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Abstract 

Radiation shielding in space missions is critical in order to protect astronauts and other payloads 

from radiation damage. Low atomic-number materials such as hydrogen are proved to be efficient 

in shielding ionizing radiations, but the relatively poor thermal and mechanical properties compared 

to metallic alloys has limited their applications. Conventional material aluminum (Al) is widely 

used in space applications as structural and radiation shielding material. However, the issues related 

to heavy weight and extra secondary radiation generation make pure metals not suitable for modern 

space radiation shielding. Currently, conventional shielding materials including Al, high density 

polyethylene (HDPE), and water have been jointly applied as radiation shielding parts on spacecraft. 

Disadvantages such as low thermal properties (HDPE), high atomic number (Al) and complex 

maintenance system (water) have resulted in heavy load and high-cost in space missions.  

One approach to replace high atomic number metals is deploying hydrogen rich polymers enhanced 

with nanofillers associating mechanically strong composite carbon fiber reinforce plastic (CFRP) 

that has been proposed in this research. Polymer based nanocomposite can achieve improved 

physical properties such as thermal properties, while at the same time it can provide adequate 

radiation shielding function with lower weight and less secondary radiation generation. By 

reviewing nanotechnologies for radiation shielding, multi-walled carbon nanotube (MWCNT) and 

bismuth oxide (Bi2O3) nanoparticle were carried out to enhance properties of poly(methyl-

methacrylate) (PMMA). The role of nanofillers embedded in PMMA matrix, in terms of radiation 

shielding effectiveness, were experimentally evaluated by comparing the proton transmission 

properties and secondary neutron production of the PMMA/MWCNT nanocomposite and electron 

transmission properties of PMMA/MWCNT/Bi2O3 nanocomposite with pure PMMA and Al.  

The results indicate that the addition of MWCNT in PMMA matrix can not only further reduce the 

secondary neutron production of the pure polymer, but also show significant reduction in weight 

compared to Al. Furthermore, the adoption of Bi2O3 illustrates reduced areal density of 

nanocomposite over Al under the same electron radiation energies. However, enhanced thermal 

properties of nanocomposite is required to make it a potential candidate for radiation shielding in 

space applications. As a result, an optimization of nanocomposites and methods to apply its multiple 

functions onto CFRP structure have been accomplished. After all, a prototype was designed and 

produced with improved properties of nanocomposite. The low-cost component has shown 

potentials to replace conventional radiation shielding material Al alloys with high ratio of radiation 

shielding effectiveness and weight. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

Our space is an extremely dynamic place filled with ionizing radiation, energetic particles and 

trillions of objects, small and large, travelling at speeds in the range of thousands of kilometers per 

hour. The source of radiation particles is mainly from galactic cosmic rays (GCR), solar particle 

events (SPE) and trapped energetic radiation. The challenges of protecting astronauts and the 

hardware within spacecraft from harmful ionizing radiations during space missions have existed for 

several decades. The ionizing radiation can result in health hazards and tissue damage when human 

beings expose to it. These effects may produce immediate or delayed health problems [1-3]. Besides, 

radiation-induced damage effects on electronic devices are mainly irreversible, such as total 

ionization dose (TID) effects, displacement damage and single event effects [4].  

High in density among GCR and SPE, proton radiation became major concerns in space applications 

[5]. To shield it, high electron density in atom is key for shielding material. Moreover, energetic 

electrons trapped in Van Allen radiation belts require high density mass as protection on spacecraft. 

Another small in quantity but powerful in energy radiation, high energy and atomic number particles 

(HZE), can barely be stopped by current radiation shielding technologies, thus they can easily pass 

through spacecraft and deposit energy on bio tissues and electronic devices [6]. When shielding 

materials activated to shield those ionizing radiations, the interactions between primary radiation 

particles and atoms of structural shielding materials can produce large quantities of secondary 

radiations that would cause extra damage effects on astronauts and payloads on spacecraft. This is 

due to the secondary radiations (neutrons and photons) generated by shielding ionizing radiations 

(nuclear reactions) which can initiate electromagnetic cascades, and it makes 100% radiation 

attenuation unachievable [5]. However, the interaction between radiations and matters varies 

depending on the kinetic energy, charge and collision angle of the primary radiations [6, 7]. 

Consequently, in order to maintain the normal operation of spacecraft and secure the health of 

astronauts in manned missions, acceptable radiation dose limit dealt by astronauts have been greatly 

studied [8]. Applied shielding materials must secure expected radiation dose to be as low as possible 

so that manned space exploration mission with longer time can be implemented. 

According to the shielding principles for space application, a shielding material is considered 

effective if: 1) It has high electron density in order to increase the electromagnetic interaction 
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between target electrons and the incident charged particles; 2) It produces fewer secondary 

radiations in a space environment; 3) It is light in weight to reduce the cost on transportation [9-12]. 

Therefore, low atomic number (low-Z) materials have attracted wide interests in design of radiation 

shielding materials for space applications.  

Modern spacecraft have equipped various radiation shielding structures and materials including 

aluminum (Al) [13-15]. Since Apollo missions, Al alloys, such as Al 2219-T87 and Al 6061-T6, 

are still significant components of shields on spacecraft and satellites due to its light weight and 

high strength [16].Vastly equipped on International Space Station (ISS), Al structure with areal 

densities of 2 to 20 g/cm2 have been interpreted as reference radiation shielding on different parts 

of ISS. Besides that, new alloys and engineered materials are emerging that have the potential to 

replace the conventional 2000, 6000, and 7000 ingot metallurgy products. They are the low-density 

aluminum-lithium alloys, the powder metallurgy processed 7000 series alloys, the aluminum-based 

metal matrix composites, and metal-polymer hybrid composites. However, developing of state-of-

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

New materials and structures are in sight of horizon for space missions. A class of materials with 

high hydrogen content has been investigated, such as inorganic compounds, water and liquid 

hydrogen. Due to feasibility and safety issues, they are not suitable to be widely applied on 

spacecraft [17, 18]. Radiation shielding properties of various polymers have been studied by NASA 

and other researchers [19]. Pure polymers, such as high-density polyethylene (HDPE), are usually 

composed of low-Z components (such as hydrogen), which make it appropriate for light-weight 

space radiation shield [1, 17, 20-22]. Due to poor value in mechanical strength and thermal 

properties when compared to the metallic counterparts, HDPE can only be applied as an associate 

shielding layer with Al [23]. Poly (methyl methacrylate) (PMMA) was selected due to its high 

mechanical and thermal properties over HDPE, and better radiation shielding effectiveness than 

other advanced polymers (such as polyetherimide (PEI), polysulfone (PSU) and polyimide) [1, 20-

22]. Even though, enhancement of physical properties by adopting extraordinary advantages of 

nanomaterials into polymer matrix is a crucial approach. Numerous studies have shown that the 

composite materials using nanofillers exhibit enhanced mechanical strength and higher thermal 

stability in addition to the radiation resistance compared to pure polymer [24, 25].  

Different nanofillers including carbon black materials have been reviewed, carbon nanotubes (CNT) 

was selected as an excellent candidate because of its high mechanical strength and thermal 

conductivity and negative coefficient of thermal expansion (CTE) [26]. Besides, studies have shown 
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evidences of proton and electron radiation shielding enhancement by adding CNT in 

nanocomposites [27, 28]. It was also found that CNT with multiple walls can provide extra stability 

against radiations, which exhibits high potentials of multi-walled carbon nanotubes (MWCNT) [29-

31]. Moreover, based on the shielding theory, high atomic number (high-Z) material, such as 

bismuth, is good candidate for electron shielding due to its superb ability of absorbing and shielding 

photons [32-34]. Compared to Al, associating with PMMA polymer matrix, overall weight of high-

Z element added nanocomposite is still competitive at the same electron radiation environment. 

However, compared to metallic counterpart, Al, physical properties of polymer-based 

nanocomposite are still not adequate to perform as stand-alone radiation shielding structure. To 

resolve the inadequate mechanical and thermal properties of nanocomposite, assorting with another 

structure material, carbon fiber reinforced plastic (CFRP), is a potential method. CFRP have been 

used in space missions to reduce the overall weight without reducing mechanical properties. It 

usually is recognized as the one has extremely high tensile strength (1,860 MPa for M55J (6K) 

composite) compared to Al alloy (310 MPa) [35]. The thermal conductivity of CFRP depends on 

the direction of carbon fibers, and most carbon fibers used in CFRP can exceed 150 W/m-K in 

thermal conductivity [36-38]. In comparison, the thermal conductivity of Al is about 155-190 W/m-

K [35]. Although CFRP shows advantages over Al, the material cannot provide adequate ionizing 

radiation protection for itself and payloads enclosed [39]. Therefore, benefitted from outstanding 

mechanical and thermal properties of CFRP, protection layers with exceeding radiation shielding 

properties, such as polymer-based multifunctional nanocomposite, can be cohered with the CFRP 

to form multifunctional structure for space radiation shielding applications. 

Investigations of high energy proton and electron radiation shielding properties of nanofiller 

modified PMMA matrix would potentially inspire broad researches. Thus far, polymers-based 

multifunctional nanocomposite as radiation shielding for space application has attracted limitedly 

attentions. However, it should be widely emphasized that polymer-based nanocomposite itself has 

great potential to be space radiation shielding and the nanocomposite protected CFRP structure 

would be an appealing alternative to replace conventional material, Al, in various space applications. 

1.2 Research Scope 

As discussed above, this thesis (Polymer Based Nanocomposites as Multifunctional Structure for 

Space Radiation Shielding: A Study of Nanomaterial Fabrications and Evaluations) is focused on 

developing polymer-based multifunctional nanocomposite protected CFRP structure as space 
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radiation shield which can be used to compete with conventional material, Al. Accordingly, 

objectives of this research are illustrated in this section: 

• Investigation of Appropriate Material for Radiation Shielding Tests 

PMMA with 1, 3 and 5 wt% MWCNT with carboxyl (-COOH) group (MWCNT-COOH) were 

fabricated and their physical properties were evaluated. By analyzing characterization results, 

PMMA/3wt%MWCNT was carefully selected for further fabrication and tests.  

• Proton Radiation Shielding Test 

High energy proton beam (up to 105 MeV) was performed in Canada’s particle accelerator centre 

(TRIUMF). Radiation shielding test process was well-design and illustrated. Proton radiation 

shielding effectiveness of selected PMMA/3wt%MWCNT nanocomposite was investigated. 

Compared to reference materials, such as Al, overall weight reduction has accomplished for proton 

shielding. Less secondary neutron radiation was measured from interaction between primary proton 

beam and nanocomposite compared to Al and pure PMMA. Characterization of materials were 

implemented and analyzed before and after irradiation. Details of each achievement have been 

discussed. 

• Electron Radiation Shielding Test 

Bismuth oxide (Bi2O3) nanoparticles were mixed into PMMA/3wt%MWCNT nanocomposite to 

enhance electron radiation shielding performance. Energies of electron up to 20 MeV used to 

simulate extreme space environment. As a result, PMMA/MWCNT/Bi2O3 nanocomposite can 

achieve weight advantages over PMMA/MWCNT and Al at various electron energies. Detailed 

analysis has been discussed. 

• Optimization of Nanocomposite and Bulk Fabrication Process 

Bulk fabrication method of nanocomposite was carried out to produce the radiation shielding layer 

on CFRP honeycomb structure (a 100 cm ´ 60 cm panel). Due to thermal expansion concern on 

PMMA/3wt%MWCNT during thermal cycling test, an optimized design of nanocomposite based 

on proton and electron radiation shielding test results was conducted. Addition of higher weight 

percentages (>3wt%) of MWCNT in nanocomposite were analyzed, fabricated and characterized. 

A well-designed prototype of multifunctional radiation shielding layer was cohered on CFRP 
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honeycomb structure. Distinctive designs of the optimized nanocomposites have been discussed in 

detail. 

1.3 Thesis Outline 

The thesis includes 8 sections: 

Section 1 provides an overview of the research background, and also introduces the research 

motivation and scope. 

Section 2 provides literature review on space radiation and its effects on matters followed by an in-

depth review on innovative nanomaterials followed by comparison with conventional 

radiation shielding materials. 

Section 3 introduces fundamental ideas on fabrication and material characterization methods used 

in this research. 

Section 4 describes methods of suitable sample selection for radiation shielding tests (proton and 

electron tests). 

Section 5 illustrates proton radiation shielding test followed by secondary neutron generation 

analysis and characterization of all materials. 

Section 6 demonstrates improved nanocomposite for electron radiation shielding and results 

analysis of characterization and shielding properties. 

Section 7 presents scaled-up fabrication method for optimized multifunctional nanocomposite 

associating with CFRP honeycomb as space radiation shielding. 

Section 8 concludes the major contributions in this research and provides advises for future work. 
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Chapter 2 Literature Review 

The radiation environment in space, consisting of trapped radiation belts, cosmic rays, and solar 

energetic particles is extremely hazardous for astronauts. Currently, most spaceflight missions are 

still around the Earth, such as low-Earth-orbit (LEO), the shielding provided by the Earth’s magnetic 

field attenuates the major life biomedical effects of space radiation exposures. However, future 

human space missions will extend to Moon base, a near-Earth object (NEO), such as asteroid, 

habitations on Mars and outer space. The risks of space radiation will become more severe, as space 

missions to Mars or other planets require extended radiation exposure time beyond the protection 

of Earth magnetic field. Currently applied radiation shielding materials are still limited by the 

inadequate shielding effectiveness, low functions to weight ratio, high cost, and difficulties of 

manufacturing and handling. Developing innovative multifunctional lightweight shielding materials 

to sustain longer amounts of time for astronauts is a pressing matter to address the acute risks caused 

by space radiations. 

2.1 Space Radiation 

2.1.1 Radiation Sources 

Space radiation is one of the most important concerns in space missions due to its harmful effects 

to the astronauts and the electronics on board. Objects in space sustain radiation particles mainly 

from three sources: galactic cosmic rays (GCRs), solar particle events (SPE) and trapped energetic 

radiation. Figure 1 illustrates these three radiation sources. 

 

Figure 1: Three main radiation sources in space [6] 
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GCRs come from outside the solar system and are always present through it. 2% of GCR particles 

are electrons, while the other 98% of GCR particles are baryons, within which 85% are protons, 14% 

are 𝛼 particles and about 1% are high energy and atomic number particles (HZEs). HZEs consist of 

ions with atomic number from 3 to 28 [5, 40]. The energy of GCRs particles falls mainly in the 

range of 10s of MeV to 10s of GeV per nucleon. The flux of GCR particles is affected by the solar 

activities in the solar system and by the magnetic field of Earth in LEO. Figure 2 shows the energy 

spectrum of GCRs in solar maximum and solar minimum. Near the poles of the Earth, the flux of 

GCR particles received by spacecraft in LEO reaches a maximum, as the magnetic field lines draw 

particles toward the earth, and the flux reaches a minimum near the equator, where the particles 

travel parallel to earth. Moreover, anomalous components, observed in GCR, are partially charged 

ions with relatively low energy, usually about 20 MeV/nucleon. The anomalous component contains 

particles from interstellar gas, which are neutral before entering the solar system, and are ionized 

by solar radiation.  Because of the relatively low energy, coupled with weak penetrating ability, 

anomalous components cause little biological damage effects, and are of less concern [6, 17, 41, 

42].  

 

Figure 2: Energy spectrum of GCR in solar maximum and solar minimum [43] 

Secondly, there are three main types of SPE: coronal mass ejections (CME), solar flares and solar 

winds. CMEs are the event of matter eruption from the sun. The matter that is erupted consists 

mainly of plasma, containing electrons and protons. A small amount of HZE particles with atomic 

number up to 26 (Fe) are also ejected during CME together with the electromagnetic radiation.  The 

ejections that reach earth are termed interplanetary CME (ICME). The speed of ejected matter 

ranges from 20 km/s to 3,200 km/s, with average speed of 489 km/s. The duration of CME is in the 

order of days and is characterized by large fluxes of protons (109/cm2) with broad angle in solar 

longitude extending from 60° to 180°. Solar activities are observed in an 11-year cycle with solar 
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maximum and solar minimum phases. SPE and solar flares are always detected in a solar maximum. 

Solar flares are sudden solar events that can create bursts of energy up to 6 × 10)* J and occur in 

active solar regions around sunspots. The duration of flare events is in the order of hours and is 

characterized by relatively large fluxes of electrons (107/cm2 to 108/cm2), with angle in solar 

longitude from 30° to 45°. Compared to CMEs and solar flares, solar winds are always present in 

the solar system, comprising of electrons and protons, with energy ranging from 1.5 to 10 keV. The 

speed of fast solar wind is about 750 km/s and the speed of slow solar wind is about 400 km/s. [44-

46].  

When protons and electrons from GCR and SPE interact with the Earth’s magnetic field and 

atmosphere, energetic particles will be trapped forming the Van Allen radiation belt (Figure 3). The 

outer belt ranges from 13,000 km to 60,000 km above the Earth’s surface.  Particles found in the 

outer belt are mainly electrons.  The inner belt ranges from 100 km to 10,000 km above the ground.  

Particles found in the inner belt are mainly protons and electrons. Energies of the electrons are less 

than 5 MeV in the inner belt and go up to 7 MeV in the outer belt. The intensity of the trapped 

protons decreases as a function of altitude from the Earth, and the energies of protons go up to 

several hundreds of MeV with major flux lower than 100 MeV (as shown in Figure 4) [47].   

 

Figure 3: Van Allen Radiation Belt [48] 

 
Figure 4: Proton and electron flux in energies [49] 

 



 9 

2.1.2 Radiation Environment 

Currently, increasing number of planet landing missions are in progress, like lunar and Martian 

missions. However, the mostly visited areas are still around our earth, such as low earth orbit (LEO), 

geosynchronous earth orbit (GEO) and medium earth orbit (MEO).  

Earth Orbits 

LEO has a range from the surface of earth to 2,000 km above the ground, and most current and 

previous spacecraft orbit within this region. Energetic protons in LEO are predominantly found 

trapped in the inner Van Allen Radiation Belt with the radiation dose rate of around 1 mSv/year. 

However, the flux of protons varies according to the change of inclination and altitude of spacecraft 

orbit. The inclination and altitude dependencies appear in the small inclination (0° to 30°) region, 

while the flux in medium inclinations (30° to 60°) increases more gradually with the rise of 

inclination and becomes stable when the inclination is higher than 60° [50]. When the altitude of 

orbits are ranging from 200 km to 600 km above the ground, the flux increases sharply with altitude 

and changes become less drastic when the altitude is higher than 600 km  [45, 51]. The altitude of 

the inner radiation belt mostly exceeds the orbit of the International Space Station (ISS) (320 km to 

400 km).  However, when the ISS travels above the South Atlantic Anomaly region, which is off 

the coast of Brazil, half of the ionizing radiation energy absorbed in the ISS comes from the trapped 

protons in the inner belt due to this abnormal drop of geomagnetic field. Typically, electrons in the 

LEO have energies up to 7 MeV [52] and majority of the protons in the LEO have energies less than 

10 MeV, while protons with energies in the range of 10 to 500 MeV form a relatively smaller 

segment in the proton energy spectrum. One example, as shown in Figure 5, is the proton energy 

spectrum of the orbit of international space station. It is evident that the proton flux decreased with 

the increase in proton energy, and protons with energies less than 10 MeV has the most flux. 
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Figure 5: LEO proton and electron energy spectrum for the orbit of international space station [53] 

The orbit at 35,786 km is the geostationary (or geosynchronous) orbit (GEO), at which the satellites 

remain stationary over a single line of longitude. The satellites in GEO are exposed to the outer Van 

Allen Radiation Belt where the trapped protons from solar flares and cosmic rays can give radiation 

dose rate about 0.1 Sv/year [45]. 

The MEO can be identified as the region of space from 2000 km (maximum boundary of LEO) to 

35,786 km (altitude of GEO). Telecommunication satellites, designed for geographical positioning 

systems, are commonly used in this region which lies in between the lower and upper Van Allen 

belts. Gerald et al. reported that the radiation environment in MEO depends on the altitude and 

inclination with the dose rate from protons and electrons around 1 Sv/year [51, 54]. 

Data collected from early NASA missions illustrate that the radiation dose encountered by 

spacecraft can range from 110 to 1,270 µGy/day in LEO and higher range from 10.3 to 1,154 

mGy/day in GEO [6]. Although numerous advanced materials have been used in space applications, 

the crews in space station can still receive different types of radiation ranging from 80 to 160 

mSv/six-months, which is much higher than that of 2 mSv/year on Earth [55]. 

Lunar Missions 

Spacecraft outside the earth’s magnetic field are mostly exposed to the particle radiations from the 

GCR and the SPE, and the radiation effects from nearby planets. For lunar missions, the GCR could 

create minor risks to astronauts due to the short duration out of shelters. During the non-SPE solar 

minimum conditions, the dose equivalent rate in interplanetary space on lunar surface can range 

from 0.5 to 1.4 Sv/year or 1.8 mSv/day behind 40 g/cm2 of Al and regolith shields  [56, 57]. The 
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probability of suffering the SPE during solar maximum in a 6-month mission is about 1% to 10%. 

The 95% confidence interval dose would be higher than the 30-day limit for human, and the 30-day 

limit of dose equivalent for blood-forming organs (BFO) (0.25 Sv) [57]. Moreover, astronauts in 

extra-vehicular activities on the moon during August 1972, could have been subjected to high SPE 

(15 Sv to the skin and 2 Sv to the bone marrow) which can lead to acute radiation health effects [3].  

Mars Missions 

According to a report from National Aeronautics and Space Administration (NASA), areas of 

maximum exposure to radiation on Martian surface will be the outbound. During a 500-day mission 

on the Martian surface, astronauts exposed to the radiation with cumulative absorbed dose of 300 

mSv may lead to 5% increase in health risks to fatal diseases such as cancer [58]. Simonsen et. al. 

reported that the mars atmosphere, which can provide 30% GCR dose reduction with the areal 

density of 16 g/cm2 of Al, can reduce: (i) the BFO dose equivalent from SPE to about 300 to 350 

mSv per event, (ii) the point estimate of dose equivalent from about 570 mSv/year to about 320 

mSv/year at solar minimum, and (iii) 220 mSv/year to about 150 mSv/year at solar maximum [59]. 

Based on the current transit technologies, the space mission from earth to mars takes around 180 

days (NASA’s design reference mission) [60]. Tripathi et al. provided that the estimate annual GCR 

dose equivalent is around 1 Sv during the cruise to mars at solar minimum [61]. Table 1 shows the 

radiation dose equivalent for both of Martian surface and cruise to Mars. Moreover, the Table 2 

illustrates the sub-surface dose equivalent rate on mars. These data were achieved by the Radiation 

Assessment Detector (RAD) on the Mars Science Laboratory’s (MSL) Curiosity rover under proper 

shielding in space [58]. Figure 6 shows the approximate radiation dose comparison during different 

periods. 
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Table 1:Overview of radiation environment in Mars during 2012–2013 solar maximum (GCR and SPE) [58] 

 Dose-equivalent rate 
(mSv/day) 

Medium-size SPE 
dose equivalent 

(mSv/event) 

Total mission 
dose equivalent 

(mSv) 
Mars surface 

(500 days) 0.64 ± 0.12 0.025 320 ± 50 

Cruise phase 
(2 X 180 days) 1.84 ± 0.30 1.2 to 19.5 662 ± 108 

Table 2: Overview of sub-surface radiation in Mars 

Depth below surface Effective shielding mass 
(g/cm2) 

GCR dose-equivalent rate 
(mSv/year) 

Mars surface (RAD) 0 232 
–10 cm 28 295 
–1 m 280 81 
–2 m 560 15 
–3 m 840 2.9 

 

Figure 6: This chart compares the radiation dose equivalent for a 500-day stay on Mars to the dose 

associated with a 180-day journey to Mars, a 6-month stay on the International Space Station and several 

Earth-based sources of radiation. Image credit: NASA [58]. 

2.1.3 Effects of Space Radiations  

Ionizing radiations can result in health hazards and causes tissue damage when exposure to it.  

However, the implications of such exposures are related to factors of radiation type, radiation energy 

level, the absorbed dose, exposure time and so on. Cosmic radiation imposes important safety 

concerns for space exploration missions. Several studies have speculated the radiation risks 

associated with exposure to both GCR and SPE [1, 2]. The radiation-induced health risks include 

carcinogenesis, cardiac problems, cataracts, and other acute radiation syndromes [1]. Damage to 
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neuronal system has been a potential concern related especially to the heavy ions present in the 

GCR. 

High-energy particles affect biological tissue by depositing energy and inducing damage effects. 

These effects may produce immediate or delayed health problems. First, the interaction between the 

projectile particles and the cells may result in cell death or irreparable modifications to the genetic 

material (e.g., DNA mutations) [62]. Secondly, even for a relatively low dose (i.e. no short term 

damage effects are evident), due to exposure to low energy particles, or short exposure time or type 

of radiation, the cumulative dosage may result in slight aberration of chromosomes inducing 

delayed effects, such as organ degradation (cataract, heart disease, etc.) and carcinogenesis [4].   

As introduced in previous section, exposure radiation dose varies in different space environment. It 

is still a critical need in quantifying and elucidating the risks of space radiation induced effects. Risk 

assessment on astronauts during multiple space missions has been studied [8, 63-65]. This has 

resulted in dose limits guidelines of radiation exposure (Table 3). 

Table 3: Example career effective doses limits for up to1 year missions for a 3% risk of exposure-induced 

death (REID) and estimates of average life loss if death occurs [8] 

Age in years Dose Limit-Male Astronauts 
(Average Life-lose Per Death in Years) 

Dose Limit-Female Astronauts 
(Average Life-Loss Per Death in Years) 

25 520 mSv (15.7) 370 mSv (15.9) 
30 620 mSv (15.4) 470 mSv (15.7) 
35 720 mSv (15.0) 550 mSv (15.3) 
40 800 mSv (14.2) 620 mSv (14.7) 
45 950 mSv (13.5) 750 mSv (14.0) 
50 1150 mSv (12.5) 920 mSv (13.2) 
55 1470 mSv (11.5) 1120 mSv (12.2) 

Shielding and structural materials in spacecraft protect astronauts and devices from hazardous 

radiations to reduce exposure radiation dose. However, the interactions between primary radiation 

particles and atoms of shielding and structural materials produce large quantities of secondary 

radiations that cause damage effects [6, 17, 66, 67]. 

When primary radiation particles from the GCR, the SPEs and in the trapped radiation belt pass 

through spacecraft and launch-vehicles, nuclear interactions occur and produce secondary radiations 

(neutrons, photons and electrons), the energy of which varies from 0.001 to 5 GeV.  
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There are two types of nuclear interactions: target fragmentation and projectile fragmentation. The 

interaction varies depending on the kinetic energy, charge and collision angle with the primary 

particles. γ-rays and neutral pions produced in these nuclear reactions can initiate electromagnetic 

cascades [6, 7].  

(i) Target fragmentation: The target fragmentation always happens when trapped protons of GCR 

protons interact with a heavy nucleus (Al nuclei of structural spacecraft material for instance) or 

with carbon and oxygen nuclei of human tissue.  

(ii) Projectile fragmentation: The projectile fragmentation usually happens when HZE particles 

interact with target nuclei.  The by-products are high-energy secondary neutrons and protons. The 

fragmented particles retain much of the kinetic energy of the primary HZE particles and they keep 

interacting with remaining materials, causing continuous nuclear reactions. 

In summary, due to the energy deposition from the injected particles and the nuclear damages in the 

particle-target interaction process, the high-energy radiation particles can induce damages to the 

structural materials and the electronic components in the spacecraft [6]. In manned space missions, 

exposures to high-energy particle radiation have alarming health concerns such as carcinogenesis, 

cardiac problems, cataracts, and damages to the neuronal system [62, 68-71]. Thus, radiation 

shielding is an important design criterion for materials used in space exploration studies. 

2.1.4 Ionizing Radiation Shielding Principles 

Particle radiations such as proton and HZE radiation are considered to contribute the most to the 

absorbed dose in space missions [6]. Furthermore, due to the existence of high-Z material on 

spacecraft, secondary radiation including electrons and neutrons is another shielding concern. By 

studying the different physics principle, specific shielding principle should be followed when 

designing space radiation shields. 

(i) Shielding Protons and HZEs 

In order to shield protons and HZE particles efficiently, shielding materials should have high 

electron density, maximize the probability of projectile fragmentation as well as minimize the 

shielding atoms' fragmentation. 

Proton and HZE particles are positively charged particles with masses greater than thousands of 

times that of an electron. The nucleus occupies only 10-5 of the atom’s volume. Therefore, in the 
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process of protons and HZE particles passing through matter, they rarely strike a nucleus, and most 

of the energy is lost by ionizing or exciting atoms in the material through the interaction with 

electrons. As a result, the most important consideration for proton and HZE particle radiation 

shielding is to find materials with high electron density. The electron density is defined as the 

number of electrons per unit space and it can be calculated through equation below [9, 72]. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝜌𝑁 <
=
 ; 

where, 𝜌 is the density of the material; N is the Avogadro’s number: N = 6.022×1023; Z is the atomic 

number of the material; A is the atomic weight (A = Z + number of neutrons in the nucleus). 

According to the above equation, there are two key factors that affect the electron density of 

materials. One is the mass density of the material, and the other is the ratio of Z/A. For space 

exploration applications, materials should be as light as possible with low mass density. Thus, the 

factor Z/A is an important factor for designing effective shielding materials against proton and HZE 

particle radiation. The higher the ratio of Z/A, the more efficient the element’s shielding. The curves 

in Figure 7 show the calculation results of Z/A corresponding to Z of atoms from Z = 1 to Z = 90. 

It is found that hydrogen atom has the highest ratio of Z/A, which is more than 50% that of other 

atoms. 

 

Figure 7: Calculation of Z/A for atoms with atomic number Z from 1 to 90 

The second consideration regarding proton and HZE particle radiation shielding material design is 

to maximize the probability of projectile fragmentation and to minimize the fragmentation of the 

target atoms. Although protons and HZE particles lose their energy mostly through the interactions 
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with electrons, nuclear reactions may occur between the incident particle radiations and nuclei of 

the target material (for e.g., structural materials used in spacecraft) when incident particles have 

sufficiently large kinetic energies. The nuclear interaction including elastic and inelastic collisions 

is approximated by the Bradt–Peters equation: 

𝜎 = 𝜋𝑟@)𝑐A(𝐸)(𝐴E
F
G + 𝐴I

F
G − 𝑐)(𝐸))) ; 

where, 𝜎 (the total fragmentation cross section) is proportional to 𝐴I
F
G  which represents atomic mass 

of the shielding material. This equation suggests lighter the material, smaller the nuclei it has, more 

nuclear interactions will happen, and thus more effective the material can stop incident GCR ions. 

However, a cascade of secondary emissions, such as electrons, light ions, gamma rays and neutrons, 

will occur from nuclear collisions and fragmentation when incident GCR interact with radiation 

shielding materials [23].  

(ii) Shielding Electrons 

It is similar to other heavy charged particle radiations, Coulomb interaction plays a key role when 

electron passing through matters. However, compared to positively charged ions, electron particle 

collide have the equal mass which results in billiard-ball collisions that can produce much more 

scattering. For electrons have energies greater than 10 keV, they have larger energy-loss per 

collision. This means much longer range and lower ionization density electron has in shielding 

materials compared to positive ions [73].  

Regarding low energy electrons, Coulomb interaction with positively charged nucleus bends the 

electrons results in generation of bremsstrahlung radiation which refers to secondary photons. The 

energy of photon highly depends on atomic number Z, scattering angle and energy of incident 

electrons. The probability for energy loss due to bremsstrahlung radiation compared to ionization 

strongly depends on Z, as shown in equation: 

𝑍LMNOMPQORS
𝑍STSPQLUVOP

≈
𝑍𝐸

800𝑀𝑒𝑉
	; 

The equation indicates that high-Z materials (Z = 80-90) can produce greater quantity of photons 

than low-Z ones which stop electron mainly by ionization when shielding high energy electrons 

(10-100 MeV) [10]. As a result, high-Z materials can achieve more attenuate of electron energy 

since more energy deposit into matters (collision) and carried away by secondary radiation 
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generation (radioactive); however, for low-Z materials, less electron attenuation but less secondary 

radiations (mostly Auger electrons and Bremsstrahlung radiation) are expected [74, 75]. To 

effectively shield electron radiation, adopting advantages of both high- (i.e. high stopping power) 

and low-Z (i.e. less secondary radiations) materials into one component/composite is an appropriate 

approach [28, 76, 77]. 

(iii) Shielding Secondary Radiations 

As introduced above, secondary radiations from proton interacting with matters are much harmful 

than that of electron radiation because of the neutral charged neutrons which will not be affected by 

negatively charged electron field. For neutron shielding, the typical strategy consists of two steps. 

First is to slow down the fast neutrons to thermal energies with energy about 0.025 eV. This can be 

achieved by applying light elements to shielding applications. Hydrogen is particularly effective 

because of the maximum energy transfer from neutron to hydrogen nucleon in the collision. Suppose 

the energy Q is transferred to a nucleus of mass m in a single elastic collision with a neutron of 

atomic mass M and energy En, the equation below can be used to describe the relation between Q 

and 𝐸V.  

𝑄 =
𝑠𝑚𝑀𝐸V
(𝑀 +𝑚))

	; 

The atomic mass of a neutron is 1 (M = 1), for different atomic masses of different atoms. Only 

when m = 1 (hydrogen atom) can the maximum energy (all the energy of the neutron) be transferred 

through the collision process. By the increase of the atomic mass, the energy transferred decreases 

(Figure 8). The second step is to absorb the thermal neutrons using materials with high thermal 

neutron captures cross sections. Carron, N.J. et al. have shown the stable isotopes with relatively 

large thermal cross sections. From the results, all isotopes with capture γ-ray produced may require 

extra photon radiation shielding. In comparison, B10, He3 and Li6 capture thermal neutrons through 

(n; α) reaction without emission of γ-ray [11, 12, 78, 79]. 
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Figure 8: Q/En vs. atomic mass [11] 

2.2 Conventional Reference Materials 

In order to overcome various limitations and maintain the normal operation of spacecraft electronics 

and to secure the health of astronauts in manned missions, some materials have been developed [71, 

80, 81]. In this section, conventional materials including Al alloys are discussed. 

Aluminum Alloys 

For more than 50 years, Al and its alloys have been the primary structural material for space 

applications: satellites, rockets, spacecraft and launch vehicles. Al is lighter than other heavy metals, 

which can reduce the cost in space applications, and also has the ability to endure the stresses that 

occur during launch and operation in space. Al has been used in space missions including the Apollo 

missions, Skylab, the Space Shuttle, and the international space station. Since Apollo missions, Al 

alloys, such as Al 2219-T87 and Al 6061-T6, are still significant components of shields on 

spacecraft and satellites due to its high strength [16]. The Al alloys are the main structure on 

Whipple shields, which can provide protection against small size debris and meteoroids. The Figure 

9 shows the Al sheet shields the projectile with velocity of 6.7 km/s.  
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Figure 9: This sequence of high-speed x-ray photography shows the high velocity impact of a 3/8” (9.53 

mm) aluminum projectile, penetrating a 0.2753” thick aluminum sheet. The projectile is traveling at 14976 

mph (6.7 km/sec). Space debris and micrometeorites are a significant threat to spacecraft and satellites [82]. 

New alloys and engineered materials are emerging that have the potential to replace the 

conventional 2000, 6000, and 7000 ingot metallurgy products. They are the low-density aluminum-

lithium alloys; the powder metallurgy processed 7000 series alloys, the aluminum-based MMCs, 

and metal-polymer hybrid composites. Incremental improvement in yield strength of aluminum 

alloys is shown schematically in Figure 10, in specific stiffness in Figure 11. 

 

Figure 10: Plot of yield strength for new Al alloys as a function of the year of introduction [83]. 
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Figure 11: Plot of the density normalized modulus of Al alloys as a function of the year of introduction [83]. 

Regarding radiation shielding, Al has been conventional shielding on spacecraft for years [14]. Its 

shielding effectiveness has been vastly studied as a standard shielding material in space applications 

[15]. In manned space mission, applied material for radiation shielding should be able to achieve 

radiation-dose attenuation rate of more than 50%. Typically, 2-5 g/cm2 (areal density) of Al is used 

as radiation shielding walls on spacecraft, but about 20 g/cm2 of Al is equipped as effective shield 

in several parts on ISS to protect specific payloads, which is able to fully stop 100 to 200 MeV 

proton radiation (Figure 12). This shielding is therefore able to efficiently protect ISS from trapped 

radiations and SPE [13]. Another study suggests the effective 20 g/cm2 Al shielding for transition 

from Earth to Mars, and half shielding material is acceptable on Martian surface.  

 

Figure 12: Energy-range relationship for protons in aluminum. Horizontal lines represent typical thickness 

of the Al spacecraft walls (5 g/cm2, green line) and the effective thickness due to the presence of payloads 

and racks (20 g/cm2, yellow line) [13] 

 



 21 

However, due to high atomic number, Al is high in weight and producing more secondary radiations 

than low-Z materials. Disadvantage of heavy weight will increase space mission cost and reduce 

the duration due to the extra consumption of the fuel. Massively generated secondary radiations, 

such as photons, electrons and neutrons from interaction between protons and metallic atoms will 

result in further damages and extra radiation dose to the loaded devices and astronauts. 

2.3 Requirements for Alternative Radiation Shielding Materials 

It has now become a priority to try and find materials that can effectively replace Al as a radiation 

shielding material. The alternative radiation shielding materials should provide sufficient, 

sometimes an improved protection against exposure to hazardous space radiations. This section will 

discuss about other requirements than radiation shielding for the new materials. 

(i) Thermal Properties 

The main environment effects for the devices in space consist of incoming energy from the sun and 

the heat radiated from the device-electronics. The heat sources from spacecraft include batteries, 

photovoltaic cells, radioisotope thermoelectric generator, thermal control systems, science 

instruments and etc. The power supply systems for components on spacecraft also generate heat. 

Moreover, the spacecraft and the electronics are exposed to sunlight that is about 25% stronger in 

space than on the ground [84]. In the space environment, vacuum and abrupt load changes at eclipses 

result in heat dissipation different from that on the earth’s surface, which contains oceans and 

atmosphere as heat sinks. For instance, typical day-night temperature variation on Earth, with a 

continental climate, is about Tmean ±10 ℃ with an annual mean of Tannual, mean=15 ℃, whereas those 

values are ±100 ℃ and 1 ℃ on the Moon respectively, and nearly the same on an artificial satellite, 

or an EVA suit, all being exposed to the same external environment [85].  

Currently, the spacecraft is designed and built with a thermal control system that keeps the 

astronauts and devices in a comfortable environment. The solution to the temperature control 

problem is a good thermal design (taking decisions to achieve the goal), in order to: (i) Protect the 

equipment from damaging hot temperatures, either by proper heat insulation from external sources, 

or by proper heat removal from internal sources. One of the applications is thermal protection 

system (TPS) during ascent and descent through atmospheres, where surface temperatures may 

exceed 1,200 ℃. (ii) Protect the equipment from damaging cold temperatures, by proper heat 

insulation from external sinks, by enhanced heat absorption from external sources, or by heat release 

from internal sources. Every non-inert system must dissipate heat to the environment (to 
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compensate entropy generation within), because thermal buffering is impractical in the long term. 

Consequently, thermal control system is basically to make spacecraft operating under a proper 

environment. Table 4 shows the operational temperatures on spacecraft. 

Table 4: Operating temperature of components on spacecraft 

Component/System Operating Temperature (°C) Survival Temperature (°C) 

Digital electronics 0 to 50 -20 to 70 

Analog electronics 0 to 40 -20 to 70 

Batteries 10 to 20 0 to 35 

IR detectors -269 to -173 -269 to 35 

Solid-state particle detectors -35 to 0 -35 to35 

Momentum wheels 0 to 50 -20 to 70 

Solar panels -100 to 125 -100 to 125 

Heat transfer refers to the energy transmission process from one area to another via energy carriers. 

In gas phase, gas molecules can carry energy via random molecular motion (diffusion) or via an 

overall drift of molecules in certain direction (advection). Similarly, in liquids, heat can be 

transferred via diffusion or advection of molecules. In solids, phonons and electrons are the carriers 

of energy.  

In any solid polymer, phonons, electrons and photons can transport energy. Because of the insulator 

property of polymers thus its electrons cannot move freely, phonon, which is the quantum 

mechanical quantized modes of vibrations energy, plays a major role in the heat dissipation [86]. 

From the general overview, it is well established that low thermal conductivity is usually a 

characteristic of pure polymers. Therefore, enhancement of thermal conductivity in polymer matrix 

is of importance to maintain material temperature within designed working temperature. 

(ii) Light-weight  

Applying materials with low areal density would help reduce fuel costs, as fuel can be conserved 

for each payload. Especially for functional structures on spacecraft, such as radiation shielding 

components, light in weight will allow more applicable devices and astronauts to be added into 

payload. For evaluating different materials in regard to density requirements, a function to weight 

ratio is considered. The materials with higher ratios will be lighter than their competitors, while 

achieving the same level of radiation shielding function. An example of an excellent shielding 

material is the usage of hydrogen. Although hydrogen is the most efficient radiation shielding 
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element with light-weight advantage, its application in space is limited due to the unacceptable 

processing, difficulty to compress hydrogen into liquid or solid form and heavy equipment to 

contain it. This results in much more weight disadvantage over Al as shielding material. 

(iii) Long lifetime 

Besides light-weight function, materials possess relatively long service lifetime has been achieved. 

For example, the digital micro-mirror devices, which are arrays of micro-electro-mechanical 

systems (MEMS) commonly used as slit-masks in multi-object spectrometers that are scientific 

instruments on Hubble Space Telescope, can have up to five years of lifetime in shielded spacecraft 

during space missions [87].  

Under more extreme conditions, the ordinary materials, such as polymers, may not be able to 

maintain their properties that make them attractive candidates under conditions on Earth. An 

effective radiation shielding material should not only attenuate projected radiation particles, but 

should also show strong resistivity against radiation damage effects. A material that degrades 

quickly is not a reliable shield for long-term space mission. Polymers being irradiated by different 

types of radiation can display damage effect, such as scission and crosslinking of the polymer chain, 

micro-cracking within the molecular network, and mass loss. All of these effects can alter the 

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

(iv) Low cost 

As discussed above, due to the most of materials and components possess heavy in weight and short 

lifetime, the maintenance missions have to be implemented almost every year, which is additional 

mission cost. Maintenance missions need to be supported by advanced spacecraft, such as Space 

Shuttle, which was a reusable LEO spacecraft in U.S., has the payload capacity of 27,500 kg. 

Another spacecraft Saturn V, which was an American rocket, can load 140,000 kg to LEO, and in 

order to achieve the mission, cost was more than 13,000 USD/kg [88, 89]. Nowadays, a reduction 

of cost per kg is expected by development of reusable launch system from SpaceX [90]. Moreover, 

the cost of material fabrication should also be counted as well. 

(v) Material compatibility 

Some shielding materials can be used as a protective material when substrates or devices are 

required to be protected. In order to be a promising candidate for space radiation, the shielding 

material should have adaptability to a variety of space environment and good compatibility with the 
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substrates structures, such as carbon fiber reinforced plastic (CFRP), in order to sustain long-term 

protection, some adhesive materials can be applied while the adhesion between coating and 

substrate is not achievable. Thus, the compatibility among shields, substrate and adhesive (if applied) 

need to be evaluated, which depends on three factors: the feasibility of bonding techniques, the 

bonding strength of each technique, and the space environment effects on the bonding materials. 

2.4 Multifunctional Nanocomposite for Space Radiation Shielding  

According to the shielding principles and the requirements discussed above for space applications, 

a shielding material is considered effective if: 1) It has high electron density in order to increase the 

electromagnetic interaction between target electrons and the incident charged particles; 2) It 

produces fewer secondary particles in a space radiation environment; 3) It is light in weight to 

reduce the cost on transportation and power, and 4) It has proper thermal properties. Therefore, low 

atomic number (low-Z) materials are widely considered in the design of radiation shielding 

materials. The elements with atomic number Z≤6 are usually considered to be the low-Z elements, 

and thus, the materials that are composed of these low-Z elements (low-Z materials) are widely 

considered to have an optimal balance between the four requirements. 

2.4.1 Low-Z Materials 

(i) Hydrogen Compounds 

Hydrogen is considered as the most efficient shielding element. The hydrogen atom has the highest 

Z/A (the atomic weight/atomic number of the material) value (Z/A=1) and contains no neutron in 

the nucleus. Thus, hydrogen rich materials are high in electron density and elicit no secondary 

neutron production. Instead of using pure hydrogen, various hydrogen compounds are studied for 

designing radiation-shielding materials with high hydrogen content. For example, Metallic hydrides: 

LiH, BeH2, MgH2, LiBH4, NaBH4. Hydrogen content, shown as a weight percentage, of metallic 

hydrides and their densities are listed in Table 5. As a result, LiH, which is an inorganic and colorless 

compound, is mostly considered and LiBH4 is proposed as a potential material to be studied [17, 

18]. 



 25 

Table 5: Density and hydrogen weight percentage of metallic hydrides [17] 

Material LiH BeH2 MgH2 LiBH4 NaBH4 TiH2 ZrH2 

Density (g/cm3) 0.78 0.65 1.45 0.66 1.07 3.75 5.56 
wt% of H 12.7 18.3 7.7 18.4 10.7 4.04 2.16 

Hydrogen and its compounds are considered as the most efficient shielding element due to its high 

Z/A value, but the application of pure hydrogen and water is limited by the difficulties of storage, 

transportation, maintenance, and related safety issues [17]. After that, researchers have investigated 

hydrogen storage materials; however, the experimental results are preliminary and not repeatable. 

Some compounds like BeH2 has uncertainties in reactivity and toxicity, so it is also not considered 

[18]. Besides, the safety issues limit the feasibility of LiH for space applications. Thus, the 

feasibility and safety issues of shielding materials are important concerns. 

(ii) Hydrogen Rich Polymers 

Pure polymers are usually composed of low-Z component, which makes them be suitable for space 

radiation shielding [17]. These materials have weight advantage compared to metallic materials 

when exposed to the high-energy particle radiation in space. Commonly used polymers in space 

include epoxy resin, polyethylene (PE), polyetherimide (PEI), polysulfone (PSU), polyimide and 

PMMA [1, 20-22].  

Furthermore, Ultem 1000 PEI is an amorphous polymer with high strength and good flame and heat 

resistance. It is also hydrolysis resistant with high resistance to acidic solutions and repeated 

autoclaving cycles. The density of Ultem 1000 PEI is 1.128 g/cm3. Its tensile strength is 16,500 psi 

(about 113.8 MPa) and its deflection temperature is 200 °C [91]. Another structural polymer, 

polysulfone, possesses high glass transition temperature (above 190 °C) which benefits broadened 

working temperature of -100 °C to 190 °C [92]. However, compared to PE, both PEI and PSU 

radiation shielding effectiveness advantages over Al when shielding GCR are 11% less (Figure 13) 

[93]. Besides that, low content of hydrogen in polyimide results in poor radiation shielding 

effectiveness, even it is known as its super high working temperature (above 500 °C) and tensile 

strength (231 MPa) [94]. 
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Figure 13: Yearly dose equivalent H for GCR during transfer at solar minimum in Sv/year for different 

materials calculated with HZETRN [93] 

Polyethylene (PE) with molecular formula (CH2)n has been widely and deeply studied for radiation 

shielding [95, 96]. NASA has chosen PE as the reference material against which other shielding 

materials are compared due to the high hydrogen content of 14 wt%. Moreover, ultrahigh molecular 

weight high density polyethylene (UHMW-HDPE) and high-density polyethylene (HDPE) are the 

main polymers applied as space radiation shielding materials. They are commonly used as reference 

as well to compare new developed materials by NASA and other researchers [13, 97-99]. It has 23% 

weight advantage compared to Al exposure to GCR due to the high hydrogen content [93]. Francis 

A. Cucinotta et al. pointed out that REID of PE (1.7-3.5%) shows lower probability than that of Al 

(2.0-4.4%) for 20 g/cm2 shields for 40-yr males on Mars swing-by mission [99]. 

PMMA has been studied as shielding material for GCR as well, and positive results of protecting 

human tissues have been reported [100-102]. Regarding proton radiation shielding, compared to Al, 

PMMA is showing less proton stopping range and secondary protons generation [72, 103]. Zeitlin 

et al. reported one of the PMMA, poly (methyl methacrylate), radiation shielding properties in 2006 

[104]. They tested the radiation shielding properties of 24 types of materials under HZE particle 

beam (Fe56). Results of radiation testing are provided in Figure 14, in which; 

𝛿𝐷V = 𝛿𝐷/𝑠𝑎𝑚𝑝𝑙𝑒	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠		
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Figure 14: 𝛿𝐷V of materials [104] 

Samples under test are different in thicknesses and different densities, thus, the δD should be 

normalized to areal density having δDn. The higher the δDn value, the better shielding effectiveness 

the samples have. It is firstly found that pure hydrogen is the best shielding material against HZE 

particle radiation; PE, and low-Z elemental materials such as Be and PMMA have the second best 

shielding effectiveness over other composite materials and elemental materials.  

Comparing PMMA to HDPE, PMMA has stronger mechanical properties and higher working 

temperature. The details are listed in Table 6 [105, 106]. Since wide working temperature is a 

significant concern for material used on spacecraft, especially as shielding material. Consequently, 

PMMA possesses glass temperature above 100 °C had become our prioritized candidate for 

development of new radiation shielding materials rather than HDPE which has melting point of 

80 °C [107]. 

Table 6: Basic properties of HDPE and PMMA [105, 106] 

Materials HDPE PMMA 
Tensile strength (MPa) 32 70 

Z/A 0.57 0.539 
Thermal conductivity (W/m-K) 0.3 0.25 

Coefficient of thermal expansion 
(10-5 cm-cm/°C) 6-7 6 

2.4.2 Nanocomposites 

Nanofiller induced nanocomposite can be a solution to improve overall properties (such as radiation 

shielding effectiveness and physical properties) of polymer matrix. 
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(i) Radiation Resistance 

Regarding to radiation shielding, the radiation-induced free-radical formation is responsible for the 

degradation of the material properties. Generally, upon photon/particle irradiation, the ionizing 

energy absorbed by the polymer backbone initiates a free radical process [108]. Subsequently, the 

polymer then undergoes chain scission (results in reduction of tensile strength and elongation) and 

crosslinking (increases tensile strength and but reduces elongation), both of which alter the material 

characteristics of the polymer. Regarding to the nanocomposite materials, the enhancement in the 

matrix material properties has been attributed to the properties of the filler material, uniform 

dispersion of the filler within the polymer matrix, the type of interaction between the filler and the 

polymer (interfacial effects), and the size effects of the filler [109, 110]. Therefore, the 

reinforcement of polymer with nanomaterials, which present good radiation resistance has shown 

to improve radiation-resistance properties of the composite materials [24, 25, 27, 28, 76, 77]. 

Both experimental and simulation studies reported that nanocrystalline materials showed radiation-

resistance when compared to their polycrystalline counterparts. This property of nanomaterials has 

been attributed to the large volume-fraction of grain boundaries that may serve as effective sinks 

for defects produced upon irradiation of ions and proton beams [111-114]. Recently, Bai et al. 

proposed a “self-healing” mechanism especially near the nanograin boundaries through efficient 

annihilation of interstitial defects produced upon irradiation [115]. Subsequently, one may 

hypothesize that incorporation of nanocrystalline materials into polymeric matrix may impart their 

radiation-resistant behavior to the nanocomposite. However, besides carbon based crystalline 

materials, most of them are always formed with large amount of high-Z materials, such as metallics, 

which will increase weight factor of nanocomposite and largely produce secondary radiations in 

radiation shielding applications [116]. 

Carbon based materials have been investigated as radiation shielding applications. Carbon-carbon 

(C-C) material has also been widely considered for space applications. The C-C material is made of 

carbon fibers and carbonaceous matrix such as graphite. Zhong et al. reinforced the UHMW-HDPE 

fiber/epoxy composite using graphite nanofibers [117]. The material was tested under HZE particle 

radiation with energy 1 GeV/nucleon. The addition of graphite nanofibers proved to be able to 

enhance the mechanical and thermal properties of UHMW-HDPE fiber/epoxy composite without 

reducing the radiation shielding effectiveness.  
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Since the discovery of carbon nanotubes in 1991 by Iijima, CNT have been looked at extensively 

by researchers in various fields such as chemistry, physics, materials science, and electrical 

engineering. CNT are unique nanostructured materials with remarkable physical. These properties 

have inspired interest in using CNT as filler in polymer based composite systems to obtain ultra-

light structural materials with enhanced radiation shielding and other characteristics.  

Though several groups have investigated polymer composites with CNTs for improving the thermal 

and the mechanical properties of polymers [20, 118-120], only few groups have reported the 

ionizing radiation resistivity in CNT films and CNT-based polymer composites [28, 121-123]. 

Clayton et al. studied the material properties of poly(4-methyl-1-pentene) (PMP) reinforced with 

0.5 wt% loading of single-walled CNT [20]. They illustrated its high radiation and mechanical 

performance that can replace PE as shielding materials against GCR. Peter J. Boul et al. simulated 

LEO environment by using proton beams with energies of 10 and 30 MeV to detect deformations 

of single-walled carbon nanotubes (SWCNT). Slight ID/IG ratio increase of proton irradiated 

samples shows proton beam induced disorder in SWCNT film [121]. 

Moreover, our group, previously, reported the stopping properties of SWCNTs-based polymer 

composite under high-energy proton beam [27]. The energy levels of the incident proton beam were 

set to 63 and 105 MeV with beam density of 5 nA (2 × 108 protons cm−2 s−1). The beam spot-size 

at the position, where the samples were tested, was 19 mm in diameter. The dose rate characteristics 

(BIC/DIC vs. RS values) of the samples are shown in Figure 15. The RS90% (range shifter) values 

and Water equivalent thickness (WET) of the samples (listed in Table 7) were calculated. 

Subsequently, the stopping range and the weight of each of the materials corresponding to the same 

proton energy were compared. The calculated SRAD of materials are plotted in Figure 16a. In 

comparison with Al, both PDMS and PDMS/SWCNT have a weight advantage. As shown in Figure 

16b, it is found that both of the pure polymer, Polydimethylsiloxane (PDMS), and the 

PDMS/SWCNT composite has weight advantage over Al, which are up to 18.3% and 20.84% 

lighter than Al respectively when proton energy is 105 MeV. Moreover, the performance of pure 

PDMS decrease along the increase of proton energy due to extra secondary radiations produced at 

higher proton energies. And by adding SWCNT, the nanocomposite performs better by the increase 

of proton energy.  This is caused by secondary radiation absorption ability of SWCNT in the 

nanocomposite. 
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Figure 15:  Dose rate characteristics of Al, PDMS and PDMS/SWCNT under initial proton beams of 105 

and 63 MeV. The thickness of each sample is indicated in the legend [27] 

Table 7: Material specifications, WETs and their corresponding ion energy [27] 

Initial Proton 
Energy (MeV) Material Density 

(g/cm3) 
Thickness 

(mm) RS90% Experimental 
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 

 

Figure 16: SRAD of Al, PDMS and PDMS/SWCNT and Percentage in weight of PDMS and PDMS/SWCNT 

with respect to Al [27] 
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Experimental results and calculations show that a relatively low loading (1.12 wt%) of SWCNTs 

improve the proton shielding ability of PDMS matrix. An indirect method, based on Bragg-Kleeman 

(B–K) rule, for measuring the proton stopping range in solid materials has been proposed. The 

weight reduction effects contributed by the SWCNTs become evident at higher proton energies 

(higher than 53.59 MeV); the weight advantage increases with increasing energy. The stopping 

range of the nanocomposite is affected by the structure and distribution of the filler material. The 

non-uniform dispersion of non-functionalized SWCNTs might have affected the overall weight 

reduction and material-reinforcement properties of the nanocomposite. The effects of uniformly 

distributed SWCNTs over the stopping range and material properties of the nanocomposite are 

suggested for further studies. 

S. Mathew et al. investigated deformation difference between SWCNT and MWCNT, and they 

found less ID/IG ratio (less disorder) in Raman spectrum in MWCNT after 2 MeV irradiation [29]. 

Besides that, other studies demonstrated SWCNT could suffer more from charged particle radiations 

than MWCNT [30, 31]. The inter-layer covalent bonding found in MWCNT after ionizing radiation 

can cause bridging inter-layer graphene layers, which results in increase of thermal conductivity as 

number of graphene increases [124-127]. As a result, MWCNT is an excellent candidate for ionizing 

radiation applications.  

Regarding electron radiation shielding, one group has shown the etched depth of different PMMA-

CNT films that were exposed under UV and 20 keV electron beam for 15 min (Figure 17) [28]. 

Addition of CNT is showing less etch depth if nanocomposite with a threshold of 0.5wt% CNT. 

 

Figure 17: Etched depth vs. CNT concentration under e-beam and ultraviolet ozone [28]. 
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As introduced in section 2.1.4, secondary radiations (electrons, light ions, gamma rays and neutrons) 

generated by interaction between GCR and shielding materials are harmful to payloads. During 

shielding and absorbing neutrons by hydrogen rich polymers, extra hazardous gamma rays will be 

delivered. Herein, nanofiller possess high stopping power and bandgap is desired to stop electrons 

and absorb gamma rays. However, stopping power of carbon (1.79 MeV cm2/g at 10 MeV electron) 

shows limited capability in shielding high energy electrons compared to conventional 

electron/photon shielding material lead (Pb) (2.41) [76]. Due to toxic concerns of Pb, various lead-

free materials have been developed for radiation shielding applications. By adding nanofillers with 

similar shielding properties as high Z material Pb into polymers is an efficient way to increase 

stopping power but still keep light in overall weight [128]. For instance, Gadolinium oxide (Gd2O3) 

has been used to absorb photons within polymer matrix in some studies [128, 129]. However, the 

high cost to its nanopowders limited its applications [130, 131].  

Bismuth oxide (Bi2O3) with bandgap of 2.3-3.3 eV has been investigated as an effective radiation 

shielding material [32-34]. Compared to lead and most of its compounds, bismuth oxide is provided 

with higher bandgap, non-toxic property, and higher total stopping power (Bi: 2.433 and Pb: 2.407 

MeV cm2/g at electron energy of 10 MeV) (Figure 18) [132-136]. Therefore, addition of Bi2O3 in 

PMMA polymer matrix will potentially improve the attenuation of electron radiations. 

 

Figure 18: Stopping power for electrons (Bismuth) [132] 
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(ii) Mechanical Properties 

The mechanical properties of CNT suggest that they may be used as reinforcing fibers in high-

toughness nanocomposites, where stiffness, strength and low weight are important considerations. 

The strength of composites depends on two variables. First, there should be a high degree of load 

transfer between the matrix and the nanotubes. When the interfacial adhesion between the phases is 

weak, the nanotubes behave as holes or nanostructured flaws, inducing local stress concentrations, 

and the benefits of the CNT properties are lost. Second, the nanotubes should be well dispersed. If 

they are poorly dispersed, the nanotubes will fail by separation of the bundle rather than by failure 

of the nanotube itself, resulting in significantly reduced strength.  

Carbon-based filler materials such as carbon nanofibers and nanotubes are used as mechanical 

reinforcement in a variety of polymers (resins and plastics) exhibiting high strength-to-weight ratio. 

Some studies discussed about mechanical strength enhancement by embedding CNT into polymer 

matrix [137-139]. For example, the nanocomposites of a high-performance polymer-

polybenzimidazole and carbon nanofibers or other nanomaterials have been studied for durable 

space applications [140, 141]. Other than the carbon nanofibers, the carbon nanotubes (CNT) can 

improve the material properties of polymer nanocomposites at relatively low loading of CNTs due 

to its properties of exceptionally high elastic-modulus and tensile strength (about 1 TPa and tens or 

hundreds of GPa respectively) along with excellent thermal and electrical conductivity, and very 

high resistance to oxidation in air (700 °C) [20, 110, 142]. Thus the carbon nanocomposites can be 

suitable candidates in applications requiring mechanically strong, ultra-lightweight materials [143]. 

Moreover, studies have also shown that the composite materials using other nanofillers exhibit 

enhanced mechanical strength and higher thermal stability in addition to the radiation resistance 

compared to the polymer without filler [140, 144, 145]. Some researches for nanocomposites are 

illustrated below. 

There are numerous possible applications; some examples are aerospace structural panels, sporting 

goods, ultra-lightweight thin-walled space structures for use in space, and high stiffness-to-weight 

space mirror substrates. A new application for these types of nanocomposites is automobile bumpers. 

The bumper made of CNT nanocomposites will have good mechanical properties and lower weight 

than the standard fiberglass bumpers, since only 1-5 wt% CNT will be needed compared to 30 wt% 

or more of fiberglass.  
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(iii) Thermal Properties 

As discussed in the previous section, the properties of reinforced polymers greatly depend on the 

filler material. Since most of the polymers have very low thermal conductivity, most of the research 

is focused on using fillers with high thermal conductivity. In this regard, the carbon-based 

nanomaterials, including CNT and graphene, will reinforce not only the radiation resistivity and 

radiation shielding performance but also the thermal conductivity. This is because of the extremely 

high thermal conductivity of the nanotubes and graphene. 

The reported thermal conductivity of individual MWCNT (with outer diameter of 14 nm and length 

of 2.5 µm) is higher than 3,000 W/m-K [146], and SWCNTs can reach about 6,000 W/m-K 

theoretically [147]. The theoretical thermal conductivity of SWCNT is more than the twice as the 

reported value of MWCNT (>6000 W/m-K). On the other hand, the thermal conductivity of 

graphene is similar to CNT, which can reach the range of 3,000-5,000 W/m K under the room 

temperature, which is determined by the spectral position and integration intensity of graphene’s G 

mode [148]. In comparison, the thermal conductivity of Al is only about 240 W/m-K, which is less 

than one tens of the value of pure CNT and graphene. 

The polymers including epoxy resin and elastomers usually have thermal conductivity of less than 

1 W/m-K. By adding CNTs, graphite or both at the same time, the thermal conductivity of polymers 

can be increased by up to thirty times [149]. MWCNTs with volume percentage of 0.4% in thermal 

conductive elastomer have thermal conductivity of 1.21 W/m-K, which is 105% more than that of 

the matrix (two parts silicone elastomer Sylgard 160 (s160), 0.59W/m-K) [150]. By adding 

SWCNTs to low density polyethylene (LDPE) and high density polyethylene (HDPE) with weight 

percentage of 2 wt.%, respectively, the thermal conductivity of the LDPE was increased by 592% 

and the HDPE was increased by 600% [151]. However, the enhancement of thermal conductivity is 

nonlinear with increasing CNT fraction. Figure 19 shows the thermal conductivity enhancement of 

polymer matrix with different volume fraction CNT. 
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Figure 19: Thermal conductivity enhancement vs. CNTs volume fraction [120]. 

The thermal conductivity reinforcement effect of CNT is strongly affected by the aspect ratio, 

distribution and the way of interacting with polymer matrix of CNT. Due to the existence of 

interface thermal resistance, it is suggested by Shenogin et al. that CNT-polymer composite with 

optimal covalent bond density can minimize the interface resistance; and second, optimal geometric 

parameter selection of CNT to present high aspect ratio will enhance the thermal conduction within 

the composite materials [152]. Even at low loadings of CNT in polymer, the percolation threshold 

can be achieved in the nanocomposite, which means that the CNT in polymer matrix come in contact 

with each other to form a network. Zhong et al. have reported the reduction of contact resistance 

with longer CNT and larger overlap of CNT such that well dispersed CNT in polymer shows better 

thermal conducting performance [153]. Aligned CNT in composite will allow anisotropic thermal 

performance with extremely high thermal conductivity in a given direction which indicates that heat 

can efficiently transfer through nanotube axis [154]. Moreover, higher CNT concentration in the 

composite materials without affecting the overall mechanical properties will present higher thermal 

conductivity. Figure 20 shows the thermal conductivity of composites with uniform and poor 

dispersion of CNT. Another important aspect to improve the thermal conductivity is the crystallinity 

of molecules because polymer needs strong bonds to transfer phonons. Liao et al. reported the 

influence of crystallinity on the dispersion of MWCNT in polypropylene (PP) matrix; however, 

MWCNTs can obtain better dispersion in low crystallinity PP rather than higher [155]. 
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Figure 20: Thermal conductivity of nanocomposites depends on CNT loading [156]. 

2.4.3 Multifunctional Structure for Space Radiation Shielding 

However, pure polymers are weak in mechanical strength and low in thermal conductivity when 

compared to the metal counterpart Al. Compared to metals with metallic bonds between their atoms, 

polymers containing mostly the covalent bonds are not strong enough [157, 158]. As discussed in 

some studies, multilayered structure is recommended as a new approach to innovative space 

radiation shielding [23]. Kaul et al. designed a three-layer PE based composite, RXF1, for space 

radiation shielding purposes due to the lightweight and higher shielding effectiveness compared to 

Al [21]. The first layer is a ceramic material, which contains Al2O3, B4C and SiC. This layer is used 

for protecting spacecraft or interstellar bases from meteoroid collisions. The second layer is made 

of a PE matrix incorporated with ultra-high molecular weight PE fibers. This layer provides 

protection against both meteoroid collision and space radiation. The third layer is epoxy resin 

reinforced with interwoven PE fibers. The third layer is the major layer for radiation protection. 

These three layers are compressed together forming a multifunctional-layered composite. Thus, 

extra layer providing outstanding mechanical and thermal properties in multifunctional structure is 

discussed in this section. 

Carbon fiber reinforced polymer, carbon fiber reinforced plastic or carbon fiber reinforced 

thermoplastic (CFRP, CRP, CFRTP or often simply carbon fiber, or even carbon), is an extremely 

strong and light fiber-reinforced polymer which contains carbon fibers. However, various new 

fibers and resins have been developed to produce improved CFRP, such as the one containing M55J 
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(6K) carbon fibers and RS-3 epoxy-based resin. It has been used in space due to the high stiffness-

to-weight ratio. 

CFRP is used extensively in aerospace and space applications. The Airbus A350 XWB is built of 

53% CFRP including wing and fuselage components, the Boeing 787 Dreamliner, 50%. Specialist 

aircraft designer and manufacturer Scaled Composites have made extensive use of CFRP 

throughout their design range including the first private spacecraft Spaceship One. CFRP is widely 

used in micro air vehicles (MAVs) because of its high strength to weight ratio. Ultralight aircraft  

such as the E-Go, rely heavily on CFRP in order to meet the category weight compliance 

requirement of less than 115 kg (254 lb) without pilot or fuel [159]. Moreover, this type of resin-

based carbon fiber reinforced composite material has been used as electronic enclosure materials 

[160-162], solar sails [163], outer panels of satellites [164], and has even been used for the sandwich 

structural components and struts on Equator-S spacecraft [39]. Some examples of applications of 

CFRP materials in space missions are listed. 

CFRP K1100-M40J/RS-3 for SAR antenna enclosure: The enclosure requires high thermal 

conductivity to transport dissipated power and enough electrical conductivity for electromagnetic 

radiation shielding and circuit grounding. The dimensions of the enclosure are about 

84.2mm × 119.6mm × 340.4mm, in a rectangular box shape with surface area of 158,887.7 mm2. 

The chosen CFRP material for this application, K1100/M40J fibers laminated with RS-3 resin, can 

provide thermal conductivity of 1.675 W/m-K. The density of such a material is about 1.698 g/cm3 

[160]. 

CFRP M55J/RS-3 for extreme ultraviolet imaging spectrometer (EIS) housing: The structure of EIS 

requires high stiffness and dimensional stability in order to maintain the resolution of optical 

components. Weight constraints from the launching vehicle (M-V launcher) also require the 

structural materials to have a high strength to weight ratio. CFRP, which made of M55J fiber 

laminated with RS-3 resin, provides longitudinal tensile modulus of 298 GPa, which is almost three 

times the tensile modulus of titanium alloys. The size of this particular enclosure is 3.2 meters in 

length [162]. 

CFRP developed for Light-weight Exploration Rover (ROV-E): ESA has supported the 

development of lightweight technology for exploration rovers through FP7, where the Mass is a 

major issue for interplanetary missions. One of the objectives is to improve the existing and 

investigate the new technologies for the multifunctional structures. The ROV-E integrates not only 
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structural and thermal functions in the component but also electrical, health monitoring, EMI-EMC 

shielding, power, storage and mobility functions for rover driving and steering.  

CFRP for sandwich structure components and struts on Equator-S spacecraft: The experimental 

platforms of the Equator-S spacecraft were made of polymethacrylimide (PMI) foam reinforced 

with two layers of CFRP on both sides. The thickness of PMI foam is 24 mm and the thickness of 

CFRP is 1.4 mm. The struts were 20 mm in diameter, which were fully made of CFRP material [39]. 

However, there are two major factors that limit the applications of CFRP materials in space missions. 

Firstly, CFRP materials suffer from degradation due to the exposure to radiation sources (electrons, 

UV, X-rays) and extreme space environment (vacuum, thermal cycle). Secondly, CFRP materials 

cannot provide enough particle radiation protection for the devices enclosed. Therefore, outer layers 

of materials coated on the CFRP components are an ultimate option for providing protection to both 

the payloads and the CFRP materials themselves [39]. 

As reviewed in section 2, proton and electron radiations have been considered as major harmful 

radiation sources in this study.  Based on the radiation shielding theories, low-Z (such as hydrogen) 

and high-Z (such as lead) materials are efficient to stop proton and electron radiations respectively. 

Many materials including aluminum and polymer composites have been widely investigated for 

space radiation shielding applications. Currently, numerous hydrogen rich materials with excellent 

radiation shielding effectiveness compared to Al are consistently reported from research labs and 

industries. However, critical challenges associated with the research fields remains in the 

development of a multifunctional radiation shielding structure to replace Al in space applications. 

By reviewing previous researches, polymer PMMA and nanomaterials (MWCNT and Bi2O3) with 

outstanding radiation shielding effectiveness and physical properties were studied for space 

radiation shielding applications. Incorporated with CFRP, by providing the same radiation shielding 

effectiveness compared to Al, polymer-based nanocomposites with enhanced physical properties 

by nanofillers are expected to be light-weight than metallic shielding materials. In addition, other 

apparent advantages of using those materials such as low-cost and high adoptability are also 

implanted in the research. In this thesis, methods of fabrications and evaluations of polymer 

nanocomposite involving multifunctional CFRP structure are well displayed. 
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Chapter 3 Fabrication Process and Characterization 

This section is intended to illustrate background of main apparatus used for material fabrication and 

characterization. Adequately understanding of these tools can be helpful to interpretation of 

methods used and results discussed in the subsequent sections. 

3.1 Fabrication Methods 

Three common methods for bulk fabrication of polymers and composites are: (i) Melt mixing 

processing which involves application of heat above the melting point followed by sufficient 

agitation; (ii) Solution processing using solvent to reduce the viscosity of the polymer followed by 

casting it into mold (of desired dimensions) in a vacuum oven to evaporate the solvent; (iii) 

Polymerization process from monomers. However, for bulk fabrication, solution processing method 

would evaporate tons of toxic chemical into atmosphere, causing environmental concerns [165, 166].  

In situ bulk polymerization of PMMA and its composites had been widely studied. Definitely, it is 

a good method to conduct interactions between functional groups and polymer matrix [167]. 

Dispersion quality of MWCNT in polymer matrix has been analyzed. Usually, long time ultra-

sonication and other strong mechanical interruption are required to break agglomerations between 

MWCNT to improve uniformity of nanocomposites [168]. However, deformations and precipitation 

of CNT at high concentration of fillers were observed. Besides, unstable molecular weight in each 

reaction was found in polymerization process, thus the process for bulk fabrication is not suitable.  

Melt mixing process is an efficient method to fabricate nanocomposite. In melt mixing process, 

MWCNT are mechanically dispersed into a melted polymer matrix using a mixer. The idea is to 

break MWCNT aggregations and prevent reformation by fluid shear forces [169]. This simple 

process is compatible with other techniques such as injection and compression molding. Besides 

that, less deformation and sufficient interaction between MWCNT and polymer chains can be found. 

Therefore, it is ideal for both research and scale-up industrial fabrication. 

Eventually, melt mixing process was used in this research. Commercial PMMA powders were 

purchased (182230 ALDRICH) and applied for further fabrication and tests (Table 8). Carboxyl 

functionalized (-COOH) MWCNT (diameter = 10–20 nm, length = 10–30 µm, ∼1.9–2.1 wt% of -

COOH content) were purchased from Nanostructured & Amorphous Materials (USA) (Table 9). 

Related material information of abovementioned MWCNT (MWCNT is short for MWCNT-COOH 
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in subsequent chapters) are listed in Table 9. Regarding electron shielding materials, bismuth oxide 

nanopowders in diameters of 90-210 nm were ordered from Sigma-Aldrich (637017 ALDRICH). 

Table 8: Properties of purchased PMMA [170] 

Density at 25 °C (g/cm3) 1.188  

Formula (C5H8O2)n 

Flash point (°C) > 250.00  

Molecule weight average Mw ~120,000 by GPC 

Transition temp (°C) Tg (DSC) 105 (midpoint) 

Table 9: Properties of MWCNT-COOH [171] 

Average Diameter (nm) 10-20 

Average Length (µm) 10-30 

Apparent Density (g/cm3) at 20 ° C, ~ 2.1 g/cm³ 

Carbon Purity (wt%) > 95  

Content of -COOH 1.9-2.1 wt% 

3.1.1 Torque Rheometer 

As shown in Figure 21, a melt mixer, Haake Rheocord 90, from Thermal Scientific was used to 

fabricate samples. The mixer is able to operate at a programmed speed versus time to record 

response (torque) of mixing materials. Different materials can be mixed with additives of various 

types and concentrations. By measuring melting behaviour, consumed energy or melt viscosity, 

material or composite quality can be analyzed [172-174].   

 

Figure 21: Cross section of a melt mixer [172] 
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3.1.2 Twin Screw Extruder 

Figure 22 illustrates a basic structure of single screw extruder. Polymer beads are firstly gravity-fed 

into the barrel through a hopper. The rotating screw pushes the fed material towards the end of 

barrel through friction force. The whole process can be separated into three sub processes: 1) solids 

conveying: once the powders are fed into the barrel, they gradually heat up to the melting point 

starting melting process; 2) melting: all of the fed materials melt in this region; and 3) melt-pumping: 

the melt material will be pumped to the end of the barrel and be compressed into the mold [175]. 

 

Figure 22: Schematic diagram of a typical twin-screw extruder [176] 

Twin-screw extruder, Coperion ZSK 25mm is energy efficient with wide range of applications. It 

is a reliable instrument for materials research and scale-up fabrication [177] [178]. The basic 

parameters of the extruder are listed in Table 10. The ratio between outer and inner diameter (Do/Di) 

of screws is 1.55 which has been proven to be optimal for applications that require a high torque 

[179]. Due to the high viscosity of PMMA, proper specifications, such as feeding rate, screws speed, 

temperature of each zone and torque should be well designed. Amine et al. used feeding rate of 3 

kg/h with 120 rpm screw speed to achieve well dispersed PMMA/CNT nanocomposite [180]. They 

found that increasing the feeding rate can reduce the mixing performance, while increasing the 

screw speed can enhance the dispersion [180]. Moreover, Zhang et al. reported a feeding rate of 3.6 

kg/h, screw speed of 120 rpm to mix PMMA matrix and CNT as well as the mixing temperatures, 

which ranged from 180 °C to 235 °C, in different zones. Table 11 illustrates parameters used in our 

research. 

Table 10: Basic Specifications of Coperion ZSK 25mm 

Specific torque 15 Nm/cm3 
 
 Diameter of screws 25 mm 

Maximum screw speed  1,200 min-1 

Do/Di 1.55 

Materials 



 42 

Table 11: Recipe of Nanocomposite on Extruder 

Torque (Nm/cm3) 11.25-12.75 
Screw speed 103 rpm 
Feeding rate 3 kg/h 

Zone temperatures (°C) 

Zone 1 170 
Zone 2 200 
Zone 3 200 
Zone 4 200 
Zone 5 195 

3.1.3 Planetary Mixer  

Planetary mixer has been used to melt and mix PMMA and MWCNT nanocomposite. The viscosity 

of PMMA can range from 1,000 to 1 million cP at different temperatures. The suitable mixer for 

viscous materials, such as PMMA, must therefore utilize agitators that move through the batch 

regardless of product the flow. This is exactly the advantage of the double planetary mixer. Powerful, 

variable-speed drives and heavy construction enable this mixer to deliver high torque throughout its 

entire speed range. Due to involvement of MWCNT, which is fragile under high-shear mixing or 

ultra-sonication, the gentle mixing condition is ideal for producing nanocomposite. Double 

planetary mixers are robust machines capable of handling materials have high viscosity (about 

several million cP). The gentle and thorough folding action imparted by the orbiting blades carefully 

mixes ingredients into a viscous batch that would otherwise break apart from excessive shear. 

Double planetary mixer (DPM) moves material by rotating two identical blades on their own axes 

as they orbit on a common axis (Figure 23). The blades continuously advance along the sidewalls 

of the mix tank, removing material from the walls and transporting it towards the interior [181-183]. 

 

Figure 23: Side view of DPM tank and agitators 



 43 

3.1.4 Vacuum hot press 

Hot press has been widely used in some studies (Figure 24) [184-186]. With controlled temperature 

and compression pressure, customized progress can be designed for different applications. It is an 

ideal method to mold hot melt materials, such as thermoplastic polymers and composites, into flat 

pieces. Materials in powder or grinded small pieces are placed between top/bottom mold plates. 

When the loaded materials have been heated up to melting temperature, plates are closed followed 

by incident pressure until materials are molded into the desired thickness. 

 

Figure 24: Schematic representation of the hot press machine [186] 

3.1.5 Benchtop Injection Machine 

Injection machine is commonly used in material processing [187, 188]. This process involves hot 

melt polymers in heating channel and injecting them through a nozzle into a designed mold which 

followed by cooling and demolding. Controlling the flow rate of polymer injection is critical 

because low flow rate can result in a partially filled mold. Based on the equation below, where 𝑣 is 

the velocity in ms−1, 𝐴 is the cross section of the heating channel in m2 and 𝑄 is the volume flow 

rate in m3s−1, higher flow rate (𝑄) can result in increased velocity of polymer (𝑣). The temperature 

can be set above the melting temperature of materials to achieve acceptable viscosity so that 

materials can be injected into the designed metallic mold. This machine (model WZ20000) in Figure 

25 was manufactured by Dongguan Kunlun Testing Instrument Co., Ltd. 

𝑣 =
𝑄
𝐴
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Figure 25: Injection machine 

3.2 Material Characterization 

3.2.1 Raman Spectroscopy  

Raman spectroscopy is a commonly used technique to provide a fingerprint of the molecular 

structure. A visible laser light provides energy to vibrate molecular in materials so that the energy 

of the laser photons being shifted up or down, and then the shifted intensity of the laser will offer 

information of measured materials (Figure 26) [189].  

 

Figure 26: Schematic diagram of Raman spectroscopy [190] 
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The recorded Raman shifts are typically presented in wavenumbers, which have units of inverse 

length, which is directly related to energy, and the following equation is used: 

∆𝜔 = ( A
rs
− A

rF
); 

where ∆𝜔 is the Raman shift expressed in wavenumber, 𝜆@ is the excitation wavelength, and 𝜆A is 

the Raman spectrum wavelength. Characterization of carbon materials using Raman spectroscopy 

has been studied for years to identify their properties in composites [191, 192]. 

3.2.2 Fourier Transform Infrared Spectroscopy 

Similar to Raman technique, but Fourier Transform Infrared (FTIR) spectroscopy provides 

complementary information (Figure 27). When IR radiation is passed through a sample, some 

radiation is absorbed by the sample and some is transmitted. The resulting signal at the detector is 

a spectrum representing a molecular ‘fingerprint’ of the sample. The usefulness of infrared 

spectroscopy arises because different chemical molecules produce different spectral fingerprints. It 

is commonly used to identify functional groups, such as carboxylic (-COOH), on inorganic 

materials [193]. 

 

Figure 27: Scheme of FTIR [194] 

3.2.3 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) measures the amount of heat transfers through both 

measuring and reference samples. The result of a DSC experiment is a curve of heat flux versus 

temperature. With DSC technique, it is possible to observe fusion and crystallization events as well 

as glass transition temperatures (Tg) of polymers (Figure 28) [195-197].  
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Figure 28: Scheme of DSC [198] 

3.2.4 Thermal Cycle Chamber 

Environmental chamber ZPHS-16-6-6-SC/AC (Cincinnati Sub-Zero Products Inc.) is used to test 

and store products by subjecting them to various temperature and humidity conditions. This 

chamber allows us to program and run basic temperature cycling or fast temperature cycling with 

working temperature range of -70 °C to 190 °C [199].  

Some other studies have investigated thermal cycling process for space applications [200-202]. 

Thermal cycling test with temperature range of -100 to 100 ℃ was critically designed for radiation 

shielding materials. However, the machine can only reach -70 ℃ at low temperature. Thus, the 

upper bond of testing temperature shifted higher	to	150	℃. 

Besides that, to achieve an expanded limit of thermal cycling, liquid nitrogen was used to simulate 

temperature of -170 ℃,	and	130	℃	is	set	as	upper	bond	of	testing	temperature.	The temperature 

of thermal cycling switches between -170 °C and 130 °C with temperature held stable at peaks for 

30 minutes. Ten thermal cycles were applied to the materials in order to simulate the space 

environment. However, the rate of temperature change (10 °C/min) between -170 °C and 130 °C 

cannot be precisely controlled in our laboratories. Testing samples were left in room temperature 

for 30 minutes before entering next peak (-170 °C or 130 °C). Therefore, all tested samples were 

under thermal shock when switching between hot and cold temperatures. Liquid nitrogen container 

with a thermocouple and the oven applied temperature of 130 °C are shown in Figure 29. 
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Figure 29: Testing sample in liquid nitrogen (left) and oven (right) 

3.2.5 Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) apparatus can be used to identify components and thermal 

stability of materials with designed temperature [197]. TGA analysis measures the amount of weight 

change of a material, in powder or small pieces, as a function of increasing temperature with Weight 

change sensitivity of 0.01 mg (Figure 30).  

 

Figure 30: Scheme of TGA [198] 

3.2.6 Thermal Conductivity Test 

The apparatus for thermal conductivity measurement was assembled by Microelectronics Heat 

Transfer Laboratory at the University of Waterloo following ASTM D5470-95 standard, which is a 

guideline applied to test thin electrical insulation materials (Figure 31). The dimension of samples 

needs to be 2.5 cm by 2.5 cm with proper thickness, such as 0.5 mm for polymers and composites 

due to their low thermal conductivity in general. At least 3 pieces with the same dimensions were 

required from each material. Thus, 3 values of thermal resistance, which is linear, based on the 3 

different thicknesses, can be obtained. Then, the thermal conductivity is calculated according to the 

slope of thermal resistance vs. thickness [203, 204]. 



 48 

 

Figure 31: Scheme of thermal conductivity test apparatus [205] 

3.2.7 Tensile Strength Test 

The tensile strength test was tested with Instron 5548 Micro Tester in CAMJ lab (Figure 32). 

Following the ASTM D638-14 standard, testing materials are required to be cut in dog bone shape 

(Figure 32). Tensile strength of each specimen can be recorded while the centre of the dog bone is 

broken [206-208].  

 

Figure 32: Instron 5548 Micro Tester (left) and dog bone shaped sample (right) [208] 

3.2.8 Bonding Test Process 

PosiTest Pull-Off Adhesion Tester was used for adhesive strength test on bonding (shown in Figure 

33). Following the standard ASTM D4541 standard, the pull-off tester evaluates the breaking pull-

off strength of coating on a substrate at breaking point. By determining the maximum pull-off force, 

the strength can be obtained [209, 210]. 
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Figure 33: PosiTest Pull-Off Adhesion Tester [211] 

3.2.9 Outgassing Test 

Outgassing occurs when a material is placed in a vacuum environment, subjected to heat, and some 

of its constituents are volatilized or emitted. It is necessary to do the outgassing test in a very clean 

environment for space applications [212, 213]. During outgassing test, the total mass loss (TML) 

and collected volatile condensable material (CVCM) of materials are determined when they are 

exposed to a heated high vacuum environment (5 x 10-6 Torr). In addition, the amount of water 

vapor regained (WVR) can also be obtained after completion of exposures and measurements of 

TML and CVCM. According to ASTM E595 standard, which was developed by NASA to screen 

low outgassing in adhesives and other materials for space applications, the material can pass the test 

only if it satisfies the requirements listed in Table 12. The details of outgassing test on our samples 

are given in Appendix. 

Table 12: Limits of Low Outgassing Test. 

ASTM E595 

Acceptable limits for space 
applications 

TML < 1.0% 

CVCM < 0.1% 
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Chapter 4 Nanocomposites for Radiation Shielding Tests  

Well dispersed nanofiller in nanocomposites possess better radiation shielding effectiveness than 

nanocomposites with poorly dispersed nanofillers. Investigation of dispersity of functionalized 

MWCNT with -COOH group in polymer matrix is crucial. Before radiation shielding tests, thermal 

and mechanical properties of fabricated nanocomposites were looked into. Samples with excellent 

enhanced thermal stability and tensile strength were selected for proton and electron radiation 

shielding tests. The methods of both radiation shielding tests are introduced in this section. 

4.1 Sample Selection for Radiation Shielding Tests 

4.1.1 Fabrication of PMMA and Nanocomposites 

The melt mixer and a hot press instrument were used for PMMA nanocomposite fabrication. 

Fabricated samples were cut into specific shape required for further characterization and test. 

PMMA with various weight percentages (1, 3 and 5wt%) of MWCNT (PMMA/MWCNT) are 

produced. The photo of fabricated samples is shown in Figure 34. The fabrication steps of PMMA 

and its nanocomposites are listed: 

PMMA: 

Step 1: Pour as-received PMMA powders into hot press (15 cm × 15 cm) at temperature of 180 °C 

and compression force of 40,000 N. 

Step 2: Cool the hot press down with air cooling then take it out. 

PMMA/MWCNT: 

Step 1: Setup the temperature and mix sheer rotating rate and pre-heat the melt mixer. 

Step 2: Pour the PMMA powders into the mixer and keep the setups for 30 minutes. 

Step 3: Pour related MWCNT-COOH loadings into mixer and keep the process for another 1 hour 

after torque of mixing material reaches stable level. 

Step 4: Pour well mixed composite out into hot press (15 cm × 15 cm), and mold samples at 

temperature of 180 °C and compression force of 40,000 N. 

Step 5: Cool the hot press down with air cooling then take it out. 
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Figure 34: Fabricated (a) PMMA. (b) PMMA/1wt%MWCNT, (c) PMMA/3wt%MWCNT and (d) 

PMMA/5wt%MWCNT 

4.1.2 Raman Spectroscopy and Fourier Transform Infrared Spectroscopy 

Raman spectroscopy is an important tool for characterizing carbon-based nanostructures. Quality 

of the pristine and functionalized MWCNT has been assessed by the shift and width variation of 

peaks in the results of Raman spectroscopy [214]. 

Non-functionalized MWCNT were purchased from Nanocyl (Belgium) to compare with MWCNT 

with -COOH group. The Raman spectra of pristine MWCNT and MWCNT-COOH are shown in 

Figure 35. There are two prominent bands at 1320 cm-1 (D band) which indicates the presence of 

disorder in carbon structures, and the band at 1580 cm-1 (G band) which is the vibration mode of 

the C-C bond. The G' band in the Raman spectrum is at 2645 cm-1 which exhibits the MWCNTs 

contain graphene systems [214, 215]. The ratio of the intensities of the D and the G band (ID/IG) 

indicates the disorder and the defect density in graphene structures, which is often used to define 

the quality of carbon nanotubes [216]. The ID/IG of functionalized and pristine MWCNT are 2.08 

and 1.65 respectively, the higher value of ID/IG for functionalized MWCNT indicates higher disorder 

and defects in the nanotubes [217]. With respect to the wavenumber, the functionalized MWCNTs 

shifts to higher spectrum for each band, which indicates less intertube interactions for MWCNT-

COOH [214, 218]. 
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           Wavenumber (1/cm) 

Figure 35: The Raman spectra of pristine MWCNT and functionalized MWCNT 

Fourier Transform Infrared Spectroscopy (FTIR) results of pristine MWCNT and MWCNT-COOH 

are shown in Figure 36. For MWCNT-COOH, the most prominent peaks at 1044 cm-1  and 1723 

cm-1 are attributed to carboxylic groups on the MWCNT, which has contributed C=C stretch at 

peaks of 1530-1560 cm-1  [219, 220]. Two bands at 2850 cm-1 and 2920 cm-1 are attributed to the 

defects of asymmetric and symmetric stretch of H-C-H bonds on MWCNT-COOH [220]. By 

analyze the results of Raman and FTIR, existence of -COOH group in functionalized MWCNT is 

proved and it is used in all the further tests and fabrications. 

 

Figure 36: FTIR of pristine MWCNTs and functionalized MWCNT 
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4.1.3 Tensile Strength Test 

PMMA and nanocomposites were measured and compared. All samples were laser cut into dog 

bone shape based on the ASTM D638-14 standard with testing speed of 5 cm/min (shown in Figure 

32 right). Tensile strength data of PMMA and nanocomposites before and after thermal cycles are 

listed in Table 13. 

Table 13: Tensile strength data 

Materials Before thermal cycles 
(MPa) 

After thermal cycles 
(MPa) 

PMMA 19.01 43.30 

PMMA/MWCNT 

1 wt% MWCNT 27.39 21.58 

3 wt% MWCNT 17.83 31.65 

5 wt% MWCNT 12.83 26.41 

According to Table 13, before thermal cycles, PMMA/MWCNT (1 wt%) possessed highest tensile 

strength (27.39 MPa) followed by PMMA/MWCNT (3 wt%). After 10 thermal cycles treatment, 

tensile strength of samples except PMMA/MWCNT (1 wt%) had increased at different percentages. 

The lower tensile strength before thermal cycles should be caused by non-observable deformation, 

such as bending, during laser cut, which can melt or burn materials on its pass way. After thermal 

cycles, PMMA/MWCNT (3 wt%) shows highest tensile strength compared to other nanocomposites. 

4.1.4 Thermogravimetric Analysis 

Temperature was set increasing from room temperature to 800 °C at ramp of 20 °C/min in nitrogen 

environment. Figure 37 shows weight percentage changes of pristine MWCNTs (black), PMMA 

(green) and PMMA with 1 wt% (red), 3 wt% (blue) and 5 wt% (pink) MWCNTs. Pure PMMA and 

PMMA/ MWCNT (1 wt%) have similar curves, and the plot of PMMA/MWCNT (3 wt%) is 

extremely close to that of 5 wt% nanocomposite. For pure PMMA and 1 wt% complete degradation 

of the polymer occurred at 425 °C but with the incorporation of 3 and 5 wt% MWCNTs, the 

complete degradation temperature was found to be slightly shifted towards a higher temperature 

(from 427 °C to 440°C). Moreover, the degradation beginning point is 200 °C for PMMA and 1 

wt%, but it is 250 °C for 3 wt% and 5 wt% ones, which achieved about 25% improvement. The 

weight reduction of PMMA and 1 wt% were much faster than 3 and 5 wt% for temperatures below 

350 °C. Pristine MWCNTs lost about 27wt% in total when the temperature reached up to 800 °C. 

Zhaoxia Jin et al. has reported that addition of CNT in polymer nanocomposite can slow down 
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thermal degradation process of PMMA [221]. In conclusion, both 3 and 5 wt% MWCNT 

nanocomposites showed enhanced thermal stability than pure PMMA and 1 wt% PMMA/MWCNT. 

 

Figure 37: TGA plot of pristine MWCNT, PMMA and nanocomposites 

4.1.5 Thermal Cycles 

Based on the working temperature listed in Table 4, range of -100 to 130 °C was designed for 

thermal cycling. However, the machine in our lab was unable to reach temperatures below -68 °C, 

thus the test range shifted about 30 °C to higher range between -68 °C and 150 °C with temperature 

plateaus held for 30 minutes. 5 thermal cycles were applied on PMMA and PMMA with MWCNT-

COOH sheets. According to the photos of sample after thermal cycles (Figure 38), samples with 5 

wt% loading of MWCNT appear to have almost no differences comparing to as fabricated samples; 

the one with 3 wt% MWCNT loading appear to have some bubbles; but the sample with 1 wt% 

MWCNT loading shows the greatest morphology changes. Sample with 3 and 5 wt% MWCNT 

loading in PMMA matrix are showing better thermal stability according to the appearances. This 

phenomenon may be caused by addition of MWCNT which can fill in micro-gaps occurred during 

fabrication in polymer matrix. 
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Figure 38: All samples (a): pure PMMA, (b): PMMA/1wt%MWCNT, (c): PMMA/3wt%MWCNT, (d): 

PMMA/5wt%MWCNT) before 5 thermal cycles (first line) and after (second line) 

4.1.6 Summary 

To pick an outstanding recipe for radiation shielding tests, the results have been discussed below: 

Tensile Strength Test: 

1. After thermal cycle treatment, tensile strength was increased for samples with 3 and 5 wt% of 
MWCNT loading except for the PMMA/1wt%MWCNT; however, the decrease for 1 wt% 
was not significant; the strength order: PMMA/MWCNT (3wt%): 31.65MPa > 
PMMA/MWCNT (5wt%): 26.41MPa > PMMA/MWCNT (1wt%): 21.58MPa; 

2. PMMA/MWCNT (1 wt%) presented highest tensile strength before thermal cycles. However, 
its strength decreased after thermal cycle and became the weakest sample; 

3. PMMA/MWCNT (3 wt%) presented similar strength as control, though the increased strength 
after thermal cycle was less than the change of control. 

4. PMMA/MWCNT (5 wt%) presented the lowest tensile strength before thermal cycle treatment 
and the second lowest strength after thermal cycle treatment. 

TGA: 

Nanocomposites added by 3 wt% and 5 wt% MWCNT have higher beginning degradation 

temperature (250 °C) than pure PMMA and 1 wt% MWCNT loaded nanocomposite (200 °C). 

Moreover, complete degradation of pure PMMA and 1 wt% MWCNT loaded nanocomposite occurs 

at ∼425 °C but with the incorporation of 3 wt% and 5 wt% the complete degradation temperature 

of nanocomposite was found to be about 3% higher than 1 wt% MWCNT loaded nanocomposite. 

Thus, Nanocomposites with 3 wt% and 5 wt% MWCNT were considered. 
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Surface Morphology Inspection: 

Visual inspection of the surface morphology of samples before and after thermal cycles was 

performed. As shown in Figure 38, there were significant visual changes on the PMMA with 

MWCNT loading of 1 wt% in comparison to 3 and 5 wt% samples with the least changes observed 

in the 5 wt% nanocomposite. 

Visual inspection of samples, 3 and 5 wt% MWCNT loaded nanocomposites after 5 thermal cycles 

showed less changes compared to PMMA with 1 wt% MWCNT and control. Similarly, the 

temperature of thermal decomposition was observed about 25% higher for PMMA mixed with 3 

and 5 wt% MWCNT compared to PMMA and 1 wt% MWCNT loaded nanocomposite in TGA plot. 

Furthermore, PMMA with 3 wt% MWCNT presented higher tensile strength (Table 13) than other 

nanocomposites after thermal cycling treatment. It was also reported that the functionalized 

MWCNT is able to achieve electrical conducting percolation of 3 wt% [222].  

In order to have a balance among mechanical strength and thermal properties, PMMA with 3 wt% 

of MWCNT loading was hereby selected for further tests including proton radiation shielding test. 

In addition, outgassing properties of PMMA/3wt%MWCNT nanocomposite and pure PMMA have 

been tested in a commercial lab. The result suggests both materials fabricated in our lab can pass 

low outgassing materials standard for space applications (shown in Appendix). 

4.2 TRIUMF 

TRIUMF is Canada’s national particle accelerator center, which is consistently recognized as 

Canada’s premier physics laboratory and an international leader of subatomic physics research 

center. TRIUMF has the world’s largest cyclotron located on the south campus of its own founding 

member, University of British Columbia in Vancouver. Proton sources up to 520 MeV can be 

generated in the facilities [223]. As shown in Figure 39, proton source for proton therapy with 

energy of 105 MeV was used in our research. 
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Figure 39: Scheme of cyclotron in TRIUMF [224] 

4.2.1 Experiment Setup 

To simulate the space radiation environment and test shielding materials, we accessed to a particle-

radiation facility (on BL2C, TRIUMF, Vancouver, BC, Canada) with high-energy proton beams. 

The experimental set-up for the proton radiation tests is shown in Figure 40. For space applications 

the average proton energies are lower than proton source BL2C (<120 MeV). Also, the proton 

energy that produces most of the dose to payloads after aluminum shielding is in the range of 30-

100 MeV, so the measurements from BL2C are relevant for space applications. 

 

Figure 40: Device arrangement of stopping power measurement 
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• Proton beam properties: (i) Energy levels of proton beam were set to 105 MeV and 63MeV; (ii) 

Intensity of proton beam was 4~5 nA (1~2×108 protons/cm2/s); (iii) Beam size at the position, 

where the sample was placed, was 19mm in diameter. 

• Diagnostic ion chamber and backup ion chamber: Both of them measure the radiation dose, 

which is the energy deposited by protons. Readouts of chambers are proportional to the number 

of protons that transmitted the chambers. Name the readout of backup chamber as BIC and the 

readout of the diagnostic ion chamber as DIC. The ratio of BIC/DIC is calculated to obtain 

relative dose change, which is also the dose transmission rate, of the penetration process through 

shielding materials. 

• Range shifter: Range shifter (RS) is a rotatable and auto-controlled Lucite plate. The position of 

Lucite plate that is located in the beam has adjustable thickness ranging from 0 to 40mm. The 

thickness adjustment resolution is 0.01mm, which is labeled by RS values from 0 to 4000. By 

rotating the Lucite plate, energy of initial incident proton beam on the shielding materials can be 

adjusted. Rotation angle and stopping time can be automatically controlled. [225] RS values can 

be converted to water equivalent thickness (WET) according to Equation 1. Water equivalent 

thickness is defined as [226]: 

𝑊𝐸𝑇 = 1.156 × (2.23 + 1.0075 × 10�) × 𝑅𝑆�@%) 

• Sample frame: A height adjustable sample frame is placed next to collimator #2 with diameter 

of 19 mm at the Z+ direction. Shielding materials under test is placed on the top of the frame 

and fully block the hole of collimator #2.  

Specifications for samples under test are all given in Table 14. Sample thickness were simulated by 

Stopping and Range of Ions in Matter (SRIM), which was used to simulate the interaction processes 

between the incident protons and the target material [227]. For a given composition and mass 

density of a material, the proton stopping range can be calculated using SRIM. The stopping range 

of all materials, considered for the experiments, was obtained using SRIM. 
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Table 14: Samples specifications 

Materials Aluminum PMMA PMMA/MWCNT 
Density 2.698 g/cm3 1.194 g/cm3 1.204 g/cm3 

Length x breadth 4 x 4 cm 
Sample #1 
Thickness 6.24 mm 9.10 mm 9.08 mm 

Sample #2 
Thickness 12.54 mm 24.80 mm 24.82 mm 

Sample #3 
Thickness 18.86 mm 34.02 mm 34.30 mm 

Sample #4 
Thickness 25.2 mm 43.40 mm 43.44 mm 

As shown in Figure 41, the proton beam direction is aligned to go through testing samples [163]. 

Range shifter is placed between proton beam source and samples. A neutron detector (BF3) is added 

at the side of the sample for detecting the generated secondary neutron caused by the proton 

radiation. The neutron detector is placed at the same horizontal plane of the sample. 

 

Figure 41: Experimental setup illustration, unit in cm 

4.2.2 Experiment Procedure 

Once it is setup, proton beam with energy of 100 MeV was delivered, and a range scan was carried 

out from the lowest range shifter (RS) value of 200 to beyond the end of the range at steps of 100 

(approximate 1 mm RS).  The incoming protons were measured by Diagnostic ion chamber DIC 

and the protons passing through the sample were measured with ion chamber BIC. After the protons 

were essentially all stopped, the signal from the BIC monitored any charged particles or neutrons 

interacting nearby. This signal was very small. Once the end of range was found a more accurate 

scan at steps of 20 can be used to measure the end of range to an accuracy of 0.1 mm RS. 

All samples are tested under the same procedure. Due to the thickness limitation of the range shifter, 

extra Lucite plates, which are made of the same materials as the one of range shifter, are placed 

between the range shifter and the sample. The procedure is illustrated in steps: 
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Step 1: Range shifter (RS) scan from 200 to 3800 with step-in RS of 100 div. 

Step 2: Record the counts at diagnostic ion chamber (DIC) and backup ion chamber (BIC), and 

then calculate their ratio (BIC/DIC). 

Step 3: Observe the plotted curve of BIC/DIC vs. RS, determine the detailed plotting range of RS 

(Table 15 and Figure 42). 

Step 4: In the detailed plotting range of RS, step-in RS is set to 20 div, repeat RS scan. 

Step 5: Record the counts at DIC and BIC and calculate the ratio of BIC/DIC.  

Step 6: Plot the curve of BIC/DIC vs. RS and calculate the RS position at 90% of the peak 

BIC/DIC value. 

Step 7: WET of the RS at 90% for each material (denoted as tRS90%
WET), at the position of RS90%, 

was calculated using the following equation: tRS90%
WET = 1.156 × (2.23 + 1.0075 × 10-2 × 

RS90%). 

Step 8: The stopping range of proton beam in water with the incident proton energy E, denoted as 

tE
WET, was calculated by SRIM. 

Step 9: WET of each material under test, tWET, was obtained using the following equation: tWET = 

tE
WET − tRS90%

WET. 

Step 10: Move the range shifter to the positions of 3800, RS90% and 200. At each position, apply 

proton beam and records the counts at DIC and BF3. Three pairs of counts (DIC and BF3) 

are recorded at each RS position for secondary neutron evaluation. 

Table 15: Details of range shifter 

 Aluminum 
(mm) RS Range PMMA 

(mm) RS Range PMMA/MWCNT 
(mm) RS Range Lucite Thickness 

(mm) 

#1 6.24 2000 to 
3500 9.10 2000 to 

3500 9.08 2000 to 
3500 30.06 

#2 12.54 2000 to 
3500 24.80 1800 to 

3300 24.82 1800 to 
3300 18.12 

#3 18.86 1800 to 
3000 34.02 1500 to 

3000 34.30 1500 to 
3000 11.94 

#4 25.20 1800 to 
3000 43.40 1800 to 

3300 43.44 1800 to 
3300 0 



 61 

 

Figure 42: BIC/DIC vs. RS curves with step-in RS of 100 div. 

 

4.2.3 Experiment Results 

(i) Proton Radiation Shielding 

WETs of samples and the corresponding stopping energies of protons are calculated. Compensated 

RS90%, Sample thicknesses, Proton energies, and Water equivalent thicknesses are calculated and 

summarized in Table 16.  

Table 16: WETs of samples and the corresponding stopping energies for each sample 

 
Compensated 

RS90% 
(0.01 mm) 

RS 
WETs 
(mm) 

Sample 
Thickness 

(mm) 

Sample 
WETs 
(mm) 

Stopping 
Energy 
(MeV) 

Aluminum #1 5781.6 69.91 6.24 13.01 37.50 

Aluminum #2 4661.2 56.87 12.54 26.05 55.05 

Aluminum #3 3511.4 43.47 18.86 39.45 69.31 

Aluminum #4 2373.6 30.22 25.20 52.70 81.45 

PMMA #1 5996.5 72.42 9.10 10.50 33.32 

PMMA #2 4464.2 54.57 24.80 28.35 57.69 

PMMA #3 3558.1 44.02 34.02 38.90 68.77 

PMMA #4 2650.3 33.45 43.40 49.47 78.63 
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PMMA/MWCNT #1 6004.1 72.51 9.08 10.41 33.15 

PMMA/MWCNT #2 4479.3 54.75 24.82 28.17 57.49 

PMMA/MWCNT #3 3526.8 43.65 34.30 39.27 69.13 

PMMA/MWCNT #4 2646.9 33.41 43.44 49.51 78.66 

There are three types of samples and each sample has four different thicknesses. Thus, four WET 

were obtained for each type of materials. Areal density of material is used to evaluate the proton 

shielding efficiency by timing material thickness with material density. Areal densities of materials 

and the water equivalent areal density (WEAD), which is calculate by timing WET with water 

density, corresponding to WET are summarized in Table 17. 

Table 17: Areal Densities and WEADs  

Aluminum 

Density 2.698 g/cm3 

 Thickness (mm) Areal Density (g/cm2) WETs (mm) WEAD (g/cm2) 

Sample #1 6.24 1.68 13.01 1.30 

Sample #2 12.54 3.38 26.05 2.61 

Sample #3 18.86 5.09 39.45 3.95 

Sample #4 25.20 6.80 52.70 5.27 

PMMA 

Density 1.194 g/cm3 

 Thickness (mm) Areal Density (g/cm2) WETs (mm) WEAD (g/cm2) 

Sample #1 9.10 1.09 10.50 1.05 

Sample #2 24.80 2.96 28.35 2.84 

Sample #3 34.02 4.06 38.90 3.89 

Sample #4 43.40 5.18 49.47 4.95 

PMMA/MWCNT 

Density 1.204 g/cm3 

 Thickness (mm) Areal Density (g/cm2) WETs (mm) WEAD (g/cm2) 

Sample #1 9.08 1.09 10.41 1.04 

Sample #2 24.82 2.99 28.17 2.82 

Sample #3 34.30 4.13 39.27 3.93 

Sample #4 43.44 5.23 49.51 4.95 
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Areal density of materials and their WEADs follow linear relationships. Thus a line fitting is applied 

to the data given in Table 17 with regards to the weight efficiency for shielding proton. PMMA and 

PMMA/MWCNT were found to be 18.89% to 19.89% and 17.86% to 18.71% lighter than Al 

respectively (Table 18). 

Table 18: Weight comparison among materials for proton stopping 

 Slope 𝒌 (RMSE1) Compared to Al2 

Aluminum 0.7744 (0.0932) -- 

PMMA 0.9564 (0.0881) 18.89% to 19.89% lighter than Al 

PMMA/MWCNT 0.9475 (0.1207) 17.86% to 18.71% lighter than Al 

1 RMSE: Root Mean Square Error: 𝑅𝑀𝑆𝐸 =	�∑ (������)��
��F

V
 

Where: 
n is the number of the measured data and n = 4 
𝑦�Q is the fitted value; 
𝑦Q is the measured value for n times 

2 If two materials (𝑀A and 𝑀)) with areal densities 𝐴𝐷A and 𝐴𝐷) can both fully stop protons with energy of 𝐸. Their 
water equivalent areal densities are the same:  𝑊𝐸𝐴𝐷 = 𝑘A × 𝐴𝐷A and 𝑊𝐸𝐴𝐷 = 𝑘) × 𝐴𝐷), respectively. Then the 
weight efficiency of 𝑀A compare to the one of 𝑀) in percentage will be: 

𝛾 =
𝐴𝐷A −	𝐴𝐷)

𝐴𝐷)
× 100% =

𝑊𝐸𝐴𝐷/𝑘A − 	𝑊𝐸𝐴𝐷/𝑘) × 100%
𝑊𝐸𝐴𝐷/𝑘)

=
1/𝑘A − 	1/𝑘)

1/𝑘)
× 100% =

𝑘) − 𝑘A
𝑘A

× 100% 

 

(ii) Neutron Radiation 

From the neutron experimental setup, it was found that the neutrons detected by BF3 were from both 

the irradiated samples (SNsample) and the materials used in the setup (SNsetup) encountered by the 

incident radiation before reaching the sample. The samples not only generated SNsample, but also 

attenuated the SNsetup. Therefore, the readouts of sample group #4, which is the thickest group of all 

the samples, was considered suitable for evaluating secondary neutron generation. Samples in group 

#4 maximized the shielding of the SNsetup and contributed the most SNsample. Furthermore, in order 

to evaluate the SNsetup, the readout of the BF3 with no sample were also recorded and used as 

background signal. 

Three readouts of DIC and BF3 for each sample in group #4 at each energy level were recorded as 

shown in Table 19. The ratios of BF3/DIC and their averages were also calculated. Table 20 shows 

the average BF3/DIC ratio of background secondary neutron generation at two different range shifter 

position. 
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Table 19: Data for secondary neutron detection 

 DIC BF3 BF3/DIC Energy 
(MeV) DIC BF3 BF3/DIC Energy 

(MeV) DIC BF3 BF3/DIC Energy 
(MeV) 

Aluminum #4 

25810 258930 10.03 

101.46 

25798 217315 8.42 

81.45 

25703 190997 7.43 

65.95 
25652 258075 10.06 25520 215310 8.44 25401 189130 7.45 

25951 260991 10.06 25899 218056 8.42 25561 190180 7.44 

  10.05   8.43   7.44 

PMMA #4 

27071 261566 9.66 

101.46 

26240 208344 7.94 

78.63 

26196 190195 7.26 

65.95 
27060 260419 9.62 27176 214779 7.90 26234 189949 7.24 

27083 262023 9.67 27113 215363 7.94 26150 190162 7.27 

  9.65   7.93   7.26 

PMMA/MWCNT 
#4 

29594 282842 9.56 

101.46 

29180 228586 7.83 

78.66 

29654 212824 7.18 

65.95 
29648 282981 9.54 29202 229750 7.87 29104 208548 7.17 

29683 282697 9.52 29546 231806 7.85 29041 207624 7.15 

  9.54   7.85   7.16 

 

Table 20: Background measurements 

Range shifter position (0.01mm) Average  

200 9.80 

3800 7.43 

 

4.3 LINAC 

A linear particle accelerator (LINAC) is a type of particle accelerator that accelerates charged 

subatomic particles or ions to a high speed by subjecting them to a series of oscillating electric 

potentials along a linear beamline [228]. The medical-purpose LINAC machine, used in this 

research, is located at the Grand River hospital, Waterloo. It is capable of producing electron beam 

(up to 20 MeV) and photons (up to 15 MeV) for multiple purposes (Figure 43). Regarding electron 

radiation, electron source generated from accelerator is constrained to beam by electron applicator 

before reaching targets.  
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Figure 43: Scheme of LINAC [229] 

In our study, electron beam mode was used to simulate electron radiation in space. Energies of 

electron beam was set to be 9, 12, 16 and 20 MeV. 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.  

PMMA with 3wt% of MWCNT was selected for proton radiation shielding; therefore, the sample, 

PMMA/3wt%MWCNT, was chosen for further enhancement to shielding high energy electron 

radiations. As discussed in section 2.4.2, Bi2O3 in nanocomposite is expected to effectively attenuate 

electron beam. Therefore, the nanopowders were dispersed in PMMA/3wt%MWCNT to form new 

nanocomposite PMMA/2.1wt%MWCNT/30wt%Bi2O3. The same fabrication process was used as 

PMMA/3wt%MWCNT followed by the same hotpress and laser cut procedure to produce square 

shaped test specimens. Detailed electron radiation shielding experiment is discussed in chapter 6.  
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Chapter 5 PMMA/MWCNT Nanocomposite for Proton Radiation 

Shielding Applications 

5.1 Introduction 

For outer space activities, energetic-particle-radiation from GCR and solar particle events are one 

of the major concerns [230, 231]. The energies of the radiation particles are in the range of 

1MeV/nucleon to 10 GeV/ nucleon. About 80% of the GCR is comprised of highly energetic protons 

capable of having damaging effects on electronics and astronauts by energy deposition and atom 

displacement in the irradiated materials [6, 41, 232]. During manned missions, exposure to either 

long-term dose accumulation or short-term radiation may result in fatal health problems such as 

carcinogenesis, organ failure or even genetic mutation [233-237]. In order to protect the payloads 

and the astronauts from the adverse effects of particle radiation, a lightweight effective shielding 

layer incorporated as part of the structural material may be a solution for a successful space mission. 

In principle, materials with higher charge-to-mass ratio (Z/A) will be more efficient in absorbing 

energy from incident-charged particles through Coulomb interactions [12, 238]. In comparison with 

low-atomic-number (low-Z) materials, high-Z materials, such as aluminum alloys, that are heavier 

in weight achieve the shielding performance similar to that of low-Z materials. Hydrogen has the 

highest Z/A ratio, but pure hydrogen or even water is difficult to store and consequently adds to the 

overall launch cost. As a result, the use of pure hydrogen and water are limited in the space industry. 

However, the materials rich in hydrogen content, such as low-Z polymers, are considered good 

shielding materials against particle radiation [233, 238-240]. Compared with aluminum alloys, low-

Z polymers, such as PE and PMMA, are lower in mechanical strength, and electrical and thermal 

conductivity. Subsequently, numerous studies have investigated different types of polymer-based 

composites in order to find lightweight alternatives to aluminum alloys with acceptable strength and 

good performance against radiation [238, 241, 242]. Without significantly affecting the overall 

weight, nano/micro-sized fillers can be dispersed in the polymer matrix in improve mechanical 

strength, electrical properties, thermal properties, electromagnetic interference shielding, photon 

radiation shielding and neutron attenuation characteristics [243-250]. However, the addition of the 

fillers was found to have minimal impact on the radiation shielding efficiency of the polymer 

composites against charged particles [238, 251]. 

Moreover, radiation damage induced by secondary neutrons cannot be ignored. Compared to other 

ionizing radiation sources, the secondary neutrons are more difficult to shield because of their 
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electroneutrality. The nuclei of these high-Z materials have higher possibility to fragment upon 

energetic particle radiation and generate secondary radiation, which include neutrons, protons, 

electrons and even x-rays and γ-rays. The secondary radiation would induce additional radiation 

damage in addition to that from primary radiation [241]. Targeting methods that reduce the 

possibility of generating secondary neutrons could be more weight-efficient in reducing radiation 

induced damage. As a result, evaluation of shielding materials should also include the measurement 

of secondary radiation, especially the secondary neutrons. 

CNT has been demonstrated as efficient filler materials for enhancing the polymer’s mechanical 

strength, electrical and thermal conductivity and providing the function of electromagnetic shielding 

[252-255]. However, to the best of our knowledge, the role of CNT in reducing the generation of 

secondary neutrons upon interaction with high-energy particle radiation has not been documented. 

In comparison with SWCNT, MWCNT have better resistance to radiation. Carbon atoms of 

MWCNTs have a higher atom displacement threshold than those of SWCNT and the knocked-off 

carbon atoms can be quickly relocated to the neighboring wall, minimizing the structural damage 

[256]. The MWCNT also require less energy than SWCNT to break the van der Waals force within 

the CNT bundles, thus MWCNT can achieve better dispersion in the polymer matrix performing 

with better reinforcement effect [257, 258]. On the other hand, PMMA was chosen as polymer 

matrix for loading CNT because the composition of PMMA contains low-Z elements (carbon, 

hydrogen and oxygen) resulting in a lower possibility of secondary neutron generation. Furthermore, 

the performance of PMMA against radiation in space has been extensively studied [259-263]. Thus 

the focus of our research is on the shielding performance of the CNT. 

In this study, the PMMA/MWCNT nanocomposite was fabricated with 3 wt% of MWCNTs and 

the proton transmission and secondary neutron generation properties were evaluated under proton 

radiation with energy up to ∼80 MeV. The performance of the nanocomposite was also compared 

with that of pure PMMA and aluminum. Moreover, material properties of both pure PMMA and 

PMMA/MWCNT samples were investigated using TGA, DSC and a tensile strength tester. 

5.2 Methods  

PMMA/MWCNT nanocomposite was fabricated and the material properties were compared to 

those of the pure PMMA. Pure PMMA and aluminum were used as reference materials. The proton 

transmission properties of the three materials and the secondary neutron generation under proton 
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radiation were inspected in Canada’s national laboratory for particle and nuclear physics, 

Vancouver, BC, Canada. 

5.2.1 Fabrication  

PMMA/MWCNT samples were fabricated using melt-mixing and hot-pressing processes. PMMA 

powder (Sigma Aldrich, #182230) was, firstly, fed into the melt-mixer (Haake Rheocord 90) at 

200 °C forming a melt-flow of the polymer. Carboxyl functionalized MWCNT (MWCNT- COOH) 

(Nanostructured & Amorphous Materials, USA) were then added to the melt-mixer and mixed with 

PMMA for an hour. Functionalized MWCNTs were used to improve the dispersion quality of the 

MWCNTs in PMMA through increased interfacial bonding between the surface of the MWCNT-

COOH and the polymer chains. PMMA/MWCNT nanocomposites and pure PMMA pellets were 

then pressed into 3 mm thick individual sheets through a compression molding technique. Each of 

the samples was pressed at 180 °C under a pressure of about 1.6 MPa. Aluminum plates (McMaster-

Carr Supply Company, Al 1100, thickness of 1⁄4′′) were machined into a size of 4 × 4 cm for use 

as reference material in order to compare the shielding performance of the PMMA samples. Both 

pure PMMA and PMMA/MWCNT sheets were also machined into the dimensions equal to the 

aluminum samples. 

5.2.2 Characterization  

The fabricated PMMA and PMMA/MWCNT samples were characterized with TGA, DSC, and 

tensile strength measurement. The TGA of PMMA and PMMA/MWCNT were measured after the 

proton radiation test in order to inspect the radiation effects on the thermal stability of the materials. 

Another thermal property, the glass transition temperature of PMMA and its nanocomposite has 

been measured by DSC. Furthermore, in order to study the effects of any air trapped during material 

fabrication and the effects of radiation exposure on the samples, an environmental chamber was 

used to perform thermal cycling treatment on the irradiated and non-irradiated PMMA and the 

PMMA/MWCNT samples. 

TGA was performed on Q500 from TA instruments. The sample weight loss corresponding to the 

increase in the temperature (from 0 °C–800 °C) was monitored at a rate of 20 °C min−1. The TGA 

results of both the irradiated and non- irradiated PMMA and PMMA/MWCNT samples were 

evaluated and compared.  
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DSC was performed on Q2000 from TA instruments in order to measure the glass transition 

temperature (Tg). The heat flow change versus temperature change ranging from 25 °C–180 °C was 

recorded to measure the Tg. The temperature of the whole measurement process was first increased 

from 25 °C–180 °C with rate of 10 °C min−1 and then decreased from 180 °C–25 °C with rate of 

20 °C min−1. The pure PMMA and PMMA/MWCNT samples for the DSC test contained non-

irradiated samples, irradiated samples (middle portions of the square samples that proton beam 

transmitted), and a non-irradiated portion of the irradiated samples (corner portions of the square 

samples that were not on the prime proton beam direction). 

The tensile strengths of both the irradiated and non- irradiated pure PMMA and PMMA/MWCNT 

samples were measured with an Instron 5548 Micro Tester following the ASTM standard of D638-

10. Samples were prepared with the required shape and dimensions with a laser engraving system 

(universal Laser System VersaLASER 2.30). 

The environmental chamber from Cincinnati Sub-Zero Products Inc. can provide an environment 

with controllable temperature and humidity. Both of the pure PMMA and PMMA/MWCNT 

samples and both the irradiated and non- irradiated samples were placed in the chamber for thermal 

treatment: the temperature was increased from room temperature to 80 °C and the temperature was 

maintained at 80 °C for half an hour. The temperature was then increased to 180 °C with incremental 

temperature of 10 °C. At each temperature step, the temperature was also maintained for half an 

hour. The samples were monitored during the thermal treatment process so that any trapped air in 

the samples could be observed as air bubbles, especially at temperatures higher than the glass 

transition temperatures. 

5.2.3 Proton radiation tests and secondary neutrons monitoring  

The materials were tested for proton transmission, and secondary neutron generation. The 

experimental setup is illustrated in Figure 41. The proton transmission properties of the materials 

were characterized from the water-equivalent thicknesses (WETs) and water-equivalent areal 

densities (WEADs) of the samples [264]. Based on the concept of WETs and WEADs, the thickness 

and weight of different materials can be normalized to the thickness and weight of water for 

comparison. Moreover, the secondary neutrons generated during the proton radiation process were 

monitored by setting up a neutron detector in the back of the sample under test. 

As shown in the Figure 41, the range shifter (Lucite plates), and the sample were placed in between 

two ion chambers, diagnostic ion chamber (DIC) and backup ion chamber (BIC). The initial beam 
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energy was 105 MeV with proton intensity of 5 nA (flux = 2 × 108 protons cm−2 s−1) and spot size 

of 19 mm in diameter. Gradually we increased the thickness of the range shifter so that the energy 

of the protons bombarded on the sample decreased. At certain thickness of the range shifter, there 

were just no protons that penetrated through the sample. The difference between the water- 

equivalent thickness of the range shifter and the stopping range of the protons in water 

corresponding to the initial beam energy was the water-equivalent thickness of the sample. A 

detailed description about the experimental setup and procedure for measuring water-equivalent 

thickness can be found elsewhere [265]. Three materials (aluminum, PMMA and PMMA/MWCNT) 

with four different thicknesses of each material were prepared for the tests. Thickness information 

of all materials can be found in Table 21. 

Table 21: Sample thicknesses (in mm). 

Materials Aluminum PMMA PMMA/MWCNT 
Sample #1 6.24 9.10 9.08 
Sample #2 12.54 24.80 24.82 
Sample #3 18.86 34.02 34.30 
Sample #4 25.20 43.40 43.44 

In order to monitor the secondary neutron generation from the sample during the proton radiation 

process, a neutron detector (BF3) was placed behind the sample. During the neutron test, the initial 

beam energy of the protons was reduced from 105 to 65.95 MeV (energy can be fully stopped by 

samples) and 101.46 MeV (energy can be partially stopped by the samples) by adjusting the 

thickness of the range shifter. The secondary neutron production under the two circumstances can 

be compared. The thicknesses of aluminum, PMMA and PMMA/MWCNT for the neutron test were 

25.20, 43.40 and 43.44 mm, respectively. Each sample was irradiated with the two energies and the 

readouts of the DIC and BF3 were recorded. Because the setup in front of the sample also produced 

secondary neutrons, the readouts of the DIC and BF3 were also recorded when there was no sample 

placed and these data were noted as background data. When the sample was placed, it both 

attenuated the secondary neutrons from the setup and generated new secondary neutrons. The higher 

the secondary neutron attenuation and the lower the secondary neutron production, the lower the 

BF3/ DIC ratio. Thus, the BF3/DIC ratios of the samples gave an overall evaluation on both the 

neutron attenuation and generation ability. This setup would be conceptually similar to the 

environment in a real spacecraft: equipment protected by a layer of radiation shielding material. 
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5.3 Results and discussion  

5.3.1 Proton transmission characteristics  

Four water-equivalent thicknesses of each material (aluminum, pure PMMA and PMMA/MWCNT) 

were measured and calculated. According to the measured material densities and the water density, 

the thickness information was then converted to areal densities. The sample areal densities and the 

corresponding water-equivalent areal densities are given in Table 22. The maximum energies of 

protons that can be stopped by the samples are also provided. 

Table 22: Areal densities (ADs), water equivalent areal densities (WEADs) and maximum proton energies 

that can be stopped by the samples. 

 Aluminum PMMA PMMA/MWCNT 

Density (g/cm3) 2.698 1.194 1.204 

 #1 #2 #3 #4 #1 #2 #3 #4 #1 #2 #3 #4 

AD (g/cm2) 1.68 3.38 5.09 6.80 1.09 2.96 4.06 5.18 1.09 2.99 4.13 5.23 

WEADs (g/cm2) 1.30 2.61 3.95 5.27 1.05 2.84 3.89 4.95 1.04 2.82 3.93 4.95 

Maximum 
energies of 

protons that can 
be stopped by the 

samples 
(MeV) 

37.50 55.05 69.31 81.45 33.32 57.69 68.77 78.63 33.15 57.49 69.13 78.66 

Material areal densities versus corresponding water-equivalent thickness were found following a 

linear relationship as shown in Figure 44. When a line fitting was applied to the data points, the 

slopes of the fitted lines were 0.7744, 0.9564 and 0.9475 with root mean square (RMS) fitting errors 

of 0.0932, 0.0081 and 0.1207, for aluminum, PMMA and PMMA with 3wt% MWCNT, 

respectively. The points of PMMA and PMMA/MWCNT presented minor differences with each 

other and thus, it is considered that adding MWCNTs with 3 wt% would not affect the proton 

shielding properties of the PMMA matrix. Furthermore, the slope of the fitted line can be used to 

calculate the weight efficiency of the PMMA and PMMA/MWCNT compared with aluminum. Take 

PMMA for example, the slope of the PMMA line is kp = 0.9564 and the slope of aluminum is ka = 

0.7744. In order to stop protons with certain energy level E with corresponding water-equivalent 

areal densities of AD, the required areal density of aluminum will be AD/ka and the one for PMMA 

will be AD/kp. Such that the weight efficiency of PMMA over aluminum is calculated by: [(ka – 

kp)/kp] × 100%. And by doing the same calculation for PMMA/MWCNT, it can be found that 
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PMMA/MWCNT and PMMA are about 18%–19% lighter than aluminum for providing the 

equivalent proton shielding effectiveness as that obtained from aluminum. 

 

Figure 44: Areal densities of materials were normalized to water equivalent areal densities for comparison 

5.3.2 Secondary neutron generation  

The average ratio of BF3/DIC of background, aluminum, PMMA and PMMA/MWCNT were 

calculated and compared as shown in Figure 45. Both PMMA and PMMA/MWCNT samples 

clearly show a lower BF3/DIC ratio than the back-ground and aluminum, which means that by 

applying PMMA or PMMA nanocomposite as a shielding layer, the delivered secondary neutron to 

the equipment can be reduced. Furthermore, the BF3/DIC ratio for PMMA/MWCNT shows a lower 

value compared to that of pure PMMA. 

 

Figure 45: Secondary neutron generation ratios were compared under two incident proton energies of 

65.95MeV and 101.46 MeV. Neutrons generated by background were those from the setup in front of the 

sample. 
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In principle, a good shielding material should not only be able to attenuate the secondary neutrons 

generated by the metallic structural materials, but should have minimal generation of the secondary 

neutrons. This would require a smaller BF3/DIC ratio and furthermore, the ratio should be less than 

the ratio of the background at least. According to the neutron test results, one can speculate that the 

addition of MWCNT in PMMA either improves the neutron absorption ability or reduces the 

secondary neutron production of the polymer matrix; or enhances the both properties in the 

nanocomposite material. But in both ways, the addition of MWCNT presented a positive 

performance with regard to neutron shielding.  

5.3.3 Material properties and radiation-induced effects  

Figure 46 shows that the measured Tg temperatures from the DSC test of the pure PMMA and the 

PMMA/MWCNT composite are 101.22 °C and 111.20 °C, respectively. The MWCNT network in 

the PMMA matrix may have decreased the mobility of the PMMA polymer chain, which thus 

showed a ∼10°C increase in the Tg in comparison to that of pure PMMA. 

 

Figure 46: Glass transition temperatures of pure PMMA and PMMA/MWCNT using DSC technique. 

The TGA results of the non-irradiated materials, shown in Figure 47 indicate that the 

PMMA/MWCNT composite has better thermal stability than the pure PMMA. The solid lines 

present the remaining weight percentage against the chamber temperature; and the dashed lines 

show that the rate of weight loss corresponds to temperature change. The pure PMMA presented a 

peak of weight loss rate at 305 °C, indicative of an unstable state of the material, while no such peak 

can be observed for the PMMA/MWCNT. Considering the remaining weight-to-temperature 

change curves, the pure PMMA has lost 25% of the original weight at 317 °C, but the 

PMMA/MWCNT showed a weight loss of only 11% at the same temperature. 
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Figure 47: Thermal stability comparison between pure PMMA and PMMA/MWCNT samples. 

Furthermore, it is also found that the PMMA/MWCNT presented better radiation resistance with 

regard to the thermal stability maintenance. Figure 48 shows a comparison between the TGA curves 

of both the non-irradiated and proton-irradiated samples, which have been irradiated with maximum 

radiation dose (up to 600 Gy). The TGA curve of irradiated PMMA/ MWCNT has no obvious 

change when it is compared with the TGA curve of the non-irradiated sample. In contrast, the 25% 

weight loss temperature of the pure PMMA shows a 15 °C decrease after being irradiated. 

 

Figure 48: Thermal stability comparison among samples of both irradiated and non-irradiated pure PMMA 

and PMMA/MWCNT. 
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The tensile strength test results are given in Table 23. Before being irradiated, PMMA/MWCNT 

had a relatively lower tensile strength and elongation than those measured from pure PMMA. After 

irradiation, the tensile strength of pure PMMA maintained the same level with a 22.1% increase in 

elongation. While both the tensile strength and the elongation of the PMMA/MWCNT increased by 

11.4% and 76.7%, respectively, compared with the non-irradiated PMMA/MWCNT.  

Table 23: Tensile strength and elongation of both the non-irradiated and irradiated samples 

Materials Tensile strength (MPa) Elongation (%) 

Pure PMMA 
Non-irradiated 19.01 0.68 

Irradiated 19.09 0.83 
Difference <0.5% 22.1% increased 

PMMA/MWCNT 
Non-irradiated 17.83 0.43 

Irradiated 19.87 0.76 
Difference 11.4% increased 76.7% increased 

Several studies have been reported on radiation-induced chain scission and/or crosslinking effects 

in polymers, and PMMA degradation was usually dominated by the chain scission effects [260, 

266]. However, both these effects should decrease the elongation upon irradiation, in contrast to the 

elongations measured. Moreover, the delivered dose in the PMMA and PMMA/MWCNT samples 

during the whole radiation test was estimated to be not more than 600 Gy, while the reported 

radiation tolerance of PMMA was around 20 to 100 kGy [266]. Thus, the chain scission and 

crosslinking effects were less likely to have occurred in both the irradiated pure PMMA and 

PMMA/MWCNT samples. 

Based on the assumption that there were no significant crosslinking and chain scission effects in 

PMMA, the increase in the tensile strength of the PMMA/MWCNT samples was considered to have 

been contributed by the radiation-induced crosslinking between the MWCNT outer shells; 

neighboring MWCNT inner shells; and the MWCNTs and polymer chains [267].  

The tensile strength test results with regard to the elongation properties showed two phenomena: 1) 

pure PMMA presented higher elongation than its composite; 2) the proton radiation beam increased 

the elongation of both the pure PMMA and PMMA/MWCNT. Elongation of polymers can be 

related to the mobility of the polymer chain. Higher elongation of the polymer implies a higher 

mobility of the polymer chains. The addition of filler materials could decrease the chain mobility. 

Thus, the first phenomenon can result from the addition of MWCNTs as filler materials. While the 

second phenomenon is considered to be the result of entrapped air removal by the transmitted 

protons. 
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Air trapping happens very often during the melt-mixing process without vacuuming equipment. The 

trapped air in the form of microbubbles can be considered as the structural defects that limit the 

tensile strength. When high-energy protons transmitted the samples, the trapped air was ionized or 

escaped from the polymer matrix. Moreover, the effective cross-section area of the sample was also 

increased due to the elimination of the trapped air. As a result, the tensile strength of the samples 

increased after proton radiation. The increase in the effective cross-section area also increased the 

tensile strength of the irradiated samples. 

In order to inspect for the existence of trapped air and the elimination of the trapped air after the 

proton test, thermal treatment was performed on both the non-irradiated and irradiated pure PMMA 

and PMMA/MWCNT samples. The pictures of the samples after thermal treatment are shown in 

Figure 49. Both the pure PMMA samples before and after proton radiation were transparent and no 

visible changes were observed under 25 °C before thermal treatment. Both the non- irradiated and 

irradiated PMMA samples were smooth-surface finished with no shape change. However, all the 

samples resulted in deformation of the samples along with trapped air in the form of bubbles within 

the samples: treated at temperatures of 130-160 °C and 170-180 °C. 

 

Figure 49: Samples before and after thermal treatment. The background grid has a unit size of 5 x 5 mm. 

The temperatures denote the temperature range in which the samples appeared. 

For the non-irradiated pure PMMA, the samples showed uniformly distributed bubbles at 130 °C 

and the bubble density increased with time and temperature until 160 °C. When the temperature 

was increased to 170 °C, the speed of bubble generation became much faster and the samples 

appeared to expand in size. The size of the sample expanded to about 5.5 × 5.5 cm from its original 

size of 4 × 4 cm after the thermal treatment. On the other hand, the irradiated pure PMMA also 
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showed bubbles at 130 °C and an accelerated generation of bubbles at 170 °C. But in the irradiated 

portion in the center of the sample there appeared far less bubbles (less-bubble zone) compared to 

the edges of the samples. The final size after thermal expansion after the thermal treatment was also 

smaller than the non-irradiated pure PMMA, but still expanded to 5 × 5cm from its original size of 

4 × 4cm. 

In contrast, the PMMA/MWCNT of both irradiated and non-irradiated samples presented less 

expansion in size and less bubbles appeared. The irradiated PMMA/MWCNT did not show the less-

bubble zone as the one presented by the irradiated pure PMMA. The irradiated PMMA/MWCNT 

showed even smaller deformation, less bubbles and almost no size change compared with the non-

irradiated samples. From the results of the thermal treatment, it is firstly considered that this 

treatment proved the existence of trapped air in the samples as part of the fabrication process. 

Second, the trapped air ionized or escaped from the polymer matrix during the proton radiation tests. 

We therefore confirmed that the existence of trapped air generated a large volume of invisible voids 

and decreased the effective cross-sectional area, which induced low elongation and low tensile 

strength. Due to the elimination of the trapped air by proton radiation, structural defects were 

reduced along with an increase in the effective cross-sectional area. Thus, the irradiated samples 

showed higher tensile strength and larger elongation. However, if one considers the minor tensile 

strength difference of the pure PMMA before and after being irradiated, the effects of the trapped 

air mainly affect the elongation of the material. 

One may speculate that the trapped air could be ionized by the incident high-energy protons 

resulting in the formation of oxygen and nitrogen ions within the air pocket trapped within the 

PMMA or PMMA/MWCNT matrix [268], which could further form nitric oxide upon interaction 

with the PMMA polymer chains [269]. The process of ionizing trapped air and forming nitric oxide, 

subsequently reduces the volume of the voids in the irradiated region which were then observed as 

the reduction in the air bubbles after the thermal cycling tests. 

5.4 Conclusion  

The radiation test showed that both the pure PMMA and PMMA/MWCNT have about 18%–19% 

more weight reduction than aluminum for proton shielding, although adding MWCNT showed no 

obvious effects for enhancing the weight efficiency. The secondary neutron results proved that 

PMMA generated 2.4%–4% less secondary neutrons than aluminum when exposed to high-energy 
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proton radiation, and more importantly, the addition of MWCNT to PMMA further reduced the 

neutron generation, which is 3.8%–5.1% less than aluminum.  

According to the TGA and DSC analysis, the MWCNT loading of 3 wt% can enhance the thermal 

stability compared with the pure polymer. The loaded MWCNT interacted with the PMMA polymer 

matrix decreasing the mobility of the polymer chain and resulting in an increase in the glass 

transition temperature. When the PMMA/MWCNT samples were irradiated with protons, 

crosslinking might have been introduced among the MWCNT outer shells, between neighboring 

MWCNT inner shells, and between the MWCNT and polymer chains, which increased the tensile 

strength of the proton-irradiated PMMA/MWCNT samples.  

Both the irradiated and non-irradiated pure PMMA and PMMA/MWCNT were thermally treated 

by heating them to 180 °C. The thermally treated samples became foam-like in appearance and 

demonstrated that air was trapped during the fabrication process forming invisible micro-voids, but 

the trapped air was eliminated when they were exposed to high- energy proton radiation. This was 

considered to be due to the ionization effect of air under high-energy proton radiation. Furthermore, 

the loading of the 3 wt% MWCNT also showed less visual deformation and material expansion 

under a high- temperature environment. We, therefore, conclude that MWCNT can be used as an 

effective filler material for polymer reinforcement, especially for radiation shielding applications in 

outer space missions. 
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Chapter 6 Electron Radiation Shielding Test 

6.1 Introduction 

The radiation environment in space consists of trapped radiation belts, cosmic rays, and solar 

energetic particles which is extremely hazardous to the health of astronauts and the electronics 

components in the spacecraft. Currently, most spaceflight missions are still around the Earth, such 

as the low-Earth-orbit (LEO), and the shielding provided by the Earth’s magnetic field is capable 

of deflecting the major high-energy electron radiation that causes biomedical effects. However, 

future human space missions will extend to Moon base, a near-Earth object (NEO), habitations on 

Mars and even outer space. During such missions,  electron radiation is one of the hazardous cosmic 

radiations, with energies up to tens of MeV, and capable of inducing carcinogenic effects in manned 

missions and/or serious damage to the spacecraft structural material and electronics components 

[270-274].  

In order to maintain the normal operation of spacecraft electronics and to protect the health of 

astronauts in manned missions, relatively high atomic-number (Z) material, such as aluminum (Al), 

is typically used for radiation shielding owing to its high mechanical strength, low-cost and reliable 

fabrication process [275, 276]. However, its shielding effectiveness against high-energy electron 

radiation is limited by the lack in adequate shielding of the secondary bremsstrahlung photons that 

are produced by inelastic collisions of the electron radiation with the atomic nucleus of Al [277, 

278]. Thus, to ensure the safety of personnel, more heavy material will be required for shielding, 

resulting in heavier payload and increasing mission cost and adversely affecting the mission 

duration due to more fuel consumption.  

Alternatively, polymers which are usually composed of low-Z elements (such as hydrogen) with a 

weight advantage compared to metallic materials but capable of attenuating cosmic radiations 

without the massive production of secondary radiations, are potential materials for space radiation 

shielding applications [239]. Pure polymers may not be effective shielding materials against high 

energy electron radiation due to their low atomic number compounds when compared to the metal 

counterparts. However, the reinforcement of polymers with nanomaterials can result in 

improvements in the electron shielding properties of the nanocomposite materials compared to Al 

[238, 241, 265].  
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The utilization of nanomaterials is one of the current trends in the aerospace industry. In recent 

studies, some groups have reported advantages of carbon-based nanomaterials (such as carbon 

nanotubes) as shielding materials against ionizing radiations [279-284]. For example, the thermal 

conductivity of multi-walled carbon nanotubes (MWCNT) can be retained even after electron beam 

irradiation (energy of 1.25 MeV and flux of 2.3 × 1023 e/cm2) at temperature of 373 K [281]. Other 

studies have reported negligible deformations of MWCNT including radiation induced formation 

of interstitial clusters and marginal shrinkage of inner carbon walls [281, 283]. By adding MWCNT 

into polymer matrix, compared to pure polymer, tensile strength of nanocomposite is able to be 

enhanced along with thermal stability due to formation of crosslinking sites and hindering effect 

under electron irradiation [285]. It indicates that MWCNT is able to stabilize thermal and 

mechanical properties of nanocomposite under electron beam irradiation. In addition, studies 

investigating the potential of  polymer composites for photon radiation shielding has shown that 

bismuth oxide (Bi2O3) has promising ability as nanomaterial reinforcement of polymers [286-288] 

and has also been demonstrated as safe alternative to lead (Pb) which is extremely toxic [286, 287]. 

Regarding shielding gamma radiation with energies lower than 2 MeV, Bi2O3 provides predominate 

function in polyester resin composites with uniform distribution [288]. However, as of yet, it has 

not been reported to use Bi2O3 as high energy radiation absorption and/or shielding material for 

space applications. 

Our group had previously reported that poly (methyl methacrylate) (PMMA) with three weight 

percentage (wt%) MWCNT nanocomposite (PMMA/MWCNT), compared to Al, was lighter, cost-

effective, and a promising material to shield high energy proton radiations in outer space [284]. In 

this study, we hypothesize that a hybrid nanocomposite including MWCNTs and high-Z 

nanoparticles dispersed in PMMA (PMMA/MWCNT/Bi2O3) can effectively attenuate electron 

beams with energies of 9 to 20 MeV similar to those reported for outer space [274, 289]. The 

PMMA/MWCNT/Bi2O3 nanocomposite has been characterized using thermogravimetric Analysis 

(TGA), differential scanning calorimetry (DSC) and scanning electron microscope (SEM) and the 

attenuation properties under electron beams have been investigated. Advantages of 

PMMA/MWCNT/Bi2O3 nanocomposite have been discussed and compared with Al, pure PMMA 

and our previously developed PMMA/MWCNT nanocomposite. 
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6.2 Methods 

PMMA with 2.1 wt% MWCNT and 30 wt% Bi2O3 nanocomposites (PMMA/MWCNT/Bi2O3) were 

fabricated, and its material properties such as thermal decomposition, glass transition temperature 

and dispersion were characterized. Pure PMMA, PMMA/MWCNT and aluminum were used as 

reference materials.   

6.2.1 Fabrication 

Research grade PMMA powders (Sigma-Aldrich, #182230), MWCNT (Nanostructured & 

Amorphous Materials, -COOH, 95+%, OD 10-20 nm) and Bi2O3 nanoparticles (Sigma-Aldrich, 

#202827) were used for the fabrication and tests. Melt mixer (Haake Rheocord 90) and hot press 

instrument were used for fabrication of pure PMMA, PMMA/MWCNT, and 

PMMA/MWCNT/Bi2O3 nanocomposite. PMMA powder (micron-sized particles) were heated and 

melted at 200°C in the mixer followed by addition of 3 wt% of MWCNT. Subsequently, 30 wt% of 

Bi2O3 nanoparticles was added to the molten mixture. PMMA samples were then loaded into the 

hot press at 180 °C and pressure of 1.6 MPa; the press is used for molding thermoplastics into solid 

squares 30 ×  30 cm2. As shown in Figure 50, pure PMMA, PMMA/MWCNT and 

PMMA/MWCNT/Bi2O3 were cut into 3.5 × 3.5 cm plates by laser cutter (VLS 2.30, Universal laser 

systems).  

 
                                                   (a)                                      (b)                                       (c)  

Figure 50: (a) Pure PMMA, (b) PMMA/MWCNT, (c) PMMA/MWCNT/Bi2O3 

6.2.2 Characterization Studies  

Pure PMMA, PMMA/MWCNT and PMMA/MWCNT/Bi2O3 samples were characterized with 

TGA, DSC and SEM. All those samples were measured before and after electron beam irradiation 

in order to determine radiation effects on the thermal properties and/or any visible morphological 

changes in the materials.  
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TGA apparatus was used to identify components and thermal degradation process of materials with 

programmed temperature. The test temperature was set as increasing from room temperature to 

800 °C with ramp of 20 °C/min under nitrogen environment in TA instrument Q500. Weight of 

materials were monitored in real time to compare the thermal degradation as a function of increase 

in temperature.  

DSC is an important method to measure the glass transition temperatures (Tg) of polymer materials. 

Samples were tested in a sealed chamber in TA Q2000 under 25 °C to 180 °C at ramp rate of 

10 °C/minute followed by decreasing rate of 20 °C/minute from 180 °C to room temperature. Heat 

transition through samples over raising temperature can be plotted to analyze modified Tg in 

composite compared to pure polymer. 

Moreover, SEM images were acquired using Zeiss Ultra plus SEM. Samples were coated with a 

thin layer of gold (20 nm) to improve image quality. Surface microstructure of nanocomposites 

were evaluated at a magnitude of 12kX.  

6.2.3 Electron Beam Attenuation Test 

Figure 51 shows the setup of the electron beam irradiation of the sample materials. All 

measurements were done using a Clinac® 21EX System machine at the Grand River Regional 

Cancer Centre (Kitchener, ON, Canada). 100 monitor unit (MU) at a dose rate of 1000 MU/min was 

delivered for this work. A 6 × 6 cm2 electron cone applicator with 3 cm diameter lead cut-out insert 

was used for the electron beam irradiation. Pure PMMA (reference material), PMMA/MWCNT 

(nanocomposite), PMMA/MWCNT/Bi2O3 (nanocomposite) and Al (reference material) were used 

to study the electron beam attenuation characteristics for electron beam energies of 9, 12, 16 and 20 

MeV. The samples were placed at a distance of 110 cm from the electron radiation source. An 

ionization chamber (Farmer chamber), positioned underneath the sample, was used to measure the 

transmitted electrons through the sample. An ion chamber reading without the sample in place was 

first taken as a baseline reading. For purposes of this study, the ion chamber reading can be denoted 

as Ct when a sample is placed between the source and the chamber reading, C0 when there is no 

sample in place. Then the relative electron attenuation (%) of the samples can be calculated as: η = 

((C0-Ct)/C0)	×100. The attenuation results are plotted as a function of areal density (𝐴) derived from 

the product of mass density (𝜌) and thickness (𝑡) of the material (𝐴 = 𝜌 × 𝑡). Comparison between 

nanocomposites and reference materials were made to determine the radiation shielding advantages 

in nanocomposites. 
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Figure 51: Electron irradiation test setup  

6.3 Results and discussion 

Characterization results of materials are analyzed in this section. Electron beam test results show 

the potential capability of electron shielding and thermal enhancement of PMMA/MWCNT/Bi2O3 

nanocomposite compared to reference materials.  

6.3.1 Material characterization 

The TGA results is shown in Figure 52. The first 2% weight loss of all materials can be considered 

as removal of contaminants during the degassing process followed by a plateau and subsequently 

starts to drop around 210 °C with increasing temperature. Based on the TGA data, 98% of total 

weight of PMMA/MWCNT is left at 237 °C, the starting temperature for material decomposition 

(initial decomposition temperature) which is 27 °C higher than that of pure PMMA (210°C). 

Moreover, the nanocomposite with Bi2O3 nanoparticles showed significant thermal stability 

improvement such that the initial decomposition temperature (278 °C) is about 68 °C (about 32.4%) 

higher than that of the pure PMMA. This is caused by the homogenously distributed MWCNT in 

polymer matrix restrained the degradation of PMMA chains during pyrolysis [290-292].  Compared 

to the non-irradiated samples, the initial decomposition temperature of electron beam irradiated 

samples (PMMA: 211°C, PMMA/MWCNT: 235°C, PMMA/MWCNT/Bi2O3: 276°C) differed by 

only less than 1%, which suggests that irradiated samples (PMMA: 210 °C, PMMA/MWCNT: 

237 °C, PMMA/MWCNT/Bi2O3: 278 °C) maintain their thermal properties. 
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Figure 52: TGA data of samples before and after electron radiation 

On the other hand, about 33 wt% and 3 wt% of residual material of PMMA/MWCNT/Bi2O3 and 

PMMA/MWCNT, respectively, remained when temperature increased above 425°C. For pure 

PMMA, almost no residual was found at temperatures >425°C; the polymer was totally decomposed. 

Since the nanomaterials (Bi2O3 and MWCNT) are highly heat resistant, the residual weight 

percentages (33 wt% and 3 wt%) precisely indicate the original weight percentages of MWCNT 

and Bi2O3 in PMMA/MWCNT/Bi2O3 and MWCNTs in PMMA/MWCNT. 

DSC data of both electron-beam irradiated and non-irradiated materials are shown in Figure 53. 

Both nanomaterials, MWCNT and Bi2O3, largely improve the Tg of pure PMMA. 

PMMA/MWCNT/Bi2O3 nanocomposite has considerably higher Tg: 13.3% and 3.5% than pure 

PMMA and PMMA/MWCNT, respectively. It is evident that the nano-fillers can potentially 

enhance the working temperature range of the nanocomposites making them ideal candidates for 

space applications. For example, 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 [293]. Post radiation, Tg of 

PMMA and nanocomposites dropped less than 1 °C. This minor change may be caused by 

minimal/low interaction of the high-energy electrons with the samples such that the thermal 

properties remained unaltered [294]. In conclusion, these results indicate that the polymer 

nanocomposite with Bi2O3 nanoparticles is a promising shielding material for space applications. 
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Figure 53: DSC data of samples before and after electron radiation 

SEM images of PMMA/MWCNT/Bi2O3 before and after electron beam irradiation are shown in Fig 

5. The uniformly distributed spherical particles, in Figure 54, represent Bi2O3 nanoparticles 

surrounded by bright web-like structure of the MWCNTs. No sign of aggregation of MWCNT is 

observed in all images, demonstrating uniform dispersion of nanomaterials in the PMMA matrix. 

The SEM images of PMMA/MWCNT/Bi2O3 cross-sections before and after electron beam 

irradiation show no obvious deformations including radiation induced polymer matrix degradation 

that can lead to exposure and aggregation of MWCNT [225, 295]. 
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Figure 54: SEM images of PMMA/MWCNT/Bi2O3 nanocomposites before (A and C) and after (B and D) e-beam 

irradiation test. 

6.3.2 Electron Beam Attenuation Test 

Transmission characteristics for five different areal densities (0.58 g/cm2, 1.00 g/cm2, 1.44 g/cm2, 

3.60 g/cm2, and 6.43 g/cm2) of each sample irradiated at four different electron beam energies (9, 

12, 16 and 20 MeV) were measured. The percentage attenuation characteristics for each of the four 

energies are shown in Figure 55. As the electron beam energy increases from 9 to 20 MeV, more 

materials (higher areal density) for each sample were required to attenuate the electron beam. The 

overall trend of materials was found to be similar for all energies. However, the 

PMMA/MWCNT/Bi2O3 nanocomposite shows better shielding properties than the other materials 

for any given areal density. That is for a given amount of material, the nanocomposite shielded 

better than Al, and require less material comparison to the Al to achieve equivalent electron 

shielding performance.  
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Figure 55: Percentage attenuation of all materials at (A) 9 MeV, (B) 12 MeV, (C) 16 MeV, and (D) 20 MeV 

For each of the areal densities, the percentage attenuation behavior was plotted as a function of 

increasing energy (Figure 56). For all areal densities, the PMMA/MWCNT/Bi2O3 nanocomposite 

showed advantages over Al. At areal densities <3.6 g/cm2 (Figure 56 A, B and C), compared to 

areal density of 3.6 and 6.43 g/cm2, PMMA/MWCNT/Bi2O3 showed higher attenuation advantage 

(>= 5%) over Al at all the energies used in this study. Regarding areal density of 6.43 g/cm2, 

PMMA/MWCNT/Bi2O3 nanocomposite shows attenuation advantages at higher electron beam 

energies (16 and 20 MeV). At lower energies (9 and 12 MeV), all materials reach the same 

attenuation characteristics. 
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Figure 56: Percentage Attenuation as a function of energy at areal density of (A) 0.58 g/cm2, (B) 1.00 g/cm2, 

(C) 1.44 g/cm2, (D) 3.60 g/cm2 and (E) 6.43 g/cm2 

Higher resolution of electron attenuation of all materials at 9 MeV electron beam has been carried 

out to precisely investigate electron shielding mechanism. The percentage attenuation 

characteristics of all the materials using 9 MeV electron beam irradiation are shown in Figure 57 as 

a function of the material areal density. The areal density is indicative of the weight required for 

each of the materials. The percentage attenuation characteristic of PMMA/MWCNT nanocomposite 

is similar to the control sample (PMMA). However, at areal densities less than 1 g/cm2, there seem 

to be relatively slight weight-advantage compared to the control samples. Apparently, the 

PMMA/MWCNT/Bi2O3 nanocomposite shows higher attenuation of electron beam compared to Al 

at lower areal densities. In other words, for the same percentage attenuation, a lighter 

PMMA/MWCNT/Bi2O3 nanocomposite will be required compared to Al for electron beam 

exposures of 9 MeV. For example, at 94% attenuation under 9 MeV electron beam, the 

PMMA/MWCNT/Bi2O3 nanocomposite was about 33.33% lighter than Al. Of all the materials, the 

PMMA/MWCNT/Bi2O3 nanocomposite was found to be the lightest for given exposure. 
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Figure 57: Percentage attenuation of all materials at 9 MeV 

However, clearly, electron radiation cannot be 100% attenuated due to secondary radiations, such 

as bremsstrahlung photons and Auger electrons, generated by the interactions between instant 

electron beam and shielding materials and other components in setup [241]. For instance, under 

electron radiation with energy of 9 MeV, maximum electron attenuation of 98% for all shielding 

materials was approached at areal density of ~3.3 g/cm2 which is denoted as saturated point of areal 

density (as shown in Figure 57). As a result, adding thickness of shielding materials after saturated 

point will not improve attenuation percentage. Besides, continuous slowing down approximation 

(CSDA) range of Al and PMMA (5.33 and 4.67 g/cm2 at 9 MeV electron beam respectively) 

suggests, after 3.6 g/cm2, few existing instant electrons may contribute the transmitted radiations 

[132].  

The attenuation characteristics of all the materials as a function of different areal densities and 

energies shows that the PMMA/MWCNT/Bi2O3 nanocomposite would be much lighter material 

than Al for electron radiation shielding (as illustrated in Table 24 and Table 25). At electron beam 

attenuation of 90%, the nanocomposite was found to have at least 27% or higher weight advantage 

in comparison to that of Al for all energies (see Table 24). The shielding characteristics (in 

percentage attenuation w.r.t air) of the nanocomposite (PMMA/MWCNT/Bi2O3) was found to be 

better than Al for all energies, especially at lower areal densities.  
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Table 24: Weight advantage with respect to Al for beam attenuation of 90% for all energies 

Energy 
(MeV) 

Weight advantage w.r.t Al at 90% e-beam attenuation 

Areal density advantages of nanocomposite compared to Al 
(g/cm2) 

Percentage weight 
reduction (%) 

9 0.38 38.30 
12 0.66 40.00 
16 0.87 27.62 
20 1.66 30.02 

Table 25: Percentage attenuation calculated at different areal densities for each electron beam energy. 

Areal Density (g/cm2) Material 9 MeV (%) 12 MeV (%) 16 MeV (%) 20 MeV (%) 

0.57 
Nanocomposite 89.33 83.31 74.25 63.62 

Al 85.35 77.69 67.04 55.18 

1.00 
Nanocomposite 94.13 90.29 84.08 76.08 

Al 90.15 84.47 75.84 65.52 

1.44 
Nanocomposite 95.75 92.58 87.47 80.66 

Al 93.71 89.36 82.75 74.22 

3.60 
Nanocomposite 98.88 97.22 93.94 89.73 

Al 98.81 95.94 91.88 86.67 

6.43 
Nanocomposite 98.99 98.14 96.14 92.70 

Al 98.96 98.09 95.73 91.55 

As the result of this work has shown and discussed, for all electron energies (9 to 20 MeV), the 

attenuation characteristics as a function of areal density for all materials reaches a saturated point at 

higher areal densities, such as 3.3 g/cm2 for 9 MeV electron beam. 

6.4 Conclusion 

In space applications, Al constructed units used for protecting radiation-sensitive components from 

charged space radiations, such as electrons, will open the way for innovative material with light-

weight advantage. The present research has demonstrated that Bi2O3 added nanocomposite 

possesses greater than 27% weight advantage compared to Al under electron beam radiation 

energies ranging from 9 to 20 MeV at 90% electron attenuation. The weight advantage of 

nanocomposite is showing higher value (38.3% and 40%) at lower electron beam energies (9 and 

12 MeV); however, it is found that nanocomposite has no weight advantage if areal density of 

shielding materials reaches saturated point. For instance, all materials with areal density greater than 

3.3 g/cm2 can achieve the same 98% electron attenuation under 9 MeV electron beam energy. 

Besides that, for all electron beam energies, PMMA/MWCNT/Bi2O3 nanocomposite contributes 

electron attenuation advantage over Al and higher advantage is observed while less material mass 

is required for attenuation by electron beam. Based on characterization results, thermal stability 
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(TGA and DSC) of PMMA is considerably improved by addition of uniformly dispersed MWCNT 

and Bi2O3 nanoparticles. This work has indicated that PMMA/MWCNT/Bi2O3 nanocomposite is 

promising in aerospace applications. Associating with our previous study, a multilayer design with 

the two nanocomposites (PMMA/MWCNT and PMMA/MWCNT/Bi2O3) can potentially be 

developed to shield both high energy proton and electron radiations in future research.  

  



 92 

Chapter 7 Multifunctional Structure for Space Radiation Shielding 

7.1 Introduction 

Space radiation shielding technology has been developed for several decades in human history and 

opened great opportunities to explore our extensive universe. In recent year, numerous space 

applications vastly sprout out around the world, especially for long term journey to Mars. Obviously, 

the long journey will require more astronauts, payloads and space radiation shield on spacecraft in 

the future. Conventional space radiation shielding materials, such as aluminum, HDPE and water, 

can barely support future missions due to low ratio of shielding effectiveness and cost. One efficient 

method to reduce the cost is applying light-weight materials to replace heavily equipped radiation 

shield. 

Distinct researches have been conducted to investigate applicable light-weight structures in space 

mission [296]. Xindi Li’s group has reported that polyethylene associated with Al can accomplish 

6% weight reduction compared to pure Al when shielding GCR [23]. Based on a research from 

NASA, hydrogen (5wt%) crafted boron nitride nanotube itself has about 33% weight reduction over 

Al under simulated GCR environment [297]. However, the unstable hydrogen in nanotube and 

affected mechanical strength of nanostructure will limit its application [298]. Other elements such 

as carbon have been investigated when exposed to GCR [299]. Even though, it is still a challenge 

to form a structural radiation shielding part to replace conventional Al structure on spacecraft.   

As discussed in some studies, multilayer design for space radiation shielding shows a popular trend 

in modern space missions [299-301]. This is the result of complex and extreme hazardous space 

radiation environment that can hardly be shielded by a single material. In the multilayer design, 

each part of multilayers contributes specific function to protect payloads on spacecraft. Meanwhile, 

each layer should be able to associate with other components. As a result, this is concluded as an 

approach to a multifunctional structure with excellent radiation shielding, thermal and mechanical 

properties for space application. 

CFRP honeycomb panel is commonly used structural components in space applications due to its 

high mechanical strength and thermal properties. However, its physical properties are highly 

dependent on the carbon fiber and epoxy embedded in. Under harmful high energy space radiations, 

carbon fibre in the structure can merely survive, which will result in significant failure in space 

missions. Based on our previous study on proton radiation shielding test, hydrogen rich polymer 

PMMA based nanocomposite PMMA/3wt%MWCNT has achieved about 18% weight reduction 



 93 

(radiation shielding effectiveness) and 3-5% less secondary neutrons over reference material (Al) 

under the same proton radiation setup. In addition of 30 wt% Bi2O3 nanoparticles, compared to Al, 

the results indicate that PMMA/MWCNT/Bi2O3 nanocomposite possesses 27%-40% weight 

advantage at 90% electron beam attenuation. The advantage of nanocomposite varies from different 

electron energies. Besides, the saturated attenuation points were introduced, which can be reached 

when areal densities increase until minor electron beam attenuation advantage achieved for all 

materials.  

Adopting radiation shielding advantages of the nanocomposite onto CFRP honeycomb structure 

will largely improve overall properties of the structure. Therefore, a polymer-based multifunctional 

nanocomposite coated CFRP honeycomb structure has been developed in this research. In this 

chapter, bulk fabrication processes were tested and evaluated followed by optimization process of 

nanocomposite based on previous studies and simulation results. At the end, a well-designed final 

prototype has been illustrated. 

7.2 Improved Fabrication Process 

PMMA is a well-developed polymeric material and it has been used extensively for space 

applications melt mixing method which has been elaborately described in studies [175]. Two of the 

efficient methods using twin screw extruder and double armed planetary mixer have been illustrated 

in section 3.1.2 and 3.1.3. In our previous studies, melt mixing process was used to produce PMMA, 

PMMA/MWCNT and PMMA/MWCNT/Bi2O3 nanocomposites. To fabricate adequate amount of 

nanocomposite as radiation shielding layer on CFRP structure, the scaled-up industrial methods are 

analyzed in this section. Characterization were carried out to evaluate samples quality produced by 

the methods, and the outstanding equipment was selected for further bulk fabrication. 

7.2.1 Fabrication Methods 

(i) Twin-screw Extruder 

As introduced in section 3.1.2, extruder is an efficient way for bulk fabrication of polymer-based 

nanocomposites. The set up parameters on the twin screw extruder for our samples are shown in 

Table 11 [307]. In Figure 58, zone 1 is closest to feeding area, and zone 5 is the end of the mixing 

zones. To avoid any accidental blocking polymers at the beginning, the temperature of zone 1 (170 

°C) should be close to the melting point of our polymer. On the other hand, according to the 

thermogravimetric analysis of PMMA (Figure 37), serious degradation would happen when the 
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temperature reaches over 225 °C, thus the maximum mixing temperature was set as 200 °C to obtain 

fluid viscosity in zone 2-4. 

 

Figure 58: Coperion ZSK 25mm Extruder 

(ii) Double Planetary Mixer 

PMMA is a thermoplastic polymer which can be melted to fluid above 160 ºC in the double 

planetary mixer. Interacted with nanomaterial, MWCNT, polymer chains can be open to form 

nanocomposite with sufficient mixing time and speed. A vacuum system will effectively erase the 

entrapped air or contaminant in the melted nanocomposite during mixing process. The mixing speed 

and time for nanocomposite are variable, and the ideal recipe was tested and finalized [308, 309]: 

Step 1 Feed a quantity of PMMA powders with certain percentage of MWCNT into the tank  

Step 2 Heat up the tank to 220 ºC 

Step 3 Start up the agitators with sufficient rotation speeds (8 Hz) 

Step 4 Apply vacuum during mixing 

Step 5 Keep mixing process for 2 hours 

Step 6 Unload the well mixed nanocomposite 

7.2.2 Characterization and Results 

To evaluate dispersion quality of nanofillers in nanocomposites, tensile strength test was applied to 

measure tensile modulus followed by thermal conductivity test and other characterization. Testing 

results of pure PMMA and PMMA with 3wt% MWCNT fabricated by the two different methods 

have been analyzed, and the method produces higher quality samples is selected for bulk fabrication.  
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(i) Tensile Strength Test 

Tensile strength test was applied on nanocomposite made by both fabrication methods. As shown 

in Figure 59, compared to extruded samples, tensile modulus of melt mixer samples, PMMA and 

PMMA/3wt%WMCNT is showing about 100% and 134% advantage respectively, which indicates 

better resistance to stress deformation. The lower modulus of materials fabricated by twin-screw 

extruder may be caused by high shear force in extruder during fabrication process. The high shear 

force method is helpful to efficiently disperse nanofillers into polymers; however, it induces 

crosslink breakage and chain scission among polymer chains [310-312]. On the other hand, less 

uniformity of nanocomposite may be ascribed to aggregation of nanofillers [313]. Moreover, while 

increasing shear rate in twin-screw extruder, entrapped air and thermal degradation, which results 

in decrease in mechanical strength, may form and occur in composites [314]. 

 

Figure 59: Tensile modulus of PMMA and PMMA/3wt%MWCNT fabricated by two methods 

(ii) Thermal Conductivity  

The apparatus for thermal conductivity measurement was assembled by Microelectronics Heat 

Transfer Laboratory from University of Waterloo followed by ASTM D5470-95 standard (section 

3.2.6). The results of extruded PMMA and PMMA with 3wt% MWCNTs nanocomposite have been 

listed in Table 26. Compared to melt mixer fabricated samples, thermal conductivity of extruded 

nanocomposite has around 40% decrease, but thermal conductivity of pure PMMA has about 30% 

improvement. Jinho Hong et al. reported that higher thermal conductivity in nanocomposite 

indicates better dispersion quality of MWCNT [315]. Using melt mixer has achieved 357.8% 

improvement compared to PMMA, but only 104.5% for extruded nanocomposite. 
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Table 26: Thermal Conductivity Results 

 Extruder fabricated Melt mixer fabricated 

Materials PMMA PMMA/MWCNT 
(3wt%) PMMA PMMA/MWCNT (3wt%) 

Thermal conductivity 
(W/K-m) 0.178 0.364 0.137 0.627 

Improvement 
compared to PMMA -- 104.5% -- 357.8% 

 

(iii) TGA 

Figure 60 shows weight percentage changes of the extruder fabricated PMMA (blue) and PMMA 

with 3wt% MWCNTs (blue dash). Complete thermal degradation of pure PMMA occurred at 

460 °C and with the incorporation of 3wt% MWCNT, the complete degradation temperature was 

found to be almost the same as pure PMMA. Moreover, the degradation beginning point is 225 °C 

for pure PMMA, but it is about 250 °C for nanocomposites, which achieved about 11% 

improvement. Besides, the weight reduction of pure PMMA progress faster than PMMA/MWCNT 

at temperature below 375 °C. Compared to melt mixer fabricated PMMA with 3wt% MWCNT 

(green dash), extruded nanocomposite (blue dash) is slightly more stable below 250 °C. However, 

it degrades dramatically above 280 °C. Extruded PMMA/MWCNT completes degradation at 460 °C, 

which is about 20 °C higher than melt mixer fabricated nanocomposite. Samples produced from 

both fabrication methods have not shown significant diversity. 

 

Figure 60: Weight loss rate in TGA between extruded PMMA and nanocomposite 
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(iv) FTIR 

FTIR was used to investigate interactions between MWCNT and PMMA polymer chain in 

nanocomposites made by the two fabrication processes. As shown in Figure 61 left, both 

nanocomposites have shown intensity changes in the range of 500 to 1500 cm-1 results in the 

formation the linkages between carbon and PMMA. Around 987 and 750 cm-1, increased density 

with respect to both nanocomposites has shown additional C atoms in PMMA polymer chain [167, 

316]. To further evaluate the bonds in PMMA/MWCNT nanocomposites, samples were repeatedly 

washed by dichloromethane in ultracentrifuge (150,000 RPM). The precipitation was extracted for 

FTIR test. Plotted in Figure 61, rather than extruder fabricated samples, melt mixer made 

nanocomposite still possesses peaks of PMMA, such as 1730 cm-1 [317-319]. This indicates 

stronger interactions between PMMA and MWCNT functional groups detected in the samples. 

 

Figure 61: FTIR of samples from the two fabrication processes (left) and repeatedly washed samples and 

pure PMMA (right) 

7.2.3 Summary 

PMMA, and its nanocomposite were fabricated, characterized and analyzed to compare the two 

fabrication methods (twin-screw extruder and double planetary mixer). The conclusions have been 

pointed below: 

• Tensile modulus of the planetary mixer made PMMA/MWCNT showed ~134% advantages 

compared to the samples fabricated using extruder which implies some inter polymer chain 

and cross-linking broken after high sheer force extrusion. 
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• Thermal conductivity of melt mixer fabricated PMMA/MWCNT was found to be almost 

twice of extruded nanocomposite.  

• Regarding the TGA results, PMMA/MWCNT nanocomposite has the same degradation 

starting at 250 °C as the that obtained from melt mixed sample, which means samples from 

both methods possess close upper limit of decomposition temperature.  

• FTIR spectra of both fabricated nanocomposites have shown the same but more intense 

peaks representing to the specific function groups of pure PMMA. In addition, Samples 

from melt mixer illustrates residual PMMA after washed by solvent. In another word, a 

stronger interfacial bonding was found in PMMA/MWCNT nanocomposites fabricated 

from the melt mixer. 

Therefore, because of the better performance on mechanical property, thermal conductivity and 

interaction between MWCNT and PMMA, double planetary mixer with vacuum system is ideal for 

bulk fabrication to produce multifunctional nanocomposite as radiation shielding layer in the further 

study.  

7.3 Optimization of Multifunctional Nanocomposite 

7.3.1 Thermal Expansion 

Thermal properties of materials used in space applications matter drastically. Besides thermal 

conductivity and stability, thermal expansion of materials is another concern in space mission. The 

majority of solids with positive thermal expansion expands when heated due to the anharmonic 

nature of chemical bond potential [320]. Changes in shape or volume of materials occur in response 

to a change in temperature. This is the common phenomenon of thermal expansion [321]. In space 

applications, low thermal expansion materials are expected when they are exposed to a wide range 

of working temperature such as -100 to 130 °C since large-scale change on structure materials will 

cause significant deformation for jointing multilayer materials. De-bonding at interface occurs when 

large difference in coefficient of thermal expansion (CTE) of layered materials involved. This is 

caused by high thermal stress generated by the layered structures [322].  

As listed in Table 27, aluminum, which is the mostly used material in space, has a linear coefficients 

of thermal expansion (CTE, α) around 2.2×10-5 cm/cm/°C at 20 °C [323]. In CFRP honeycomb 

panel, Al honeycomb can be well-bonded with CFRP sheets due to the similar CTE of the two 

materials. Regarding PMMA and CFRP, after cooling down of the bonding process, breaks and 
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cracks may spread all over the CFRP layer. This phenomenon was considered caused by the 

coefficients of thermal expansion (CTE, α) difference between polymer and CFRP, which brought 

about a bonding difficulty of the two layers.  

Table 27: CTE of different materials [324] 

CTE (10-5 cm-cm/°C) 
PMMA 6.0 

MWCNT -0.5 
CFRP 0.3-3.6 

Al 2.3 

As listed in Table 27, compared to Al, PMMA has almost three times CTE of Al. Due to the current 

MWCNT loading is relatively low in PMMA/MWCNT nanocomposite, which has only 3wt% 

MWCNT, CTE of nanocomposite is relatively high compared to CFRP. While in carbon fiber 

dominated CFRP, it shows fiber direction linear CTE of 0.3 to 3.6 with different fibers and resins 

[325]. Directly adoption of our previously developed nanocomposites as radiation shielding layer 

bonding on CFRP surface has been conducted. Volume change of PMMA/MWCNT panel was 

predicted to occur after the temperature goes up and down during thermal cycling. Significant 

deformations of CFRP layers including extensive cracks/delamination was observed (Figure 62). 

As a result, CTE of nanocomposite needs to be reduced so that it is close to that of CFRP. 

 

Figure 62: Delaminated CFRP surface caused by thermal stress between CFRP and PMMA after thermal 

cycling. 

Without altering current material types, one practical way is increasing MWCNT weight percentage 

up to around 30% in PMMA/MWCNT nanocomposite to pull down the average CTE [26]. Wang 

et al. experimentally demonstrated that graphene oxide-filled composites could be tuned to low 

thermal expansion coefficient and improved thermal conductivity by adding graphene oxide weight 
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percentage [326]. Liu further proved that the CTE of SWCNT/PMMA composite would be even 

reduced below 1´10-5 cm-cm/°C if SWCNT content was increased over 15 wt% [26]. Moreover, it 

is reported PMMA with 15wt% MWCNT can reach CTE of 3.0 ´ 10-5 cm-cm/°C which is close to 

that of aluminum (2.3 10-5 cm-cm/°C) and CFRP (0.3-3.6 10-5 cm-cm/°C) [26]. K.P. Pramoda et al. 

have shown 23% reduction of CTE in PMMA nanocomposite by adding only 5wt% graphite 

nanocomposites due to large part of temperature dependent movement of polymer chain has been 

controlled by CNT [327]. To reduce CTE of nanocomposite and improve bonding properties, 

optimization was implemented to increase weight percentages of MWCNT from 5 to 20 wt% in 

nanocomposites.  

7.3.2 Characterization and Results 

(i) Radiation Shielding 

Undoubtedly, radiation shielding effectiveness of nanocomposite will be affected by altering 

concentrations of MWCNT. According to the simulation results by SRIM, areal densities of Al, 

PMMA and PMMA/3wt%MWCNT were calculated to fully stop the proton energies between 30 

and 90 MeV (Figure 63). Compared to our previous proton radiation shielding experiment, minor 

difference (about 2-3%) was found in SRIM for PMMA and PMMA/3wt%MWCNT. As a result, 

SRIM was applied to simulate areal densities of PMMA/MWCNT nanocomposites with various 

MWCNT weight percentages at relatively lower proton stopping energies (≤80MeV). As shown in 

Figure 64 and Table 28, relationship of areal density and proton stopping energy of all materials 

were simulated by SRIM. Compared to PMMA/3wt%MWCNT, PMMA with higher weight 

percentages of MWCNT is showing slightly less weight advantage over Al. Regarding 

PMMA/20wt%MWCNT, it is 20.9% less in weight compared to Al at proton energy of 100 MeV. 

The results indicate that PMMA/MWCNT nanocomposite is still a promising material for proton 

radiation shielding even loaded with higher percentages (increased to 20wt%) of MWCNT.  
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Figure 63: Comparison of SRIM and TRIUMF experimental results. 

 

Figure 64: Relationship between areal densities of materials and proton stropping energy. 

Table 28: Weight reduction of different percentages loaded PMMA/MWCNT nanocomposites compared to 

aluminum at proton energy of 100 MeV. 

wt% of MWCNT 0 3 5 10 15 20 

Density (g/cm3) 1.194 1.204 1.216 1.244 1.273 1.303 

Weight reduction 
compared to Al 22.4% 22.2% 22.0% 21.7% 21.3% 20.9% 

(ii) DSC 

Besides radiation shielding effectiveness, working temperature of nanocomposite is another crucial 

factor for coating layer design. Thermal expansion of materials will ascend dramatically when 

temperature goes above Tg of nanocomposite and increase linearly when below it. Therefore, Tg of 

nanocomposite is a critical point (working temperature). DSC is an important method to investigate 
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the glass transition temperatures of nanocomposites with increased MWCNT weight percentages 

(5-20wt%). 

Figure 65 shows the results of all tested samples. All nanocomposites have achieved different 

improvement of glass transition temperature compared to pure PMMA (111 °C). 

PMMA/20wt%MWCNT has highest Tg of 117 °C similar to PMMA/15wt%MWCNT, which has 

shown 5.4% improvement. As shown in Figure 66, which plots the relationship between Tg and 

weight percentage of MWCNT in nanocomposite, no significant enhancement after increasing 

MWCNT content above 10wt% is observed. Some other studies illustrate the similar results may be 

caused by uneven distribution of MWCNT in nanocomposite [328, 329]. As discussed by Sophie 

Barrau, Tg of polymer composites increases linearly with wt% of fillers which follows Fox equation 

[330]. However, PMMA/20wt%MWCNT shows a threshold; therefore, PMMA/15wt%MWCNT is 

a proper nanocomposite with enhanced Tg and CTE.   

  

Figure 65: DSC Test on Nanocomposites. 
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Figure 66: Increased Tg with various MWCNT weight percentages in PMMA matrix. 

7.3.3 Summary 

Increasing MWCNT weight percentage is an effective way to reduce coefficient of thermal 

expansion of PMMA based nanocomposite. According to the paper from Liu et al., thermal 

expansion rate can be reduced by increasing weight percentage of CNT in polymers [26]. The 

dimension change rate has been decreased to 0.5% at 130 ºC with 15wt% of CNT loaded 

nanocomposite which is similar to samples with 20 wt% CNT added sample. Regarding proton 

radiation shielding effectiveness and working temperature of nanocomposites, increasing weight 

percentages of MWCNT induces linearly descending shielding property and ascending Tg within 

PMMA nanocomposites. On the other hand, by increasing percentage of MWCNT in polymer 

matrix, thermal properties including thermal conductivity and stability of nanocomposites will be 

improved correspondingly. In conclusion, 15wt% is an optimal concentration for MWCNT in 

nanocomposite to contribute enhanced physical properties and radiation shielding effectiveness. 

7.4 Radiation Shielding Layer Design 

Based on the previous results, PMMA/15wt%MWCNT with reduced CTE, enhanced Tg, thermal 

conductivity and stability was carried out as multifunctional radiation shielding layer. CTE 

mismatches and other factors must be considered carefully to ensure steady multilayer structure. In 

this section, the nanocomposite was fabricated to be bonded on the surface of CFRP honeycomb 

penal followed by a thermal cycling test to evaluate the modified CTE of nanocomposite and the 

bonding strength. In Figure 67, one of SEM images of PMMA/15wt%MWCNT is illustrated. Due 

to the high concentration of MWCNT, it is showing conductive carbon more than PMMA polymers. 
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Based on the results, a prototype was designed and the final product, multifunctional nanocomposite 

coated CFRP honeycomb structure, was produced and displaced.  

 

Figure 67: SEM image of PMMA/15wt%MWCNT 

7.4.1 Bonding Method 

Several methods of bonding CFRP with nanocomposites, such as epoxy bonded system, near-

surface mounted system and plasma improved adhesive bonding, have been studied [331-333]. Due 

to the large scale in this research, epoxy bonding method was considered. Couple of epoxy bonding 

methods were tested to bond PMMA and PMMA/MWCNT onto CFRP. Details have been listed in 

Table 29. 

Table 29: Bonding Methods 

Bonding Methods Summary 

Using RS-3 as adhesive to 
bond CFRP and polymers 

The degassing of RS-3 makes the bonding strength 
extremely weak, and some bubbles observed in cured 

adhesive 
Using FM300-2 as adhesive to 

bond CFRP and polymers 
It shows high bonding strength and durability after 

thermal cycling test. 
Bonding polymers with CFRP 

by hot melting 
The bonding is too weak, and CFRP can fall off without 

peel off force 

Curing CFRP with polymers The bonding is too weak, and CFRP can fall off without 
peel off force 

The related properties of FM 300-2 are listed in Table 30. Based on the tests, FM 300-2 film 

adhesive with CTE of 1-2 ´ 10-5 cm-cm/°C from Cytec performed best for bonding between 

nanocomposite and CFRP honeycomb after thermal cycling. Similar thermal conductivity of the 

multifunctional nanocomposite (0.627 W/K-m) indicates that FM300-2 is functional to transfer heat 

to CFRP. Besides, high working temperature and low outgassing properties have proven to be 
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suitable for this project [122]. Bonding with FM 300-2 involves (i) heating the samples up to 121 

°C within 30 mins; and (ii) maintain at 121 °C for another 90 mins with pressure of 0.1 MPa. To 

evaluate bonding property between nanocomposite, adhesive and CFRP, pull-off bonding test 

(section 3.2.8) associated with thermal cycling (section 3.2.4) were implemented in the subsequent 

sections.  

Table 30: Basic Properties of FM 300-2 film adhesive 

Outgassing 
properties 

Total mass loss 0.77% 
Collected volatile condensable 

materials 0.02% 

Curing temperature 121 °C 
Glass transition temperature 143 °C 

Thermal conductivity 0.381 W/K-m 

Coefficient of thermal expansion 1-2 ´ 10-5 cm-cm/°C 

Regarding nanocomposite, melt mixer made PMMA/15wt%MWCNT were molded into 6 cm x 6 

cm shape with different patterns on the bottom where was then used to bond with CFRP honeycomb 

surface. Regarding the patterns, first of all, it was designed to allow adhesive film (FM300-2U) has 

enough space to flow during curing process. Secondly, due to thermal stress between different 

materials, this process will lead us to determine the optimal size of nanocomposite that can maintain 

the bonding strength at extreme temperatures (-170 °C and 130 °C). Figure 68 shows 1 cm x 1 cm 

and 1.5 cm x 1.5 cm patterns on each 6 cm x 6 cm nanocomposite. The Figure 69 shows four 6 cm 

x 6 cm nanocomposites with two 1 cm x 1 cm patterned at the bottom accompanied by two 1.5 cm 

x 1.5 cm patterned samples on the top and are ready for thermal cycling test. Adhesive film, FM300-

2U, with thickness of 0.13 mm was used to bond samples onto surface of CFRP honeycomb panel.  

 

Figure 68: Patterns Made on the Bonding Surface of Nanocomposite 
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Figure 69: Bonded Nanocomposite on CFRP Honeycomb Panel 

7.4.2 Characterization and Results 

Thermal cycling test was applied on the previously bonded panel to investigate the mechanism 

between different bonded materials followed by bonding strength test on the nanocomposite before 

and after thermal cycling.  

(i) Thermal Cycling 

As shown in Figure 70, thermal stress induced deformation occurred due to greater CTE of 

nanocomposite than CFRP. However, ordered cracks (mostly square and rectangular shapes) on two 

1 cm x 1 cm patterned nanocomposite after one thermal cycle was clearly observed. Bonding of two 

pieces at the bottom survived after 10 thermal cycles (Figure 70). However, the two samples on the 

top lost bonding strength after 3 thermal cycles. Based on the cracks on the two survived samples 

during thermal cycling test, edge length of each small piece was measured. In Figure 71, distribution 

of edges with various lengths is shown. It is found that edges with length around 2 cm predominates 

on the bonded nanocomposite after thermal cycling. This size provides enough space for adhesive 

film to breathe during curing and reduced thermal stress during vastly temperature change that 

greatly reduces degree of deformation during thermal cycles. As a result, 2 cm ´ 2 cm squared 

contact surface of nanocomposite was produced for further pull-off bonding strength test. 
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Figure 70: Frosted sample after 10 thermal cycles 

 

Figure 71: Area Distribution of Cracking Pieces 

(ii) Bonding Strength 

Based on the thermal cycling test, pull-off bonding strength test was applied on 2 cm ´ 2 cm 

PMMA/15wt%MWCNT nanocomposite samples before and after thermal cycling test. The results 

have been shown in Table 31. It was observed that, after pulling off, the failure layer happened on 

adhesive film before thermal cycling, which indicates that bonding strength of adhesive is weaker 

than interior mechanical strength of nanocomposite and CFRP. After thermal cycling, noticeably, 

bonding strength decreases about 26% and the failure part took place between CFRP and adhesive. 

Invisible channeling and substrate damage may occur, which is caused by the thermal stress between 

adhesive film and CFRP during thermal cycling [334].  
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Table 31: Bonding strength test 

 Before thermal 
cycling Failure part After thermal 

cycling Failure part 

Averaged bonding strength 
between nanocomposite and 

CFRP (MPa) 
2.27 Between adhesive 

and nanocomposite 1.68 Between adhesive 
and CFRP 

Averaged bonding strength 
between CFRP and Al 

honeycomb (MPa) 
2.45 FM 300-2 Adhesive 

film and CFRP 2.25 
FM 300-2 

Adhesive film 
and CFRP 

Bonding strength on CFRP honeycomb is shown in Table 31. Compared to bonding strength 

between CFRP and honeycomb (2.45 MPa) before 10 thermal cycles, CFRP honeycomb has shown 

lower bonding strength of 2.25 MPa after that. Both test illustrates failure layer happened on FM 

300-2 Adhesive film and CFRP lamination. In other words, bonding strength between CFRP and 

nanocomposite is similar to the strength between CFRP and Al honeycomb. 

The results suggest that (i) nanocomposite can maintain mechanical strength before and after 

thermal cycling; (ii) distinct CTE between layers can cause more deformations such as delamination 

on CFRP than nanocomposite; (iii) Epoxy adhesive has achieved proper bonding so that the 

multilayered structure will not suffer severe mechanical failure before and after thermal cycling. 

Herein, method of adhering multifunctional nanocomposite (2 cm ´ 2 cm) onto CFRP honeycomb 

structure with FM 300-2 was adopted to produce a prototype in our lab.  

7.4.3 Prototype Design 

Aluminum is a conventional structural material widely used in space industry, and aluminum-

equivalent areal density is often used to scale radiation shielding capability on spacecraft such as 

ISS [335]. According to NASA's report, for radiation shielding, the minimum aluminum-equivalent 

areal densities range from 2 to 5 g/cm2 on the ISS [336]. Thus, as shown in Figure 64, relationship 

between areal density of material and stopping energy for proton radiation has been presented and 

applied in this section. A prototype based on our experiment data was designed to compare with Al 

used in space applications.  

First of all, in our previous study on electron radiation shielding, under the same electron beam 

energy, the same radiation shielding effectiveness was found when areal densities of all materials 

increase to a certain point (saturated point). In order to further investigate saturated points and 

weight advantages of our nanocomposite under various electron beam energies, the fitted curves are 

plotted in Figure 72, based on the experimental results shown in Figure 55 for all materials. The 

fitted curves for 9 MeV electron beam in Figure 72 are compared with experimental data plotted in 
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Figure 57 to identify the accuracy of the nonlinear fitting method. First order differential of the 

fitted curves of nanocomposite (PMMA/MWCNT) and Al are calculated to find the saturated points 

due to the largest difference between the nanocomposite and Al. 

∆𝐷 = 𝑓=T� (𝑥) − 𝑓VMVUPU��U�OQS� (𝑥) 

When the difference (∆𝐷) merges to 0.2, saturated points are then determined for each energy, and 

that of 3.36 g/cm2 is found for the 9MeV fitted curves. Compared to experimental data (3.3 g/cm2), 

minor difference of 1.8% indicates calculation of the fit curve is reliable. Thus, fit curves of the 

other three electron energies are implemented with the same method. A noticeable phenomenon 

was found that the maximum attenuation percentages at saturated points (Figure 72) decreases 

accordingly when primary electron beam energy increases from 9 to 20 MeV. In other words, 

greater quantity of transmitted instant electrons and secondary radiations can be detected when 

shielding higher energies of electron radiation. Moreover, saturated points as a function of electron 

energies are illustrated in Figure 73. The linear relationship between them is presented, but electron 

energy of 9 MeV is showing slightly drifting from the other points. Potentially, this plot is able to 

be applied to predict saturated areal densities for electron radiation shielding at other electron 

energies than the four measured in this study. 

 

Figure 72: Fit curves for electron energies of 9, 12, 16 and 20 MeV vs. areal density of all materials 
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Figure 73: Saturated areal density vs. electron energy  

According to the relationship of electron attenuation and areal densities plotted in Figure 72, the 

maximum weight advantages of PMMA/MWCNT/Bi2O3 are found and listed in Table 32. The 

attenuation characteristics of all the materials as a function of different areal densities and energies 

shows that the PMMA/MWCNT/Bi2O3 nanocomposite would be much lighter (about 37% lighter 

regardless of electron energy) material than Al for electron radiation shielding. For example, at 

electron energy of 9 MeV, the nanocomposite is found to have maximum 37.49% weight advantage 

in comparison with Al at electron beam attenuation of 90%, which is found to be the best shielding 

characteristics of the nanocomposite (PMMA/MWCNT/Bi2O3) for all measured energies. Moreover, 

it is adverted that attenuation percentages at the greatest weight advantages of nanocomposite 

decrease accordingly when the primary electron beam energy goes up, which has a similar trend as 

the maximum attenuation percentages at the saturated points. The results and analysis of this work 

can be a design criterion for electron radiation shielding.  

Table 32: Weight advantage with respect to Al for all energies 

After that, a prototype was developed in our lab based on the results discussed above. Depending 

on the experiment and simulation results, a range of areal densities of materials and corresponding 

proton stopping energy are presented in Figure 74. As simulated, aluminum-equivalent areal 

Electron energy 

(MeV) 

Maximum percentage 

weight reduction (%) 

Areal density of nanocomposite at 

the max weight reduction (g/cm2) 

Attenuation at the 

greatest weight advantage 

9 37.49 0.61776 90% 

12 36.34 0.76769 87% 

16 36.16 0.58903 75% 

20 36.30 0.76862 70% 
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densities range from 2 to 5 g/cm2 is able to fully stop proton energy of 40.7 to 68 MeV. To provide 

sufficient protection for carbon fibres in CFRP, CFRP honeycomb is considered to contribute zero 

radiation shielding effectiveness. Accordingly, areal densities (1.65-4.21 g/cm2) of nanocomposite 

with CFRP honeycomb (0.223 g/cm2), which is considered not to contribute any radiation shielding 

effectiveness, have been calculated (0.223 g/cm2 has been added on areal density of 

PMMA/15wt%MWCNT) as blue line in Figure 74 based the plots in Figure 64. Therefore, the 

weight reduction of nanocomposite protected CFRP honeycomb structure over Al increases from 

9.12% to 16.32% when proton radiation energy raised from 40.7 to 68 MeV. In literature review, 

as shown in Figure 5, 40.7 MeV proton has the similar flux as that of 4 MeV electron in LEO. 

Consequently, as plotted in Figure 73, maximum electron attenuation has been reached (saturated 

point) with areal density of 1.65 g/cm2 when shielding 4 MeV electron. As indicated in Figure 74, 

nanocomposite with areal density of 1.65 g/cm2 is equivalent to Al areal density of 2.08 g/cm2, 

which exceeds the minimum radiation shielding requirement on ISS [336]. Thus, to protect potential 

payloads on spacecraft from those hazardous proton and electron radiations, multifunctional 

PMMA/15wt%MWCNT nanocomposite with areal density of 1.65 g/cm2 was designed to be coated 

on 100 cm × 60 cm CFRP honeycomb structure. Compared to Al, weight reduction of 9.12% has 

been achieved in the multifunctional structure (multifunctional nanocomposite + CFRP 

honeycomb). 

 

Figure 74: Areal density vs. proton stopping energy.  

According to thermal cycling and bonding strength tests results, nanocomposites were molded into 

2 cm ´ 2 cm square shaped coupons by following the molding process described in section 3.1.5. 

After that, those nanocomposites were tiled onto CFRP honeycomb panel with FM300-2U adhesive 
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film between. About 1 mm gap between each piece of nanocomposite (2 cm ´ 2 cm square) and 

rounded corner were designed to decrease thermal stress and increase the lifetime of the 

multifunctional structure. To minimize ionizing particle penetration from those gaps, squared 

nanocomposites with about 0.34 cm thickness were layered up to 1.37 cm (areal density 1.65 g/cm2) 

with 1 cm dislocation between each layer. The basic idea is showing in Figure 75. Eventually, the 

final prototype is shown in Figure 76. 

 

Figure 75: Design of tiled up nanocomposite with thickness of 1.2 cm 

 

Figure 76: 100 cm × 60 cm multifunctional nanocomposite protected CFRP honeycomb structure  
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Chapter 8 Conclusions and Recommendation for Future Studies 

8.1 Conclusion 

Currently applied materials in space applications are still limited by the insufficient shielding 

effectiveness, low functions to weight ratio, high-cost, and difficulties of manufacturing and 

handling. Till date, several composites, most common one being the CFRP, have been used in space 

missions to reduce the overall weight without reducing mechanical properties compared to metallic 

materials such as Al. Through reviewing varies of nanotechnologies for novel material designs, the 

concept of polymer-based nanocomposites is found suitable for developing required space radiation 

shielding due to the ease of tuning material properties by applying nanofillers. Carbon nanotubes 

and bismuth oxide nanoparticles were finally targeted to be the candidate nanomaterials to be used 

as the nanofillers providing multifunctional reinforcement in polymer matrix due to their superior 

comprehensive material properties. Developed nanocomposites were evaluated by radiation 

shielding tests and characterization to clarify their properties and potentials. The optimization of 

multifunctional nanocomposite was carried out to cohere and work simultaneously with CFRP 

honeycomb structure. The major contributions of this thesis are summarized here: 

According to literature review, PMMA, MWCNT and Bi2O3 were found to be a suitable polymer 

matrix and nanofillers for bulk fabrication of nanocomposite as proton and electron radiation 

shielding. First of all, PMMA/MWCNT nanocomposites with three different MWCNT loadings (1, 

3 and 5 wt%) were fabricated for characterization. Tensile strength was measured for all the samples 

and the strength order was found: PMMA/MWCNT(3wt%)-31.65MPa > PMMA/MWCNT(5wt%)-

26.41MPa > PMMA/MWCNT(1wt%)-21.58MPa. Furthermore, thermal stability was extensively 

studied using TGA apparatus for a wide range of temperatures (20 to 800 °C). It is found that the 

temperature of thermal decomposition was observed about 25% higher for nanocomposites with 3 

and 5 wt% MWCNT compared to PMMA and PMMA/1wt% MWCNT. According to the measured 

properties, PMMA with 3wt% of MWCNT loading was prepared for proton radiation shielding test 

(TRIUMF) and further characterization.  

Regarding proton radiation shielding test, four different thicknesses of nanocomposite, control 

sample (PMMA) and Al were irradiated under four proton energies within the range of 0 to 105 

MeV. The corresponding water equivalent areal densities of each sample were measured and 

calculated for comparison of proton stopping efficiency. The results show that the nanocomposite 

and the control sample are 18.89% to 19.89% and 17.86% to 18.71% lighter than Al in weight 
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respectively to fully stop incident protons at the same energy. Besides that, secondary neutron 

generation of all materials with four different thicknesses was measured during the proton shielding 

tests. The ratio of the neutron generated around irradiated samples and the proton fluence were 

recorded. These data were then used to compare the secondary neutron generation of each material. 

PMMA/MWCNT (3wt%) demonstrates 3.76 to 5.07% less secondary neutron generation when 

compared to that of Al at proton energies from 65 to 101 MeV. However, pure PMMA just shows 

2.42% to 3.98% less secondary neutron generation when compared to Al at the same proton energy 

range. It is proved that MWCNT in polymer matrix is able to reduce secondary neutron generation 

or absorb more neutrons than PMMA matrix. 

For electron shielding, 30wt% of Bi2O3 nanoparticles were added into 3wt% MWCNT loaded 

PMMA nanocomposite, which is formerly tested as proton radiation shield, to form a 

nanocomposite of PMMA/MWCNT/Bi2O3. The percentage attenuation characteristics at each of 

the four electron beam energies (9, 12, 16 and 20 MeV) for five areal densities (0.576, 1, 1.44, 3.6, 

and 6.426) of the nanocomposite were found to be higher than those of the Al. It is interesting to 

note that all materials (pure polymer, nanocomposites and Al) showed similar attenuation 

characteristics at very high areal densities (saturated points). The phenomenon indicates that the 

same weight advantage represented for every material over another at high areal densities due to 

few transmitted primary and secondary radiations. At electron attenuation of 90%, overall weight 

reduction of at least 27% have been achieved for the PMMA/MWCNT/Bi2O3 nanocomposite 

compared to Al.  

Regarding scaled-up fabrication of the multifunctional nanocomposites, material properties of 

nanocomposites fabricated by two commonly used industrial fabrication processes, twin-screw 

extruder and double planetary mixer, was investigated. It is obvious that twin-screw extruder can 

decrease mechanical strength and thermal conductivity of polymer matrix and its nanocomposite 

since the exceedingly high shear force during mixing process. Therefore, double planetary mixer 

with less shear force and vacuum system had been used to produce the multifunctional radiation 

shielding layer. 

Previous work and current problem had been reviewed, and a guideline for further optimization, 

fabrication and characterization was presented. Due to the high thermal expansion coefficient of 

PMMA (6×10-5 cm-cm/°C), PMMA nanocomposites loaded with various weight percentages of 

MWCNT (5wt% to 20wt%) were designed to optimize the thermal properties. Based on the data 

from NASA’s report, radiation shielding experiment results from TRIUMF were used to compare 
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with SRIM software simulation results to reveal the reliable capability of simulation. According to 

the DSC results, PMMA/15wt%MWCNT is an ideal candidate due to its high glass transition 

temperature and relatively low thermal expansion. 

Characterization including thermal cycling tests and bonding strength tests have been implemented 

on the nanocomposites coated CFRP honeycomb structure. Bonding strength test results show about 

26% reduced strength for samples after thermal cycling since the thermal stress between different 

layers, nanocomposite, adhesive and CFRP. However, the bonding strength remained between 

nanocomposite and CFRP surface. Based on the results, nanocomposites with 2 cm x 2 cm square 

shape were fabricated by designed mixing and molding process. Moreover, according to our proton 

and electron radiation shielding test results and the simulated results were adopted and evaluated to 

design areal density of the units of multifunctional nanocomposite for space radiation shielding 

applications. Eventually, adequate nanocomposite was fabricated to assemble a prototype, a 100 cm 

× 60 cm multifunctional CFRP honeycomb panel.  

8.2 Future Work 

The work conducted in this thesis has concluded an approach to fabricate and evaluate scaled-up 

light-weight radiation shielding structure. It is highly promising to transfer it into industrial or 

commercial product. Herein, some unfinished research and unexplored possibilities are listed here: 

• Reduced secondary neutron radiation: Boron (10B) rich materials have been proven the ideal 

fillers for thermal neutron absorption with secondary radiation of gamma rays. With high 

thermal conductivity and negative CTE, boron nitride (BN) nanosheet is a promising 

candidate for the future research. It is believed that, by adding certain wt% of BN nanosheet, 

dispersion quality of 15wt%MWCNT in PMMA matrix will be further improved [149]. The 

new nanocomposite has to associate with another outer layer of nanocomposite with high-

Z material, such as Bi2O3, which is able to slow fast neutron down to thermal neutron.  

• Bonding with CFRP: By adding extra nanomaterial with negative CTE into nanocomposite 

will largely benefit reduction of overall CTE of radiation shielding layer. Therefore, the 

bonding strength between nanocomposite and CFRP honeycomb is expected to be 

improved before and after thermal cycling. 

• Massive radiation shielding simulation: Based on the results of our experiment data, 

simulations such as FLUKA can be carried out to evaluate shielding properties in various 
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radiation environment. Improved radiation shielding layers design may be induced 

accordingly.  

• CFRP honeycomb structure enhancement: Nowadays, space applications have attracted 

more attentions to develop innovative CFRP involved structures. CFRP honeycomb 

structure modified with radiation shielding nanocomposite can considerably enhance its 

overall properties for space missions.  
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Appendix Outgassing Test 

(i) Preparation and Process of Outgassing Test 

Outgassing test of our samples was finished in an outgassing facility at Integrity Testing Laboratory, 

which is capable to achieve reliable data based on ASTM E595. PMMA and PMMA with 3wt% 

MWCNT nanocomposite were dried in vacuum oven and prepared with diameters of 1.5 to 3.0 mm 

(shown in Figure 77). Each material was split into 4 groups, which were loaded into different 

specimen boats (shown in Figure 78). 

 

Figure 77: PMMA and Nanocomposite 

 

Figure 78: Outgassing Test Setup 
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The testing process took about 4 days and the details have been listed below: 

1. The samples were small enough to place into the Al boats that, in turn, must fit into the 

specimen compartments of the copper heating bar.  

2. The specimens were placed into the Al boats prepared for outgassing according to the 

ASTM E 595. The boats with specimens were conditioned at 23°C and 50% relative 

humidity for 24 hours.  

3. After weighting, the boats were placed in the specimen compartments of the copper heating 

bar of the outgassing system.  

4. The rows and the lines of cells in the copper heating bar were marked with figures and 

letters providing a unique identification number for each cell. Similar markings were used 

for all sites on the collector side.  

5. The temperature of the chromium-plated collector plates was held at 25°C ± 0.5°C. 

6. The temperature of the copper heating bar was held at 125°C.  

7. The vacuum pressure in the outgassing chamber was maintained at ~10-6 Torr during the 

outgassing process. 

8. The duration of the outgassing test was 24 hours. 

9. The heating was turned off after 24 hours and the samples were removed from the chamber 

after the samples were cool enough to handle. 

10. All specimens and the chromium-plated collector plates were weighted again. 

11. All specimens were weighted again after conditioning for 24 hours at 23°C and 50% relative 

humidity. 

(ii) Results of Outgassing Test 

The averages of results from 4 groups were calculated for each material. The detailed results of 

PMMA and PMMA/MWCNT (3wt%) nanocomposite have been listed in Table 33 and Table 34.  
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Table 33: Total Mass Loss of PMMA and PMMA/MWCNT (3wt%) 

Cups empty 
(g) 

Cups + 
sample 

before test 
(g) 

Sample 
mass 

before test 
(g) 

Cups + 
sample 

just after test 
(g) 

Sample 
mass 

after test 
(g) 

Mass loss 
(g) 

TML 
% 

TML % 
average 

Pure PMMA 

0.070124 0.251383 0.181259 0.250685 0.180561 0.000698 0.39 

0.40 
0.070843 0.247736 0.176893 0.247084 0.176241 0.000652 0.37 

0.069487 0.252299 0.182812 0.251494 0.182007 0.000805 0.44 

0.069955 0.255434 0.185479 0.254667 0.184712 0.000767 0.41 

PMMA/MWCNT (3wt%) 

0.070215 0.195627 0.125412 0.195088 0.124873 0.000539 0.43 

0.44 
0.069982 0.217410 0.147428 0.216762 0.146780 0.000648 0.44 

0.069524 0.211593 0.142069 0.210943 0.141419 0.000650 0.46 

0.069469 0.218068 0.148599 0.217439 0.147970 0.000629 0.42 

Table 34: CVCM and WVR of PMMA and PMMA/MWCNT (3wt%) Nanocomposite 

Collectors 
before test 

(g) 

Collectors 
after test 

(g) 

Deposited 
Mass (g) 

CVC
M % 

CVCM 
% 

average 

Cups+sample 
after hygro (g) 

Mass change 
after hygro 

(g) 

WVR 
% 

WVR 
% 

average 
Pure PMMA 

0.250685 0.180561 0.000698 0.39 

0.01 

0.251243 0.000558 0.31 

0.31 0.247084 0.176241 0.000652 0.37 0.247624 0.000540 0.31 
0.251494 0.182007 0.000805 0.44 0.252071 0.000577 0.32 
0.254667 0.184712 0.000767 0.41 0.255238 0.000571 0.31 

PMMA/MWCNT (3wt%) 
0.195088 0.124873 0.000539 0.43 

0.01 

0.195468 0.000380 0.30 

0.31 0.216762 0.146780 0.000648 0.44 0.217215 0.000453 0.31 
0.210943 0.141419 0.000650 0.46 0.211377 0.000434 0.31 
0.217439 0.147970 0.000629 0.42 0.217901 0.000462 0.31 

It is clear to see that all materials, PMMA and nanocomposite have passed low outgassing test based 

on ASTM E 595 standard, which is developed by NASA. The TML and CVCM of each set of our 

samples are well below the limits. The average TML of PMMA/MWCNT (3wt%) is about 10% 

higher than the result of pure PMMA, but it is still much lower than the limit of 1.0% recommended 

by the standard. Moreover, the averages of CVCM of both materials are below the percentage of 

0.02%, much smaller than the limit value of 0.1%. The mass loss may be due to outgassing of low 

molecular weight materials, such as residual solvent, surface contaminants and entrapped process 

solutions. 

 


