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Abstract

Protecting astronauts and space crow from hazardous radiation is critical in space missions.
Conventional metallic material such as aluminum (Al) and its alloys have been widely used for
shielding the harmful space radiations, including high energy electrons. However, due to the issue
of extra secondary radiation generation and heavy weight, metallic materials are not satisfying for
modern applications and long-distance space missions. Among various materials for shielding the
space radiations, low atomic-number materials, including hydrogen, are demonstrated as the most
efficient materials; however, the feasibility and safety issues of these materials have limited their

applications.

Employing hydrogen-rich polymer nanocomposites is one of the approaches to replace high atomic
number metals. Polymer-based nanocomposites can provide enough shielding against hazardous
radiations with less secondary radiation generation and lower weight, in addition to improved
mechanical and physical properties. By reviewing literature, bismuth oxide (Bi20z3), multi-walled
carbon nanotube (MWCNT), hexagonal-boron nitride (h-BN), and MXene nanomaterials were

selected to enhance properties of polydimethylsiloxane (PDMS) polymer.

In first step, PDMS/Bi203 and PDMS/MWCNT nanocomposites with different weight percentages
(wt.%) of nanofillers. Then, photon shielding effectiveness of fabricated nanocomposites were
studied with utilizing diagnostic x-ray with 60, 70, 80, and 90 keV energies. Flexible thin
multilayer nanocomposites with alternating PDMS/Bi20O3 and PDMS/MWCNT layers were

fabricated and characterized.

Afterward, the role of nanofillers embedded in PDMS polymer matrix on shielding efficiency were
studied by comparing the electron attenuation properties of PDMS/MWCNT, PDMS/Bi203, and
PDMS/MWCNT/Bi203 nanocomposite with pure PDMS and Al. The results indicate that the
addition of Bi.Ozand MWCNT in PDMS matrix can significantly improve the electron attenuation
of the pure polymer. PDMS/MWCNT/Bi203 also has weight advantage in comparison with Al as
it attenuates the same electron radiation energies with lower areal density. However, enhanced
thermal and mechanical properties of the proposed nanocomposite are required to make it a

promising candidate for electron radiation shielding in space applications. As a result, an



optimization of nanocomposites has been accomplished by applying it in a layered structure. For
this purpose, hydrogenated boron nitride (OHBN) and the novel 2D nanomaterials, MXene, were
added to PDMS polymer matrix separately. A multilayer nanocomposite of PDMC/BN,
PDMS/MXene, and PDMS/MWCNT/BIi203 layers were developed with enhanced thermal and
shielding properties. The developed multilayer structure was fabricated with 5 different areal
densities and studied for high energy electron radiation attenuation, under electron beam with
energies of 9, 12, 16, and 20 MeV. According to the high ratio of radiation shielding effectiveness
and weight of the developed nanocomposite, it is highly potential to be applied as the space

shielding material.
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Chapter 1 Introduction

1.1 Motivations

Space is one of the most complex and extreme environments. It is filled with high-energy
radiations and particles, moving at very high speeds that approach thousands of kilometers per
hour. The high energy radiations in space are different from what we experience on earth, and
human exposure to these radiations can cause severe health problems (either immediate or
delayed). Besides, space radiation can cause the degradation of electronic devices and induce
irreversible damages [1][2]. Therefore, protecting astronauts and hardware from hazardous

ionizing radiations during space missions is vital.

To design suitable shielding material, it is necessary to have more information about the space
radiation. Different types of radiation are mainly coming from three different sources: particles
from trapped energetic radiation, solar particle events (SPE), and galactic cosmic rays (GCR).
Each of the radiations has a specific requirement to be shielded. For example, high mass density
materials are required to protect spacecraft from energetic electrons trapped in Van Allen radiation
belts. High atomic number particles (HZE) are comprising a low quantity of the GCR radiations
(about 1-2%), but they can interact with high specific ionization and contribute about 50% of the
long-term space radiation dose in humans. Another type of hazardous radiation is secondary
radiation, with less energy (compared to main radiations) but in high quantity and more damage
on astronauts and spacecraft [3]. Secondary radiations (like electron particles) are produced from
primary radiation interaction with the atoms of shielding materials. Although the interaction of
radiations with matter depends on various parameters such as kinetic energy, they make 100%
radiation attenuation unachievable due to the electromagnetic cascades [4]. The space shielding
materials should limit the radiation dose to the lowest level so that long-time space missions can

be implemented.

Modern spacecraft have been equipped with different radiation shielding materials among which

aluminum (Al) is the most applied [5][6]. According to the special properties of Al, including high
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strength and lightweight, Al and its alloys have been known as significant shielding components
on spacecraft and satellites since the Apollo missions [7]. Al has been interpreted as a reference
shielding material. Al structures with areal densities ranging between 2 — 20 g/cm? have been used
on different parts of the International Space Station (ISS). However, the development of state-of-

art materials with lower atomic numbers is highly demanding in future space applications.

Due to the shielding principles for space application, shielding materials can effectively protect
spacecraft from space radiations if i) they have high electron density which leads to increasing the
electromagnetic interaction between target electrons and the incident charged particles; ii) they
produce less secondary radiations; iii) they are light in weight and can reduce the transportation
cost [3][8]. According to these requirements, materials containing low atomic number (low-Z)
elements have attracted expansive interest in the design of radiation shielding materials for space
applications. For instance, a high hydrogen content material, including water and liquid hydrogen,
has been investigated for space radiation shielding application. However, according to the

feasibility and safety issues, they are not suitable to be widely applied on spacecraft [9][10].

In recent decades, researchers have studied the radiation shielding properties of various polymers
[11]. Pure polymers are usually composed of low-Z elements (hydrogen in particular), which
makes them suitable for space radiation shield application [1][12][13][14]. High-density
polyethylene (HDPE) is one of the most suggested polymers for this application. However, HDPE
can only be applied as an associate shielding layer with Al as it is suffering from poor thermal
stability, low working temperature range, and extremely high thermal expansion. According to the
harsh environment of space, polymers with sufficient thermal stability should be considered and

investigated for this application, such as polydimethylsiloxane (PDMS).

In addition, many studies have shown the enhancement of thermal and mechanical properties of
polymers by adopting the extraordinary advantages of nanomaterials. Owing to their unique
chemical, physical and mechanical properties, especially very high surface area, nanomaterial has
been known as effective fillers to improve the radiation resistance of polymer nanocomposites
compared to pure polymer [15][16]. Low-Z materials such as boron nitride (BN) and carbon-based
nanofillers are known as excellent candidates for this application because of their high thermal

conductivity and mechanical strength. Studies have shown the potential of CNT nanocomposites



in proton and electron radiation shielding enhancement [17][18][19]. It was also found that multi-
walled carbon nanotubes (MWCNT) can provide extra stability against radiations [20][21][22].
Additionally, based on the shielding theory, high atomic number (high-Z) materials (including
bismuth) are good candidates for electron shielding because of their superb ability to absorb and
shield photons and electrons [23][24][25]. However, the content of high-Z nanofiller should be
increased in order to stop the electrons with very high energies. This will increase the chance of
secondary radiation generation as well as sacrificing the nanocomposite weight advantages. On
the one hand, high-Z fillers are required to efficiently shield the ionizing radiations. On the other
hand, low-Z fillers would decrease the weight and the chance of secondary radiation generation.

To overcome this problem, different fillers can be used in a multi-layered shielding structure [26].

A layer-by-layer assembly method can efficiently help to prepare nanocomposite with various
atomic number nanofillers concentrated in different layers [27][28]. Homogeneously dispersing
more than one filler in a polymer is always challenging, especially if various concentrations of
different types of fillers with different shapes and sizes are embedded in a polymer matrix.
Different type of nanomaterials with various concentration requires distinct dispersion methods,
but it is difficult to use one method to mix them [29][30]. To overcome this problem, different
fillers can be used in a multi-layered shielding structure [26]. Low-Z fillers (such as BN), medium-
Z (such as titanium (Ti) and molybdenum (Mo)), and high-Z nanofillers (Bi2O3) can be
homogeneously embedded in a polymer matrix and applied as different layers to enhance the

shielding performance.

Therefore, investigations of high-energy radiation shielding properties of PDMS nanocomposites,
as a low-cost commercially available polymer with excellent thermal stability, would potentially
inspire broad research. Not only do polymer-based nanocomposites have immense potential to be
applied for space radiation shielding, but also the multilayer nanocomposites which are filled with
low-Z, medium-Z, and high-Z elements at the same time would be an appealing alternative to
replace conventional material in various space applications, though they have attracted limited

attention thus far.



1.2 Objectives

The purpose of this study (Fabrication and Evaluation of Structural Polymer Nanocomposites for
Space Radiation Shielding Application) is to develop a polymer-based nanocomposite for
space radiation shield application that can be used to compete with conventional material. To

achieve this, the study is broken down into three secondary objectives, as described below:

e Investigation of Appropriate Materials and Composition for Radiation Shielding Tests

with X-ray Shielding Measurement

The first objective was to develop the PDMS/Bi203 and PDMS/MWCNT nanocomposites with
different weight percentages (wt.%) of nanofillers. The physical and mechanical properties of
nanocomposites were characterized to find the optimized composition. Then the x-ray shielding
properties of samples were evaluated using continuous x-ray with 60 to 90 keV energy.
Additionally, multilayer nanocomposites in 2 to 5 layers were fabricated with alternately
PDMS/Bi203 and PDMS/MWCNT layers and characterized for x-ray shielding with the same
energies, to investigate the effect of layer structure on x-ray shielding efficiency.

e Electron Radiation Shielding Test

To study the effect of Bi2Os and MWCNT on electron shielding efficiency of PDMS polymer,
PDMS/Bi203, PDMS/MWCNT, and PDMS/MWCNT/Bi203 nanocomposites were fabricated.
After characterizing the thermal and mechanical properties of nanocomposites, electron beams
with energies of 9, 12, 16, and 20 MeV was used to simulate the extreme environment of space
and irradiate the samples. The attenuation efficiency of all the samples was compared to that of

the Al to evaluate the weight advantage of nanocomposites.
e Optimization of Applied Nanofillers and Nanocomposite Structure

A layer nanocomposite based on PDMS polymer was designed and fabricated with different
nanofillers in different layers. Nanofillers with low-Z (BN) and medium-Z (Ti and Mo) were added
to two different layers to minimize the Bi (as high-Z filler) content of PDMS/MWCNT/Bi203
nanocomposite. This approach helped to decrease the content of high-Z filler with least effect on

the shielding efficiency.



1.3 Thesis Organization
This dissertation includes 7 chapters:

Chapter 1 is a brief introduction to the research background including the research motivation.

Then provides the research objectives and thesis outline.

Chapter 2 provides a literature review about space radiations and their effects on humans and
matter. Then there is an introduction to conventional and innovative radiation shielding

materials.

Chapter 3 introduces the selected materials, fabrication methods, and shielding measurement

tools used in this research.

Chapter 4 presents the fabrication and characterization of multilayer nanocomposite for x-ray
shielding and provides a discussion on the effect of nanocomposite structure on shielding

efficiency.

Chapter 5 exhibits the characterization of enhanced nanocomposite for high-energy electron

beam shielding and follows by the electron shielding efficiency measurement.

Chapter 6 illustrates improved nanocomposite with a layered structure for electron radiation

shielding, with minimum content of the high-Z filler, and enhanced shielding performance.

Chapter 7 includes a conclusion, the major contributions, and the future work.



Chapter 2 Background

The space environment with hazardous radiations is extremely dangerous for astronauts. For those
space missions which are around the Earth, the magnetic field of the Earth is providing the major
shielding against the space radiation exposures. However, for the space missions beyond the low
earth orbit (LEO) like missions to Mars or other planets, the risks of exposure to hazardous space

radiation become more severe [31].

Many experimental and theoretical investigations have introduced a variety of materials, such as
heavy metals, for shielding the space radiations. However, due to the limitations of the metallic
shielding materials, including secondary radiations generation, difficulties of manufacturing, high
cost, and high weight, it has been a pressing matter to develop innovative highly efficient

lightweight materials for shielding application.

2.1 Space Environment

The space environment is an extremely dynamic place, which is full of high energy particles and
hazardous radiations. The source of the radiation is different from what we experience on earth
(gamma rays for example), but they are particles from three different main sources: trapped
energetic radiation, Solar Particle Events (SPE), and Galactic Cosmic Rays (GCR) (as shown in
Figure 2-1). These radiations are one of the most important concerns in space missions because of

their dangers to the astronauts’ health and the electronics on board [3][31].



Galactic Cosmic Rays

Galactic Cosmic Rays

Figure 2-1. Space radiations [3]

2.1.1 Source of the space radiations
i) Galactic Cosmic Rays (GCR)

Coming from out of the solar system, the GCR is ionized atomic nuclei and subatomic particles
(electrons and positrons) radiated by energetic objects like stars and supernovae. The contribution
of electrons and positrons in GCR is small (~2%), which can be easily stopped by even most light
shielding parts (<5g/cm? Aluminum) on spacecraft. The other 98% are baryons particles (85%
protons, 14% a particles, and ~1% high atomic number high energy particles (HZEs)). Although
HZE ions comprise a small number of GCR particles, these high atomic number ions (Z>10) with
a very high energy (E>100GeV) supply a significant amount of GCR dose and are seriously
harmful to astronauts. However, spacecraft materials can barely shield them [4].

The magnetic field of Earth in low Earth orbit and the solar activities in solar system can
considerably affect flux of GCR particles. The energy of GCR particles in solar minimum and
maximum (changing between 10 MeV to 10 GeV/nucleon) is shown in Figure 2-2. Near the Earth
poles, high energy particles move toward the earth. Consequently, the flow of GCR particles

exposed to the spacecraft in LEO increases and reaches a maximum. However, near the Earth
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equator, the high energy particles move in parallel with the Earth, result in flux reaches a minimum
in this area [31][32][33].
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Figure 2-2. GCR particles energy in solar minimum and maximum [34]

ii) Solar Particle Event (SPE)

SPEs are accelerated particles (mainly proton), emitted by the Sun. There are three types of SPEs:
solar wind, solar flare, and coronal mass ejections (CME). During the solar winds, particles
including protons and of electrons projects outward from the Sun, with speed varying between 750
km/s and 400 km/s, and energy changing between 1.5 keV and 10 keV. Structural materials in
spacecraft can easily shield the low energy particles from solar winds [35][36].

Solar flare is a sudden outburst of electromagnetic radiation from the Sun that arises in active solar
regions around sunspots and can cause bursts of energy (<6x102° J). The duration of flare events
is from minutes to hours. It can be characterized by large flows of electrons (107/cm? to 108/cm?),

with an angle from 30° to 45° in solar longitude.

CME is the event of a significant burst of matter from the sun, which includes protons, electrons,
and plasma. Along with the electromagnetic radiation, a small amount of HZE particles (Z<26)
are also ejected from the sun, during the CME event. The CME is characterized by large fluxes of

protons (10%cm?) with an angle of 60° to 180° in solar longitude, and its duration is in the order



of days. The speed of particles changes between and 20 km/s to 3,200 km/s, with an average of
489 km/s [37][38][39].

iii) Trapped Energetic Radiation

Electrons and protons from SPE and GCR can interact with the magnetic field and atmosphere of
the Earth. The interacted particles will then be trapped by the magnetic field and form the Van
Allen radiation belt (Figure 2-3). Van Allen radiation belt consists of two belts: inner and outer.
The inner belt is 100-10,000 km above the surface of the Earth and includes mainly protons and
electrons with energies up to 5 MeV. The outer belt is 13,000-60,000 km above the ground and
includes mainly electrons with energies less than 7 MeV. The energy of the trapped protons in
inner belt increases as a function of altitude and goes up to hundreds of MeV with a broad peak
between 150 MeV and 250 MeV [9][31][40].
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Figure 2-3. Van Allen Radiation Belt [14]

2.1.2 Effects of Humans Exposure to Space Radiation

Astronauts’ exposure to ionizing space radiation and high energy particles results in health
hazards. The effects of these exposures are related to various parameters, including particle energy
level, radiation type, exposure time, and the absorbed dose. Many investigations have reported the
danger of exposure to SPE and GCR space radiations. Some health risks, which are induced by
space radiations, are cataracts, carcinogenesis, neural system damages, and cardiac problems

[33][1].



Space radiations with high energy particles can induce damage effects on biological tissue, which
results in immediate or delayed health issues. The human body’s cell interaction with these
particles may lead to cell death or irreparable genetic damages such as DNA mutations [41].
Furthermore, short exposure time or exposure to low energy particles may result in the damage on

chromosomes and induce delayed effects like carcinogenesis and organ degradation [42].

Moreover, according to the threats from the space radiation environment, applied radiation
shielding material should perform radiation-dose and the mass attenuation rates of more than 50%.
The collected data of space missions demonstrated that the detected radiation dose by spacecraft
could vary between 10.3 mGy/day and 1,154 mGy/day in Geostationary orbit (GEO) and 110-
1,270 mGy/day in LEO [3]. Although various advanced materials have been used in space stations
and spacesuits, astronauts can still be exposed to different radiations with energy changing from
80 mSv to 160 mSv/six-months, which is high in comparison with that of the Earth (2 mSv/year).
However, radiation dose limits vary by gender and age of astronauts. Due to the National Council
on Radiation Protection and Measurement (NCRP) report, the radiation dose limits in LEO is from
0.4 Svto 1.7 Sv for female and 0.7 Sv to 3.0 Sv for male (as shown in Table 2-1) [43][44].

Table 2-1.Whole Body adequate dose limits for male and female at different ages [45]

Age 25 yrs 35 yrs 45 yrs 55 yrs
Male — limits (cSv) 70 100 150 190
Female — limits (cSv) 40 60 90 160

2.1.3 Radiation Effects on Electronic Devices

Induced radiation damage effects on electronics are mainly single event effects (SEE),

displacement damage, and total ionization dose (TID) effects.

() Total ionization dose effects

Electronic devices consist of semiconductor and dielectric materials. Along the path of a radiation

particle, electron-hole pairs that are created in dielectric materials result in the generation of
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vacancies or trapped charges in regions near the interface between the semiconductor and dielectric
layers.

(i) Displacement damage

Atoms in the crystal lattice may be displaced by high energy particles (neutrons, protons, electrons,
alpha particles, heavy ions, secondary electrons), resulting in changes in the material properties
(Figure 2-4) [46].

Figure 2-4. charge-coupled device photography of an electronic piece before and after displacement
damage [46].

(iii) Single event effects

lonizing particles (high-energy protons and HZE particles) can deposit energy to materials and
cause permanent failure or soft errors. SEEs include single-event burnout (SEB), single-event
latch-up (SEL), and single-event upset (SEU). SEB is a destructive state and can be a highly
localized burnout of the drain-source in power MOSFET, and SEL is a potentially disastrous state
leading to current exceeding on circuits. In addition, the SEU is an ionization particle-induced alter
of condition (Figure 2-5) [47][48].
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Figure 2-5. Photographs of a transistor before (a), and after (b) burning by the SEE [48].

2.1.4 Radiation Interaction with Target Material

When primary radiation particles of the trapped radiation belt, GCR, and the SPE pass through the
shielding materials, nuclear interactions occur and result in secondary radiation particle generation
with energy changing between 0.001 GeV and 5 GeV.

Nuclear interactions are mainly categorized into two types: projectile and target fragmentation.
Different factors may affect this interaction, including the collision angle, the charge, and the
kinetic energy. Neutral prions and y-rays produced during the nuclear reactions can lead to

electromagnetic cascades.

HZE high energy particles interact with the target material and lead to the projectile fragmentation.
This interaction results in high-energy secondary electron and neutrons generation. The high
energy secondary particles interact with materials and continue the nuclear reactions. The target
fragmentation is the result of interaction between trapped GCR particles and heavy atom nucleus

or carbon and oxygen nuclei in the human body [3][49].

In summary, during space travels, high-energy radiation can affect astronauts and result in serious
health problems. Besides, the space radiation has damage effects on electronic components and
structural materials in the spacecraft. Therefore, well-designed radiation shielding materials are

critical in space exploration missions [3][41][50][51].
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2.2 Radiation Shielding Principles

In order to shield HZE particles and protons effectively, shielding components should have high
electron density. In addition, an efficient shielding structure should minimize the shielding atoms'
fragmentation and maximize the probability of projectile fragmentation.

2.2.1 Shielding Protons and HZE lons

HZE particles and high energy protons with positive electric charges are thousands of times greater
than electrons in mass. Besides, the volume of nucleus is only about 10% of the atom’s volume.
As a result, when HZE particles and protons are passing through the shielding materials, they
rarely interact with a nucleus, and their energy is lost mostly by interaction with electrons and
exciting or ionizing atoms. Therefore, it is essential to design or find new structures and materials
with high electron density to shield hazardous radiations of HZE particles and protons. Equation

1 is a model to calculate the electron density (number of electrons per unit volume) [52].

Equation 2-1

Z
Electron density = N (K)

Z: the material atomic number, A: Z + number of neutrons, N: the Avogadro’s

number=6.022X10%,

Due to the equation, the electron density is related to two parameters: the ratio of Z/A and the
material density. Space shielding materials should have low density and be lightweight. Therefore,
to design suitable radiation shielding materials, the Z/A ratio should be considered as a critical
factor. Materials with higher Z/A ratio are more efficient for shielding applications. Figure 2-6
shows the Z/A ratio corresponding to atoms with the atomic number from Z = 1 to Z = 90.
According to Figure 2-6, the hydrogen atom has the highest Z/A ratio (more than 50% in

comparison with the other atoms).
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Figure 2-6. Z/A ratio for different atoms (1<Z< 90)

Minimum target atoms fragmentation and maximum probability of projectile fragmentation are
other factors that should be considered in radiation shielding materials. HZE particles and protons
lose most of their energy when interact with electrons, but nuclear reactions can happen when
incident particles have high kinetic energies. It should be mentioned that energy transfer of the
high energy particles radiation is directly proportional to the atomic number of particles. Therefore,
when incident HZE particles fragment into ions with smaller atomic number, the Kinetic energy is

almost the same as the primary HZE particles, but the total dose equivalent is decreased [53].

2.2.2 Shielding electrons

When electron radiations passing through a material, Coulomb interaction happens between
electron particles and atoms of shielding material. However, since electron particles have the same
mass as the electron in matter, the collusion results in billiard-ball collisions that can produce much
more scattering. For electrons with more than 10 keV energies, larger energy-loss happens during
each collision. Therefore, much longer range and lower ionization density electron has in shielding

materials compared to positive ions [54].

However, for electrons with lower energy, Coulomb interaction with positively charged nucleus

bends the electrons and results in bremsstrahlung x-ray radiation generation. The energy of this
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secondary photon depends on scattering angle, atomic number Z, and the energy of incident
electrons. In addition, electron energy loss because of the bremsstrahlung radiation highly depends

on Z, as equation shows:

Equation 2-2

Zradioactive _ ZE
Zelectronic 800 MeV

As can be indicated from the equation, high-Z materials (Z = 80-90) can produce larger number of
photons in comparison with low-Z materials, since low-Z materials stop high energy electrons (10-
100 MeV) by ionization. Therefore, since more energy can deposit into high-Z materials, they can
attenuate greater electron energy. However, low-Z materials create fewer secondary radiations
(mostly Auger electrons and Bremsstrahlung radiation) by less electron attenuation [3]. As a result,
the advantages of both high- (i.e. high stopping power) and low-Z (i.e. less secondary radiations)
materials should be adapting into shielding product to efficiently shield electron radiations
[19][55][56].

2.2.2 Shielding secondary radiations

As discussed in previous sections, there are two types of secondary radiations. One from electron
radiation interaction with matters (secondary electrons and photons), and the other is that of proton
interacting (secondary neutrons). Secondary electron and photon shielding are achievable as
described above. But typical strategy for neutron shielding includes two steps. First, the fast
neutrons should be slow down and convert to thermal energies. Applying lightweight elements in
the shielding structure can be helpful in this regard. Hydrogen is useful as shielding material since
the neutron’s radiation energy can transfer to hydrogen nucleon during the collision. The equation
below can be applied to explain the relation between transferred energy to a nucleus and neutron

energy.

Equation 2-3

_ smME,
(M +m)?
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Q: transferred energy, m: the mass of received energy nucleus, En: neutron energy, and M: neutron

atomic mass M.

For a single neutron, the atomic mass is always 1 (M = 1). According to the equation, hydrogen is
the best material for neutron shielding since the mass of hydrogen atom is 1 (m=1), which means
the incident neutron can transfer the maximum amount of energy to a hydrogen atom. Therefore,
when the atomic mass increases, the transferred energy decreases. Polyethylene, water, concrete,
and paraffin are the most used fast neutron moderating materials. However, each has its
disadvantages: water needs to be frequently maintained, and evaporation of water may cause a
reduction of shielding effectiveness. Paraffin is flammable, which induces further safety problems.
Although concrete has been applied widely in nuclear stations and accelerator facilities, the weight

problem makes it impossible for use in space applications [8].

The next step is to shield the thermal neutrons, which can be achieved by materials with high
thermal cross-sections for neutron captures. Table 2-2 shows the stable isotopes of a variety of
materials with approximately large thermal cross-sections. Boron, helium, and lithium isotopes
(*°B, 3He, and °Li, respectively) shield the thermal neutrons without y-rays emission. Besides,
isotopes with y-ray production need more photon shielding [8]. More information regarding

shielding the neutron particles can be find in the review paper that | have published [17].
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Table 2-2. thermal cross-section of different stable isotopes

VA Target isotope Reaction product Energy released Thermal Cross
(MeV) Section (Barn)

64 57Gd 158Gd + (g or ce) 7.937 254,000

64 155G 156Gd + (g or ce) 8.536 60,900

62 1498m 150Sm + (g or ce) 7.985 40,140

48 13cq 14Cd + (g or ce) 9.041 20,600

63 1S1Ey 1S2Ey + (g or ce) 6.305 9,200

2 3He p+t 0.7637 5,333

5 g Li+a 2.79 3,838

71 76y WLu + (g or ce) 7.073 2,090

77 oLy 192)r + (g or ce) 6.199 954

3 SLi a+t 4.784 941

68 67Er 188Er + (g or ce) 7.771 659

72 THf 18Hf + (g or ce) 7.626 373

62 1528m 153Sm + (g or ce) 5.868 206

45 103Rh L04Rh + (g or ce) 7.000 145

2.3 Conventional Materials for Radiation Shielding

In order to protect astronauts and the spacecraft electronics from hazardous radiations during the
space missions, some materials have been developed. These materials mainly include aluminum

and its alloys.

Al and its alloys are known as the standard materials for space radiation shielding applications for
more than 50 years. According to the weight advantage of Al in comparison with other heavy
metals, it is cost-effective in space applications. It also can endure the stresses that occur during

space travel.

There are three types of Al alloys in aircraft bulk materials: the 2000 series (Al-Cu-Mg), the 6000
series (Al-Si-Mg), and the 7000 series alloys (Al-Zn-Mg-Cu). However, new engineered materials

are appearing that can replace conventional metallurgy products. They are the aluminum-based
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metal matrix composites (MMC), the low-density aluminum-lithium alloys, metal-polymer hybrid
composites, and the powder metallurgy processed 7000 series alloys. Figure 2-7 and Figure 2-8
illustrate the incremental enhancements in yield strength and specific stiffness of aluminum alloys,
respectively [57].
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Figure 2-7. Yield strength of aluminum alloys is plotted based on the year of first-time application.
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Regarding radiation shielding, shielding effectiveness of Al has been investigated for years [6].
The desired amount of radiation-dose attenuation rate in space missions, is more than 50%.
Typically, Al with areal density of 2-5 g/cm? is used as radiation shielding walls of spacecraft.
This number increases to about 20 g/cm? to fully stop 100 - 200 MeV proton radiation and protect
payloads in several parts of ISS (Figure 2-9). Studies also recommend 20 g/cm? Al as the effective

shielding for Earth to Mars space missions [3][4][5].
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Figure 2-9. Energy-range relationship for protons in aluminum. Horizontal lines show thickness of the Al

walls of spacecraft (5 g/cm?, black line) and the effective thickness (20 g/cm?, yellow line)

However, Al produces more secondary radiations during the interaction with protons in
comparison with low-Z materials, such as polymers. Massively generated secondary particles,
including neutrons, electrons, and photons will lead to extra damages to the astronauts and
electronics. Furthermore, Al is high in weight, which can reduce the space travels duration and

increase the cost because of the further fuel consumption.
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2.4 Alternative Shielding Materials and Requirements

It has now become a priority to develop alternative radiation shielding materials to replace Al for
radiation shielding application. These materials must have sufficient shielding efficiency and
sometimes an improved protection against space radiations exposure. The important properties and

requirements for the new shielding materials are listed and discussed in this section.

2.4.1 Thermal Property

One of the most important space environment effects on the spacecraft parts and devices is the
incoming energy from sun since the exposure to sun in space is about 25% stronger than that on
the ground. Also, the irradiated heat from the electronic devices such as photovoltaic cells, thermal
control systems, batteries, radioisotope thermoelectric generator, science instruments are another

effective heat sources [84].

In addition to heat sources, the heat dissipation in space is different in comparison with the surface
of the earth, because of the oceans and atmosphere which act like heat sinks. On earth, day-night
temperature variation is about Tmean = £10 °C with an annual mean of Tannual mean = 15 °C. These
values changes to +100 °C and 1 °C, respectively, on an artificial satellite or generally the objects

exposed to harsh environment of space [85].

Although, polymeric materials are highly recommended to be used in space such that the high-Z
materials can be replaced, but extremely low heat conducting capacity of polymers limits their
application. Photons, electrons, and phonons can transport energy in solid polymers. However,
electrons cannot freely move in these materials. Thus, phonons are responsible for heat dissipation
in polymers. Moreover, the thermal conductivity of the polymers can be affected by the
environmental temperature and the crystallinity. For example, the conductivity of amorphous
polymers would reduce smoothly when the temperature goes down from 100 K; however, the
conductivity of polyethylene, which is a semicrystalline polymer, would decrease extremely below
100 K [58].

Therefore, it is essential to improve the thermal conductivity of polymers to keep materials

temperature in the working temperature range.
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2.4.2 Lifetime

In addition to attenuating projected radiation particles, an effective radiation shielding material
should have high resistivity against radiation damage effects. A material that degrades quickly is
not a promising shielding material for space missions. However, when polymers are irradiated by
different radiations, can display damage effect including micro-cracking, crosslinking and session
of the polymer chain, mass loss, etc. These effects can result in changes in physical and mechanical

properties of composite’s and alter the performance of materials from their original design.

2.4.3 Light Weight

High weight is another important concern that limits the use of High-Z materials. High weight of
Al and its alloys increase the mission cost and decrease the mission lasting time because of the
further fuel consumption [27][57]. Using materials with low areal density is one of the solutions

to reduce the fuel costs.

2.4.4 Low Cost

The heavy weight and short lifetime of materials and components of spacecrafts can increase the
mission cost because of further fuel consumption and the maintenance missions. To reduce the
space mission cost, as mentioned previously, applying lightweight materials with long lifetime is
necessary. Therefore, low atomic number (low-Z) components are highly recommended to be used

in the space shielding structure [42].

2.4.5 Material Compatibility

Hydrogen is considered as the most effective material for space shielding application. However,
applying pure hydrogen is limited due to the challenges of its transportation, storage, and safety
concerns. During the recent decades, various hydrogen containing materials, such as BeH2 and
LiH have been investigated for designing high hydrogen content radiation shielding materials.
However, some compounds such as BeH2 has uncertainties in reactivity and toxicity. In addition,

the safety issues, related to LiH, limit its application in shielding structure [9].
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2.5 New Technologies

Due to the radiation shielding requirements discussed in previous section, suitable materials for
space shielding application should has primary characteristics including suitable thermal
properties to dissipate the heat, high electron density in order to enhance interactions between the
incident charged particles and target electrons, light weight to reduce the cost, and fewer secondary
particles generation. Therefore, lo-Z materials (Z<6) have been considered to design a new

generation of radiation shielding materials.

2.5.1 Low-Z Materials
(1) Hydrogen-Rich Materials

According to the previous sections, hydrogen is known as the most effective element for shielding
application, since the hydrogen atom, with no neutron in its nucleus, has the highest Z/A ratio
(Z/A=1). However, the difficulties of transportation, storage, and related safety issues limited the
application of water and pure hydrogen. Therefore, researchers have considered hydrogen content

materials.

Various hydrogen-containing materials have been investigated for designing high hydrogen
content radiation shielding materials such as metallic hydrides, including BeHz, MgH2, LiBHza,
NaBHa, and LiH. Table 2-3 shows the density of metallic hybrids and their hydrogen content as a
weight percentage. As a result, LiH and LiBH4 are mainly considered as potential materials to be
studied. However, safety issues limit the viability of LiH. Also, some compounds such as BeH:

has uncertainties in toxicity and reactivity [9][59].

Table 2-3. Hydrogen content and the density of metallic hydrides.

Material ZrH, | LiH | NaBH. | LiBHs | BeH, | TiH, | MgH:

Density (g/cm3) | 556 | 078 | 1.07 | 0.66 | 065 | 375 | 145

H Wt.% 2.16 12.7 10.7 18.4 18.3 4.04 7.7
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(if) Hydrogen-Rich Polymers

According to the literature, pure polymers are considered as suitable materials for space radiation
shielding application, since they usually construct from low-Z elements such as hydrogen and
carbon. In comparison with metallic materials, polymers are lighter in weight, which is one of the
advantages of these materials for space shielding applications. Various polymers are applied in

space, including polyetherimide (PEI) and polyethylene (PE) [42][60].

Furthermore, PE (CHz)n has been deeply and widely investigated for radiation shielding
application because of its high hydrogen content (14 wt.%) [61][62]. It is one of the materials that
NASA has chosen to apply in space. However, pure PE cannot provide all the requirements for
space application, and it is usually replaced by high-density polyethylene (HDPE) and ultrahigh
molecular weight high-density polyethylene (UHMW-HDPE).

Zeitlin et al. (2006) reported the radiation shielding properties of different materials under HZE
particle radiation [63]. Samples of hydrogen, PE, and PMMA with different densities and thickness

were tested, and the 8D was normalized to make the comparison between different samples.

Equation 2-4

6D,, = 6D /sample thickness
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Figure 2-10. 6Dn of materials [63]
Figure 2-10 shows the results of the test. Samples with higher 6Dn (the normalized dose reduction)

value would have better shielding effectiveness. The best shielding material is pure hydrogen. PE
and low-Z materials like PMMA and Be are the other effective shielding materials in comparison

with other composites.

However, compared to metallic materials, pure polymers have low thermal conductivity and week
mechanical properties. These properties can be determined by monomer chains and crystallinity
in polymers. Polymers with a higher degree of crystallinity can have more thermal stability. In

addition, polymers containing covalent bonds are not strong enough in comparison with the metals

[64][65].

Furthermore, the free-radical formation, which induces by high energy radiations, is the main
reason for material properties degradation. Generally, the polymer backbone absorbs the ionized
energy upon photon/particle radiation, and undergoes crosslinking and chain scission, as a result

of free radical formation. Consequently, the properties of the polymer considerably changes [42].
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2.5.2 Nanocomposites

Polymer composites reinforced by nanofillers are suggested to improve the properties of polymers

including mechanical strength, thermal properties, and radiation shielding efficiency.

Upon irradiation, a free radical process can be initiated in the polymer backbone by the adsorbed
ionizing energy. Consequently, the polymer undergoes crosslinking (results in increasing tensile
strength but reducing elongation) and chain scission (reduction of elongation and tensile strength).
Generally, the improvement in properties of the nanocomposite depends on a variety of factors,
including the filler material properties, homogenous dispersion of the fillers in the polymer matrix,
and interfacial interaction between the polymer and filler [66][67]. For example, polymer
reinforcement with radiation-resistance nanomaterials has been shown to enhance the radiation

efficiency of the nanocomposite [27][56].

Carbon-based nanomaterials are usually applied to reinforce polymers and improve the mechanical
properties of composites because of their high strength-to-weight ratio [68][69]. Carbon nanotube
(CNT) is a carbon nanomaterial that can enhance the properties of polymer nanocomposites
according to its unique features such as considerably high tensile strength and elastic-modulus,
excellent electrical and thermal conductivity, and high oxidation resistance [12]. Therefore, carbon

composites are suitable materials in applications requiring lightweight and mechanical strength.

Although several groups have investigated the mechanical and thermal properties of polymer/CNT
composites [70][71][72], only a few groups have studied the radiation shielding properties of
carbon-based polymer composites [73][74]. For example, previously in our group, SWCNTs-
based polymer composite was irradiated by a high-energy proton beam to investigate the stopping
properties. The addition of SWCNT improved the shielding performance of composite in
comparison with Al. In addition, composite containing SWCNT exhibited less secondary neutron

generation compared to pure polymer and Al [18].

As discussed previously, secondary radiations (light ions, electrons, neutrons, and gamma rays)
generated by the interaction between shielding materials and GCR are harmful to payloads. To
stop electrons and absorb gamma rays, nanofillers with high bandgap and stopping power are

required. Usually, high-Z Pb (stopping power 2.41 MeV cm?/g) is applied to shield high energy x-
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ray and gamma rays [56]. However, according to the toxicity of Pb, in recent years many studies
have been conducted to develop lead-free shielding materials. In this regard, nanofillers with
similar shielding properties as Pb have been embedded into the polymer matrix and compared with
Pb [75][76]. Bismuth Oxide (Bi203) is one of the potential candidates to replace Pb and Al
according to the high bandgap of 2.3-3.3 eV and higher total stopping power (Bi: 2.433 and Pb:
2.407 MeV cm?/g at an electron energy of 10 MeV) [77][78].

In recent years, a new generation of carbon-base nanomaterials has been developed and considered
for various application except the ionizing radiation shielding. Two-dimensional (2D) MXenes
have attracted researchers’ attention due to their unique properties such as thermal stability.
Different types of MXenes can include various transition metal elements, such as Ti and Mo
[79][79][80].

In addition, most of the polymers have low mechanical strength and thermal conductivity, both of
which are required to be enhanced for radiation shielding applications. Several studies have
focused on using fillers to improve the properties of polymers. As noted previously, the properties
of polymer composites greatly depend on the filler materials and their physical and mechanical
properties. Therefore, the carbon-based nanomaterials can improve the thermal and mechanical
properties of polymers, because of the extremely high thermal conductivity and mechanical
strength of the nanotubes and graphene [81][72]. In addition, boron nitride (BN) with high thermal
conductivity can be applied as a nanofiller to enhance the thermal conductivity of polymer matrix
[82]]83].

2.5.2 Multilayer Structure

Applicable light-weight structures for space missions have been investigated by various research
groups [84]. As mentioned in previous sections, lightweight materials such as pure polymers
cannot efficiently attenuate the high energy radiations. In addition, heavy materials are highly
potential to create secondary particles [85]. One of the current trends in modern space missions is
applying multilayer design as shielding for extreme and complex hazardous space radiations that
are difficult to shield by a single material. Each part of a multilayer structure associates with the

other components in the structure, whilst accomplishing specific functions. This approach results
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in a multifunctional structure with excellent thermal and mechanical properties, and great shielding

efficiency.

In a research, A. Emmanuel et al. (2015) designed and fabricated a structural polyethylene
composite reinforced with graphite fiber. They explained and showed the influence of the
multilayer composite on shielding efficiency for space radiation shielding application [86]. X. Li’s
et al. (2018) has reported that polyethylene associated with Al can accomplish 6% weight reduction
compared to pure Al when shielding GCR [53]. Also, based on research from NASA, hydrogen
(5wt%) crafted boron nitride nanotube itself has about 33% weight reduction over Al under
simulated GCR environment [87]. However, the unstable hydrogen in nanotubes as well as the
affected mechanical strength of nanostructures will limit its applications [88]. Other elements such
as carbon have been investigated when exposed to GCR [89]. However, it is still a major challenge

to replace the conventional Al shielding structures.

Multilayer polymer nanocomposites are suggested as high potential alternative materials for the
structural radiation shielding application since various nanofillers with different concentrations
can be embedded in each layer. Generally, homogeneously dispersing more than one filler in
polymer mixtures is challenging, especially if various concentrations of different types of fillers
with different shapes and sizes are embedded in a polymer matrix. Different type of nanomaterials
with various concentration requires distinct dispersion method, but difficult to use one method to
mix them [29][30]. To overcome this problem, different fillers can be used in a multi-layered
shielding structure [26]. Kaul et al. (2010) constructed PE nanocomposite in three layers according
to its lightweight and shielding effectiveness of 50% higher than Al [90]. The first layer is designed
to protect spacecraft from meteoroid collisions, and it includes ceramic materials such as SiC,
Al203, and B4C. The application of this layer is to protect spacecraft. The next layer is made of a
PE polymer composite with ultra-high molecular weight PE fibers as the filler, to shield the space
radiation and meteoroid collision. The last layer is a nanocomposite of epoxy resin reinforced with
interwoven PE fibers, which is the main layer for radiation shielding. These three layers together
form a multifunctional-layered nanocomposite. It also is an excellent impact-resistance material
when filled with boron nitride particles reported by Harrison [91]. The composite shows low
energy neutron absorption ability with improved mechanical properties over neat PE. The weight

percentage of boron nitride particles is about 0.1 - 1.5 wt.%.
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The literature analysis shows that there is still a lack of information regarding the multilayer
polymer nanocomposite fabrication and characterization for space radiation shielding application.
Various materials and fabrication methods need to be considered and studied for this purpose to
develop a corresponding shielding material with good physical and mechanical properties, to

replace Al.
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Chapter 3 Materials and Methods

In this chapter, the applied materials and methods for composites fabrication are introduced and
illustrated. The background information of these materials and tools is useful to understanding the

conducted experiments and collected results in the following chapters.

3.1 Materials

As discussed above, considering GCR and SPE space radiations, multifunctional shielding
structures with less- or non-metallic materials must be developed. The applied materials to develop
such a structure in this research are listed below, including PDMS as polymer matrix and various
nanomaterials such as hexagonal boron nitride (h-BN), Carbon-based nanomaterials (MWCNT),
2D MXenes, and bismuth oxide (Bi203).

3.1.1 Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a low cost commercially available polymer with excellent
thermal stability, which means upon increasing the temperature it does not show significant
changes in viscosity. The working temperature range of PDMS is —40°C to 200°C with a glass
temperature below -40 °C. PDMS also possess good flexibility, as well as good oxidation
resistance and biocompatibility. The high flexibility of PDMS allows it to be bent, stretched, and
compressed repeatedly, which makes it potential material for wearing and coating applications. It
has high bonding energy (445 kJ/mol) with presence of methyl CHs groups in its structure which

makes it chemically stable material.

Since these properties, especially the thermal stability and working temperature range, are
important concerns for shielding materials and the applied materials on spacecraft, PDMS had

become our prioritized candidate to develop a new radiation shielding material.

Table 3-1 includes a list of properties of PDMS and HDPE (as the reference polymer for shielding

application) for more comparison [92][93].
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Table 3-1. a list of the properties of HDPE and PDMS [92][93]

Materials HDPE PDMS
Density (g/cmq) 0.94 0.96
Operating temperature (°C) <71 <350
Tensile strength (MPa) 32 224 6.7
Thermal expansion coefficient
s o 6-7 0.031
(10° cm cm/°C)
Thermal conductivity (W/m.K) 0.33 0.27

Furthermore, previously in our group the stopping power of PDMS polymer nanocomposite under
the high-energy proton beam was investigated and reported [18]. In this study, samples were
irradiated by the proton beam with an incident energy of 63 and 105 MeV and a beam density of
5nA (2 x 108 protons cm™2 s ). Figure 3-1 shows the dose rate characteristics (BIC/DIC vs. RS
values) of the samples. Water equivalent thickness (WET) of the samples and the RS90% (range
shifter) values were calculated as listed in Table 3-2. Therefore, the weight and the stopping range
of materials corresponding to the same proton energy were compared. Figure 3-2A shows the
calculated SRap of materials. Both pure PDMS and PDMS/SWCNT have a weight advantage of
up to 18.3% and 20.84%, respectively, in comparison with Al, under the proton energy of 105
MeV.

In this research the secondary neutron generation were also evaluated. According to the results,
both pure PDMS and PDMS/SWCNT has less secondary neutron in comparison with Al. In
addition, with increasing the proton energy, PDMS composite has even fewer secondary neutron
in comparison with pure PDMS, which indicates the secondary radiation absorption ability of

SWCNT in the nanocomposite.
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Figure 3-1. Dose rate characteristics of Al, PDMS, and PDMS/SWCNT, irradiated by proton beams with

(A) 105 and (B) 63 MeV energies. The legends show the thickness of samples

Table 3-2. Calculated WETs of materials for different ion energies

Initial Proton Material Density | Thickness RSon Experimental
Energy (MeV) (g/em?) (mm) %1 WET (mm)
105 Al 2.698 25.30 2368 52.77
105 PDMS 1.033 48.65 2844 47.22
105 PDMS/SWCNT | 1.038 47.00 2889 46.70
63 Al 2.698 12.70 462 25.26
63 PDMS 1.033 24.10 717 22.30
63 PDMS/SWCNT | 1.038 23.75 738 22.05
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Figure 3-2. (A) SRap of PDMS, PDMS/SWCNT, and Al. (B) Percentage in weight difference of PDMS

and PDMS/SWCNT with respect to Al.

Therefore, according to the promising results and excellent performance, PDMS is considered the
polymer matrixes in this project for further investigations. The properties of applied PDMS are
listed in Table 3.3.

Table 3-3. Properties of purchased PDMS

Formula (C2HsOSi)n
Density at 25 °C (g/cm?) 0.98
Melting point (°C) -50
Transition temperature (°C) -150

3.1.2 Multi-Walled Carbon Nanotube (MWCNT)

When carbon-based filler materials, like carbon nanotubes, carbon micro-/nanofibers, and
graphite, are applied as fillers and reinforcements in various polymers (plastics and resins), they
perform high radiation resistance property, high strength-to-weight ratio, and enhanced physical
properties. As a result, the carbon composites have been distinguished as suitable materials in

applications requiring ultra-lightweight materials and mechanical strength [18][94].
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Since the discovery of CNT in 1991 by lijima [95], it has been studied and applied in various fields
such as materials science, physics, chemistry, etc. CNT is a unique nanostructured material with

remarkable chemical, mechanical, and physical properties.

Although several studies have evaluated the CNTs effect on improving the mechanical and thermal
properties of polymer/CNT composites, only few groups have considered the ionizing radiation
shielding performance in CNT/polymer composites [12][96][97]. In one of the very first studies,
Clayton et al. (2007) fabricated and characterized PMP reinforced with 0.5 wt.% loading of
SWCNT [98]. They illustrated the good mechanical properties and high shielding performance of
this composite and concluded that it can be replace PE as shielding materials against GCR.
Moreover, experimental results of our group show that a relatively low loading of SWCNTSs (about

1.12 wt.%) can improve the proton shielding performance of PDMS polymer [18].

In addition to SWCNT, the effect of MWCNT in radiation shielding application should be
evaluated. In one study, the SWCNT and MWCNT deformation after irradiation was investigated
by S. Mathew et al. (2011). According to their results, MWCNT shows less disorder in Raman
spectrum after 2 MeV electron irradiation [20]. Besides that, more studies confirmed that MWCNT
can perform better under charged particle radiations than SWCNT [22][99]. lonizing radiation
triggers the bridging in inter-layer graphene layers of MWCNT, which leads to increasing the
thermal conductivity. Therefore, MWCNT is an excellent candidate for ionizing radiation

shielding applications. The properties of applied MWCNT are listed in Table 3.4.

Table 3-4. Properties of as-received MWCNT

Average Length (um) 10-30

Outer Diameter (nm) <8
Content of -COOH 558

Carbon Purity (wt.%0) >05
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3.1.3 Hexagonal boron nitride (h-BN)

Like graphene, hexagonal boron nitride has a layered structure formed by Nitrogen and Boron
atoms. Each C-C bond is replaced by a B-N bond, and the layers are holding to each other by a
Van Der Waals force [100]. Among all the elements, boron has the highest neutron absorption
cross section, the feature which is higher in nitrogen in comparison with carbon [101]. Recent
studies on hydrogen, boron, and nitrogen containing materials have shown effective shielding
against hazardous radiations including galactic cosmic radiation (GCR), secondary neutrons, and
solar particles [102]. S. Thibeault. (2012) investigated hydrogen-containing boron nitride
compounds shielding effectiveness against GCR and SEP at NASA Langley Research Center
(LaRC). Figure 3-3 shows the results of calculated GCR dose equivalent for some of the radiation
shielding materials, including boron nitride with different hydrogen percentage. Liquid hydrogen
(LH2) performs the best shielding; however, according to the safety and feasibility issues, it is not
suitable to be used in spacecraft. The next best material is the BN + 20% hydrogen [87][101].

304 G —.—n

BN VNN

\ \ e PE (M WA M
. Vater (11wt M)

254 NN e BN * 10 W% M
BN (T 5w H)

N . - BNt

.‘ : BN e 25 WM

? N
k=] N "
(7>) 204 \~4 . ——:_—E;(.:m
—_
£ N
- RS
c \
S 154 P AN —
= —
=3 ~—
w —————
? 104
o
Q
054
oo ] ] ] 1 ' ] ]
0 5 10 15 20 25 30

Areal Density [g/cm:]

Figure 3-3. GCR dose equivalent for various materials [87]

In addition, h-BN possesses an extremely high in-plane thermal conductivity of 400 W/mK at

room temperature, which almost matches that of copper and silver. Cuiping Yu. (2017) fabricated
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a BN/epoxy composite with high thermal conductivity of 9 W/mK, which is enhanced by ~45
times compared with the neat epoxy (0.15-0.35 W/mK) [103].

Therefore, h-BN with high H2 uptake and promising effects in long-term space exploration, is
incorporated into the polymer matrix and investigated more for radiation shielding application.

The properties of applied h-BN are listed in Table 3-5.

Table 3-5. Properties of purchased h-BN

Apparent Density (g/cm?®) 2.29
Average size (nm) 800
Specific Surface Area
(m2/g) 3.5-6
Purity (%) >00.8

3.1.4 Bismuth oxide (B203)

Bismuth oxide (Bi2Os) nanoparticle has been studied as an efficient shielding material. It is
provided with a high bandgap (2.3-3.3 eV), high total stopping power comparing to Pb (Bi: 2.433
and Pb: 2.407 MeV cm?/g at electron energy of 10 MeV), and non-toxic property [104]. Therefore,
addition of Bi2Os in PDMS polymer is expected to potentially improve the attenuation of electron

radiations. Figure 3-4 shows the stopping power of Bi2Os at electron energies up to 1000 MeV.
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Figure 3-4. Bismuth stopping power.
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The properties of applied Bi2O3 listed in Table 3-6.

Table 3-6. Properties of purchased Bi>Os;

Apparent Density (g/cm?) 8.9
Average Size (nm) 300
Purity (%) >99.8

3.1.5 Two-Dimensional MXene

Two-dimensional (2D) materials have become major research interest since the discovery of
graphene and its outstanding properties. In recent years, a new family of 2D materials has been
developed, known as MXene, with distinct chemical, physical, and structural properties which

makes it potential for many applications [105].

MXene has a chemical formula of Mn+1XnTx in which the M represents transition metals, X refers
to carbon or nitrogen, T is the surface functional groups or elements, such as OH, O, C, and/or F
[106].

The synthesis of these novel materials is through selectively etching layers of sp elements from
MAX phases, using HF, NHsHF2. MAX phases are three-dimensional (3D) layered metal carbides,
nitrides, or carbonitrides, with a general formula of Mn+1AXn (n = 1, 2, 3), where M stands for
early d-block transition metals, A represent main-group sp elements, and X represent and either or
both C and N atoms. Some of established MXene family are TisCz, Ti2C, (Tios, Nbos)2C, (Vos,
Cro5)3Ca2, TisCN, TasCs, Nb2C, V2C, and Nb4Cs. As shown in Figure 3-5, the surfaces of the
exfoliated layers can be terminated with OH, O, and/or F groups during the etching process
[107][108].
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Figure 3-5. Schematic showing the MXene synthesis steps [109].

Since their discovery, MXenes have been investigate for many applications such as sensors,
catalyst, electrode materials for batteries, energy storage, etc. [110][111][112] Herein, MXene was
selected to be incorporated into the polymer matrix and investigated more for radiation shielding
application. The two types of MXene and their properties are listed in Table 3-7.

Table 3-7. Properties of purchased MXene

Material TisC,T Mo,CT
Colour Black Gray
Average size (nm) 50-150 50-100
Number of layers 1-5 1-5
Purity (%) 99 99
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3.2 Fabrication Methods
3.2.1 Physical Blending

Physical blending is a method to prepare PDMS polymer nanocomposites. In this method, PDMS
and nanomaterials such as MWCNT and Bi203 can be mixed by mechanical blending, which can
disperse the nanofillers in polymer matrix by producing enough sheer stress. The mechanical shear
forces, generated by the interaction process between powders and screws, separate the MWCNT
and Bi203 bundles and provide a good dispersion of nanotubes and nanoparticles in the polymer

matrix. Finally, the well-mixed melt can be molded into the desire shape [113].

3.2.1 Solution Mixing

Among different methods for polymer composites fabrication, solution mixing is a straight-
forward method in which the prepared solution of the nanomaterial is added to polymer solution
followed by mechanical stirring. This method has shown remarkable impacts in the uniform
dispersion of the nanoparticles. Homogeneous dispersion of conductive nanoparticles improves
the structural properties and constructs conductive networks in the composite resulting in better

electrical properties [114].

The chemical solutions such as tetrahydrofuran (THF) and toluene can be used to dissolve PDMS
and MXene and OHBN can be dispersed in the dissolved PDMS solution by ultrasonic dispersion
method. Afterward, the resulting solution will be poured into the Teflon mold and left in a vacuum

oven to evaporate the solvent [115].

It should be noted that the interfacial interactiin between the fillers and the matrix affects the
nanocomposite properties. The interface interactions could be improved by treating the filler

surface chemistry [116].

3.2.2 Hydrothermal treatment

Hydrothermal synthesis and treatment method is an immensely powerful technique to produce
different functional nanomaterials of hydroxides and oxides of transition-metal compounds.

Hydrothermal Autoclave reactors are usually applied to prepare the high temperature and high
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pressure required for the hydrothermal reaction. Both high temperature and pressure help with
creating an ambient condition for nanomaterials treatment and/or synthesis. The process also
requires solutions with a corrosive impact on the interior material of the autoclave [117][118]. In
this project, hydrogen peroxide 30% was used as the corrosive solution. Figure 3-6 shows the
autoclave parts. These sealed cylinders can endure high pressure and temperature for a long

duration.

Figure 3-6. The autoclave parts and the cylindrical Teflon

3.3 Radiation Shielding Tests
3.4.1 Linear Particle Accelerator (LINAC)

LINAC is a device to accelerator ions, charged subatomic particles, or photons using series of
oscillating electric potentials along a linear beamline [119][120]. The medical-purpose LINAC
machine, which is used in this research, is located at the Grand River Hospital (GRH), Kitchener,

and can produce photons (up to 15 MeV) and electron beam (up to 20 MeV) (Figure 3-7).
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Figure 3-7. Scheme of LINAC [119]

In this research, LINAC was used to simulate the electron radiation in space. Electron beam with
6,9, 12, 16 and 20 MeV were applied. As discussed in literature review, electron with energies up
to 7 MeV have most dense dose in LEO. However, looking upon interplanetary travel, such as
journey to Jupiter, electron flux with energies up to 20 MeV predominantly contribute radiation

dose on spacecraft.

3.4.2 Photon Shielding Test Setup

The x-ray attenuation experiment was performed at Advanced Micro- /Nano- Devices Lab,
University of Waterloo. The x-ray machine in this lab is working based on field emission method,
by free-standing CNT FEAa cathode. The cathode fabrication process is explained in Appendix
A. The cathode and target (tungsten) are place in a thick stainless-steel chamber which is connected

to a high voltage generator, as figure shows.
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To measure the dose, a calibrated “Shad-0-Box 1548 HS” detector (Teledyne DALAS, Ontario,

Canada) was applied as Figure 3-8 shows.

Vacuum Chamber

Y

Figure 3-8. Schematic of the x ray tube
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Chapter 4 Lightweight and Flexible Polymer
Nanocomposite with Enhanced X-Ray Shielding
Efficiency

One of the effective parameters in radiation shielding efficiency of nanocomposites is the
nanofillers dispersion quality. Uniformly dispersed nanofiller in polymer matrix provides better

thermal and mechanical properties and radiation shielding effectiveness.

This chapter is an initial study to develop a nanocomposite with well dispersed nanofillers. As
introduced in previous chapter, BiOs and MWCNT were selected as nanofillers. PDMS/BIO
nanocomposite with 5, 10, 15, 20, and 30 wt.% Bi203 content and PDMS/CNT samples with 1, 5,
and 10 wt.% MWCNT content were fabricated and characterized. All the samples have a thickness
of 1 mm. Also, to evaluate the nanocomposites shielding performance, a preliminary experiment

conducted through irradiating all the samples by x-ray with 60, 70, 80, and 90 KeV energies.

X-ray is one of the secondary radiations that can be produced during the electron and/or ionizing
radiation interaction with shielding material. Not only it is important to prevent secondary x-ray
generation in space applications, but also x-ray shielding on earth is a great concern. With the
development of technology, x-ray is widely used in different applications especially for medical
purposes like radiotherapy and medical diagnosis. However, human exposure to this radiation can
cause biological problems, such as the development of cancer, and in extreme cases, fatality [121].
To protect individuals from x-ray exposure, lead-based products are commonly applied
[122][123]. However, heavy weight, toxicity, and lack of flexibility have limited the application
of lead-based products when wearability and portability are required. Therefore, conventional

lead-containing protection typically needs to be replaced with novel ones [124][125].

In recent decades, polymer composites containing high atomic number (Z) fillers are characterized
by good x-ray absorption and known as promising candidates to replace lead [126][127]. PDMS

is one of the greatest candidates in this regard, because of its high flexibility, biocompatibility, and
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easy fabrication [42][77][60]. Furthermore, bismuth oxide (Bi2O3) is a highly recommended
nanomaterial to replace Pd due to its key features like nontoxicity, high radiation absorption
(K-absorption edge 90.5 keV), and low cost. Seda Nur Yilmaz et al. (2020) explained that an 8.4
mm PDMS/Bi20scomposite, containing 40 wt.% Bi20Os can attenuate 96.4% of the x-ray with 100
keV tube energy [128]. Muthamma et al. (2018) also investigated polyvinyl alcohol (PVA)/Bi2O3
composites for x-ray protection and studied the effect of filler loading up to 50 wt.% on shielding
efficiency and exhibited the weight advantages of the composite over lead (Pb) [129]. However, it
is difficult to disperse a large percent of fillers uniformly in such polymer matrices, and the

resulting composite may suffer from insufficient mechanical strength [121].

In addition to the effect of filler content, the shielding efficiency of multilayer structure is
investigated by fabricating PDMS/BiO — PDM/CNT multilayer nanocomposite in 2 to 5 layers.
As explained in Chapter 2, section 2.5.2, multilayer design is an effective approach to uniformly
disperse more than one filler in polymer matrix [29][30][26]. In recent studies, Li et al (2021)
fabricated a multilayered composite of bismuth/ethylene-octene and tungsten/ethylene-octene
copolymers and showed the effect of multilayered structure on improving the x-ray shielding
efficiency [130]. Also, Gilys et al. (2022) fabricated a layer nanocomposite of PDMS/tin,
PDMS/cerium, PDMS/tungsten, and PDMS/bismuth composites which demonstrated almost the

same x-ray attenuation as the conventional x-ray shielding materials [29].
4.1 Experiment
4.1.1 Method and fabrication

The fabrication schematic of composites is shown in Figure 4-1a. Firstly, PDMS was prepared by
mixing the base polymer and the curing agent with a 10:1 weight ratio. For making different
nanocomposites, various weight percentage of Bi2Os and MWCNT, as Table 4-1 shows, was
dispersed in liquid polymer using mechanical stirring (VWR hotplate stirrer) at 1000 rpm for 1
hour (Figure 4-1 Al). The mixtures were then vacuumed for 30 seconds to release the trapped air
bubbles during the mixing process (Figure 4-1 A2). Finally, the prepared compounds were shaped
by a10 * 10 * 1 mm molds, with 1mm thickness, and baked in the oven at 70°C for 3 h with 20
MPa pressure (Figure 4-1 A3 and A4). Figure 4-1 B1 to B4 exhibit digital photos of fabricated
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samples. Also, a specific code designated for each sample (Table 4-1) to be used in the following

sections.

Table 4-1. List of prepared composites with various filler and polymer content, and the designated code to

each sample

Filler type Filler PDMS -Sample
wt.% wt.% designated code
No filler 0 100 PDMS
5 95 PDMS/BiO5
10 90 PDMS/BiO10
Bi.Os 15 85 PDMS/BiO15
20 80 PDMS/Bi020
30 70 PDMS/BiO30
1 99 PDMS/CNT1
MWCNT 5 95 PDMS/CNT5
10 90 PDMS/CNT10

Additionally, multilayer PDMS nanocomposites were fabricated through the spin coating method
with the order of layers that Table 4-2 indicates. In this regard, first, a layer of PDMS/BiO30 was
spin-coated on a silicon wafer (Figure 4-1 A3) and moved to the oven to bake at 70°C for 1 hour
(Figure 4-1 A4). Afterward, a layer of PDMS/CNTS5 was spin-coated on the top (Figure 4-1 A3),
as the second layer, and moved to the oven again to bake for another hour (Figure 4-1 A4). All the
layers were heating and drying out together in such a manner. Therefore, 1 mm thick multilayer
composites in 2, 3, 4, and 5 layers were fabricated using two composites (PDMS/BiO30 and
PDMS/CNTH5) stacked on each other. Detailed information on layered samples is included in Table
4-2. Also, the thickness of each layer in different samples is included in Table 4-2. The thicknesses
were defined during the fabrication prosses. For example, to fabricate the 2-layer nanocomposite,
half weight of 1 mm thick PDMS/BIO30 and half weight of PDMS/CNT5 samples were
considered, then fabricated the 2-layer sample using these values to have 0.5 mm thick of each
composite in different layers. Same steps followed to fabricate all the samples. Figure 4-1 C shows
the digital images of layered samples on a millimeter scale to confirm the thickness of samples.
The images were prepared by ImageJ software. An optical microscopic image of 3-layer

nanocomposite (as an example) is shown in Figure 4-1 C to confirm the layers thicknesses.
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Figure 4-1. (A) schematic of the fabrication process, (A1) mixing component by a mechanical mixer,

(A2) putting the mixture under vacuum to release the trapped air, (A3) molding the solution for one layer

composite or applying spin coater to fabricate the layered structure, (A4) placing the samples in the oven
to bake at 70 °C for 3 h, (B) digital photos of fabricated (B1) PDMS, (B2) PDMS/Bi030, (B3)
PDMS/CNTS5, and (B4) 5-layer nanocomposites, (C) digital images multilayer samples and an optical

image of 3-layer nanocomposite to show the thickness of each layer

Table 4-2. Layered nanocomposite composition

Thickness of .
Samples First layer |Second layer| Third layer |Fourth layer| Fifth layer | layers (each) Designated
[mm] code
1-layer  [PDMS/BiO30 - - - - 1 1-layer
2-layer PDMS/CNTS5|PDMS/BiO30 - - - 0.5 2-layer
3-layer PDMS/BiO30|PDMS/CNTS5|PDMS/BiO30 - - 0.333 3-layer
4-layer PDMS/CNTS5 |PDMS/BiO30|PDMS/CNTS5 [PDMS/Bi0O30 - 0.25 4-layer
5-layer PDMS/BiO30|PDMS/CNT5|PDMS/BiO30|PDMS/CNTS5 |[PDMS/BiO30 0.2 5-layer

4.1.2 Characterization

To characterize the chemical structure of fabricated nanocomposites, Fourier Transform Infrared

(FTIR) spectroscopy (Bruker, tensor 27) was applied at 400 cm™' to 4000 cm™~! wavenumbers.
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FTIR spectroscopy is useful to obtain samples molecular ‘fingerprint’ and observe the possible

chemical structure change in developed composites [104].

Surface morphology and fillers dispersion of developed nanocomposites was evaluated by Zeiss
Ultra plus SEM at different magnitudes. The fabricated composites were cut into small pieces and
placed on aluminum stubs using double-sided carbon tapes. To make the prepared samples
electrically conductive and improve the image quality, a thin layer of gold (~20nm) was deposited

on them by a gold sputter coater (Denton Desk Il model).

Regarding the mechanical property of nanocomposite materials, the tensile strength of samples
was measured by Instron 5548 Micro Tester, according to the ASTM D412, with a 10 kN load cell
and 50 mm/min crosshead speed. To prepare the samples with the required shape and dimensions,

a laser engraving system was applied.

An x-ray attenuation experiment was performed at Advanced Micro- /Nano- Devices Lab,
University of Waterloo, with a target material of tungsten. A 1 mm aluminum filter was placed in
front of the tube window, to cut low-energy photons and increase the average energy. Figure 4-2
shows the test setup. Developed samples with 1 mm thickness were placed at 50 cm in front of the
X-ray source. To measure the dose, a calibrated “Shad-0-Box 1548 HS” detector (Teledyne
DALAS, Ontario, Canada) was applied as Figure 4-2 shows. Applied current and irradiation time
were 100 uA and 3 s, respectively, while the voltage was in a range of 60 to 90 kV to generate a
continuous x-ray. X-ray images were analyzed using MATLAB and Statistics Toolbox Release
2021a, The MathWorks, Inc., Natick, Massachusetts, United States. The transmission factor values

of the samples were calculated.
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Figure 4-2. Schematic of the x ray experiment setup

Furthermore, the Archimedes method was applied to calculate the apparent density of all
samples. An electrical single pan balance and ethanol were used to measure the weights and

substitute in the following formula (Equation 4-1).
Equation 4-1

my

P:mm

Where m is the mass of developed samples weighted on the balance (m1), the mass of the sample
hanging on balance arm in the air (mz2), and the mass of the sample hanging on the balance arm

immersed in ethanol (ms), and a represents the density of ethanol.
Equation 4-2 was applied to calculate the theoretical densities ().
Equation 4-2

100
Pe="F E.
— =
(pf pc)

Here F and E are the wt.% of the filler and PDMS, respectively. Also, & and o are densities of
filler and PDMS. The results were compared with the density of lead as the reference material,

afterward.
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4.2 Result and discussion
4.2.1 Chemical composition analysis

The chemical bonds in all samples were evaluated and compared with neat polymer using FTIR
spectroscopy. As it can be seen from Figure 4-3, PDMS main vibration is the dominant peak in
both spectrums (Figure 4-3 A and B). Peaks at around 780 and 1260 cm™' represent the rocking
and bending peaks of the Si—CHa, respectively. The peaks at about 1010 and 1064 cm™! were
assigned to the asymmetric and symmetric Si—O-Si stretching bonds, correspondingly [131], and
the small peak at around 2960 cm* belongs to CHz asymmetric stretching in Si-CHs. Figure 4-3
A also shows the FTIR spectrum of PDMS/BiO nanocomposite, a change in shape and intensity
of the peaks appears at around 619 cm* with increasing the Bi2O3 content which corresponds to
the Bi-O group in Bi2O3 [132][129].

As the arrow indicates, the peak intensity increases for PDMS/BiO20 and PDMS/BiO30, which
means bismuth oxide particles have been incorporated and dispersed into the polymer,
successfully. However, the peak intensity is still low compared to the other peaks since the
prominent PDMS peaks are highly intense and they can overlap with other vibrations [128]. In
addition, Figure 4-3B exhibits the FTIR spectra of neat polymer and PDMS/CNT nanocomposites.
At about 906 cm- there is a minor peak shift towards lower wavenumbers as the concentration of
MWCNT increases. In addition, comparing the black line (PDMS sample) and the green line
(PDMS/CNT10) at 906 cm™, with increasing MWCNT content (PDMS/CNT10), the peak shape
changes as highlighted in Figure 4-3 B. The change in peak position and peak shape confirms the
Si-C bond formation, and it is in agreement with the literature [133][134].
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Figure 4-3. FTIR pattern of (A) neat PDMS and PDMS/BiO nanocomposites, (B) neat PDMS and
PDMS/CNT samples.

4.2.2 Microstructure evaluation

The effect of increasing content of Bi2Ozand MWCNT nanoparticles on mechanical strength and
x-ray shielding performance of nanocomposites were also studied. Filler loading in polymer-based
composites leads to an increase in mechanical strength and shielding performance [42][135].
However, too much filler content is not favorable since it would increase density and decrease the
flexibility of the composites, both of which limit the shielding material application. Also, in high
filler loading nanocomposites, it is difficult to uniformly disperse nanoparticles. Poor nanofiller
dispersion in polymer matrix leads to aggregations, creates nano and micro defects inside the
composite, and decreases the tensile strength. Therefore, the microstructure of samples and the
dispersion of Bi2O3 and MWCNT nanoparticles in the polymer matrix were characterized with

SEM in various magnifications. The tensile strength test was also performed, afterward.

To better evaluate the effect of Bi2Os on surface morphology, samples with the highest filler
content (15, 20, and 30 wt.%) were analyzed using SEM (Figure 4-4A). The neat polymer
possesses a smooth surface with no pores and cracks (Figure 4-4 Al). For the samples with 20 and
30 wt.% filler, no significant changes were observed in surface morphology (Figure 4-4 A2 and

A3). Nanofiller dispersion in the polymer matrix was evaluated by looking at cross-section SEM
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images (Figure 4-4 B). For low filler loading composites, particle dispersion seems homogenous.
According to the nanofillers size (~300 nm) and the image magnification (x25000), the white dots
in Figure 4-4 B1 and B2 seem to be uniformly distributed spherical particles in PDMS/BiO15 and
PDMS/Bi020 composites. Increasing the filler content to 30 wt.%, individual nanofillers can still
be recognized according to Figure 4-4 B3. In some parts, two or three particles can be seen close

to each other, but no area of aggregation was noticed.

- Well

dispersed
fillers

\

C2

Figure 4-4. SEM images of the surface of a) samples surface (A1) PDMS, (A2) PDMS/Bi020, (A3)
PDMS/Bi0O30. Also, the SEM pictures from the cross-section of samples are (B1) PDMS/BiO15, (B2)
PDMS/Bi020, and (B3) PDMS/Bi0O30, (C1) PDMS/CNT1, (C2) PDMS/CNTS5, (C3) PDMS/CNT10.

In addition, uniform dispersion of MWCNT is observed for PDMS/CNT1 and PDMS/CNT5
samples due to Figure 4-4 C1 and C2. However, dense areas bundle of MWCNT are considerable
in higher loading composites (PDMS/CNT10) (Figure 4-4 C3), as in high nanofiller containing
samples, the large aspect ratio of nanoparticles leads to a tendency to aggregation and results in
poor dispersion [136][137].
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4.2.3 Mechanical properties

To investigate the effect of applied nanofillers on PDMS mechanical properties, tensile strength,
and elongation at break of developed nanocomposites were measured using Instron 5548 Micro
Tester (Figure 4-5B). Nanofillers can lead to polymer reinforcement if they are well dispersed in
the polymer matrix because uniform dispersion leads to uniform stress distribution in the matrix
and efficient load transfer onto the nanofiller. According to the results in Figure 4-5A, the addition
of Bi2Os improves the tensile strength as well as elongation due to the stress transfer from polymer
to metal oxide nanoparticles. Figure 4-5C and D SEM images indicate how Bi203 nanoparticles
improve the matrix mechanical properties. As the figure exhibits, the nanofillers are stopping the
microcracks from growing in the matrix and result in tensile strength enhancement. Due to the
results in Figure 4-5A, PDMS/BiIO30 nanocomposite with the highest tensile strength and
elongation should be considered for multilayer nanocomposite.
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Figure 4-5. (A) Tensile properties of neat PDMS and PDMS/BiO samples with different Bi,O3 content,
each point represents one of the PDMS/BiO samples as introduced in table 4-1, (B) the micro Instron for

tensile strength test, (C), and (D) the SEM images of cracks that have been stopped by nanofiller.
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Although uniform dispersion of nanofiller in the polymer matrix is the most critical parameter,
there are two other strengthening mechanisms for nanotube reinforced nanocomposites: crack
bridging and fiber pull-out [138]. In MWCNT reinforced nanocomposites, nanotubes form bridges
across the cracks and gaps (Figure 4-6 B1) and produce a closure stress perpendicular to the crack
which leads to an improvement in tensile strength. In addition, the SEM images in Figure 4-6 B2
show the MWCNTSs at the fracture area which indicates the nanotube pull-out mechanism while
the crack is expanding. During the crack propagation in the polymer matrix, both MWCNT ends
remain adhered to the polymer chain and elastic deformation occurs in the nanotube while the
crack reaches the nanotube. In fact, because of the extraordinary flexibility and high elastic
modulus, MWCNT can absorb significant amounts of crack energy which leads to the elastic
extension of nanotubes before collapse or fracture at either side of the fractured surfaces. This
behavior leads to tensile strength improvement in samples containing MWCNTSs [139][140]. It
should also be noted that the large length and small diameter in this experiment help with
mechanical properties enhancement since MWCNTSs with a high aspect ratio are more effective
reinforcements [141][142].

Figure 4-6A shows the tensile strength and elongation at break for PDMS/CNT samples containing
1, 5, and 10 wt.% MWCNT. The mechanical strength increases up to 5.6 MPa for PDMS/CNTS5,
however, it decreases significantly for PDMS/CNT10 sample because of the nanotube’s
aggregation, as it was observed in Figure 4-4 C3. Therefore, PDMS/CNT5 nanocomposite is the
best candidate to be considered for multilayer nanocomposite. Figure 4-6 C1 and C2 are digital
images of the 5-layer sample with great flexibility. In addition, tensile strength, and elongation at
the break of multilayer samples with various layers are presented in Figure 4-6 D. The combination
of PDMS/BiO30 and PDMS/CNTS5 nanocomposites in multilayer structures has shown tensile
strength improvement up to 70% in comparison with the neat polymer. Furthermore, tensile

strength of the 5-layer sample is increased by 22.3% when compared to the 1-layer nanocomposite.
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Figure 4-6. (A) elongation at break and tensile strength of PDMS and PDMS/CNT samples with various
amounts of MWCNT, (B) SEM images of nanotubes that made a bridge (B1) or pulled out (B2) at cracks,
C) flexible 5-layered nanocomposite, and (D) tensile strength of multilayer nanocomposites with different

layers number.

4.2.4 X-ray shielding measurements

To study the x-ray shielding performance of all samples, they were irradiated by x-ray with
different energies (60, 70, 80, and 90 keV) one by one. The transmitted photons were measured
through the detector, as was exhibited in Figure 4-2. Schematic of the x ray experiment setup. To
investigate the x-ray shielding performance of each nanocomposite, the percent of transmission
factor (1/10%) was calculated; where | and lo are the number of transmitted photons with and

without shielding materials, respectively.

As Figure 4-7A shows, the 1/10% decreases by increasing the Bi2Os content. The neat PDMS
transmits more than 90% of x-rays with various voltages (Figure 4-7A), however, adding Bi2O3
into the PDMS matrix remarkably improves the x-ray shielding ability by decreasing the 1/10%
value. According to the results, the optimal 1/10% value for the samples reached 32% for
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PDMS/BiO30 nanocomposite under 60 keV X-ray radiations, which means that about 68% of
photons can be shielded when interacting with PDMS/BiO30 sample. The 1/10% of PDMS/CNT
nanocomposites was also measured, and it was in the range of 82% or more, for 60, 70, 80, and 90
keV x-ray radiations, as Figure 4-7B shows.
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Figure 4-7. x-ray transmission rate (I/Io %) of (A) PDMS/BiO nanocomposites with various Bi,Oj3 content,
and (B) PDMS/CNT samples with different MWCNT content. In both images, different lines represent

the results for different x-ray energies.

Although the results are demonstrating PDMS/BiO30 as potential material for x-ray shielding
application in the energy of 60 keV, it still does not display sufficient protection against 90 keV

or higher radiation energies, as it is transmitting 53.9% of 90 keV radiation.

The 1/10% were measured for the fabricated multilayer structures of the PDMS/BiO30 and
PDMS/CNT5 nanocomposites afterward. A schematic of the photon attenuation mechanism in
nanocomposites with different numbers of layers is shown in Figure 4-8. As the figure shows,
more x-rays can be shielded and absorbed as the number of layers is increased from 2 to 5 layers

(Figure 4-8), since the localized distribution of nanofillers is more likely to be collided by photons.

In addition, the x-ray radiation is scattered several times through the multiple layers and absorbed
between the layers. Meanwhile, the produced secondary K-, L- M- X-rays from the photoelectric

effect are also scattered and dissipated through the different layers. Therefore, the primary and
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secondary x-rays can be attenuated in multilayer interfaces by scattering, absorption, and

dissipation mechanisms [143][130].

\/ ~ / /

Figure 4-8. a schematic of the multilayer structure shielding mechanism and the effect of increasing the

number of layers

Figure 4-9 indicates that the shielding capability of the layered composites significantly increases
as the number of layers increases from 2 to 5 layers. It should be mentioned that generally in
multilayer structures, the layer containing the high atomic number element is arranged in the first
layer, and the lower atomic number element is applied in next layer(s) to absorb the Compton
scattered radiations as well as the produced secondary x-rays due to the photoelectric effect in the
first layer (the energy of secondary x-rays are lower than the initial x-ray). In this study, we applied
multiple layers of PDMS composites containing Bi2Os (as high atomic number filler) and MWCNT
(as low atomic number filler) in multilayer composites. Based on Figure 4-9, samples with
PDMS/BiO30 composite as the first layer has a lower transmission rate, since the initial x-ray hits
and reacts with high atomic number elements first, then the next layers absorb or react with the
scattered radiation. However, the x-ray transmutation rate of the 2-layer sample is higher than
other samples, which is due to the arrangement of layers. In addition, increasing the number of

layers leads to scattering and slowing down more radiations.

Therefore, the 5-layer sample can reach a transmission rate as low as 11.2% for 60 keV radiation.
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Figure 4-9. x-ray transmission rate (I/Ip %) of layer nanocomposites with different layers numbers

It also should be noted that increasing the thickness of shielding material can result better shielding
efficiency. For example, a 3-layer composite, containing up to 30% Bi2Os in different layers, can
reach a transmission rate of 5.8% with a thickness of 6.3 mm [78]. However, the aim of this study
was to characterize the transmission rate of a specific thickness of Bi2Os-filled polymer (PDMS)

nanocomposite and evaluate the effect of changing the structure on shielding performance.

For more comparison, the Attenuation Efficiency (AE) was calculated for samples with best 1/10%

by Equation 4-3, and plotted as Figure 4-10 shows:

Equation 4-3

Iy

AE (%) = X 100

0

The AE is a factor to show the amount of x-ray which is absorbed and/or stopped by the shielding
material. As Figure 4-10 shows, the 5-layer nanocomposite has the highest AE number. Comparing
the single layer and multilayer PDMS composites, it is observed that the 5-layer structure is
associated with the highest AE, and it exhibits optimal shielding performance for x-ray radiation,

as it reaches approximately 89% attenuation rate under x-ray radiations with 60 keV energy. This
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enhancement is the result of the synergistic attenuation effect of the polymer, nanofillers, and
multilayer interfaces [144].
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Figure 4-10. a comparison between the attenuation efficiency (AE) of neat PDMS and the

nanocomposites

4.2.5 Density of samples

The material density is another crucial factor, as low-density shielding materials are required for
wearable and mobile applications [121]. The experimental and theoretical density of the PDMS,
PDMS/BiO30, PDMS/CNT5, and 5-layer samples were measured as shown in Table 4-3. The

density of fabricated nanocomposites and lead. The small difference between the experimental and
theoretical values can be due to experimental errors.
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Table 4-3. The density of fabricated nanocomposites and lead

Theoretical Experimental ]

Samples ) ) % Heaviness

Density (g/cm®) | Density (g/cmd)

Pb 11.29 11.29 100
PDMS 0.96 0.98 8.54
PDMS/BiO30 1.32 1.35 11.67
PDMS/CNT5 0.99 1.00 8.78
5-layer 131 1.29 10.02

To compare the density of developed nanocomposite with that of the lead, percent of heaviness
were calculated using Equation 4-4 [129]. Experimental density values were applied for the
calculation. Also, to normalize the results, lead considered 100 percent heavy as the reference
material. As Figure 4-11 shows, the density of developed nanocomposite is lower than that of the

lead. The fabricated 5-layer nanocomposite achieves a transition rate of 11.2%, but with a density

equal to 10.02% of the lead density.

Equation 4-4

% heaviness =

Density of samples

x 100

Density of lead
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Figure 4-11. Percent heaviness of lead, PDMS, and the nanocomposites

4.3 Chapter Summary

New lead-free PDMS nanocomposites with various filler content were fabricated for x-ray
shielding application. Bi2Os with a higher x-ray absorption ability than pure lead (K-absorption
edge 88 keV) and MWCNT were selected as nanofillers.

Structural studies showed that the well dispersed nanofillers can improve the tensile strength of
the polymer matrix from 1.6 to 4.65 MPa. Also, adding a low amount of MWCNT could increase
the tensile strength to 5.53 MPa, which was the result of the well dispersion, plus the outstanding

inherent mechanical properties of MWCNT.

The experimental study indicated that the 1 mm thick nanocomposite containing 30 wt.% of Bi2O3
can only transmit up to 32% of x-ray with energy of 60 to 90 keV. Also, nanocomposites
containing up to 10 wt.% MWCNT are not capable of shielding x-ray radiation with different
energies between 60 to 90 keV. Therefore, to obtain low transmission rate, multilayer
nanocomposites fabricated from separate BiOz and MWCNT nanocomposite layers, containing

the highest weight percentage (30 wt.%) of Bi2Os.
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According to the result, the multilayer nanocomposite is an effective structure to decrease x-ray
penetration. Increasing the layers numbers enhances the shielding efficiency in comparison with
conventional nanocomposites, with higher tensile strength and elongation at break. The 5-layer
nanocomposite, with a density of 1.29 g/cm?, demonstrated shielding transmission rate to up to
11.2% for the x-ray with 60 to 90 keV energy. This result indicates the weight advantageous of
layered nanocomposite over the lead and reveals the potential of these nanocomposites for

wearable, lightweight, and lead-free x-ray shielding applications.
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Chapter 5 Enhanced Electron Radiation Shielding
Composite Developed by Well Dispersed Fillers in

PDMS

Nowadays, high-energy electron beams are used for clinical applications in diagnosis and
treatment of diseases, like cancer [120]. Despite the positive treatment effects, human exposure to
high-energy electrons can mutate cells and result in serious health issues. In addition to clinical
applications, but also in the aerospace industry, high-energy electron radiations in space present
serious risks to astronauts’ activities. In deep space missions, electron radiations with tens of MeV
energies are threatening to the astronauts’ health [145][146]. Therefore, it is necessary to protect
individuals against high-energy electron radiations either on earth or in space. Commonly, metals
like aluminum are applied for radiation shielding because of their low cost, excellent mechanical
strength, and high thermal stability [104].

However, when the high-energy electron beam hits the metal shielding material, it can remove a
valence electron and result in ionizing the metal molecules to produce secondary electron
radiations. The bremsstrahlung photons are another radiation that is produced as the result of
inelastic collisions of electron beam with the nucleus of aluminum atoms [147]. The production of
these radiations has limited the application of aluminum for electron shielding. Furthermore, an
increase in electron energy will require more material to attenuate the electron beam, which, in
turn, contribute to heavier shielding structures. However, increasing the weight of shielding
structures is not favourable for any applications, especially for the space industry as it leads to
heavier payload, more fuel consumption, and increases the mission cost. All of which can
adversely affect the feasibility of the missions [104]. Thus, the development of novel radiation
shielding materials that are lightweight and provide the necessary shielding effectiveness is

important [76].
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A promising way to produce lightweight shielding material with sufficient attenuation is utilizing
polymer reinforced composites [45]. Polymers are usually composed of low-Z elements (such as
hydrogen and carbon) and have weight advantages in comparison with metallic shielding
materials. Moreover, low-Z elements are less likely to produce secondary electrons and photons
due to their high electron density [45][148]. Polyethylene (PE), poly (methyl methacrylate)
(PMMA) [104], high-density polyethylene (HDPE) [62], epoxy, and polydimethylsiloxane
(PDMS) [149] are examples of polymers for shielding several types of radiations
[75][77][150][151]. However, the application of polymer for radiation shielding needs to be
evaluated more, since there are still polymers that have not been studied for high-energy electron

beam shielding applications so far.

In addition, shrinking the size of effective metals and dispersing them in a polymer matrix, have
shown considerable enhancement in shielding efficiency of polymers [18][42]. For example,
bismuth oxide (Bi203) is one of the reported materials for shielding photons energy ranging from
40-100 keV [152][153]. Bi2O3 with key features like nontoxicity, high radiation absorption (K-
absorption edge 90.5 keV), and low cost have shown promising results in photon attenuation
[128][129]. In addition to high atomic number fillers, low-Z fillers such as carbon-based
nanomaterials have been evaluated for radiation shielding applications [18][94][154]. For instance,
MWCNT can form cross-linking sites between polymer chains and hinder effect under electron
beam irradiation. So the nanotube can enhance the tensile strength of polymer matrix, along with
the thermal stability [155].

In this chapter, PDMS polymer nanocomposite is reported for high energy electron beam shielding,
with weight advantages and higher attenuation efficiency in comparison with aluminum. Bismuth
nanoparticles and carbon nanotubes were dispersed in PDMS (either all together;
PDMS/CNT/BIO, or separately: PDMS/CNT and PDMS/BiO) and formed the shielding materials
(Figure 5-2A) applied in this study. The chemical composition, mechanical strength, and thermal
stability were evaluated. Electron beam shielding performance of developed composites were also
assessed under electron beam energies of 9, 12, 16, and 20 MeV (similar energy to those applied
for cancer treatment, and the reported electron beam energies for outer space such as) in attenuation

mode and were compared to aluminum as the reference material.
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5.1 Materials and Method

5.1.1 Fabrication Method

To fabricate pure PDMS and the PDMS nanocomposites, first PDMS was prepared by mixing
the base polymer and the curing agent with a 10:1 weight ratio. As Table 5-1 reveals, 30 wt.% of
Bi2O3 and 3 wt% MWCNT was applied to fabricate PDMS/BiO, PDMS/CNT, and
PDMS/CNT/BIO nanocomposites. Nanofillers were dispersed in liquid polymer using mechanical
stirring (VWR hotplate stirrer) at 1500 rpm for 2 hours. The mixtures were then vacuumed for 30
seconds to release the trapped air bubbles during the mixing process. Finally, the prepared
compounds were moved to 2-inch petri dishes as molds and baked in the oven at 70°C for 3 h with
20 MPa pressure. Each nanocomposite was fabricated with 5 different areal densities: 0.5, 1, 1.5,
3, and 5 g/cm?.

Table 5-1. Chemical composition of different samples

] Filler PDMS Sample
Filler type .
wt.% wt.% designated code
No filler 0 100 PDMS
Bi.Os 30 70 PDMS/BIO
MWCNT 3 97 PDMS/CNT
Bi,O3 30 )
67 PDMS/CNT/BIO
MWCNT 3

5.1.2 Characterization

To evaluate the chemical bindings in the nanocomposite, x-ray diffraction (XRD) (Bruker, tensor
27) (2-theta between 7 to 90°) and X-ray photoelectron spectroscopy (XPS) (VJ ESCALAB
250) were performed.
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The mechanical properties of nanocomposites were measured by Instron 5548 Micro Tester,
according to the ASTM D412, with a 10 kN load cell and 50 mm/min crosshead speed. To prepare

the samples with the required shape and dimensions, a laser engraving system was applied.

Nanofillers dispersion was evaluated by Zeiss Ultra plus scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDX), plus the changes in the microstructure of
nanocomposite before and after electron-beam irradiation. Small pieces of samples were cut and
mounted on aluminum stubs by double-sided carbon tapes. Then samples were coated with a thin

layer of gold, using Gold Sputter coater, to make them electrically conductive.

The thermal stability and thermal degradation behavior of all samples were analyzed via
Thermogravimetric Analysis (TGA) tests, using TA instrument Q500 model equipment. The test
temperature was ranging from 20 °C to 800 °C and a heating rate of 20 °C/min in nitrogen
atmosphere. In addition, the heat transfer of different samples was visualized and compared using
Hti-Xintai Thermal Imaging Camera. Samples were cut into the same diminutions, (1 cm width, 1
cm length, and 2mm thickness) and placed on an isothermal hot plate with a constant temperature
of 70 °C.

5.1.3 Electron-beam attenuation test

To evaluate the electron shielding efficiency of samples, Varian TruBeam Linac (Varian Medical
Systems, Palo Alto, CA, USA) machine at Grand River Regional Cancer Centre (GRRCC)
(Kitchener, ON, Canada) was used. Figure 5-1 shows the digital image of the electron-beam
generator and a schematic of the irradiation test setup. All the samples were studied for the
electron-beam attenuation using 9, 12, 16, and 20 MeV energies. Also, a dose of 100 monitor unit

(MU) was delivered to each sample with 1000 MU/min dose rate.
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Figure 5-1. (A) Varian TruBeam Linac machine with electron-beam attenuation test setup; (B) Schematic

of the test setup.

As Figure 5-1b shows, samples were placed on top of the electron cone applicator with a dimension
of 6x6 cm?, and 3 cm diameter lead cut-out insert. The distance between the electron cone and the
electron source/target was 95 cm as shown in the schematic. Also, the transmitted electrons
through the samples were measured using an ionization chamber (Farmer chamber) which was
placed in a solid water phantom, at 100 cm from the electron target. In the first step, the ion
chamber is directly irradiated by an electron beam (without the sample in place) to measure the
baseline reading (lo). Then, the ion chamber reading with samples in place was taken (lt), for each
sample. Each sample was irradiated twice to confirm the consistency. The percentage of electron

Attenuation Efficiency (AE%) of each sample calculated by Equation 5-1 [121]:

Equation 5-1

AE(%) = ((, — 1,)/1,) X 100%

In this study, to compare the weight of developed nanocomposites with that of the aluminum as
the reference material, the attenuation results were plotted as a function of areal density (AD). The

areal density of samples was calculated using Equation 5-2:
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Equation 5-2
AD =p Xt

Where p and t represent the density and the thickness of shielding materials, respectively. Each
nanocomposite where fabricated with five different areal densities (0.50, 1.00, 1.50, 3.00, and 5.00
g/cm?). Therefore, transmission characteristics of each sample were measured using four electron-
beam energies (9, 12, 16, and 20 MeV). At the same electron attenuation efficiency percentage

(AE%), weight advantages of samples over Al can be calculated following Equation 5-3:

Equation 5-3

Weight advantages (%) = ((AD aluminum ~ AD sample)/AD aluminum) x 100%

5.2 Result and discussion

The digital images of pure PDMS and the nanocomposites is shown in Figure 5-2A. To investigate
the chemical composition of each sample, XRD was performed (Figure 5-2B). The XRD pattern
of pure PDMS exhibits the typical amorphous peaks at about 12° and 20°. However, the intensity
of both peaks decreases by adding MWCNT in PDMS/CNT sample. This result can be attributed
to the formation of amorphous phases in this nanocomposite, since the dispersed MWCNT cross-
links with polymer chains and decreases the chain order [156][157]. Moreover, in both PDMS/BiO
and PDMS/CNT/BIO samples, XRD peaks confirm the formation of bismuth silicate and shows
the successful Bi2Os bonding with the silicon (Si) in polymer matrix, as is marked in Figure 5-2B
[158]. Therefore, XRD patterns confirm the nanofillers incorporation with polymer matrix. Figure
5-2C shows a drawing of PDMS/CNT/BIiO sample that indicates how nanofillers are distributed

in polymer matrix.

To further investigate the available bindings, the XPS was performed for PDMS/CNT/BiO
nanocomposite (Figure 5-2 D1 and D2). In the C1s core-level peaks (Figure 5-2 D1), the intense
peak at 284.4 eV corresponds to C-C bonding and agrees with literature. The 286.2 eV binding
energy is assigned to C-O bonding which can be attributed to COOH functional groups on
MWCNTSs [159]. Three peaks appear for Si 1s core-level (Figure 5-2 D2), where 99 eV, and 101
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eV peaks correspond to Si-O, and Si-C, respectively. The peak at 103 eV shows SiO2 bindings

which can be because of interaction with either functional groups in MWCNT or the oxygen in

Bi203 particles [160].
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Figure 5-2. (A) Digital images of pure polymer (A1), PDMS/CNT (A2), PDMS/BiO (A3), and

PDMS/CNT/BiO (A4) samples; (B) XRD pattern of all samples; (C) schematic of nanofillers distribution

in polymer matrix; and (D) XPS spectra of (D1) C 1s and (D2) Si 1s in PDMS/CNT/BiO sample.

Rather than chemical binding between the nanofiller and matrix, properties of nanocomposite can

be affected by the nanofillers dispersion quality. Especially in the case of electron shielding, the

state of fillers determines the extent of shielding. In addition, poor nanofiller dispersion induces

the nano and micro defects inside the nanocomposite and decreases the mechanical strength of

final sample. Therefore, the dispersion quality of nanofillers was characterized through electron
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microscopy. Figure 5-3A shows the SEM image of PDMS/CNT/BiO nanocomposite along with
the EDX characterization result. The spherical particles represent Bi2Os nanofillers which are
uniformly distributed in polymer matrix. The individual bright nanotubes are well dispersed
MWCNTSs, with no sign of aggregation. The elemental composition was confirmed by EDX
characterization as shown in Figure 5-3A, which reveals the presence of high-Z elements (Si and

Bi) in addition to low-Z elements (O and C) in the polymer matrix.

Well dispersed nanofillers in polymer matrix helps the mechanical properties improvement by
uniform stress distribution through the sample and efficient load transfer to the nanofillers. As
Figure 5-3B exhibits, the addition of nanofillers enhances the mechanical strength of polymer
matrix. The PDMS/ MWCNT nanocomposite has the highest tensile strength and fracture strain,

according to the MWCNT interaction with the polymer matrix and exceptionally large aspect ratio.
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Figure 5-3. (A) SEM image of the cross-section PDMS/CNT/BiO sample including the EDX result; (B)

Stress-strain diagram of pure PDMS and the nanocomposites

Besides, thermal stability of nanocomposites was evaluated by TGA analysis. Figure 5-4A shows
the weight changes of samples with increasing the temperature up to 800 °C. Compared with pure
PDMS, the addition of 3 wt.% MWCNT increases the thermal stability with restraining the
degradation of PDMS polymer chains during the pyrolysis and increasing the initial decomposition
temperature for about 8% (from 315°C to 340°C). Also, the addition of Bi2Os displays significant
improvement in thermal stability with initial decomposition temperature of 21% higher than that

of pure PDMS, which is resulted by the high thermal stability of the well dispersed Bi2Os
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nanoparticles. Composite containing both Bi2Os and MWCNT exhibits the highest thermal
stability with 30% improvement in initial decomposition temperature in comparison with pure
PDMS, and increasing it to 415 °C. It should be noted that, the nanofillers can improve thermal
stability of polymer matrix by slowing down and hindering the diffusion of volatile decomposition
products [161].

As shown in Figure 5-4A, the initial decomposition temperature of nanocomposite after electron-
beam irradiation is about the same as non-irradiated samples and indicates that samples maintain

their thermal properties after electron beam irradiation.

Furthermore, with increasing the temperature to 670 °C, about 5 wt.% of residual material of
PDMS was found. For PDMS/CNT, PDMS/BIO, and PDMS/CNT/BIO, about 9 wt.%, 34 wt.%,
and 41 wt.% material was remained, respectively. The remaining weight of the nanocomposites
could be attributed to the nanomaterials (Bi-O3z and MWCNT) with high heat resistant.
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Figure 5-4. (A) TGA test results of all samples before (solid line) and after (dashed line) electron beam

irradiation; (B) Surface temperature changes of all samples at different moments of heating process; (C)
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Infrared thermal images of samples at different heating time.

To evaluate and visualize the effect of fillers type and fillers content on thermal conductivity, an
infrared camera was utilized to record the temperature of the upper surface of samples on a heating
plate. Samples were placed on an isothermal hot plate with a constant temperature of 70 °C, for
300 s (5 min). The corresponding curves of the temperature at the upper surface of samples as a
function of heating time are shown in Figure 5-4B. The slope of each line reflects the rate of the
temperature change. For example, the upper surface temperature of PDMS sample took 150 s to
reach 55 °C, which was 2.5 times longer than that of the PDMS/CNT sample. In addition, as Figure
5-4C shows, the surface color of pure polymer and all composites was dark blue at the first moment
of the heating process, corresponding to the room temperature (24 °C). Each color represents
specific temperature: dark blue room temperature, green 50 °C, yellow 55 °C, red 60 °C, and white
65 °C. With increasing the temperature of samples, the surface color changes to green, yellow, red,
and finally the whitish red at different rates, indicating that the temperature of samples changes at
various rates. According to Figure 5-4C, the surface temperature of the PDMS/CNT composite is
higher than the pure PDMS and other composite at any time, as a result of the high thermal
conductivity of well-dispersed MWCNT [103].

5.3 Electron Shielding Measurement

The Attenuation Efficiency (AE%) of pure polymer, nanocomposites, and aluminum for each of
the four energies (9, 12, 16, and 20 MeV) were calculated using Equation 5-1. Results are plotted
as shown in Figure 5-5. According to the figure, the AE% for all the samples increases with

increasing the areal density.

The overall trend of AE% of samples is similar for all energies. According to the results, the
nanocomposites have better shielding properties than the pure polymer (PDMS). In addition, with
increasing the electron energies from 9 MeV to 20 MeV (Figure 5-5A to D), the AE% decreases
for each sample, meaning that more materials of each sample are needed to attenuate the electron

beam.

As the results exhibit, both PDMS/BiO and PDMS/CNT/BiO nanocomposites perform better

shielding efficiency than aluminum for any given areal densities. For example, at areal density of
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1.5 g/cm?, aluminum attenuates about 80% of electron beam with 16 MeV energy. This number
increases to 90% for PDMS/CNT/BIiO with the same areal density under the electron beam energy
(Figure 5-5c).
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Figure 5-5. Percentage attenuation efficiency (AE%) of all samples at (A) 9 MeV, (B) 12 MeV, (C) 16
MeV, (D) 20 MeV.

Furthermore, Figure 5-5 shows that less amount of PDMS/BIO and PDMS/CNT/BIO
nanocomposite is required to obtain equivalent AE% in comparison with aluminum. For instance,
as Figure 5-5a shows, to attenuate 93% of 9 MeV electron beam, aluminum with an areal density
of about 2.5 g/cm? is required. This value decreases to 1.5 g/cm? for PDMS/CNT/BIO
nanocomposite to attenuate the same amount electron beam with the same energy. This result
indicates the weight advantage of developed nanocomposites over aluminum. Among the samples,

PDMS/CNT/BIO shows the highest weight advantages and AE% at any electron beam energies.
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The areal densities and AE% in which the maximum weight reduction of this sample happens, are
highlighted in Figure 5-5. Therefore, at different electron beam energies, maximum weight
reduction is calculated and summarized in Table 5-2, in addition to the areal density and AE% at

the max weight reduction.

Table 5-2. A summary of weight advantage of PDMS/CNT/BiO with respect to Al for all electron energies

Areal density of

Electron energy Maximu_m weight nanocomposite at the max Atte_nuation at _the max
(MeV) reduction (%) weight reduction (g/cm?) weight reduction (%)
9 36.1 15 93.17
12 34.7 15 84.9
16 31.03 3 90
20 34.7 3 81

Besides, all samples reach to a maximum AE% of 98% for 9 MeV electron beam, at areal density
of 3 g/cm? and above (Figure 5-5a). Herein, 3 g/cm? areal density is considered as the saturation
areal density at 9 MeV electron beam, which means increasing the areal density over this value
will no longer enhance the AE%. This phenomenon is also observed with electron energies of 12,
16, and 20 MeV (Figure 5-5b and 2c). This is due to the Continuous Slowing Down Approximation
(CSDA) ranges of samples. CSDA ranges approximate the average distance that a charged particle
(electron in this study) can travel in the matter as it slows down to rest [162]. In this study, CSDA
suggests that beyond the areal density of 3 g/cm?, few existing primary 9 MeV electrons still

contribute to the 2% unshielded radiations.
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Figure 5-6. (A) A schematic of electron beam interaction with shielding material; (B) Increasing the
secondary radiations when more material is using to stop the higher energy electrons; and (C) Linear fit of

saturation areal density for all energies.

In addition, with increasing the primary electron radiation energy, the saturation areal density
moves to higher values, however, the maximum AE% at saturation areal density decreases (Figure
5-5). This is due to the electron interaction with shielding material, as it is illustrated in Figure
5-6A. During the electron beam interaction with the atoms of shielding material, high-energy
electrons can hit and remove a valence electron and produce the secondary electron radiations. The
bremsstrahlung photons are another radiation that is produced either when outer shell electron fills
the inner shell electron vacancies, or as the result of electron beam inelastic collisions with the
nucleus of atoms. When more shielding materials are used to stop the higher energy electrons,
greater quantity of secondary radiations (like x-ray) can be generated (Figure 5-6B). Therefore,

the AE% would be lower at saturation areal density for electron beams with higher energies.

The areal density at the saturation point as a function of the electron energy is illustrated in Figure
5-6C. The plot indicates that with increasing the primary electron beam energy, more material is

needed to reach the saturation point of areal density. In addition, there is a linear relationship
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between saturation areal density and the electron beam energy, which can help to estimate the areal
densities at the saturation point for higher electron energies. This helps with designing shielding

material against the highest electron beam energy than what we have presented in this article.

Finally, the AE% of PDMS/CNT/BIiO nanocomposite and aluminum is visualized in Figure 5-7
for more comparison. As Figure 5-7 shows, the AE% of both materials increases with increasing
the areal density, however, PDMS/CNT/BIO has higher AE% than aluminum all the time. The
difference between the attenuation values decreases for higher areal densities, but in the areal

density of 0.5, 1, and 1.5 g/cm?, the nanocomposite attenuates more electron beam than aluminum.
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Figure 5-7. AE% of PDMS/CNT/BiO (green column) composite and Al (navy column) as a function of

energy at different areal densities

5.4 Chapter Summary

To protect astronauts from electron radiations, metallic materials like aluminum constructed units
are in use. However, application of aluminum results inkey issuess such as heavy weight and

generation of secondary electron. As such, the development of innovative lightweight shielding
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materials is ofsignificant importancee. The lightweight radiation shield presented in this paper
demonstrates that MWCNT and Bi20O3 hybrid nanocomposites are capable to attenuate more than
70% of electron beams with energies ranging from 9 to 20 MeV. The nanocomposites have an
average weight advantage of about 34% in comparison with aluminum. However, when above a
saturation point, the areal density of nanocomposites has no additional weight advantage.
Furthermore, the change in saturation point of shielding materials changes linearly with increasing

electron beam energy.

The characterization results indicate that the thermal stability of pure PDMS was improved by
homogenously dispersing MWCNT and Bi2O3 nanoparticles for about 30 %. Based on the TGA
results, no sign of distortions was found in samples after the electron beam irradiation.
Additionally, MWCNT was found to be greatly effective in increasing the rate of heat flow. In
terms of mechanical strength, nanocomposite filled with MWCNT and Bi20z3 exhibited a tensile
strength as high as 3.7 MPa, which is about twice bigger than that of the pure PDMS. However,
the mechanical strength is still smaller that of Al. So, in conclusion, the developed nanocomposite
can is suggested to be use as part of the radiation shielding material with Al or other structural

materials for shielding structures in space applications.
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Chapter 6 Multilayer Design Fabrication and
Characterization for Space Radiation Shielding

Application

Radiation shielding technology has been developing for several decades and has opened many
opportunities for humans to explore the expansive universe. In recent years, the conditions for
undertaking long space journeys, such as the Mars space missions, have been observed.
Requirements for such trips are higher payload, space radiation shielding and more astronauts in
the spacecrafts. Conventional radiation shielding materials, such as Al, HDPE, and water, can
barely support this type of missions due to the low ratio of shielding effectiveness and cost. One
approach to reduce this cost is applying light-weight materials to replace heavily equipped

radiation shields.

One of the current trends in modern space missions is applying multilayer design as shielding for
extreme and complex hazardous space radiations that are difficult to shield by a single material.
Each part of a multilayer structure should be able to associate with the other components in the
structure, whilst accomplishing specific functions. This approach results in a multifunctional
structure with excellent shielding efficiency, and thermal and mechanical properties for space

applications.

Based on the previous study in previous chapter, PDMS/CNT/Bi203 nanoparticles, possesses 27%-
37% weight advantage at 90% electron beam attenuation in comparison with Al. The advantages
of nanocomposites vary for different electron energies. Additionally, the saturated attenuation
points were introduced, which can be reached when real densities increase until minor electron
beam attenuation advantage is achieved for all materials. However, high loading of Bi2O3 increases
the chance of secondary radiation generation. In addition, adopting radiation shielding advantages

of the different nanocomposites onto a single structure is expected to further improve overall
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properties of the shielding materials. Therefore, a polymer-based multifunctional nanocomposite

has been developed and described in this chapter.

6.2 Material and Methods

6.2.1 Fabrication prosses

The layer of PDMS polymers containing Bi2O3, MWCNT, MXene, and h-BN nanofillers were

fabricated in three steps.

First surface treatment was required for uniform dispersion of nanofillers in the polymer matrix.
In this regard, 50 mg/mL h-BN-water solution was placed in a sonication bath. The solution was
moved to a cylindrical Teflon autoclave (h 70 mm, d 30 mm, wall thickness 3—4 mm, rated pressure
2-3 atm) afterward, and mixed with 9 mL hydrogen peroxide 30%. The solution was stirred for an
hour. The prepared mixture was moved into the oven to be hydrothermally treated at 120 °C for
24 h. Figure 6-2A shows a schematic of the process. After 24 h, the powder dried out, however,
the dried powder aggregates and so is difficult to disperse in the polymer matrix. Therefore, it was
necessary to exfoliate the hydrogenated-BN (OHBN) powder in DI water by sonicating it for 1

hour. The solution was then filtered to remove water.

In the next step, three different mixtures were prepared by mixing the nanofillers directly into the
PDMS polymer. Each mixture was to be applied as a single layer in the multilayer nanocomposite.
Table 6-1. The prepared composites for different layers with various filler and polymer content, and the
designated code to each sample shows the composition of each of these layers. A mechanical mixer

was used for 2 hours to disperse the nano powder uniformly.
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Table 6-1. The prepared composites for different layers with various filler and polymer content, and the

designated code to each sample

Sample ) Filler
Layer # . PDMS wt.% Filler type
designated code wt.%
First layer PDMS/BN 80 OHBN 20
MXene (TisCyp) 10
Second layer PDMS/MXene 80
MXene (Mo2C) 10
. . Bi,0O3 30
Third layer | PDMS/CNT/BIiO 65
MWCNT 5

Finally, the prepared mixtures were molded and baked into the desired shapes for shielding
measurements. Figure 6-1A to C shows a schematic of the molding process. PDMS/CNT/BiO was
the first layer to be molded. After baking it at 70 °C for 1 hour, the PDMS/MXene layer mixture
was molded as the middle layer. The two layers were baked at 70 °C for another 1 hour before,
adding the final layer, PDMS/BN. Finally, the three layers were baked together for two more hours
to bake all the layers fully. It should be noted that we chose to bake each layer for an hour since at
this time the mixture will become firm, but it would not be fully baked. After adding the other

layer on top, the two layers do not mix, but they will stick together due to chemical bonding at the

interface.
</ </ 7 D
Bake Bak Bake
—_— >
lh 70°C 1h, 70°C 2h,70°C

PDMS/CNT/BiO PDMS/MXene PDMS/BN Layer nanocomposite

Figure 6-1. schematic of the fabrication process.

PDMS composites needs three hours of baking at 70 °C to cure completely. The step-by-step
curing and molding of the layers result in good attachment in layers interfaces.
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Five samples with areal densities of 0.5, 1, 1.5, 3, and 5 g/cm? were fabricated in this way. The
portion of layers was kept equal in all areal densities. For example, the layered nanocomposite
with a 1.5 g/cm? areal density was composed of three layers, each layer with an areal density of
0.5 g/cm?. Figure 6-1D shows the cross-section of 1.5 g/cm? layer nanocomposite, which is
composed of three layers: PDMS/BN (the white layer), PDMS/MXene (the black layer), and
PDMS/CNT/BIO (the dark-green layer).

On top of fabricating a multilayer structure, one-layer nanocomposites of each of the PDMS/BN,
PDMS/MXene, and PDMS/CNT/BIO were fabricated with an areal density of 1 g/cm?, to compare
directly with the multilayered structure.

6.2.2 Characterizations

To evaluate the chemical bindings in the nanocomposites, XPS characterization method was
performed. Nanofillers dispersion was evaluated by SEM and EDX. Also, TGA analysis was

conducted to characterize the thermal stability and thermal degradation behavior of all samples

DSC was performed on Q2000 from TA instruments to measure the working temperature. The
heat flow change versus temperature change ranging from -90 °C to 210 °C was recorded. The
temperature of the whole measurement process was first increased from 25 °C to 210 °C with a
rate of 10 °C min~! and then decreased from 210 °C to -90 °C with a rate of 5 °C min~', then
increased from -90 °C to 210 °C. In addition, the heat transfer between different samples was
visualized and compared using Hti-Xintai Thermal Imaging Camera. Electron attenuation

measurements were performed in Grand River Hospital, as explained previously in section 5.1.3.

6.3 Result and discussion

6.3.1 Chemical composition analysis

To evaluate the successful treatment of h-BN powder, the chemical bonds before and after
hydrothermal treatment were evaluated by FTIR spectroscopy. As can be seen from Figure 6-2B,

the main vibrations of h-BN are at around about 759 and 1323 cm* which can be attributed to the
in-plane B—N stretching and B-N-B out-of-plane bending vibration, respectively [163]. The sharp
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peak at approximately 3236 cm! indicates the percent of more OH groups of boric acid [164]. The
appearance of the B—OH stretching vibrations suggests successful functionalization. Furthermore,
the small vibration band at 1200 cm™ could indicate the presence of the B-OH in-plane bending,
and the peak at about 890 cm™* shows the B—OH out-of-plane bending [165].
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Figure 6-2. (A) The schematic of h-BN hydrothermal treatment, (B) FTIR spectrum of h-BN before and

after hydrothermal process, and XPS results of (C1) the B 1s and (C2) N 1s core levels.

To further investigate the available bindings, the XPS was performed (Figure 6-2C) to explain the
elemental composition, functional groups, and bonding nature of compounds. The Gaussian—
Lorentzian function of Origin Pro® was used to plot the fitting curves of nanomaterials and
composites. In the B1s core-level peaks (Figure 6-2 C1), 190.3 eV and 191.1 eV peaks correspond
to B-N and B-O, respectively [159]. Two peaks appear for N 1s core-level (Figure 6-2 C2), where
the intense peak at 397.9 eV corresponds to B-N bonding and agrees with the literature. The peak
at 399 eV binding energy is assigned to N-H bonding which can be attributed to OH functional
groups [166][167][116].

In addition, the XPS result of PDMS/BN nanocomposite reveals the SiO2 presence. Figure 6-3
shows the Si 1s core-level of PDMS polymer before (A) and after (B) mixing with hydrogenated
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BN (OHBN). According to Figure 6-3, the oxygen functional groups in OHBN can bond with Si
elements in PDMS, which means the OHBN nanopowder is successfully embedded in the polymer

matrix.

A

Sils
98 100 102 104 106 % 98 100 102 104 106 108
Binding energy (eV) Binding energy (eV)

Figure 6-3. Si 1s peak of (A) pure PDMS, and (B) PDMS/BN nanocomposite.

The XPS was performed for PDMS/MXene nanocomposite too. The fitting curves shown in Figure
6-4 give various information about the bonding nature and functional groups of MXene and the
composite sample. The peaks of Si 1s at 104 eV is due to the bonding with functional groups in
MXene (Figure 6-4A). The oxygen functional group gives rise to the Ti 2p peaks at 455 and 464
eV (B). The C-Ti, C-C, and Mo-C peaks of C 1s confirms the presence of the Ti and Mo and their
bonding with C (Figure 6-4C).

98 100 102 104 106 108 452 454 456 458 460 462 464 466 468 280 282 284 286 288 200 202
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6-4. XPS result of PDMS/MXene nanocomposite, the Si 1s (A), Ti 2p (B), and C 1s (C).
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6.3.2 Microstructure evaluation

The dispersion quality of nanofillers can be seen in cross-section SEM images. According to fillers
size (<1um), the SEM images were taken in high magnification to confirm the well dispersion of
nanofillers. Figure 6-5 shows the SEM images of PDMS/BN and PDMS/MXene layers, separately.
As Figure 6-5 shows, no aggregated areas were detected in the samples. Also, the EDAX spectrum

performed to confirm the purity of prepared samples.

Figure 6-5. SEM images of (A) PDMS/BN and (B) PDMS/MXene nanocomposite, including the EDAX

results.

EDAX and elemental mapping were performed to further confirm the composition and the
homogeneous distribution of elements in the nanocomposite layers, especially in the interfaces of
layers area. Figure 6-5 shows the EDAX spectrum of PDMS/BN — PDMS/MXene interface. The
presence of B and N in PDMS/BN layer can be observed. Also, the Figure 6-5 shows Ti and Mo
distribution through the PDMS/MXene layer. It is evident from the Figure 6-5 that OHBN, TisC>
and Mo2C are homogeneously distributed in different layers. Elemental mapping also further
indicates the well attached layers at interface as for example the B and N elements are defused for
a few microns PDMS/BN layer into the PDMS/MXene layer.
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Figure 6-6. SEM image of PDMS/BN and PDMS/MXene interface in layer nanocomposite, and the

elemental mapping analysis.

The EDAX was performed at PDMS/MXene — PDMS/CNT/BIO interface, too. Figure 6-7
indicates the the presence of Bi in PDMS/CNT/BIO layer, and Ti and Mo distribution through the
PDMS/MXene layer. It is evident from the Figure 6-7 that Bi2Osz, TisC2 and Mo2C are
homogeneously distributed in different layers. In addition, the well attached layers at interface can
be confirmed, since the elements are defused for a few microns from one layer into the other layer,

such as Mo, as Figure 6-7 exhibits.

PDMS/MXene

PDMS/CNT/BIO

Figure 6-7. SEM image of PDMS/MXene and PDMS/CNT/BiO interface in layer nanocomposite, and the
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elemental mapping analysis.

6.3.3 Thermal properties

The thermal stability of the layer nanocomposite depends on the thermal behaviour of each layer.
So, layers were heated up separately by TGA analysis and evaluated for compared to the pure
PDMS, as shown in Figure 6-8A. PDMS decomposition begins at 315 °C and continues until 560
°C, resulting in the final weight loss of about 90 wt.%. However, by adding OHBN filler, the
decomposition temperature of PDMS/BN nanocomposite raises to 388 °C, at filler contents of 20
wt.%. The sample degradation finishes at about 600 °C with 54 wt.% weight loss which is due to
the high thermal stability of OHBN filler. Also, adding MXene to PDMS changes the thermal
stability with slowing down the decomposition of nanocomposite. As Figure 6-8A shows, the
PDMS/MXene shows the slowest decomposition rate, as the degradation of this layer starts at 325
°C but continues until 600 °C. The weight loss of PDMS/MXene sample decreases to 38 wt.%
which is a considerable difference. As Figure 6-8A shows, PDMS/CNT/BIO layer has the highest
thermal stability with initial decomposition temperature of 415 °C. According to Figure 6-8A all

the layers are stable up to 325 °C.
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Figure 6-8. (A) TGA and (B) DSC test results of all samples. Percentage of weight loss (%) and heat flow
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are plotted as a function of temperature.

DSC data of each layer materials are shown in Figure 6-8B. Upon heating up all the samples show
an exothermic peak at around 20 to 40 °C which disappears in second round of heating up and can
be due to the trapped gas during the sample preparation. Generally, in DSC results any signal and
changes during the heating or cooling process can show phase changes in material such as melting.
However, no peaks can be observed in second round of heating process (Figure 6-8B), which
indicates the samples stability in -40 to 190 °C temperature range. Therefore, all samples show a
working temperature range of -40 to 190 °C which is ideal for space applications. The radiation
shielding components, used in space missions in the low earth orbit, require a wide range of
working temperatures (up to 100 °C) in order to avoid potential risks of thermal degradation due

to the harsh environment [3].
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Figure 6-9. (A) Infrared thermal images of samples at different heating time, (B) Surface temperature

changes of all samples at different moments of heating process.

The effect of filler types on thermal conductivity of each layer also visualized utilizing an infrared

camera to record the temperature of the upper surface of samples on a heating plate. Such as what
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previous measurement is chapter 5, samples were placed on an isothermal hot plate with a constant
temperature of 70 °C, for 5 minutes. The measured temperature at the upper surface of samples
were plotted as a function of heating time (Figure 6-9B). The slope of each line reflects the rate of
the temperature change. Nanocomposite containing boron nitride shows the highest rate of
temperature change. In addition, as Figure 6-9A shows, the surface color of pure polymer and all
composites was dark blue at the first moment of the heating process, corresponding to the room
temperature (24 °C). With increasing the temperature of samples, the surface color changes to
green, yellow, red, and finally the whitish red at different rates, indicating that the temperature of
samples changes at various rates. According to Figure 6-9, the surface temperature of the
PDMS/BN composite is higher than the other samples at any time, because of the high thermal
conductivity of well-dispersed OHBN [103].

6.3.4 Electron shielding results

To evaluate the shielding efficiency of layered nanocomposite, first the AE% of each
nanocomposite with areal density of 1 g/cm? were measured and compared to that of the layered
sample with same areal density. Figure 6-10 Al to A4 shows the irradiated samples. Results
indicate that the PDMS/BN nanocomposite has lower AE % of all samples (12 to 63 % lower than
that of the PDMS/CNT/BIO). As can be seen in Figure 6-10 B, PDMS/MXene nanocomposite also
shows lower AE% than PDMS/CNT/BIiO. However, applying all the nanocomposites in layer
sample result in AE % enhancement. Although the attenuation value for layer nanocomposite is
up to 4.8 % smaller than that of the PDMS/CNT/BIO, but the percentage of Bi2Os in layer sample
is about 60 wt.% fewer than PDMS/CNT/BiO nanocomposite which is a considerable difference.
In addition, other nanofillers applied in layer nanocomposite such as boron nitride, enhance the
different properties of shielding nanocomposite such as thermal management. All these advantages

result in considering layer nanocomposite for further evaluation.
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Figure 6-10. (A) The fabricated nanocomposites: PDMS/BN (A1), PDMS/MXene (A2), PDMS/CNT/BiO
(A3), and layer nanocomposite (A4). (B) Attenuation efficiency (%) of 1 g/cm? PDMS/BN,

PDMS/MXene, PDMS/CNT/BIO, and the layer composite for comparison.

The Attenuation Efficiency (AE%) of layered nanocomposites wear measured at five electron
beam energies (6, 9, 12, 16, and 20 MeV) and compared to that of the PDMS/CNT/BIiO and
aluminum. Results are plotted as shown in. According to the Figure 6-11, the AE% for all the

samples increases with increasing the areal density.
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Figure 6-11. Percentage of attenuation efficiency (AE%) of all samples at (A) 6 MeV, (B) 9 MeV, (C) 12

For all the areal densities, the layered nanocomposite shows higher AE% than Al. The difference
at areal densities <3 g/cm? (Figure 6-11) is more considerable. For example, at areal density of 1.5
g/cm? under the 16 MeV electron beam, the layer nanocomposite attenuates efficiency is about 20
% more than that of the Al. In addition, at higher areal densities than 3 g/cm?, both layer
nanocomposite and PDMS/CNT/BIO sample show attenuation advantage at 16 and 20 MeV
electron beam energies. As can be seen in Figure 6-11D, the attenuation efficiency of Al sample

with an aerial density of 5 g/cm?, is about 85%. However, this value is >90% for both

areal density (g/cm?)

areal density (g/cm?)

MeV, (D) 16 MeV, and (20) MeV.

nanocomposite samples.
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As mentioned previously, the areal density is indicative of the weight required for each of the
materials for shielding the electron radiation. The percentage attenuation characteristic of layer
nanocomposite is similar and/or close to the control sample (PDMS/CNT/BIO in this experiment).
However, it has less high-Z (Bi) content, but more low-Z fillers (B and N). For instance, Figure
6-12 shows, the AE% of the three samples at 9 MeV electron beam energy. Both nanocomposite
samples have the same AE% at many aerial densities, but they both have better AE% of Al. Also,
the maximum electron attenuation of 98% was obtained at areal density of ~2.5 g/cm? which was

introduced as saturated point of areal density in Chapter 5.
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Figure 6-12. A point-by-point AE % of the materials at 9 MeV

Finally, as noted above, both the PDMS/CNT/BiO nanocomposite and layer sample show higher
AE% than Al. This means, for the same AE% lighter nanocomposite is required compared to Al.
Since the AE of 90% and higher is important in space radiation shielding application [6][168], the
weight advantage of layer nanocomposite with respect to Al for beam attenuation of 90% for all

energies is summarized in Table 6-2.
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Table 6-2. Weight advantage of PDMS/CNT/BiO and layer nanocomposite with respect to Al for all electron

energies.
Weight advantage of layer composite at 90%
e-beam attenuation comparing to Al (%)
Electron Beam
Energy (MeV)
PDMS/CNT/BIO Layer nanocomposite
6 37 31
9 35 30
12 28.5 17.8
16 318 26
20 19.6 15
6.4 Chapter Summary

Although the previously developed nanocomposite had a weight advantage of up to 34% over Al,
and higher AE% in any areal densities, but It still has an extremely high content of high-Z filler
(Bi). Therefore, layer nanocomposite was considered and developed to not only keep the weight
advantage, but also increase the low-Z filler content and reduce the chance of secondary radiation

generation.

Boron nitride and MXene with high thermal stability and thermal conductivity was chosen in this
regard. The chemical composition analysis revealed that both OHBN and MXene nanoporticles
can attach to polymer chain and creat chemical bindings. Also, SEM images confirm the dispersion

of nanofillers in polymer matrix.

According to the TGA and DSC results, both PDMS/BN and PDMS/MXene nanocomposites
higher thermal stability that pure PDMS, and they can work in a temperature range of -40 to
190 °C. Also, the heat flow was observed to be enhanced in both nanocomposites comparing to
the pure PDMS.
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In terms of shielding efficiency, the AE% of PDMS/BN and PDMS/MXene samples was up to

63% lower than that of the PDMS/CNT/BIO, however, applying all these nanocomposites in layer
structure resulted in an AE% similar to that of the PDMS/CNT/BiO sample, with up to 30 %

weight advantage over Al.
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Chapter 7 Conclusion and Future Studies

7.1 Conclusion

Although several studies have been conducted on materials for space applications, but the current
applied shielding materials are still limited by the low functions to weight ratio, insufficient
shielding efficiency, complications in manufacturing and handling process, and excessive cost. Up
until now, many composites have been considered for the application in space missions to reduce
the overall weight with same or better shielding efficiency compared to metallic materials such as
Al. One of the promising materials for developing novel radiation shielding design, are the
polymer-based nanocomposites. According to the ease of tuning material properties by applying
nanofillers and the unique physical and mechanical properties of carbon-base nanomaterials,
carbon nanotube and MXene were targeted to be applied as effective nanofillers providing
multifunctional reinforcement in polymer matrix. In addition, bismuth oxide and hexagonal boron
nitride were selected for further shielding efficiency enhancement considering their superior
comprehensive material properties. Developed nanocomposites were evaluated by radiation
shielding tests and characterization to clarify their properties and potentials. The major

contributions of this research study are listed here:

After reviewing the literature, PDMS, MWCNT, and Bi2Os were selected for polymer-based
nanocomposite fabrication. First, Pure PDMS, PDMS/BiO, and PDMS/CNT nanocomposites with
different wt.% of fillers content (5, 10, 15, 20, and 30 wt.% Bi20s3, 1, 5, and 10 wt.% MWCNT)
and 1 mm thickness were fabricated and characterized. Regarding the mechanical properties,
tensile strength of all samples was measured, and the order was found: PDMS: 1.6 MPa <
PDMS/30 wt.% Bi203: 4.65 MPa < PDMS/5 wt.% MWCNT: 5.53 MPa. Afterward, to study the
selected materials shielding potentials, samples were irradiated by x-ray with 60 to 90 keV energy
and photon transmission was calculated. The experimental study indicated that the 1 mm thick
nanocomposite containing 30 wt.% of Bi2Os can transmit up to 32% of x-ray with energy of 60 to
90 keV. According to the measured properties, PDMS/30 wt.% Bi.Os (PDMS/BiO) and PDMS/5
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wt.% MWCNT (PDMS/CNT) was selected for further characterization and radiation shielding

test.

To investigate the layer structure effect on transmission rate, multilayer nanocomposites in 2 to 5
layers were fabricated with alternately PDMS/BiO and PDMS/CNT layers and were characterized
for mechanical strength and x-ray transmission rate. The 5-layer nanocomposite improves the
mechanical strength from 1.7 MPa in neat PDMS to 4.68 MPa. It is also capable of attenuating
89% of the scattered x-rays generated at a tube potential of 60 keV.

For more comparison and radiation shielding measurements, PDMS/CNT/BiO nanocomposite
were also fabricated, in addition to previously fabricated nanocomposites (PDMS/CNT and
PDMS/BIO). Then, thermal stability of pure PDMS and all the nanocomposites was studied form
room temperature to 800 °C, applying TGA analysis. The temperature of thermal decomposition
was observed about 15% higher for nanocomposites containing both MWCNT and Bi2O3
compared to PDMS.

Regarding electron shielding test, all the samples were fabricated with five different areal densities
(0.5,1, 1.5, 3, and 5 g/cm?) and irradiated by electron beam with 6, 9, 12, 16, and 20 MeV energies.
Also, Al samples with same areal densities was prepared and irradiated by electron beam to
compare the results with that of the nanocomposites. Both PDMS/BiO and PDMS/CNT/BIiO
nanocomposites presented higher attenuation efficiency than aluminum. For example, at areal
density of 1.5 g/cm?, aluminum attenuates about 80% of electron beam with 16 MeV energy. This
number increases to 90% for PDMS/CNT/BIiO with the same areal density under the electron beam
energy. In addition, the developed nanocomposites have a weight advantage of up to 36% in

comparison with aluminum.

To further improve the shielding efficiency of nanocomposites and reduce the high-Z filler content
(Bi203), a layer structure was fabricated in three layers. For each layer different nanocomposite
were designed, using various nanofillers but same polymer matrix (PDMS). According to high
radiation shielding potentials of boron nitride and carbon-based 2D MXene, these nanofillers were
selected for the layer nanocomposite fabrication. Afterward, a layer nanocomposite containing
PDMS/BN (in first layer)/ PDMS/MXene (in second layer)/ PDMS/CNT/BIO (in third layer).
TGA results indicated that all the layers have higher temperature of thermal decomposition than
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pure PDMS. Also, the working temperature of all the layers are between -40 to <200 °C, which

indicates they can fulfill the requirements for space radiation shielding application.

Electron attenuation efficiency of layer nanocomposite were evaluated too. First, PDMS/BN,
PDMS/MXene, and layer samples with an areal density 1 g/cm? were irradiated by 6, 9, 12, 16,
and 20 MeV electron beam to compare the AE % of them with that of the PDMS/CNT/BIO.
According to the results, PDMS/BN and PDMS/MXene nanocomposites has up to 63% lower AE
% than PDMS/CNT/BIiO. However, applying all these nanocomposites in layer structure improves
the AE %. The layer structure, with 60 wt.% less high-Z (BiO) content, and more low-Z (BN) and
medium-Z (Ti and Mo MXenes) filler contents, exhibited AE % of up to 20 % higher than Al. The
weight advantage of layer nanocomposite was up to 31 % under 6 MeV electron beam in

comparison with Al.

7.2 Future Work

The conducted work in this research has developed and evaluated a light-weight radiation shielding

nanocomposite, which is greatly promising for industrial and/or commercial application.

However, there are still research and unexplored possibilities that can be done for further

improvement, as listed here:

e Electron shielding simulation: according to the electron shielding results of layer
nanocomposite, simulations such as Monte Carlo method can be applied optimize the

portion of layers for the highest attenuation efficiency.

e Proton shielding evaluation: Regarding the proven potential of PDMS composites in
energetic proton radiation shielding, the fabricated layer nanocomposite is expected to stop
high energy proton particles efficiently. The shielding performance can be evaluated and

compared with Al to further investigate the weight advantage.

e Secondary neutron radiation absorption: Boron (1°B) with a neutron absorption cross
section of 3835 barns, has been proven an ideal filler for thermal neutron absorption.

Therefore, boron nitride, as a boron rich material and with high thermal conductivity, is a
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promising candidate for reducing the secondary neutron generation and absorbing the
neutron radiations. The 3-layer nanocomposite with outer layer of nanocomposite with

high-Z material, such as Bi203z, should be investigated for this purpose.
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