[19], whereas 2 mm thick samples were used in this study. Figure 6.5a, b provide
the results for the mammography unit only on samples with 4 and 6 vol.% load-
ing of WO3 respectively. As shown in these figures, the differences in the X-ray
transmission between the micro-sized and nano-sizedWO3-epoxy became larger for
thicker samples (7 mm). In contrast, Fig. 6.5c shows insignificant differences in X-
ray transmission between nano-sized and micro-sized WO3-epoxy composites for
radiography tube voltages only for samples with a loading of 4 vol.% WO3. This
trend was also observed for all the other loadings (i.e., 2, 6, 8 and 10 vol.% WO3).
These findings are in good agreement with the work by Künzel and Okuno [18],
which also showed that the grain size effect increased with the increase of the sam-
ple thickness at low energy X-ray beams (25 and 30 kV) but remained unchanged
over the material thickness for higher energy X-ray beams (60 kV) [18].

In general, the photoelectric effect is the most likely interaction to occur within
a matter at a lower photon (X-ray) energy range. In this interaction, a photon will
transfer its entire energy to an electron in the material on which it impinges. The
electron thereby acquires enough energies to free itself from thematerial towhich it is
bound and then may undergo single or multiple-scattering events with neighbouring
atoms. In addition, there is also a slight fluctuation in the probability of emission
of Auger electrons and fluorescent photons may form during this interaction. This



70 6 Characterisation of Micro-Sized and Nano-Sized Tungsten …

Fig. 6.5 X-ray transmission comparison for different thickness of the sample for a 4 vol.% ofWO3
filler epoxy composites for mammography unit tube voltages of 30, 35 and 49 kV; b 6 vol.% ofWO3
filler epoxy composites for mammography unit tube voltages of 30, 35 and 49 kV; and c 4 vol.%
of WO3 filler epoxy composites for radiography unit tube voltages of 40, 60, 80 and 100 kV [20]
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phenomenon can contribute to the alteration of the mass attenuation coefficient of
an element relative to the bulk material when considered over a small range of X-ray
energies. The probability of photoelectric interaction is directly proportional to the
cube of the atomic number of the absorbing material Z3 and inversely proportional
to the cube of the X-ray energy (1/E)3.

Moreover, nano-sizedWO3-epoxy composites consist of a higher number ofWO3

particles/gram when compared to micro-sized WO3-epoxy composites. Therefore,
the distribution of the nano sized WO3 in the resin should also be different from that
presented by micro-sized WO3, thus resulting in a more uniform dispersion in the
resin. Therefore, the chances of an X-ray photon with lower energy to interact and
be absorbed by WO3 particles may be higher in nano-sized WO3-epoxy composites
than in micro-sized WO3-epoxy composites. Figure 6.6 shows the back-scattered
images of the same loading of WO3 (4 vol.%) within nano-sized WO3-epoxy and
micro-sized WO3-epoxy composites using the Zeiss Evo 40XVP scanning electron
microscope. The WO3 particles were seen to be more closely dispersed in the nano-
sized WO3-epoxy composite (Fig. 6.6a) as compared to its micro-sized counterpart
(Fig. 6.6b). Thus, the probability for the lower energy photons to interact with the
WO3 particles and be absorbed is higher for the nano-sized WO3-epoxy composite.

As the photon energy increases, the photon (X-ray) penetration through the
absorbing material without interaction increases and hence, less photoelectric effect
relative to the Compton affect occurs. Thus, the X-ray attenuation by the absorbing
material decreased since the Compton interaction was weakly dependent on Z and
E and this interaction only took place between the incident photon and one of the
outer shell electrons of an atom in the absorbing material.

In order to discover the X-ray shielding ability of the composites, the results were
compared to commercial lead (Pb) sheets (model RAS20 Calibrated Absorber Set)
of four different thicknesses (i.e., 0.81, 1.63, 3.18 and 6.35mm) (see Fig. 6.7) using a
radiography unit of tube voltages 40–100 kV. The results show that although the lead
sheets gave the lowest X-ray transmissions at each tube voltage when compared to

Fig. 6.6 SEM images for epoxy composites filled with a 4 vol.% nano-sized WO3, and b 4 vol.%
of micro-sized WO3 [20]
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Fig. 6.7 X-ray transmission as a function of radiography unit X-ray tube voltage (40–100 kV) for
all micro-sized and nano-sized WO3-epoxy composites and commercial lead sheets [20]

all compositions ofWO3-epoxy composites, the latter with 10 vol.% of either micro-
sized or nano-sized WO3 can be a substitute for Pb in X-ray shielding by increasing
the sample thickness to ≥7 mm. Hence, the usage of lead in X-ray shielding can be
substituted by WO3 whereby W is lighter and less toxic compared to Pb.

6.2.2 Crystallite Size

The reference for fitting the peakswas taken from the InternationalCentre forDiffrac-
tion Data PDF-4+ 2009 database. The wavelength for all of these databases was
chosen to be the same as the wavelength of the synchrotron radiation used. The
diffraction peaks shown in Fig. 6.8 belong to monoclinic WO3 (PDF file 00-043-
1035). These results indicate that both the micro-sizedWO3 and the nano sizedWO3

were single-phase pure without impurities.
The diffraction patterns were plotted only in the 2θ range of 9–15° to clearly show

the size difference of the peaks for each micro-sized and nano-sizedWO3. As shown
in Fig. 6.8, the broad peaks belonged to nanometer-sizedWO3 crystallite whereas the
well-defined crystalline peaks belonged to micrometer-sized WO3. The crystallite
size determined from the Scherrer equation for nano sized WO3 was 51.5 nm. These
nano-crystalliteswere significantly smaller than the particle sizes provided bySigma-
Aldrich, thus indicating that at least 2 crystallites were present in each WO3 particle
of 100 nm in size.
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Fig. 6.8 Typical powder diffraction patterns for micro-sized and nano-sizedWO3 loading in epoxy
composites [20]

6.2.3 Mechanical Properties

Figure 6.9 shows the effect of filler loading on the flexural strength, flexural modulus
and Rockwell hardness of the epoxy composites. The flexural strength was found
to decrease with increased WO3 filler size while it had little or no effect on flexural
modulus. Similar results were reported by Park [21] who observed an increase in
flexural strength with decreased particle size in silica-reinforced epoxy composites.
However, Moloney et al. [22] reported a negligible effect of particle size on flexural
modulus in their epoxy composites filled with silica.

From Fig. 6.9a, the flexural strength of pure epoxy was 49.9 MPa but increased to
a maximum value of 64 MPa for the composite containing 4 vol.% nano sized WO3.
However, a further increase in the filler loading beyond 4 vol.% resulted in a decrease
in flexural strength whereby the composite containing 10 vol.% nano sized WO3

exhibited the lowest flexural strength of 52.6 MPa. Similarly, for micro-sized WO3-
epoxy composites, the maximum flexural strength was obtained for a filler loading of
2 vol.%. A reduction in flexural strength was again observed when the filler loading
was increased beyond 2 vol.% due to non-uniform dispersion of the filler within the
matrix. The resultant agglomeration of the fillers acted as stress-concentrators which
served to reduce the strength of the composites.

The flexural modulus of the composites increased with an increase in the filler
loading for both the nano-sized and micro-sized WO3 which may indicate that the
stiffness of these composites obeyed the well-known rule-of-mixtures (Fig. 6.9b).
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Fig. 6.9 Mechanical properties of epoxy composites showing: a flexural strength as a function of
WO3 filler loading; b flexural modulus as a function ofWO3 filler loading; and cRockwell hardness
as a function of WO3 filler loading [20]
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Finally, the hardness results presented in Fig. 6.9c indicate that an increase in the
WO3 filler loading resulted in an initial increase in the hardness of the composite,
but a further increase in filler loading at 10 vol.% caused a reduction in hardness
probably due to the undesirable agglomeration of the fillers. The initial increase in
the hardness of the composites observed for both the nano-fillers and themicro-fillers
may be attributed to their uniform dispersion within the epoxy matrix, together with
their strong interaction with the epoxy chains to form good interfacial bonding.

6.3 Conclusions

The size effect of WO3 particles on the X-ray transmission in nano-sized and micro-
sized WO3-epoxy composites has been investigated at various synchrotron radiation
energies (i.e., 10–40 keV). The results presented in this work demonstrated that the
size effect on X-ray attenuation was profoundly dependent on the energy of the
synchrotron radiations. The particle size effect was more pronounced at lower syn-
chrotron radiation energies (10–20 keV) since the X-ray transmission in nano-sized
WO3-epoxy composites was less than in their micro-sized counterparts. However,
this size effect became insignificant at higher energies of 20–40 keV because the X-
ray transmissions in both nano-sized and micro-sized WO3-epoxy composites were
very similar. The X-ray transmission results for the mammography unit sat between
the results of 15–25 keV for XAS beam energies. Meanwhile, the X-ray transmis-
sions in samples for X-ray tube voltages of 40–60 kV of the radiography unit sat
between 25 and 40 keV. In addition, for composites with the same filler loading,
but with increasing sample thickness, the size effect in X-ray transmission was most
prominent for X-ray tube voltages of 25–35 kV but was negligible at 35–100 kV.
As the filler loading of the WO3 increased, the mechanical properties showed an
initial optimum improvement, but a further increase in the filler loading caused these
properties to deteriorate.
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Chapter 7
Synthesis and Characterization
of Ion-Implanted Epoxy Composites
for X-Ray Shielding

Abstract The epoxy samples were implanted with heavy ions such as tungsten
(W), gold (Au) and lead (Pb) to investigate the attenuation characteristics of these
composites. Near-surface composition depth profiling of ion-implanted epoxy sys-
tems was studied using Rutherford Backscattering Spectroscopy (RBS). The effect
of implanted ions on the X-ray attenuation was studied with a general diagnostic
X-ray machine with X-ray tube voltages from 40 to 100 kV at constant exposure
10 mAs. Results show that the threshold of implanted ions above which X-ray mass
attenuation coefficient, µm of the ion-implanted epoxy composite is distinguishably
higher than the µm of the pure epoxy sample is different for W, Au and Pb.

7.1 Introduction

X-ray shielding requirements have become more stringent as standards for exposure
of personnel and general public have been re-assessed. X-rays technologists practice
the ALARA principle (as low-as-reasonably-achievable) dose when dealing with
harmful ionizing radiation in order to continuously minimize the dose received by
personnel and general public [1–5]. Moreover, the application of polymers in X-ray
shielding technology is increasing steadily. This is due to a number of advantages
such as the choice of fillers into the polymermatrix, the improved dispersion of fillers
which enable the formation of mechanically stable hard coating materials and the
possibility tomodify both chemical composition and the related physical properties of
polymers by easy-to-control fabrication parameters [6–11]. In addition, other surface
modification tools such as ion implantation has also become increasingly used due
to the ease and readability to process some parameters during the irradiation such
as the choice of ions, the ion fluence, the depth of ion implantation, etc., which
can further improve the X-ray absorption capacity of shielding materials, including
polymers [7, 9, 12–14]. The main advantage of ion-implantation technology is the
capability of accurately controlling the number of implanted dopant atoms and the
dopant’s depth distribution profile [15]. In addition, the ion-implantation is well
established, and well understood technology as shown in applications for modifying
the surface properties ofmetals, semiconductors and ceramics.More recently, the ion
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implantation technology has been applied to the surface modification of polymers
to enhance their mechanical and electrical properties without changing the bulk
properties [10, 11, 16–19]. Promising results on ion-implanted ultra high molecular
weight polyethylene (UHMWPE) have been shown by Chen et al. where improved
hardness and Young’s modulus could be obtained through nitrogen ion-implantation
[14]. In addition, an epoxy system is a thermoset polymer which is generally stronger
and better suited to higher temperatures than thermoplastics so it can withstand
the high energetic ion during the implantation process [20]. Hence, the purpose of
the present study is to synthesize and characterize the X-ray attenuation property,
microstructure and near-surface composition of epoxy composites which have been
implanted with heavy ions such as tungsten (W), gold (Au) and lead (Pb).

7.2 Results and Discussion

7.2.1 Rutherford Backscattering Spectroscopy (RBS)

The RBS results in Fig. 7.1 shows the yield versus channel number for samples B1,
B3 and B5 implanted with W, Au and Pb, respectively. The list of samples with the
different amount of implanted ions is shown in Table 7.1. These results confirm that a
higher nominal dose resulted in a higher implanted concentration in the samples. For
example, for Au-implanted sample B3, a maximum Au concentration of 0.13 at.%
has been implanted in epoxy down to a depth of about 600 mono layers (ML) and it

Fig. 7.1 RBS result for pure epoxy sample and implanted samplesB1 (0.055 at.%W),B3 (0.13 at.%
Au) and B5 (0.25 at.% Pb) [21]
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Table 7.1 List of samples
prepared with different
implanted ions, average
charge and RBS
concentration of implanted
ion

Sample ID Implanted ion Average
charge

RBS
concentration
(at.%)

B1 W +3.07 0.055

B2 W 0.115

B3 Au +1.99 0.130

B4 Au 0.230

B5 Pb +1.66 0.250

B6 Pb 0.402

drops to 0.06 at.% for the next 800ML. For sample B4 a maximumAu concentration
of 0.23 at.% has been implanted in epoxy down to a depth of about 700 ML and
then it drops to about 0.08 at.% for the next 900 ML. This small difference in the
implantation depth of Au in epoxy is attributed to the small differences in the local
density of the hand-made epoxy polymer. A similar depth-profile RBS results was
obtained for samples implanted with W and Pb.

7.2.2 X-Ray Mass Attenuation Coefficients

Figure 7.2 shows the mass attenuation coefficient, µm as a function of X-ray tube
voltage for pure epoxy sample and for samples implantedwith all three ions at various

Fig. 7.2 Comparison of µm versus X-ray tube voltage for pure epoxy sample and all implanted
samples [21]
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Fig. 7.3 Variation of µm with concentration of implanted ion, the type of implanted ion and the
excitation energy of the X-ray tube [21]

concentrations, as determined by RBS. The results illustrate the typical decrease
of µm with the increase of X-ray tube excitation voltage, due to a higher energy
bremsstrahlung. In addition, a small increase of µm is noticed with the change of the
implanted elements (W, Au and Pb). For small concentrations of implanted elements,
the variation of µm with the X-ray tube voltage is similar with the result of µm

for pure epoxy. However, for higher concentration of implanted elements, there is a
noticeable increase ofµm above theµm of pure epoxy, at each X-ray tube voltage, but
this increase is higher at lower excitation voltages (energies). This is better illustrated
in Fig. 7.3, where we capture the variation ofµm with concentration of implanted ion,
the type of implanted ion and the excitation energy of theX-ray tube. In addition, with
the decreasing of µm with the increased of X-ray energy, we note the increase of µm

with the concentration of implanted element and with type of implanted element. For
the same energy of X-rays, the heavier the implanted ion or in other word the higher
the atomic number of implanted ion, the higher is the value ofµm. These were due to
the photoelectric interaction that dominates in the low X-ray energy range and high
atomic number of absorbingmaterial. The probability of the photoelectric interaction
is approximately dependent on Z3/E3 where Z is atomic number of the absorbing
material (implanted ions) and E is the photon energy [22].

Figure 7.3 also shows that for the same excitation voltage, the increase of µm

is more effective and that small additions of W afford a reasonable increase. For
example (see Table 7.1) for comparable concentrations of 0.115 at.%W (sample B2)
and0.13 at.%Au (sampleB3), theWappears to bemore effective in increasing theµm

which is contrary to what we expect since the atomic number of W is lower than the
atomic number of Au. A possible explanation could be that at these concentrations,
Au and Pb is agglomerating to a higher degree thanW, but this is yet to be verified by
cross section TEM. However, in terms of the relative increase in the concentration of
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Table 7.2 Relative increase of µm with the excitation of the X-ray tube for a relative increase in
the concentration of implanted ions of: W = 109.1%; Au = 76.9% and Pb = 60.8%

X-ray tube excitation voltage (kV) W (%) Au (%) Pb (%)

40 4.18 4.95 5.55

60 1.45 2.69 3.01

100 1.64 1.59 2.09

implanted ions, the increase of µm is higher for Pb, as shown in Table 7.2. Table 7.2
also shows that within the range used for the excitation voltage of the X-ray tube,
the doping threshold where µm of the composite starts to be larger than the µm of
the pure epoxy is around 0.1 at.% for W, 0.2 at.% for Au and 0.25 at.% for Pb.

7.3 Conclusions

The ion-implantation technique has been successfully used to implant epoxy resin
with W, Au and Pb at various concentrations, and the X-ray mass attenuation coeffi-
cient of the composite has been measured in a range of 40–100 kV of the excitation
voltage for the X-ray tube. It has been shown that the threshold of implanted ions
abovewhichµm of the ion-implanted epoxy composite is distinguishably higher than
the m of the pure epoxy is different for W, Au and Pb. The practical concentrations
of W, Au and Pb in epoxy composite which could provide good X-ray attenuation
properties and could be considered as candidates for effective X-ray shielding in
diagnostic radiology is higher than the concentrations used in this report, and further
work is considered.
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Chapter 8
A Comparative Study of X-Ray Shielding
Capability in Ion-Implanted Acrylic
and Glass

Abstract Samples of acrylic and glass were implanted with tungsten (W) and lead
(Pb) to investigate their X-ray attenuation characteristics. The near-surface compo-
sition depth profiles of ion-implanted acrylic and glass samples were studied using
ion-beam analysis (Rutherford backscattering spectroscopy—RBS). The effect of
implanted ions on the X-ray attenuation ability was studied using a conventional lab-
oratoryX-raymachinewithX-ray tubevoltages ranging from40 to100kVat constant
exposure 10 mAs. The results were compared with previous work on ion-implanted
epoxy. As predicted, the RBS results and X-ray attenuation for both ion-implanted
acrylic and glass increase with the type of implanted ions when compared to the
controls. However, since the glass is denser than epoxy or acrylic, it has provided
the higher X-ray attenuation property and higher RBS ion concentration implanted
with a shorter range of the ion depth profile when compared to epoxy and acrylic. A
prolonged time is necessary for implanting acrylic with a very high nominal dose to
minimize a high possibility of acrylic to melt during the process.

8.1 Introduction

Hitherto, the application of ion implantation has become increasingly used due to
the capability of accurate control on the number of implanted ions and the implanted
depth distribution profile. This enables scientists to further improve theX-ray absorp-
tion capacity of shielding materials such as glass and polymers [1–11]. For example,
a recent research by Rodríguez et al. [12] has shown that ion implantation is an effec-
tive technology for implanting elements into polymers for surface modification to
improve their mechanical properties such as hardness and elastic modulus. In addi-
tion, promising material comprising Cu nanoparticles in a ZnOmatrix for exhibiting
the phenomenon of self-defocusing and possessing a high nonlinear absorption coef-
ficient for the usage as an active light intensity limiter in the visible spectral range
was successfully obtained by the ion implantation technique by Stepanov et al. [13].
Furthermore, our previous work on epoxy implanted with lead, tungsten and gold
ions showed a higher X-ray attenuation of when compared to pure epoxy [14].

© Springer Nature Singapore Pte Ltd. 2020
I. M. Low and N. Z. Noor Azman, Polymer Composites and Nanocomposites
for X-Rays Shielding, Composites Science and Technology,
https://doi.org/10.1007/978-981-13-9810-0_8

83

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-9810-0_8&domain=pdf
https://doi.org/10.1007/978-981-13-9810-0_8


84 8 A Comparative Study of X-Ray Shielding Capability …

Glass is one example of materials used in shielding of ionizing radiations, espe-
cially for X-rays and gamma-rays, but it is heavy, expensive and very brittle. So,
it is not surprising that the application of polymers in X-ray shielding technology
is increasing steadily. This is due to a number of advantages that glass could not
meet because of their unique properties, such as low manufacturing cost and rugged
shatter-resistant material [3, 9]. But due to its high density as compared to polymer,
glass is still in use for ionizing radiation shielding purposes since it can provide
higher attenuation than polymer of the same thickness [15].

The aim of the present work was to synthesize, characterize and compare the X-
ray attenuation properties and near-surface composition profiles of acrylic and glass
implanted with tungsten and lead for X-ray shielding purposes. These results were
also compared with our previous work done on ion-implanted epoxy [14].

8.2 Results and Discussion

The list of samples implanted with different ions is shown in Table 8.1. Figure 8.1
shows the RBS results plotted as the yield versus channel number for acrylic and
glass samples (B1–C3) implanted with W and Pb.

The RBS composition of acrylic and glass was used to calculate the range of
implanted ions, usingMonte Carlo simulation (SRIM 2010). The range of 122.8 keV
W in acrylic is 84 nm and in glass is 48 nm, and the range of 66.4 keV Pb in acrylic
is 56 nm and in glass is 32 nm. These values are similar with the depth distribution
calculated from RBS results and shown in Fig. 8.2, where for comparison reasons
we also show the results of depth distribution of W and Pb in epoxy.

Table 8.1 List of polymer composites and glass prepared with different implanted ions and their
concentrations

Sample ID Matrix Nominal dose [ions/cm2] Implanted ion RBS ion concentration
[at.%]

A1 Epoxy 7.0 × 1014 W 0.055

A2 7.0 × 1014 Pb 0.250

A3 1.4 × 1015 Pb 0.390

B1 Acrylic 7.0 × 1014 W 0.050

B2 7.0 × 1014 Pb 0.200

B3 1.4 × 1015 Pb 0.430

C1 Glass 7.0 × 1014 W 0.100

C2 7.0 × 1014 Pb 0.290

C3 1.4 × 1015 Pb 0.850

For comparison reasons, we included previous results on the epoxy
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Fig. 8.1 RBS result for a acrylic implanted samples B1 (W), B2 and B3 (Pb); and b glass implanted
samples C1 (W), C2 and C3 (Pb) [16]

The results confirmed that the range of implanted ions is inversely proportional
with the atomic number (Z) of implanted ion (Pb= 82,W= 74) and with the density
of the matrix. In addition, RBS shows specific variations in range and concentration
of implanted ions, which are the result of specific sample matrix inhomogeneity. For
example (Fig. 8.2), for W-implanted acrylic (B1), a maximum W concentration of
0.05 at. % has been implanted down to a depth of about 1000 mono layers (ML)
and then it drops to about 0.025 at.% for the next 200 ML. For W-implanted glass
(C1), a maximum W concentration of 0.1 at.% has been implanted down to a depth
of about 1000 ML, and as the density of glass is higher than the density of acrylic,
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Fig. 8.2 RBS depth profile of implanted elements, for samples listed in Table 8.1. For comparison
reasons we included the previous results on epoxy [16]

one would expect the W implantation depth to be smaller than the W implantation
depth in acrylic, but this is not the case due to local inhomogeneities. Even for the
same sample matrix (acrylic), the same ion may have a different depth profile, and
this again, is attributed to the differences in the local density of the acrylic itself.
Similar depth profile RBS results were also obtained for composite samples of glass
as a matrix base and also our previously epoxy samples [14].

InTable 8.1, the differences between themeasuredRBSconcentration ofWandPb
ion at the same nominal implantation dose are explained by two factors: the different
sputtering properties of the two ions, and the uncertainty in the dose measurement
between different implantation runs. The glass is a denser (2.45 g/cm3) matrix when
compared to the acrylic or epoxy and contains heavier elements (Si, Na) hence it
has a higher stopping power to slow down the ions as they travel within it. Further, a
denser material has a lower projected range/depth profile (because ions have a greater
chance of colliding with the atoms within the material especially near the surface).
In contrast, epoxy and acrylic have nearly the same density (average 1.15 g/cm3) and
hence they do not show significant differences in the RBS concentration between
them. These statements are supported by the results in Fig. 8.2 since Pb-implanted
glass (C3) has a shorter depth profile as compared to Pb-implanted epoxy (A3) and
Pb-implanted acrylic (B3) of the same nominal dose of Pb 1.4 × 1015 ions/cm2.

Besides, there is a huge difference in ion concentration between sample A3 or
B3 with C3 when we double the nominal dose (1.4 × 1015 ions/cm2) as shown in
Table 8.1. After the ions entering a matrix, the energy that an ion loses is converted to
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Fig. 8.3 SEM image of the surface of a acrylic implanted with Pb (sample B3) showing the region
beingmelted during the higher nominal dose of implantation; and b glass implantedwith Pb (sample
C3) [16]

heat when slowing down within the material as the atoms dissipate the kinetic energy
in a series of collisions. Moreover, the melting point of acrylic or epoxy is ~160 °C
while for the glass is >1000 °C. So there is a high possibility of acrylic being altered
(Fig. 8.3) by the energetic ions (with average velocity around 2.0 × 105 m/s) when
they bombard the surface and cause bond breaking along the ion tracks, some of the
matrix atoms (H, O) could be lost and escape by diffusion. These altered regions of
the polymer may play an additional role in absorbing the X-ray, but this is yet to be
tested in a future experiment.

Figure 8.4 shows the linear attenuation coefficient, µ as a function of X-ray tube
voltage for all samples listed in Table 8.1, and for non-implanted samples of each
material used for ion implantation. The result of µ for W—implanted acrylic and
glass with the nominal dose of 7.0× 1014 ions/cm2 is nearly the same with the result
of µ for non-implanted material, at each X-ray tube voltage. Meanwhile, with the
decreasing of µ with the increasing of X-ray tube voltage we noticed that µ is also
increasing with the atomic number of implanted elements. For the same X-ray tube
voltage, the heavier the implanted ion or in other words the higher the atomic number
of implanted ion, the higher is the value of µ and can be differentiated from the µ
for pure matrix composite especially at lower X-ray tube voltage (40–70 kV). This
showed that the attenuation of the primary X-ray beam by the absorbing material
is highly dependent on the atomic number of the absorbing material itself. Notice
that the atoms of higher atomic number absorbing material present larger targets for
the radiation to strike and hence the chances of interactions via the photoelectric
interaction are relatively high. Hence, the attenuation should therefore be relatively
large. Meanwhile, in the case of lower atomic number absorbing material however
the individual atoms are smaller and hence the chances of interactions are reduced.
In other words, the radiation has a greater probability of being transmitted through
the absorbing material and the attenuation is consequently lower than in the high
atomic number case. The photoelectric interaction usually dominates in the lower
X-ray energy range and also for the high atomic number of absorbing material
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Fig. 8.4 Comparison of µ versus X-ray tube voltage for a pure acrylic and acrylic implanted
samples B1 (W), B2 and B3 (Pb); and b pure glass and glass implanted samples C1 (W), C2 and
C3 (Pb) [16]
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(implanted ions). The probability for the photoelectric interaction to occur is depen-
dent on Z3/E3 where Z is the atomic number of the absorbing material, and E is the
photon (X-ray/gamma-ray) energy [17]. Additionally, the ion-implanted glass shows
the highest attenuation compared to acrylic/epoxy since it is denser and has the high-
est RBS ion concentration of the same ion (Fig. 8.5) because more primary X-ray
beam being attenuated by a denser absorbing material than a lower density absorbing
material since the chances of an interaction between the radiation and the atoms of
the absorbing material are relatively higher. In most cases, high density absorbing
materials aremore effective than low density alternatives for blocking or reducing the
intensity of radiation. However, low density absorbing materials can compensate for
the disparity with increased thickness, which is as significant as density in shielding
applications.

From the above analyses, glass is still the best candidate for implanting with high
RBS ion concentration and thus able to attenuate more X-rays as compared to pure
acrylic/epoxy but it is fragile and easy to break; thus we need to handle it carefully
for using as X-ray shielding. In contrast, even though acrylic is inferior in terms of
density, melting point and seems not an ideal applicant but an implanted acrylic can
still be chosen as a candidate for X-ray shielding because it is tougher and lighter
as compared to glass but prolonged time is needed when implanted it with a high
nominal dose to prevent it to melt during the implantation process. Besides, it also
can provide similar X-ray attenuation like glass with increased thickness, which is
as significant as density in shielding applications.

8.3 Conclusions

Ion-implantation has been successfully used to modify the near-surface of acrylic
and glass with W and Pb ions to improve X-ray attenuation for X-ray shielding for
diagnostic radiology purposes. TheX-ray attenuation is higher for the compositewith
the denser samplematrix and the composite having the higherRBS ion concentration.
However, the number of implanted doses will need to be significantly increased so
that this approach can be feasible for designing new shielding materials for the X-
ray technologists. Even though glass provided the best results for both RBS ion
concentration and X-ray attenuation, its usage as X-ray shielding needs extra care
since it is easy to break. In contrast, implanted acrylic can be a good candidate for
X-ray shielding but much time is needed when implanted acrylic with a very high
nominal dose since it has a low melting point and by increasing its thickness.
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Fig. 8.5 Comparison of µ versus X-ray tube voltage for a W-implanted epoxy (A1), acrylic (B1)
and glass (C1); b Pb-implanted epoxy (A2), acrylic (B2) and glass (C2); and (c) Pb-implanted
epoxy (A3), acrylic (B3) and glass (C3) [16]
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Chapter 9
Characteristics of X-Ray Attenuation
in Electrospun Bismuth Oxide/Poly-lactic
Acid Nanofibre Mats

Abstract The characteristics of X-ray transmission in electrospun nano(n)- and
micro(m)-Bi2O3/poly lactic acid (PLA) nanofibre mats with different Bi2O3 load-
ings were compared using mammography (22–49 kV) and X-ray absorption spec-
troscopy (XAS) (7–20 keV). Results indicate that X-ray transmissions by electro-
spun m-Bi2O3/PLA nanofibre mats are distinctly higher than those of n-Bi2O3/PLA
nanofibre mats at all energies investigated. In addition, with increasing the filler
loading (n-Bi2O3 or m-Bi2O3), the porosity of electrospun Bi2O3/PLA nanofibre
mats decreased thus decreasing the X-ray transmission except for the nanofibre mat
containing 38 wt% of Bi2O3 (the highest loading in the present study). The latter
showed higher porosity with some beads formed thus resulting in a sudden increase
in X-ray transmission.

9.1 Introduction

Nanoparticles, i.e. nanometric sized particles, have attracted much attention amongst
researchers in different fields of physics, chemistry, material science, medicine, and
biology, because of their unique and often superior electronic, magnetic, optical,
mechanical, physical and chemical properties [1–7]. For example, in the medical
field, nanoparticles have beenwidely used in diagnosis, tissue engineering and also as
drug delivery devices [8]. Gold nanoparticles are one of themost useful nanoparticles
in industry and medicine [3]. For instance, in the medical field, gold nanoparticles
show significant improvement in the treatment of cancers by enhancing the sensitivity
of radiation from a radiotherapy unit with minimal adverse effects on surrounding
normal tissues [1, 2].

Additionally, this size-effect has also become one of the virtues in designing
materials for shielding of ionizing radiations. Some X-ray technologists believe that
this effect will improve the X-ray attenuation ability of the composite since nano-
sized fillers are able to be dispersed more uniformly within the matrix with fewer
agglomerations as compared to micro-sized fillers [9, 10]. The latest work done
by Buyuk et al. [11] proved that decreasing the titanium diboride particle size in
the titanium diboride reinforced boron carbide-silicon carbide composites causes
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higher linear attenuation coefficient values for the energy of 0.662 MeV emitted
by Cs-137 gamma source [11] found that the nanostructured copper oxide (CuO)
is more effective in attenuation of lower X-ray beam energy (26 and 30 kV) and
no significant variation in X-ray attenuation at higher X-ray beam energy (60 and
102 kV). Künzel and Okuno [12] also provided similar results, which show that the
X-ray absorption is higher for a nanostructured CuO compound compared to the
microstructured counterpart for low energy X-ray beams (25 and 30 kV) for all CuO
concentrations incorporated into polymeric resins.

Electrospinning is a well-established polymer processing technique which has
been proven to be a flexible and effective method for fabricating multilayers of
microscale (>1 µm) to the nanoscale (<1000 nm) fibres from different types of
polymers to be used in a wide range of applications such as in drug delivery, tissue
engineering and protective clothing [13–22]. This technique provides many benefits
to industry with perhaps the most important one being its versatility and simplicity,
which means it is a very time efficient way to fabricate a variety of continuous
nanofibrous structures. It is advantageous to use the nanofibre webs in a layered
structure together with a suited substrate material such that the final product offers
sufficient strength and durability. Besides, the nanofibre layers should be flexible
and also have a good adherence to the substrates without being easily broken or
delaminated [23–25].

In the present study, due to the simplicity of the technique, it is investigated
whether electrospinning can also be used to produce nanofibre mat for the efficient
shielding of ionizing radiations. In a recent work on WO3-filled epoxy composites
[25], we investigated the effect of nano-sized and micro-sized filler reinforced epoxy
composites bymelt-mixingmethod on theX-ray attenuation in theX-ray tube voltage
range of 22–127 kV. Our results showed that nano-sized WO3 was more effective
than micro-sized WO3 in X-ray attenuation at the low X-ray tube range of 22–35 kV
since photoelectric interaction dominates at lower photon (X-ray) energy range and
also the number of W particles/gram in the nano-sized WO3-epoxy composite is
higher than that for the micro-sized WO3-epoxy composite. The size effect was not
apparent at the higher X-ray tube voltage range of 40–120 kV. Hence, the objective
of our present study is to synthesize new radiation shielding materials using the
electrospinning technique with the preparation of well-dispersed Bi2O3 of different
particle sizes in PLA fibre mat. The effectiveness of electrospun nano-Bi2O3/PLA
nanofibre mats in radiation protection during diagnostic imaging using low X-ray
energies is also reported,with the ultimate goal of offering anewapproach to radiation
protection, based on nanotechnology and electrospinning.
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9.2 Results and Discussion

9.2.1 Thickness Measurement

The tave of all the electrospun Bi2O3/PLA nanofibre mats used in Eq. (2.5) is (0.0300
± 0.0002) cm which is the chosen constant average thickness of the sample used for
the X-ray transmission comparison. On the other hand, tave of all Bi2O3/PLA thin
films is (0.0490 ± 0.0002) cm.

9.2.2 Porosity Measurement

From Table 9.1, the apparent density ρ of each thin film (the last two columns to
the right of the table) of the same filler (Bi2O3) category increased by the increment
of filler content in the PLA solution. The density found in thin films illustrated that
m-Bi2O3/PLA thin film gives lower density compared to n-Bi2O3/PLA thin film but
both of them did not make a great difference compared to the theoretical value.
However, the apparent density results of the electrospun Bi2O3/PLA nanofibre mat
underestimated the theoretical values due to the nanofibres were highly porous, ran-
domly oriented and aligned.As can be seen, the density of the electrospunBi2O3/PLA
nanofibre mat increased with the filler loading except for the electrospun Bi2O3/PLA
nanofibre mat of 38 wt% Bi2O3 loading; there is a sudden decreased in the density
due to the higher porosity found (Table 9.2) and also the formation of PLA beads.

Porosity is an important parameter when preparing the absorbing material for the
X-ray attenuation experiment. As can be seen from Table 9.2, the porosity of both
electrospun n-Bi2O3/PLA nanofibre mat and electrospun m-Bi2O3/PLA nanofibre
mat was over 70% probably due to the entangled structure of the randomly-oriented
nanofibres, indicating that they were highly porous and thus were not really ben-
eficial for the X-ray attenuation by the electrospun nanofibre mat especially with
the filler ≥38 wt%. Further increases of filler wt% (>38 wt%) was not performed
due to the decrease in the sample’s density and increasing of the porosity measured

Table 9.1 Density of electrospun Bi2O3-PLA nanofibre mats and Bi2O3-PLA thin films

Filler (Bi2O3) weight fraction (wt%) Density (cm3/g)

Theoretical Electrospun
nanofibre mat

Thin films

Nano Micro Nano Micro

24 1.56 0.27 0.25 1.54 1.50

28 1.63 0.40 0.39 1.59 1.52

34 1.75 0.49 0.45 1.69 1.64

38 1.84 0.30 0.24 1.77 1.72
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Table 9.2 Porosity of
electrospun Bi2O3-PLA
nanofibre mats

Filler (Bi2O3)
weight fraction
(wt%)

Porosity (%)

Nano-Bi2O3 PLA
nanofibre mat

Micro-Bi2O3
PLA nanofibre mat

0 88.8 88.8

24 83.0 84.0

28 75.4 76.1

34 72.1 74.3

38 83.6 87.0

which can not give any advantages for future X-ray transmission experiments. The
porosity found from the control electrospun PLA nanofibre mat was 88.8%. So, if a
further investigation was performed for higher filler wt% (>38 wt%), the electrospun
Bi2O3/PLA nanofibre mat would probably have similar or even higher porosity than
this controlled sample.

9.2.3 X-Ray Transmissions

Figure 9.1 shows the XAS X-ray linear attenuation coefficient (μ) results of elec-

Fig. 9.1 Linear attenuation coefficient as a function of synchrotron radiation energy operated
by XAS (7–20 keV) for all Bi2O3 loading (0–38 wt%) of the electrospun n-Bi2O3/PLA and m-
Bi2O3/PLA nanofibre mats [28]
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trospun nanofibre mats for X-ray energy of 7–20 keV for 0–38 wt% Bi2O3 loading.
It clearly shows a big difference in T between electrospun n-Bi2O3/PLA nanofibre
mats and electrospun m-Bi2O3/PLA nanofibre mats of the same filler loadings as
the X-ray energy increased. Additionally, Fig. 9.2 also shows a distinct difference in
μ between electrospun n-Bi2O3/PLA nanofibre mats and electrospun m-Bi2O3/PLA
nanofibre mats at the same filler loadings for the X-ray beams generated by 22–
49 kV X-ray tube voltages from the mammography unit. These X-ray tube voltages
provided the X-ray effective energy in the range of 15.2–20.8 keV (Fig. 9.3) which
were determined using half-value layer (HVL) experiments done by Suk et al. on the
mammography unit [26].

As can be seen from both Figs. 9.1 and 9.2, the X-ray µ was reduced with
an increase of the filler loading within the PLA matrix for both electrospun n-
Bi2O3/PLA and m-Bi2O3/PLA nanofibre mats except for 38 wt% Bi2O3 loading;
there is a sudden decrease in X-ray attenuation. These findings support the den-
sity and porosity results discussed previously, including the 38 wt% of Bi2O3/PLA
nanofibrematswhich showed lowdensity andhigh porosity, thus leading to decreased
X-ray attenuation. Meanwhile, the comparison of thin-films between m-Bi2O3/PLA
and n-Bi2O3/PLA does not totally support the results found from this study for the
electrospun Bi2O3/PLA nanofibre mats. As the image in Fig. 9.4 indicate, as the
effective X-ray energy increased to >17.4 keV (X-ray tube voltage >35 kV), for the
same wt% of Bi2O3 filler within this thin film sample, X-ray attenuation for m-Bi2O3

Fig. 9.2 Linear attenuation coefficient as a function of effective energy operated by various X-
ray tube voltages of the mammography unit (22–49 kV) for all Bi2O3 loading (0–38 wt%) of the
electrospun n-Bi2O3/PLA and m-Bi2O3/PLA nanofibre mats [28]
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Fig. 9.3 Effective energy as a function of the X-ray tube voltages operated by the mammography
unit determined from half-value layer measurements [28]

Fig. 9.4 Linear attenuation coefficient as a function of the effective energy operated by various
X-ray tube voltages of the mammography unit (22–49 kV) for all Bi2O3 loading (0–38 wt%) of the
n-Bi2O3/PLA and m-Bi2O3/PLA thin films [28]
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PLA thin film and n-Bi2O3/PLA thin film become comparable. They only show sig-
nificant X-ray attenuation differences for lower X-ray effective energy <17.4 keV
(X-ray tube voltage 22–35 kV) operated from the mammography unit.

As in our previous study for the comparison of different sizes of WO3 particles-
epoxy composite [25], we also get similar results for electrospun Bi2O3/PLA nanofi-
brematswhich showed thatX-ray attenuation by electrospunn-Bi2O3/PLAnanofibre
mat is higher than the X-ray attenuation by electrospun m-Bi2O3/PLA nanofibre mat
with same filler loading (wt%) for lower X-ray tube voltage ranges (22–35 kV) oper-
ated frommammography unit. However, by increasing theX-ray tube voltage beyond
35 kV, X-ray attenuation for electrospun n-Bi2O3/PLA nanofibre mat is still higher
than X-ray attenuation for electrospun m-Bi2O3/PLA nanofibre mat. In contrast, in
our previous work, the differences in the attenuation by micro-sized WO3-epoxy
composites and nano-sized WO3-epoxy composites become indistinguishable when
the X-ray tube voltage was increased beyond 35 kV [25]. Only Bi2O3/PLA thin film
has a good agreement with our previous results for X-ray tube voltages greater than
35 kV, which shows the indistinguishability in attenuation between m-Bi2O3/PLA
thin film and n-Bi2O3/PLA thin film.

Figure 9.5 presents the value of μ for electrospun n-Bi2O3/PLA nanofibre mats
for all the X-ray beam energies generated by XAS and the mammography unit. The
results found fromXAS unit were correlated with those from the mammography unit
since the mammography unit produced effective energies of 15–21 keV with the Mo
and Rh anode/filter characteristic X-ray energies of 17.5–22.7 keV, while the X-ray
energy used with XAS was ~7–20 keV.

Fig. 9.5 Comparison of the linear attenuation coefficient for the electrospun n-Bi2O3/PLA
nanofibre mats for all X-ray beam energies generated by XAS and the mammography unit [28]
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Therefore, electrospun n-Bi2O3/PLA nanofibre mats are superior to their micro-
sized counterparts in X-ray attenuation for all the X-ray beam energies (i.e. 7–20 keV
and 22–49 kV) generated by XAS and mammography respectively. In contrast, n-
Bi2O3/PLA thin films are a good X-ray shielding candidate only for the mammog-
raphy unit of 22–35 kV when compared to m-Bi2O3/PLA thin films. Both can be
chosen as X-ray shielding materials for X-ray voltages greater than 35 kV.

Basically, the total X-ray attenuation by the absorbing material is determined by
three energy-dissipative mechanisms, namely photoelectric effect, Compton scatter-
ing and pair production. Pair production was not considered in this study because this
mechanism will only occur when the photon energy is beyond 611 keV. In the photo-
electric absorption process, a photon undergoes an interaction with an absorber atom
in which the photon completely disappears. In its place, an energetic photoelectron
is ejected from one of the bound shells of the atom. The photoelectric process is the
predominant mode of photon interaction at relatively low photon energies and high
atomic number Z, i.e. (Z/E)3. Meanwhile, Compton scattering takes place between
the incident photon and one of the outer shell electrons of an atom in the absorbing
material. The probability of Compton scattering is almost independent of atomic
number Z and X-ray energy E. It is most dominant as the photon energy increases
due to a concomitant decrease in the photoelectric effect.

In addition, the number of Bi particles/gram in both n-Bi2O3/PLA fibre-mats and
thin-films is higher than their micro-sized counterparts. Hence, the probability of X-
rays with lowers energies (i.e. 7–20 keV and 22–35 kV) to interact and be absorbed
by n-Bi2O3 filler is higher when compared to their micro-sized counterparts since
the photons interact with the absorbing materials mainly by photoelectric effect.

When the X-ray tube voltage of the mammography unit is more than 35 kV (or
characteristic X-ray energy >20 keV), PLA thin-films of n-Bi2O3 or m-Bi2O3 gave
similar X-ray transmission for X-ray tube voltages greater than 35 kV and hence
these films can be used for attenuating X-rays generated from these X-ray sources.
The observed similarity in the X-ray transmission results may be attributed to: (a) the
decrease of the photoelectric effect, and (b) the domination of the Compton scattering
effect when the photon (X-ray) energy increases. The latter effect results in less
interaction and absorption of the photon byBi particles of these thin films; thus, theX-
ray transmission of these thin films is similar. In contrast, electrospun n-Bi2O3/PLA
nanofibre mat is superior to their micro-sized counterparts in X-ray attenuation at
the same energy range. The observed large differences in X-ray attenuation of these
fibre-mats may be explained by the difference in uniformity of dispersion between
nano andmicro-sized Bi particles within the PLAmatrix where large agglomerations
tend to occur for the latter.

Hence, the electrospun n-Bi2O3/PLA nanofibre mats of all filler loadings (24–
38 wt%) are potential candidates in X-ray shielding for all the incident X-ray energy
studied either by XAS (7–20 keV) or mammography (22–49 kV) when compared to
their micro-sized counterparts. However, the latter may still be a suitable candidate
for X-ray shielding of scattered radiations which requires very low energy. These
electrospun Bi2O3/PLA nanofibre mats can be used as a coating material for X-ray
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shielding because PLA nanofibres provide many benefits such as better tenacity,
resistance to degradation and mechanical properties [18, 27].

Meanwhile, n-Bi2O3/PLA thin films are a good X-ray shielding candidate only
for the mammography unit of 25–35 kVwhen compared to m-Bi2O3/PLA thin films.
Both can be chosen as the X-ray shielding material for X-ray tube voltage greater
than 35 kV.

9.2.4 Microstructure Analyses

The microstructure analysis of the electrospun nanofibres was done using both
backscattered electrons and the secondary electrons to clearly show the difference
between the PLA polymer and the embedded Bi elements. Figure 9.6a shows the
SEM image of control electrospun PLA nanofibres without any Bi2O3 filler. The
average diameter of these fibres was 854 ± 35 nm. The average diameter of PLA
nanofibre increase when 24–34 wt% Bi2O3 was added in the PLA solution. For
instance, Fig. 9.6b shows the homogenous nanofibres of 28 wt% of n-Bi2O3 filler
with an average diameter of 971± 22 nm.Meanwhile, in Fig. 9.6c the average diam-
eter of 28 wt% m-Bi2O3/PLA nanofibres is 911 ± 41 nm with a large variation and
agglomerations can be observed.

This indicates that by increasing the solution viscosity while both the conductivity
and the surface tension decreased with the increment of filler (Bi2O3) loadings within
PLA solution, the average nanofibre diameter was increased. The significant increase
in the viscosity of solution with increasing filler loadings was due to the increased
molecular entanglementwhich enabled the charged jet towithstand a larger stretching
force (from the Coulombic repulsion) resulting in the coarsening of the nanofibres.

In contrast, further increase of Bi2O3 loading to 38 wt% caused a decrease in
the average diameter to 496 ± 32 nm for n-Bi2O3/PLA nanofibres which have a
maximum diameter of 2.06 ± 0.49 µm and a minimum of 114 ± 2 nm (Fig. 9.6d).
Meanwhile, the average diameter of m-Bi2O3/PLA nanofibres is 406± 71 nmwith a
maximumdiameter of 1.13± 0.23µmand aminimumof 111± 2 nm (Fig. 9.6e). The
unexpected decrease in the average fibre diametermay be attributed to the domination
of electrical conductivity when filler loading or viscosity of solution increases. As a
result, this leads to the production of fibres with non-uniform diameters, as well as
formation of beads and particle agglomerations.

Images in Fig. 9.7a–c illustrate the EDS results for the electrospun n-Bi2O3/PLA
nanofibre mat with 34 wt% filler loading which confirms the existence of Bi element
from the filler together with elements C and O from PLA matrix. The SEM images
of m-Bi2O3/PLA and n-Bi2O3/PLA thin films with 28 wt% filler loading are shown
in Fig. 9.8 which indicate the presence of agglomerations within PLA matrix.
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Fig. 9.6 SEM image showing the images performed by backscattered electron technique on the
left and the secondary electron technique on the right for a the control electrospun PLA nanofibres
without any particles (0 wt% of Bi2O3); b 28 wt% Bi2O3 of electrospun n-Bi2O3/PLA nanofibres;
c 28 wt% Bi2O3 of electrospun m-Bi2O3/PLA nanofibres; d 38 wt% Bi2O3 of electrospun n-
Bi2O3/PLA nanofibres; and e 38 wt% Bi2O3 of electrospun m-Bi2O3/PLA nanofibers [28]

9.3 Conclusions

The electrospun nanofibre mats of n-Bi2O3/PLA and m-Bi2O3/PLA with filler load-
ings of 24–38 wt% were successfully fabricated. From the analyses, the electrospun
n-Bi2O3/PLA nanofibre mats of all filler loadings are superior in attenuating X-rays
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Fig. 9.7 a SEM image used for EDS analyses on 34 wt% Bi2O3 of the electrospun n-Bi2O3/PLA
nanofibres to prove that only Bi particles detected other than C and O which is the composition of
PLA; EDS analyses for b point 1 and; c point 2 marked in a [28]
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Fig. 9.8 SEM images of the thin film of 28 wt% Bi2O3 for m-Bi2O3/PLA on the left showing
agglomerations and n-Bi2O3/PLA on the right [28]

as compared to their micro-sized counterparts because the X-ray transmission is
strongly dependent on the particle size and the photoelectric interaction. However,
the electrospun Bi2O3/PLA nanofibremats with 38wt% loading is not recommended
for X-ray shielding because of higher porosity as compared to the lower filler load-
ings. The n-Bi2O3/PLA thin films are a good X-ray shielding candidate only for the
mammography unit of 22–35 kV when compared to the m-Bi2O3/PLA thin films.
The particle size effect on X-ray attenuation diminished as the X-ray tube voltage
exceeds 35 kV.
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Chapter 10
Effect of Bi2O3 Particle Sizes
and Addition of Starch into Bi2O3–PVA
Composites for X-Ray Shielding

Abstract The effect of Bi2O3 particle sizes filled PVA composites on X-ray trans-
mission for X-ray shielding purpose had been successfully fabricated and analyzed
by using X-ray fluorescent spectroscopy (XRF) and mammography units with vari-
ous low X-ray energy ranges. Besides, a preliminary investigation was carried out by
using XRF unit to obtain the effect of starch addition into the composite on the X-ray
transmissions by both particle sizes of Bi2O3–PVA composites. The results showed
that the ability of the composite to attenuate the initial X-ray beam was augmented
with the increased Bi2O3 weight percentage (wt%). The density of both particle sizes
of Bi2O3–PVA composites was compared with the addition of 1 and 3 wt% starch,
while a fluctuation of density occurred for the composites without starch. More-
over, the nanosized Bi2O3–PVA composite without starch did not exemplify better
X-ray attenuation capability compared to its micro-sized counterpart even though
their density was higher than the micro-sized Bi2O3–PVA composite. However, the
nano-sized Bi2O3–PVA composite with starch offered better particle size effect for
X-ray shielding ability than its micro-sized counterpart compared to the Bi2O3–PVA
composites without starch.

10.1 Introduction

The ionizing radiation (X-rays or gamma rays) is harmful to the environment, espe-
cially toward the human health, causing diffuse damage at the cellular level and
throughout the body. Thus, the basic principle of radiation protection should be con-
sidered by applying the three rules, such as the shortest time, the longest distance,
and the shielding materials. Radiation shielding plays an important role in handling
radiation, especially X-rays and gamma rays [1–4]. Prior to this reason, lead and
thick concrete materials are suitable to reduce radiation intensities. The lead glass
has been widely used as radiation shielding due to its ability to attenuate radiation.
Unfortunately, lead glass is considered as toxic to environmental. However, lead
glass is considered as heavy, fragile, and also an expensive product for radiation
shielding purposes [3–7]. Therefore, many researchers have attempted to fabricate
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polymer composite in order to replace lead as the radiation shielding material. Poly-
mer exhibits property’s enhancement, including low density, lowmanufacturing cost,
good film forming, and it is also easy to produce. Composite is defined as a combina-
tion of a variety of fibers bonding with a matrix material that offers better mechanical
properties.

Based on these excellent mechanical properties, the usage of polymer compos-
ite has been widely developed nowadays. The fundamental understanding between
polymer composite and radiation shielding is that the presence of polymer com-
posite reduces X-ray transmission [2, 3, 8–13]. In comparison with other polymers,
polyvinyl alcohol (PVA) is the most important polymer due to its exclusive chem-
ical and physical features. It is a hydrophilic and semicrystalline polymer that has
received much attention due to its good chemical resistance, good thermal stability
good physical properties, excellent biocompatibility, and inexpensive. Moreover, it
also has been frequently used in medical devices due to its biocompatibility, low
protein adsorption characteristics, and chemical resistance [14]. Besides, PVA is
also capable of interacting with both organic and inorganic compounds due to the
presence of hydroxyl group, besides possessing an uncomplicated chemical struc-
ture and modifications are possible by simple chemical reactions [15]. Furthermore,
PVA also offers good film forming and emulsification that has been used in film and
fibers. Hence, these properties of PVA have made it adaptable for many applications,
such as for image storage, photovoltaic cells, textile industries, sensors, and medi-
cal devices. In fact, some researchers have stated that PVA is suitable to be mixed
together with natural polymers due to its high polar attribute [7]. Other than that,
among natural polymers, the use of starch is applied in different fields as it is one
of the most promising biocompatible and biodegradable materials that is universally
available and of low cost. Starch, as a widely available raw material, seems to be a
very good substrate for preparation of nanoparticles [16, 17]. In fact, starch, such
as potato or corn starch, is an example of natural polymer that offers unique prop-
erties, such as low in price, renewable, found in abundance, and can be obtained
from a variety of plant sources. However, it is sensitive to water, like polymers.
This limitation, nonetheless, can be improved by blending it together with another
polymer [18]. The combination of starch with PVA, eventually, changes the thermo-
mechanical properties of the composite as this combination affects the structure of
both polymers. As starch interacts with the polar synthetic of PVA, the presence of
bonding hydroxyl functional group (–OH) tends to build strong hydrogen bonding
among the molecules and to have better system integrity [9, 19]. Meanwhile, as for
X-ray shielding purpose, metal elements with high atomic number and high density
can impart higher shielding protection. For instance, Maghrabi et al. [20] proposed
that Bi2O3 compound in a suitable resin matrix can be coated on fabrics, and it
had been an effective method to produce flexible, wearable, and lead-free aprons
since bismuth (Bi) has high atomic number (Z = 83) and high density (8.90 g/cm3).
Besides, Nambiar et al. [21, 22] prepared polydimethylsiloxane (PDMS) composites
with different mixtures of high atomic number Bi compounds, including (WO4)3 and
bismuth oxide (Bi2O3), for X-ray shielding purposes. Furthermore, they found that
a PDMS composite with Bi2(WO4)3 had an increased X-ray attenuation compared
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to PDMS-only materials [21]. On top of that, they also found that a PDMS/Bi2O3

nanocomposite with 44.44 wt% Bi2O3 was equally capable of attenuating an X-ray
beam produced at 60 kV, which is a beam commonly used in interventional radiology
procedures [22].

In the early 21st century,microtechnology andnanotechnologyhave agreat impact
on society. Researches in both particle size technologies have been a breakthrough as
an intelligent system, sensing, processing, and functions. In terms of X-ray shielding,
the comparison between both micro- and nano-sized particles has been investigated
by various researchers. The investigation of the effect of different-sized particles
and its concentration on the radiation absorption become important in order to yield
lead-free based compound. Moreover, it was understood that the ability of X-ray
attenuation can be improved based on the dispersion concept of nano-sized particles
since they are able to disperse significantly and display better uniformity compared
to those micro-sized particles. In fact, some available nano-sized particles used as
polymer filler for radiation shielding are copper (II) oxide (CuO), tungsten (III) oxide
(WO3), and lead (II) oxide (PbO) [11–13, 23].With that, the present study synthesized
PVA composite with Bi2O3 filler for measurement of X-ray transmission. The X-
ray transmission of both nano- and micro-sized particles had been characterized by
using different modalities at low X-ray energy ranges. On top of that, the effect of
starch addition into the Bi2O3–PVA composites toward X-ray transmission was also
studied.

10.2 Results and Discussion

10.2.1 Density of the Composites

The usage of different wt% bismuth (III) oxide (Bi2O3) had been found to signifi-
cantly affect the density of theBi2O3–PVAcomposite, as clearly shown in Table 10.1.
The increment of Bi2O3 filler loading (wt%) to the composite mixture increased the
density of the composite material due to the heavier density of filler (8.90 g/cm3).

Table 10.1 Density of
Bi2O3–PVA composite
without starch

Filler (wt%) Density (g/cm3)

Micro-sized
Bi2O3–PVA

Nano-sized
Bi2O3–PVA

0 1.16 1.16

8 1.19 1.25

12 1.28 1.32

15 1.32 1.33

18 1.37 1.38

21 1.41 1.41
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Table 10.2 Density of Bi2O3–PVA with addition of 0–3 wt% of starch

Filler
(wt%)

Density (g/cm3)

Micro-sized Bi2O3–PVA Nano-sized Bi2O3–PVA

Starch
(0 wt%)

Starch
(1 wt%)

Starch
(3 wt%)

Starch
(0 wt%)

Starch
(1 wt%)

Starch
(3 wt%)

8 1.19 1.17 1.19 1.25 1.18 1.21

12 1.28 1.19 1.22 1.32 1.20 1.23

15 1.31 1.20 1.26 1.33 1.22 1.26

Similarly, the outcome was also agreed by the composite with the addition of starch
into the composite. The combination of highdensity filler compound and low-density
polymer matrix, respectively, caused the density of the composites to increase [23–
26].Meanwhile, for 8wt%filler (Table 10.2), the density formicro-sizedBi2O3–PVA
composite with the addition of 3 wt% starch had been similar to that with 0 wt%
starch. Nevertheless, by adding 1 wt% starch, the density was decreased compared
to them. This had been due to the lack of PVA to completely cover the surfaces of
Bi2O3 filler powder, resulting in the concomitant increase in the number of pores and,
thus, reducing the density of the composite since starch is known as a pore-forming
agent [27]. Moreover, Emrullahoğlu Abi and Yanar [27] concluded that the porosity
of materials can be controlled by the amount (nominal content) of starch added to
the suspension and that the pore size can be controlled by the type of pore-forming
agent. In addition, all the density values of Bi2O3–PVA composites with the addi-
tion of 1 wt% starch into both microsized and nano-sized mixture composites were
lesser than those with 3 wt% starch and 0 wt% starch, respectively. Even though the
densities of Bi2O3–PVA composites with the addition of 1 and 3 wt% starch were
lesser than that with 0 wt% starch, the density for both micro-sized and nano-sized
Bi2O3–PVA composites had been comparable, while the composites without starch
(0 wt%) showed a fluctuation in the densities.

10.2.2 X-Ray Transmission by the Composites Without Starch

Figure 10.1 shows the reduction ofX-ray transmission by bothmicro-sized and nano-
sized Bi2O3–PVA composites (without the addition of starch) with the increment of
filler loading for the X-ray energy of 16.59 keV (Fig. 10.1a), 17.46 keV (Fig. 10.1b),
21.21keV (Fig. 10.1c), 22.20keV (Fig. 10.1d), and25.2 keV (Fig. 10.1e) ofXRFunit,
respectively. The trends of the X-ray transmission obtained for the samples looked
similar, which further implied that the nano-sized Bi2O3–PVA composite exhibited
higher X-ray transmission than its micro-sized counterpart for all the X-ray energies,
except for X-ray energy at 16.59 keV, which showed lower X-ray transmission by
8wt%of nanosizedBi2O3–PVAcomposite compared to the samewt%ofmicro-sized
Bi2O3–PVA composite.Without the addition of starch into the composite, the pattern
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Fig. 10.1 X-ray transmission comparison between nano-sized and micro-sized Bi2O3–PVA com-
posites without starch at XRF X-ray energy: a 16.59 keV, b 17.46 keV, c 21.21 keV, d 22.20 keV,
and e 25.2 keV [31]
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Fig. 10.1 (continued)



10.2 Results and Discussion 113

Fig. 10.1 (continued)

of X-ray transmission for both Bi2O3 particle sizes with similar weight percentage
in the composite was not uniform. In fact, the nano-sized particle Bi2O3 did not dis-
play better X-ray attenuation capability compared to its micro-sized counterpart, as
described in other studies [3, 11], even though their density had been higher than that
of the micro-sized Bi2O3–PVA composite (Table 10.1). Consequently, the ratio of X-
ray transmission (Tm/Tn) between the micro-sized particle Bi2O3–PVA composites
(Tm) and the nano-sized particle counterparts (Tn) for all filler wt% investigated from
XRF unit of all the X-ray energies (16.59, 17.46, 22.20, 21.21, and 25.2 keV) studied
in this work occurred randomly, i.e., Tm/Tn ~ 0.7–2.64. Moreover, the ratio (Tm/Tn)
of 8 wt% of Bi2O3–PVA composite was within the range of 0.7–2.64. The sample
with 8 wt% of nano-sized Bi2O3–PVA composite enhanced the attenuation com-
pared to its micro-sized counterpart at X-ray energy 16.59 keV with Tm/Tn = 2.64,
while for the other X-ray energies, the ratio was Tm/Tn < 1.0. Meanwhile, the ratios
(Tm/Tn) of 12, 15, 18, and 21 wt% of Bi2O3–PVA composites had been in the range
of 0.20–0.91 for all the X-ray energy ranges. These results showed that the sample
of micro-sized particle Bi2O3–PVA composite exhibited better attenuation, as illus-
trated in Fig. 10.1. The main reason for obtaining these results might come from Bi
nanoparticles that dispersed non-uniformly and non-homogeneously within the PVA
solution during the drying process. Furthermore, the measurement of X-ray trans-
mission by the Bi2O3–PVA composites without starch frommammography unit also
depicted a similar result retrieved from the XRF unit, where the X-ray transmissions
of both Bi2O3 particle sizes decreased as the wt% of Bi2O3 was increased. Moreover,
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the X-ray beams, which were generated by theMo/Mo anode/filter combination, had
been composedmainly of the characteristic X-ray energies ofmolybdenum (17.5 and
19.6 keV). Meanwhile, the X-ray transmission of the sample at X-ray tube voltages
of 25–27 kV operated from the mammography unit is illustrated in Fig. 10.2a. Illus-
trations in Fig. 10.2b, c portray the results at tube voltages of 29–31 and 33–35 kV,
respectively. Besides, Fig. 10.2 shows that the value of X-ray transmission by the
composites decreased with the increasing X-ray energy. Bi2O3–PVA composite of
8 wt% nano-sized Bi2O3 exhibited good X-ray attenuation ability compared to its
micro-sized counterpart since the ratio of (Tm/Tn) was within the range of 1.2–2.4
for tube voltages of 25–33 kV. Meanwhile, the ratio (Tm/Tn) < 1.0 was found only
for tube voltage of 35 kV. However, these results contradicted with the result found
for X-ray energy of 16.59 keV from XRF unit, which only showed the ratio of Tm/Tn

= 2.64, while Tm/Tn < 1.0 for the X-ray energy of 17.46–25.2 keV. The fluctuation
in the results might be due to the effect of heat dissipation caused by the anode. Heat
could be spread over a large area by rotating the anode during exposure. The usage
of fine focal spot (0.1 mm) used during the irradiations successfully reduced geo-
metrical bluntness as the spatial resolution was highly dependent upon it. However,
the small area of the focal spot on the anode limited the current of the tube and the
X-ray output that could be sustained without damage from excessive temperature
[28]. Hence, this would be at the expense of excess heating and further affected the
measurement. Nonetheless, samples with 12, 15, and 18 wt% of Bi2O3 had Tm/Tn

in the range of 0.28–0.96. As the ratio of (Tm/Tn) was less than 1.0, it indicated
that the X-ray transmitted through the sample of micro-sized Bi2O3–PVA compos-
ite had been lower compared to the sample of nano-sized Bi2O3–PVA composite.
These results agreed with the results obtained from the XRF measurements. Nev-
ertheless, the X-ray transmission generated by the mammography unit could not be
compared at 21 wt% of Bi2O3 loading as the calculated dose parameter detected
had exceeded the specified range. On top of that, in previous works conducted by
other researchers, the particle size effect of Bi2O3–PVA composite on the X-ray
transmission was negligible at high X-ray energy ranges (40 kV) as they discovered
that the ratio of (Tm/Tn) ≈ 1.0, which indicated that Tm ≈ Tn [3, 11]. This outcome
might have been due to the Compton scattering effect at high X-ray energy. As the
probability of the Compton scattering effect had been high, the X-ray attenuation by
the composite might be decreased. Besides, once the Compton scattering effect had
been found dominant at higher X-ray energy, the interaction and the absorption were
similar for both nano-sized and microsized Bi2O3–PVA composites [3, 11, 29, 30].

10.2.3 Effect of Starch Addition on the X-Ray Transmission

Apart from that, the addition of starch intoBi2O3–PVAmixture, in order to form com-
posites, offered better dispersion of filler within the PVA matrix. Table 10.2 shows
that the densities for both micro-sized and nano-sized Bi2O3–PVA composites had
been quite similar to those added with starch compared to the composites without
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Fig. 10.2 X-ray transmission comparison between nano-sized and micro-sized Bi2O3–PVA com-
posites without starch at mammography unit with tube voltage: a 25 and 27 kV, b 29 and 31 kV, as
well as c 33 and 35 kV [31]
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starch (0 wt%), even though their densities were lower than the composites without
starch. Figure 10.3 shows the X-ray transmission for Bi2O3–PVA composites (8, 12,
and 15 wt% of Bi2O3 loadings) with the addition of 1 and 3 wt% of starch at X-ray
energy 16.59 keV (Fig. 10.3a), 17.46 keV (Fig. 10.3b), and 22.20 keV (Fig. 10.3c) of
XRF unit. The decrement of X-ray transmission revealed in the sample after adding
the starch into it for all theX-ray energy ranges fromXRFunit was similar to the trend
found from the X-ray transmission for sample without starch with increment in filler
loading for both wt% of starch. Furthermore, some discrepancies of X-ray transmis-
sion were discovered between nano-sized and microsized particles without starch.
However, the addition of starch into both particle sizes of Bi2O3–PVA composites
improved the X-ray attenuating ability for all the X-ray energy ranges studied in this
work from XRF unit. Once the wt% of Bi2O3 was increased, the ratio of (Tm/Tn)
became larger (>1.0). Other than that, the ratio of (Tm/Tn) for the sample with the
addition of 1 and 3 wt% of starch in 8 wt% Bi2O3 was in the range of 1.0–1.31. On
the contrary, the sample in the absence of starch only had (Tm/Tn) 0.7–1.0, except
for the X-ray energy 16.59 keV with a sudden increase to Tm/Tn = 2.64. Moreover,
the ratio of (Tm/Tn) for 12 wt% of Bi2O3–PVA composites with 1 and 3 wt% of the
starch was 1.1–1.45, while the ratio of (Tm/Tn) for the sample without starch was
within the range of 0.35–0.65. Similarly, the ratio of (Tm/Tn) for 15 wt% of Bi2O3

with 1 and 3 wt% of the starch was 1.32–3.7, whereas for the sample without starch,
it was only 0.8–0.9. Bi2O3–PVA composite without the addition of starch, nonethe-
less, showed that the micro-sized particle Bi2O3–PVA composite exhibited better
attenuation compared to its nano-sized counterpart. However, obviously, with the
presence of starch in the nano-sized Bi2O3–PVA composite, better X-ray attenuation
ability was displayed as compared to that of the micro-sized Bi2O3–PVA compos-
ite. In fact, an X-ray transmission comparison between nano-sized and micro-sized
Bi2O3–PVA composites without the addition of starch (0 wt% of starch) and with
additional 1 and 3 wt% of starch at XRF X-ray energy 21.21 keV had been studied
(Fig. 10.4). Moreover, similar tendency of the X-ray transmission by these samples
was found for the rest of the X-ray energies studied. The outcomes showed that the
reduction of X-ray transmission did not depend on the increment of Bi2O3–PVA
composite density; nonetheless, interestingly, it depended on the addition of starch
during the mixing process. This improvement in the composite generated the forma-
tion of hydrogen bonds that offered better stability from the starch as the stabilizing
agent. Recently, Virkutyte and his colleagues [32] discovered that it is vital to select
stabilizing agents that are able to avoid the undesired effects, such as aggregation of
metal nanoparticles in aqueous solutions and organic solvents that opened up vast
opportunities, for their utilization and potential mass production to be selective for
desired applications. Furthermore, the interaction between the –OH group of starch
and the –OH group of PVA promoted improvement in the composite by preventing
the brittleness of the composite [9, 28]. In addition, a recent study by Nikroo and his
colleagues [33] also suggested that the usage of water-soluble starch as a stabilizer
for the Fe/Ni nanoparticles tended to reduce agglomeration and discrete particle.
Moreover, El-Rafie et al. [34] also confirmed that maize starch played a dual role
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Fig. 10.3 X-ray
transmission comparison
between nano-sized and
micro-sized Bi2O3–PVA
composites with additional 1
and 3 wt% of starch at XRF
X-ray energy: a 16.59 keV,
b 17.46 keV, and
c 22.20 keV [31]
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Fig. 10.4 X-ray transmission comparison between nano-sized and micro-sized Bi2O3–PVA
composites with additional 0, 1, and 3 wt% of starch at XRF X-ray energy 21.21 keV [31]

as a reducer for silver nitrate (AgNO3) and as a stabilizer for synthesizing AgNPs
without using any hazardous chemical or any intermediate complicated steps.

Consequently, this result showed that the production of radiation shielding by
using the nanoparticle–polymer composites with the addition of starch has become
superior in terms of X-ray attenuation due to the benefits found in starch in improving
the dispersion of the nanoparticles within the polymer, besides providing a better
particle size effect comparison for X-ray shielding purpose. Figure 10.5 provides
the preliminary analysis on the dispersion of 15 wt% Bi nanoparticles within the
PVA matrix without starch (Fig. 10.5a) and with 1 wt% starch (Fig. 10.5b) addition.
In fact, Bi nanoparticle agglomerations are shown in Fig. 10.5a, while Fig. 10.5b
shows the improvement in the dispersion of Bi nanoparticles within PVA matrix
with the support of 1 wt% starch. Nonetheless, further research is warranted to
gain better understanding of the Bi particle distribution in the PVA matrix with the
addition of starch. These results suggest that the nano-sized Bi2O3–PVA composites
with starch can be effectively used for radiological protection purposes. The intended
applications of these composites asX-ray shieldingmaterials can be specifically used
as a newnon-Pb radiation shieldingmaterial for radiation protection by interventional
radiology (IR) physicians, aswell as to lessen the physical repercussions of longhours
wearing unnecessarily heavy radiation protection garments.
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Fig. 10.5 Backscattered SEM images of 15 wt% Bi nanoparticles within PVA matrix; a without
and b with 1 wt%; starch addition [31]

10.3 Conclusions

The effect of Bi2O3 particle sizes and the addition of starch into Bi2O3–PVA com-
posites for X-ray shielding had been investigated for various X-ray energy ranges by
using a variety of modalities. In the absence of starch, the X-ray transmission mea-
surements by using XRF and mammography units displayed some variations since
most of the composites had (Tm/Tn) below 1.0. Meanwhile, with the addition of
starch into Bi2O3–PVA composite, the ratio of (Tm/Tn) from the XRF unit measure-
ment for all filler loading (wt%) investigated had been in the range of 1.0–3.7. This
indication represents the characteristic of starch, which is able to help in improving
the dispersion of the Bi2O3 particles within a PVA matrix with minimal variance in
the density readings between the micro-sized and the nano-sized Bi2O3–PVA com-
posites. Hence, it has been proven that the usage of starch within the Bi2O3–PVA
composites has helped to reduce the dependence of Bi2O3 particle size effect toward
the density of PVA matrix, besides providing better particle size effect comparison
for X-ray shielding purpose.
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Chapter 11
Summary and Concluding Remarks

Abstract The use of viable processing methodologies for designing new materials
with advanced nanotechnology to enhance radiation shielding purposes in order to
meet the safety requirements for use in medical X-ray imaging facilities has been
achieved. However, very limited or little information is still available in this emerging
research field. This leaves a wide scope for future investigators to make further
advances in new materials design and processing.

11.1 Summary

11.1.1 Filler Dispersion Within Epoxy Resins by Melt-Mixing
Method

• Epoxy composites filled with dispersed lead oxide (PbO and Pb3O4) particles
of 1–5 µm for composites with filler loading of ≤30 wt% and 5–15 µm for
composites with filler loading of ≥50 wt% have been successfully fabricated. The
phase composition analyses proved that lead oxides used in this study were single-
phase pure without impurity. Meanwhile, the microstructure analyses from OM
and SEM illustrated that the fractured surfaces were quite rough, and the fillers
(lead oxides) were well dispersed and firmly embedded in the epoxy matrix due to
their relatively small particle size and good compatibility with the epoxy matrix.
The attenuation ability of the lead oxide-epoxy composites was dependable on
the filler loading and composite density. They showed good X-ray attenuation
properties and could be considered as a potential candidate for radiation shielding
in diagnostic radiology purposes. In addition, the lead oxide-epoxy composites in
this study are superior to the lead oxide-isophthalate resin composite previously
investigated by other researchers since with the same wt% of lead oxide; lead
oxides-epoxy composite provides better attenuation on the Gamma-rays of energy
0.662MeV emitted fromCs-137 point source than lead oxide-isophthalate. Hence,
the usage of lead oxides can be minimal in the fabrication of lead oxide-epoxy
composites to provide similar attenuation ability with the lead oxide-isophthalate,
and thus reduce the health risks associated with lead oxides.
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• Epoxy composites filledwith fairly dispersed PbCl2, Bi2O3 orWO3 have been suc-
cessfully fabricated. Their attenuation ability was dependable on the filler loading
and composite density. They also provide good X-ray shielding ability, and hence
can be considered as candidatematerials forX-ray shielding of radiological rooms.
The 8 mm thick Bi2O3-epoxy composite with 70 wt% Bi2O3 is comparable to a
10 mm thick commercial lead glass which contains 56 wt% Pb while the 8 mm
thick of 70 wt% PbCl2- or WO3-epoxy composites were not comparable with the
lead glass unless they were prepared with a thickness greater than 10 mm. Both
flexural modulus and hardness of composites increased with increasing filler load-
ing, but the flexural strength decreased markedly when the filler loading was equal
to or greater than 30 wt%.

• Epoxy composites filled with the dispersed WO3 showed that for the same WO3

loading, nano-sized WO3-epoxy composite has better attenuation ability to atten-
uate the X-ray beams generated by lower tube voltages (25–35 kV) operated by
mammography unit when compared to themicro-sizedWO3-epoxy composite. As
themachine’s tube voltage selected is greater than 40–49 kV, they attenuate similar
amount of X-ray beams or in other word, the attenuation ability of the nano-sized
and micro-sized WO3 reinforced epoxy is indistinguishable. Meanwhile, the role
of particle size in X-ray shielding was also insignificant at all tube voltage ranges
(40–120 kV) for radiography unit.

• Epoxy composites filled with the dispersed WO3 of different wt% showed that
the size-effect on X-ray attenuation was profoundly dependent on the energy of
synchrotron radiations. The particle size-effect was more obvious at lower syn-
chrotron radiation energies (10–20 keV) since X-ray transmission in nano-sized
WO3-epoxy composite was less than their micro-sized counterparts. In contrast,
this size-effect became insignificant at higher energies between 20 and 40 keV
because the X-ray transmissions in both nano-sized and micro-sized WO3-epoxy
composites were very similar. The equivalent energy for mammography unit (25–
49 kV) tube voltages are in the range of synchrotron radiation energies of 15–
25 keV. Similarly, for radiography unit, the X-ray tube voltages 40–60 kV are
equivalent to 25–40 keV energies. As the composite of the same WO3 loading
thickness increased, the size-effect on the X-ray attenuation tested with mammog-
raphy and radiography unit was showing similar results as in (iii). Meanwhile, the
effect of WO3 loading on the mechanical properties showed an initial optimum
improvement but further increase in the filler loading caused these properties to
deteriorate.

11.1.2 Filler Dispersion Within Epoxy, Acrylic and Glass
by Ion-Implantation Method
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• Epoxy samples implanted with W, Au and Pb at various concentrations showed
that the threshold of implanted ions above which the mass attenuation coefficient,
µm of the ion-implanted epoxy composite is distinguishably higher than the µm

of the pure epoxy is different for different ion types. The practical concentrations
of W, Au and Pb in epoxy composite which could provide good X-ray attenuation
properties and could be considered as candidates for effective X-ray shielding in
diagnostic radiology by increasing the ion concentration than the one used in this
work.

• Acrylic and glass implanted with W and Pb ions showed higher X-ray attenuation
for the composite with the denser sample matrix and the composite having the
higher RBS ion concentration. However, the number of implanted doses should
be significantly increased so that this approach can be feasible for designing new
shielding materials for the X-ray technologists. Even though glass provided the
best results for both RBS ion concentration and X-ray attenuation, its usage as
X-ray shielding needs extra care since it is easy to break. In contrast, implanted
acrylic can be a good candidate for X-ray shielding but much time is needed when
implanted acrylic with a very high nominal dose since it has a low melting point.

11.1.3 Filler Dispersion Within PLA Nanofibre Mats
by Electrospinning Method

• PLA nanofibre mats dispersed with n-Bi2O3 and m-Bi2O3 showed that the electro-
spun n-Bi2O3/PLA nanofibre mats of all filler loadings (24–38 wt%) were found
to be superior in attenuating X-rays compared to their micro-sized counterparts
because the usage of n-Bi2O3 provides the fabrication of more uniform materials
since the particle size can affect the microstructure and consequently the density
and composition that will then modify the attenuation coefficient of the compos-
ite. However, the electrospun Bi2O3/PLA nanofibre mats with 38 wt% loading are
not recommended for X-ray shielding because of higher porosity compared with
the lower filler loadings. Meanwhile, the n-Bi2O3/PLA thin films are good X-ray
shielding candidates only for the mammography unit at tube voltages of 22–35 kV
when compared to the m-Bi2O3/PLA thin films. The particle size effect on X-ray
attenuation diminished as the X-ray tube voltage exceeded 35 kV.

11.1.4 Effect of Starch Addition into PVA Composites

Starch offered better particle size effect for X-ray shielding ability than its micro-
sized counterpart when being added into the Bi2O3–PVA composites. In addition,
starch has improving the dispersion of nano-sized Bi2O3 particles within PVAmatrix
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and also has helped to reduce the dependence of Bi2O3 particle size effect toward
the density of PVA matrix.

11.2 Concluding Remarks

The use of viable processing methodologies for designing new materials with
advanced nanotechnology to enhance radiation shielding purposes in order to meet
the safety requirements for use inmedical X-ray imaging facilities has been achieved.
However, very limited or little information is still available in this emerging research
field. This leaves a wide scope for future investigators to make further advances
in new materials design and processing. Thus, some recommendations for further
research are as follows:

1. Since the relationship between the mass attenuation coefficient and particle size
of lead oxide remains unknown as mentioned in Chap. 3, further study should
be done to reveal their relationship since lead oxide was the familiar compound
used as radiation shielding in the past.

2. The dispersion of the nano-fillers by melt-mixing method was fairly homoge-
neouswith someparticle agglomerationswith the use of only high-speedmixture.
However, to get perfect dispersion for nano-fillers in polymer matrices are still
challenging. Therefore, different ways of mixing as well as curing is required
to be investigated deeply to improve the nano-filler dispersion by melt-mixing
method.

3. Deeper testing of the physical andmechanical properties of the composites should
be considered so that the composites are able to practically use as an X-ray
shielding for long periods of time.

4. The practical concentrations of W, Au and Pb ions implanted into an epoxy,
acrylic or glass composite shouldbe increasedhigher than the concentrations used
in order to provide good X-ray attenuation properties and could be considered
as candidates for effective X-ray shielding in diagnostic radiology.

5. Since Bi has a greater atomic number, classified as non-hazardous and is also a
relatively environmentally friendly compound compared to toxic Pb, the implan-
tation of Bi ions into the epoxy, acrylic or glass should be considered to provide
good X-ray attenuation properties and could be considered as candidates for
effective X-ray shielding in diagnostic radiology.

6. Deeper investigations should be considered to characterize the implanted com-
posites. However, the higher implanted ion concentrations are required so that
the characterization analyses on the composites could be succeeded.

7. The fabrication of nanofiller-nanofiber polymer by electrospinning should be
tested with different filler and polymer types that are also good candidates for
attenuating X-rays.
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8. Further investigations on the physical and mechanical properties of the electro-
spun nanofiller/nanofibre PLA should be considered for X-ray shielding practical
purposes.

9. More studies on the effect of starch addition into polymer matrix should be done
in order to support the preliminary results of starch helping in improvement of
the dispersion of nano-sized particle within polymer matrix.
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