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The goal of this dissertation was to design, synthesize, and analyze novel aramid fibers by 

covalently grafting nanocellulose through electron beam irradiation. These nanocellulose 

functionalized fibers showed enhanced strength and larger surface areas, which improves their 

performance and applicability in fiber-reinforced composites. Unmodified aramid fibers have 

smooth and chemically inert surfaces, which results in poor adhesion to many types of resins. 

Nanocellulose was chosen as the ideal filler to functionalize the fibers due to its reactive surface 

and high strength-to-weight ratio. Aramid fibers were further modified by radiation-induced 

crosslinking reactions as a means to avoid scission of the polymeric backbone and to further 

increase the fiber strength. 



An indirect radiation-induced grafting approach was used for synthesizing these novel 

nanocellulose-grafted aramid fibers while avoiding the irradiation of nanocellulose. The fibers 

were irradiated using the e-beam linear accelerator (LINAC) at the Medical Industrial Radiation 

Facility (MIRF) at the National Institute of Standards and Technology (NIST). After the 

irradiation, the fibers were kept in an inert atmosphere and then mixed with a nanocellulose 

solution for grafting. The grafted fibers were evaluated by gravimetric analysis, Fourier-transform 

infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and nuclear magnetic 

resonance (NMR) spectroscopy. The mechanical properties of the synthesized fibers were studied 

by single fiber tensile tests.  

Aramid fibers were also irradiated at the MIRF in the presence of acetylene gas and triacrylate 

solution as a means to induce crosslinking reactions. These fibers were irradiated at both low doses 

and high dose rates at room temperature. A mechanism for the crosslinking of aramid fibers was 

proposed in this dissertation. Mechanical testing of the fibers after crosslinking showed an increase 

in the strength of the fibers of up to 15%.  

Ultra-high molecular weight polyethylene (UHMWPE) fibers were also studied, but due to an 

issue of entanglement of the fibers during the grafting process, their mechanical properties could 

not be analyzed. Future work will focus on using a better set up to avoid entanglement of these 

fibers.  

 To complete the study of the radiation effects on polymers, this thesis explored the 

radiation-induced degradation of aromatic polyester-based resins. The composition of the resins 

studied included phenyl groups and epoxies, which complicate radiation-induced grafting and 

crosslinking reactions. Unlike aramid and polyethylene fibers, polyester-based resins have a C-O-

C bond that is susceptible to degradation. The resins were irradiated at high doses in the presence 



of oxygen. The scission of the polymeric backbone of the polymers was studied using Electron 

Paramagnetic Resonance (EPR) analysis. EPR showed the formation of alkoxyl radicals and C-

centered radicals as the primary intermediate products of the C-O-C scissions. The degradation 

mechanisms of the resins in the presence of different solvents were proposed. Changes in the Tg 

of the polymers after irradiation, as an indication of degradation, were studied by Dynamic 

Mechanical Analysis (DMA). The results obtained from this work show that irradiation of these 

resins results in continuous free radical-chain reactions that lead to the formation of recyclable 

oligomers. 
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1. Introduction to the field 

1.1 High-Performance Polymer Fibers 

High-performance fibers are engineered to have extraordinary mechanical and chemical 

properties. They are derived from materials with unique molecular structures that give them many 

attractive characteristics. These fibers are designed with a specific performance goal, usually with 

high strength, stiffness, and heat and chemical resistance.1,2 Other outstanding properties of high 

performance fibers include high elastic modulus, strain to failure, and toughness.3  

The beginning of the high-performance polymer fiber industry is often accredited to 

DuPont, where the first aromatic polyamide, or aramid fiber, was invented.1 The 

commercialization of Kevlar, a para-aramid fiber, in the late 1960’s led to the interest in producing 

several types of fibers, including ultrahigh molecular weight polyethylene (UHMWPE) fiber. In 

part due to their application in fiber-reinforced polymer composites, the growth of these fibers has 

been consistently increasing since their introduction. Significant advancement in their production 

has been driven by their use for both military and commercial applications. In terms of their 

military applications, it includes soft and flexible fiber panels for body armor, and as reinforcement 

in rigid polymer composites for lightweight vehicle armor.3 The aerospace industry has also played 

an important part in the development of these fibers. There, the fibers are used in reinforced 

composite structural materials, including pressure vessels and satellites.4  

Optimization of the structural and ballistic properties of high-performance fibers is of great 

interest.1 Although the theoretical strength and modulus of these fibers is high, synthesized fibers 

usually do not exhibit values as high as predicted.  For example, polyamide fibers have shown a 

maximum moduli only 1/20 of their theoretical value.2 Figure 1 shows the tensile modulus of 
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various high performance fibers which are still below their theoretical values.5 Further research on 

increasing these values is an attractive area of research that has gotten a lot of attention in recent 

times.  

 

Figure 1. Measured fiber modulus versus the theoretical crystal modulus for several high-
performance polymer fibers. Figure taken from Park.5 

1.2 Fiber-Reinforced Polymer Composites  

Fiber-reinforced polymer composites have been established as an important type of 

engineering material for high performance applications due to their excellent mechanical 

properties. Some of the attractive properties of these composites are a high strength to weight ratio, 

high toughness to weight ratio, and ease of fabrication.6,7 These composites are typically made of 

high-strength fibers, such as aramid fibers, and a binder material, including but not limited to resins 

or elastomers. They have a vast number of applications including ballistic armor8–10, wind turbine 

blades11–13, and sports good14–16. Depending on their use, various aspects of the composite such as 
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the fiber orientation, ratio of fiber to matrix, and fiber-matrix adhesion can be tailored to meet 

these demands.17–19  

The excellent mechanical properties of the composites are in part due to the use of high-

performance fibers. However, effective attachment between the fibers and the resin is also a huge 

contributor to their attractive properties.20,21 A strong interface is key to achieving the composite’s 

theoretically expected properties which are based on the properties of its constituents. The main 

interactions that determine fiber-resin adhesion at the interface are mechanical interlocking and 

chemical bonding. Mechanical interlocking is a type of physical attachment between the fiber and 

the resin, while chemical bonding is due to the electrostatic attraction between their chemical 

groups.17,22–26 To improve the properties of the composite, it is necessary to understand and 

increase these interactions. 

The degree of mechanical interlocking can be increased by modifying the surface 

morphology of the fibers. Fiber roughness, or the existence of irregularities on the surface of the 

fiber, results in more contact points between the fiber and the resin, increasing the interactions at 

this interface. These irregularities act as a mechanical anchor, resulting in better physical contact 

or attachment between the fiber and the resin at the interface.23,27 In terms of the chemical bonding, 

adding a nanomaterial such as nanocellulose, which has surface functional groups such as hydroxyl 

that are very reactive, allows for the possible formation of hydrogen bonding between the 

nanocellulose and the resin, creating a stronger fiber-nanocellulose-resin interface.27–30  

1.2.1 Aramid fibers 

Aramid, or aromatic polyamides fibers, are a class of high-strength synthetic fibers, first 

introduced by DuPont in 1965.31 Their commercial product Kevlar remains one of the best-known 

aramids in the market. Aramids may be divided into two types: para- and meta-aramids, depending 
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on where the linkage is attached to the aromatic ring. Kevlar is a para-aramid, and its chemical 

structure consists of large phenyl rings, linked together by amide groups in a close and compact 

molecular structure. This gives them rigidity and low solubility (Figure 2). These polymer chains 

are held together by hydrogen bonds between adjacent chains, and π-π stacking of its aromatic 

rings, giving them high strength, high modulus, toughness, and thermal stability.32 The term 

aramid will be used to refer to Kevlar fibers in this work. 

H
N C

O

C

O

H
N

n  

Figure 2. Poly(p-phenylene terephthalamide), chemical structure of Kevlar. 

Aramid fibers are synthesized via the condensation reaction of the monomers 1,4-

phenylene-diamine and terephthaloyl chloride. N-methyl pyrrolidone (NMP) and calcium chloride 

are used as solvents for the polymerization reaction, and calcium chloride acts as the ionic 

component to occupy the hydrogen bonds of the amide group. Hexamethylphosphorous triamide, 

a known carcinogenic, was originally used as solvent, but replaced by NMP for safety concerns. 

A schematic of this reaction is shown in Figure 3.  

NH2

H2N

+

O

Cl

O

Cl
H
N C

O

C *

O

H
N*

Terephtaloyl chloride1,4-phenylene-diamine

-HCl

Poly(p-phenylene terephtalamine)

n

 

Figure 3. Schematic of the condensation reaction between 1,4-phenylene-diamine and 
terephthaloyl chloride to produce para-aramid. 

Most synthetic fibers are made of flexible chain polymers that require their molecules to 

be in an extended chain configuration and largely crystalline packing, in order to achieve the best 
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mechanical properties. Because of this, the production of these fibers commonly involves 

mechanically drawing the fiber after melt spinning. However, the drawing process of flexible chain 

polymers requires disentanglement of the chains followed by their orientation in the solid phase. 

This affects the final mechanical properties of the produced fibers, making them less than 

theoretically predicted. In the case of aramid fibers, the polymer poly-p-benzamide forms a liquid 

crystalline solution which allows for the formation of a “rod-like” molecular structure, instead of 

the flexible-chains, when it’s dissolved. As the concentration of the polymer is increased, the 

chains start to associate in a parallel alignment and produce highly oriented polymer chains. Figure 

4 shows the difference in behavior between flexible and rigid polymers during the spinning 

process. 

 

Figure 4. Representation of the difference in behavior between flexible and rigid polymers 
during the spin drawing process. Figure taken from Hancox.32 

Since their introduction, one of the most important uses of the aramid fibers has been as a 

reinforcement in composite materials.33 Application of these composites include bulletproof 
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vests3,34, the aerospace and aircraft industry35,36, and even as straighteners in fiber optic cables37. 

Unfortunately, the use of aramid fibers in composites is limited by their smooth and chemically 

inert surface, which results in poor adhesion to many types of resins. As a result, functionalization 

of the fibers must be done prior to their addition into the composites in order to enhance their 

overall performance and maximize their potential.  

Attempts to modify the surface of aramid fibers by generating functional groups on their 

surface, and increasing its surface’s roughness, include plasma treatment38,39, acid chemical 

treatment40,41, and fluorination20,28. The main challenge with these treatments is that they cannot 

be used in an industrial scale and usually result in an unwanted decrease in the intrinsic fiber 

strength due to backbone breaking of the polymer chains.42 Another limitation of this type of 

approach is that it is based on creating functional groups in the fiber’s surface that are specific to 

only one type of resin, making it unsuitable for application with other resins.43 Improvements to 

the adhesion between the fibers and resins can be measured in terms of its interfacial shear strength 

(IFSS). For example, an increase of up to 42.07% in the IFSS of aramid/epoxy composites was 

observed by Zhao after treatment with phosphoric acid solutions.44 However, even using low 

concentrations of the solutions resulted in a decrease of the mechanical properties of the fibers.  

High energy irradiation of aramid fibers has also been studied as a way to enhance the 

interfacial properties in the composite, by improving aramid fibers’ adhesion to resins.45–48 

Irradiating polymers with ionizing radiation such as γ-rays or accelerated electrons leads to the 

formation of very reactive intermediates, free radicals, and excited states.47 Research has shown 

that irradiated fibers have a more uneven surface, which contributes to the degree of mechanical 

interlocking, and helps in the fibers’ bonding with the resin. By controlling the irradiation 

parameters, such total dose and dose rate, the mechanical properties of the fibers are not 
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significantly reduced, making this one of the most efficient, clean, and energy-saving methods for 

fiber modification. Functionalization by irradiation is usually done at high doses (up to 2,200 kGy), 

but although improvement of up to 17.7% in the IFSS of aramid/epoxy composites has been 

accomplished47, these high doses lead to damage in the tensile strength of the fibers. In terms of 

the chemical components, the formation of radicals on the surface of the fiber allows for the 

grafting of a nanometric filler onto the fiber. This nanometric filler is chosen to increase the 

chemical bonding at the fiber-resin interface. Lower doses, from 20 to 40 kGy, can also result in 

the generation of radicals49, although no proposed mechanism, or radical formation information is 

found in the literature.  

It is also of interest to increase the tensile strength of these fibers, and to make them more 

resistant to irradiation. As mentioned above, one of the main uses of these fibers is in the aerospace 

industry, where they are exposed to high doses of space radiation.50 The grafting of various 

monomers onto aramid fibers have been reported to not only increase the mechanical properties of 

the subsequently made fiber-reinforced composites, but also the tensile strength of the fibers.43,48,51 

Zhang et al. successfully grafted hyperbranched polysiloxane onto aramid fibers through  a 

chemical grafting procedure.52 The study showed that grafted fibers were more resistant to UV 

irradiation, with their modulus and break extension staying at 95-97% after 168 h of irradiation. 

Also, the grafted fibers had higher tensile properties than the non-grafted fibers. The increased 

UV-resistance of the grafted fibers is attributed to the UV-resistant quality of the hyperbranched 

polysiloxane. An increase in the tensile properties was reported to be due to the hyperbranched 

polysiloxane mending the defects present on the surface of the fibers.  
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1.2.2 Ultra-high molecular weight polyethylene fibers 

Ultra-high molecular weight polyethylene (UHMWPE) fibers are another important type 

of high-performance fibers. They are commercially produced by DSM under the name Dyneema, 

and by Honeywell under the name Spectra. Polyethylene is a polymer produced from the monomer 

ethylene. Depending on the polymerization conditions, the properties of the produced polyethylene 

can be tuned. A schematic of the chain polymerization of polyethylene from the ethylene monomer 

is shown in Figure 5. 

C C
H

H

H

H

C C

H

H H

H n  

Figure 5. Schematic of the chain polymerization of ethylene, resulting in polyethylene. (n 
represents the degree of polymerization). 

Coordination catalysts can be added to the reaction to produce linear polyethylene with a 

high molecular weight. The use of these catalysts leads to a living polymerization, where the 

polymerization continues until the ethylene is completely depleted. That is how UHMWPE, which 

has a molecular weight of at least 1 million g/mol, is produced.53 Another benefit of incorporating 

the catalysts in the production of PE is that it produces highly crystalline polymers by preventing 

branching during the polymerization.54 The crystallinity of linear PE produced by this method 

ranges from 70-90%.55 This is a major factor to which the excellent physical and mechanical 

properties of UHMWPE fibers is attributed. UHMWPE fibers are produced through a gel spinning 

process in which UHMPE resin is dissolved and extruded through a spinneret into a water bath. 

After removing the solvent, the polymer goes through the drawing process discussed above. 
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UHMWPE fibers have a high strength to weight ratio, high chemical resistance, and good 

mechanical properties, including hardness and Young’s modulus due to their high crystallinity. 

These properties make them ideal for use in fiber-reinforced polymer composites. Similar to 

aramid fibers, UHMWPE reinforced composites are used in a wide range of industries including 

ballistic protection, aerospace, and medical devices.56–58 Despite their extensive use, these fibers 

exhibit certain drawbacks that limits their applications and overall performance. Some of these 

drawbacks include low surface energy, poor creep resistance, and lower thermal stability. As is the 

case for aramid fibers, UHMWPE fibers also show poor adhesion in composites due to their non-

polar, inert nature.  

UHMWPE fibers are commonly modified before their use in composites to improve the 

degree of adhesion between the fiber and the resin at the interface. Functionalizing the fiber by 

introducing polar groups is one way to achieve this. Li et al. observed that chromic acid modified 

UHMWPE fiber had not only an increased interfacial adhesion strength when preparing a 

composite, but also showed increased elongation at break and tear strength.59 Characterization of 

the fibers showed a higher surface roughness and an increase in oxygen-containing groups on the 

surface of the fibers, which impact its behavior in the composite. The main issue with this 

technique is that the strength and tensile properties of the fibers are decreased with increasing 

treatment time. The introduction of nanomaterials as reinforcements has also become a common 

method for the functionalization of these fibers. The challenge is to have an even distribution of 

the nano-reinforcer in order to achieve good adhesion at the fiber-resin interface, and not affect 

the properties of the composite. When choosing a nano-reinforcement, materials with good 

mechanical properties, such as carbon nanotubes and nanoclays, are most attractive.60 

Mohammadalipour et al. reported that introduction of nanoclay onto the resin improved the tensile 
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strength, modulus, and overall adhesion of the composite.61 Most of work reported on the 

introduction of nano-reinforcements onto FRPCs center on their addition to the resin, with less 

emphasis on the fibers.60,62–64 

Radiation-induced grafting is an alternative to incorporate these nano-reinforcements onto 

the fiber surface. The high crystallinity of UHMWPE fibers makes it more difficult to graft 

nanoparticles when compared to bulk material, which has been previously explored.65,66 

Yakusheva et al. grafted acrylic monomers onto UHMWPE fibers after irradiating the fibers in a 

pulsed ion-beam installation at doses of up to 10-16 ions/cm2.67 A direct grafting approach was 

followed by Kondo et al. as they used a radiation-induced graft-polymerization technique to graft 

N-vinyl formamide monomer onto UHMWPE fibers.68 Studies like this focus on the mechanical 

properties of the composite produced after fiber modification rather than on the effects of the 

modification on the fibers, which must be maintained in order to achieve the best performance. 

Xing et al. worked on the grafting of methyl acrylate (MA) monomer onto UHMWPE by a gamma-

ray pre-irradiation induced graft polymerization technique.69 They studied the effects of radiation 

dose on the mechanical properties of the fibers and observed a decrease in the tensile strength as a 

function of radiation dose. Although higher doses lead to a higher amount of monomer grafted, it 

also resulted in a lower tensile strength of the fiber. The low dose rate achieved by gamma-ray 

irradiation could be a significant issue causing this decrease in strength. The benefits of using 

electron beam irradiation over gamma-ray will be discussed in a following section.  

1.2.3 Nanometric filler 

The addition of nanomaterials, such as nanocellulose, to either part of a polymer composite 

can strengthen the interface by providing better contact between the fiber and the resin. 

Furthermore, this nanometric filler may enhance a property of the composite and add 
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multifunctionality. Attaching a nanometric filler as a reinforcement to the fibers improves the 

adhesion between the fibers and the resin by (1) creating irregularities on the fiber’s surface, 

allowing for mechanical interlocking, and (2) introducing functional groups for chemical bonding. 

It also leads to a significant increase in the surface area for interactions, and increases the 

roughness of the otherwise smooth fibers.17,22,43–46,70 This could widely improve the fibers’ 

adhesion to many kinds of resins. 

Nanomaterials commonly used to modify fiber-reinforced composites include 

nanocellulose30, multi-walled carbon nanotubes (CNTs)71,72, silica43, and zinc oxide73. Research 

on the addition of CNTs to aramid fiber composites show an increase in the IFSS attributed to a 

high density of nanotubes distributed in the fiber surface, seen as surface irregularities, that provide 

more contact points between the resin and the fibers.22,71  A challenge with using CNTs is their 

unreactive nature, which means they need to be treated in harsh conditions to functionalize, and 

the low purity of most available nanotubes.74,75 This is also true for silica and zinc oxide 

nanoparticles, where labor-intensive methods are needed to manufacture the modified 

composites.18,70,76 Nanocellulose, on the other hand, is a cleaner, more reactive, and highly 

available material that can be attached to the fibers by a simple immersion process.23,77–79  

O
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Figure 6. Chemical structure of cellulose. (n represents the degree of polymerization) 
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Cellulose is a homopolymer comprised of β-1,4-linked anhydro-D-glucose units (Figure 

6), which can be derived from a wide variety of sources including wood, grass, algae, and fungi. 

Nanocellulose can be obtained from cellulose to produce two main types: (1) cellulose 

nanocrystals, usually produced by an acid treatment of the cellulose, and (2) cellulose nanofibers, 

commonly produced through mechanical disintegration. A schematic of these two processes is 

shown in Figure 7. This work will focus on cellulose nanofibers, and their grafting onto polymer 

fibers. Cellulose nanofibers, which will be referred to simply as nanocellulose in this work,  are 

commercially available and have generated high interest for industrial applications, especially after 

the discovery of pretreatments methods that facilitate the mechanical disintegration process.80  

Because of their excellent mechanical properties, low cost, low toxicity, and renewable resource 

origin, nanocellulose is often regarded as an ideal candidate for reinforcing composites.81–83 In 

addition to their high aspect ratio and strength, an attractive property of nanocellulose is their 

highly reactive, hydroxyl-full surface.84–86 These functional groups would not only help the 

cellulose attach to the fibers, but also be a source of reactive sites for the resin to bond to.  



13 
 

 

Figure 7. Schematic of (a) nanocrystalline, and (b) nanofibrillated cellulose, which can be 
extracted from cellulose fibrils using acid hydrolyzed amorphous regions, and mechanical 
processing, respectively. Cellulose nanofibers are also called nanofibrillated cellulose or 

cellulose nanofibrils. Figure taken and modified from Phanthong et al.83 

Nanocellulose is prepared by mechanical disintegration of dry cellulose pulp or cellulose 

in an aqueous medium. To produce nanocellulose with a high degree of polymerization, 

crystallinity, and aspect ratio, aqueous solution is preferred. In this environment the interfibrillar 

hydrogen bonding of the cellulose is loosened, enabling the delamination of the fibrils instead of 

their chopping. The fibers used for this work were produced via a supermass colloider grinder. In 

this process, a cellulose slurry is passed between static and rotating grinding stones. The cellulose 

is separated into its elemental form of nanofibers by the shearing forces that are generated between 

the stones. During the process the cell wall is delaminated, and the nanofibers are individualized. 

The size of the nanofibers can be varied by adjusting the space between the stones.87,88  

a 

b 
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Figure 8. Schematic of supermass colloider in which the grinding process of cellulose to produce 
cellulose nanofibers takes place. Image taken and modified from Nechyporchuk.87 

Nanocellulose has been used to improve the performance of composites both by attaching 

it to the fibers and by dispersing it in the resin.82,89 As reported in a paper by Uribe, et al.30, after 

incorporation of nanocellulose in carbon fiber-reinforced laminates, the composite’s ultimate 

strength increased by 28, 20 and 86% under tensile, flexural, and shear strength testing, 

respectively. In the experiment, the nanocellulose was incorporated on the carbon fibers by a 

simple dipping process in a nanocellulose solution, which was followed by a vacuum-assisted 

liquid resin infusion to fabricate the laminates. The use of nanocellulose in composites was also 

demonstrated by Asadi, et al.82 who immersed chopped glass fibers in an aqueous nanocellulose 

solution, and dried them at room temperature. They reported an improvement of 69% in the IFSS 

of coated fibers, and an improvement of 43% in their strength modulus.82 Although nanocellulose 
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has been successfully incorporated in various fiber-reinforced composites, there is a missing gap 

in the literature about their incorporation onto the surfaces of high performance fibers, including 

aramid and UHMWPE, and the mechanisms by which they are attached.   

1.2.3.1 Linker 

One way to improve the attachment of the nanocellulose to the polymer fiber is by grafting 

a polymer linker to the nanocellulose. The linker is used to create covalent graft points between 

the nanocellulose and the fiber. Yatvin, et al.90 used a sulfonyl azide monomer to covalently bond 

various copolymers to aramid fabric via thermal grafting. For this process, the material that is 

going to be grafted onto the aramid, the nanocellulose, is first bonded to a more reactive material. 

For example, a polymer such as 4-vinylbenzyl chloride (VBC) (Figure 9) contains carbon-carbon 

bonds that are more likely to react with radicals generated on the polymer fiber surface. Thus, a 

simple chemical grafting approach can be followed to attach the VBC to the nanocellulose, while 

separately, radicals are created on the fiber surface by irradiation. The two are then mixed, with 

the double bond in the VBC being suitable to react and covalently bond to the fiber via the 

produced radicals.  

CH2

Cl  

Figure 9. Chemical structure of 4-vinylbenzyl chloride. 

1.2.4 Binder resin 

The final part of the fiber-reinforced composite is the binding material that holds it 

together, in this case a thermoset resin. Epoxy resins are used in most aramid fiber-reinforced 
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composites, including in composite pressure vessels used in space shuttles91, in high speed boats92, 

and vehicle armor3. Epoxy resins are defined as having one or more epoxide groups in the 

molecule. Depending on their application, they can be reacted, or cross-linked with themselves or 

other reactants (curing agent) to make resins with specific properties. In addition to acting as a 

binder, the resin also acts as a stress transfer medium for the reinforcing fibers. 

Typical epoxy resins used in aramid fiber reinforced composites include LRF 092, a highly 

crosslinked epoxy anhydride/tertiary amine resin, and E51 a bisphenol-A type epoxy resin (Figure 

10).42,46,47,91 
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Figure 10. Chemical structure of LRF 092 (top) and E51 (bottom) epoxy resins. 

1.3 Effect of Radiation on Polymers  

The effects of electromagnetic radiation on any material depends on the power and frequency 

of the applied radiation. Radiation types with a low frequency, such as microwave and infrared 

radiation, are considered non-ionizing radiations. Non-ionizing radiations only have enough 

energy to excite the electrons of the material, without ionizing them.93,94  Ionizing radiation, such 

as gamma ray (γ-ray) and electron beam (e-beam), has enough energy to modify the chemical, 

physical, and biological nature of the material. When the material is irradiated, if the energy is 

higher than that of a particular orbital electron, an electron is ejected, resulting in ionization. 

Ionizing radiation is currently used for the sterilization of medical equipment, disinfestation and 
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pest control of food and agricultural products, and materials modification.95 This dissertation will 

focus on the use of ionizing irradiation to modify and improve the mechanical properties of 

polymers. The use of ionizing irradiation with the goal of polymer recycling will also be 

investigated.  

To describe the interaction of ionizing radiation with matter it is important to define the 

following parameters: dose, dose rate, and radiation chemical yield. The dose is the amount of 

energy absorbed per unit mass of matter and it’s expressed with the SI unit gray (Gy); 1 Gy is the 

amount of radiation required to deposit 1 Joule (J) of energy per 1 kg of matter Gy = J
kg

. The dose 

rate is the absorbed dose per unit time (Gy/s), and the radiation-chemical yield represents the 

number of moles produced or destroyed per unit of absorbed energy (mol/J).96,97 

1.3.1 Types of ionizing radiation 

The main types of ionizing radiation are high energy electrons (e-beam), gamma (γ) rays, 

and x-rays.96,97 

1.3.1.1 Interactions of gamma (γ) and x-rays with matter 

In most gamma irradiation facilities, a radioactive isotope, commonly cobalt-60 (60Co), is 

used as a power source. γ-rays are high energy photons emitted when an electron in the valence 

shell drops to a lower energy state, a process known as radical decay. One of the issues with gamma 

irradiation is that once that radical decay is started, it will continue until the atom reaches a stable 

state. At this point, the source will need to be replaced. 60Co for example, has a half-life of 5.3 

years. Additionally, in comparison with the electron beam, gamma irradiation can achieve only 

low dose rates on the order of 10-3 kGy/s. In terms of the penetration depth, gamma rays have the 
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advantage of achieving high penetration, which is useful when irradiating bulk materials. The 

absorbed dose decreases exponentially with penetration, according to Beer-Lambert’s law: 

It = I0e−𝑎𝑎𝑎𝑎 (1.1) 

where 𝐼𝐼𝑡𝑡 is the radiation intensity after passing through thickness 𝑡𝑡, 𝐼𝐼0 is the initial radiation 

intensity, and 𝑎𝑎 is the coefficient of linear absorptivity.   

The interactions of γ and x-rays can be categorized into the following: 

1. Photoelectric effects: 

In this type of interaction, the γ photons lose all of their energy upon interacting with the 

electrons of atoms or molecules. The electron is then ejected, and its kinetic energy (EEe) is equal 

to the energy of the incident photons (Eγ) minus the binding energy of the electrons with the 

nucleus of the atom (BEe). 

EEe  =  Eγ   −  BEe  (1.2) 

 

Figure 11 illustrate the photoelectric interaction. 

 

Figure 11. Schematic of the photoelectric interaction. 
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2. Compton scattering  

In the Compton scattering interactions, the incident γ photons do not lose all of their energy 

upon interactions with the electrons of matter. The energy of the scattered γ photons and the energy 

of the ejected electron can be determined with the following equations: 

E′ =
E

1 + E
m0c2 (1 − cosθ)

(1.3) 

where E is the initial photon energy (MeV), E′ is the scattered photon energy (MeV), m0c2 is the 

electron rest mass energy (0.511 MeV), and θ is the angle of the scattered photon.  

If the photon scattering angle is known, the energy of the recoil electron (KEe−) can be calculated 

as: 

KEe− =
E

m0c2
E(1 − cosθ)

1 + E
m0c2 (1 − cosθ)

(1.4) 

3. Pair Production 

In regions of high atomic numbers (Z) and higher energies, pair production interactions begin 

to dominate. In this mechanism, an atom emits a positron/electron pair upon absorption of an 

incoming photon in the nucleus. After the individual particles attenuate and lose a significant 

amount of energy, the two will then recombine to produce two photons each of energy 0.511 MeV. 

These photons are called annihilation radiation and are characteristic of pair production. In 

compliance with the conservation of energy, the pair production interaction has a low-energy 

threshold of 1.022 MeV – the rest mass energy of the positron and electron. A schematic of the 

process is shown in Figure 12. 
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Figure 12. Schematic of pair production interactions. 

Conservation of mass for the pair production is as follows:  

Eγ = 2m0c2 + Ee+ + Ee− (1.5) 

The pair production interaction coefficient (κ) is proportional to the square of Z of the attenuating 

material and increases rapidly for E ≥ 1.022 MeV.  

1.3.1.2 Interactions of high-energy electrons with matter  

E-beam technology was originally developed in the 1950s and had the ability to produce 

electrons with an energy up to 2.3 MeV.97,98 During e-beam irradiation fast electrons, with the 

energy to excite and ionize other molecules, are generated in a vacuum usually by a heated cathode 

or a radio frequency (RF) ion source. 97,99 Particle accelerators are used for this process. The fast 

electrons generated are then accelerated and shaped by an electrostatic field formed between the 

anode and cathode. An electron optical system is commonly used to focus the accelerated electrons 

to the window plane. The electrons with high enough energy can then exit the accelerator through 

a 10 – 15 μm thick titanium window foil, towards the target. In addition to avoiding the handling 

of radioactive isotopes, the advantages of the e-beam over gamma irradiation include the 

possibility of higher dose rates, in the order of 10 kGy/s, and the ability to control the emission of 

electrons through the use of magnets.  
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As a high-energy particle traverses through a medium, a fraction of its initial energy is lost 

through each interaction with an electron or nucleus in the medium. As these particles collide, 

electrons are knocked free of their orbit to produce an ion pair, a positively-charged ion and a 

negatively-charged free electron. 

M
e−p+a
�⎯⎯⎯�M+ + ne− (1.6) 

Charged particles interact via charged Coulombic interactions represented by Coulomb’s Law. 

This law takes into account both charge (higher charge yields a stronger force) and distance (force 

decreases as 1/r2). 

F = k
q1q2

r2
(1.7) 

where F is the electric force acting on q1and q2, q1and q2 are the charge of particles 1 and 2, 

respectively, and r is the distance between the charges. 

Rate of Energy Loss 

As a charged particle travels through a medium, Coulomb forces between the moving 

particle and the electrons of the stationary atoms result in millions of interactions before the 

particle is completely stopped. Because the particle is scattered through many angles and each 

interaction has a distinct probability of occurring, it is impossible to calculate the exact total energy 

loss of the particle. For this reason, an average energy loss per unit distance or stopping power 

(dE/dx) will be defined for several types of charged particles. Stopping power may also be used to 

calculate the energy loss rate (-dE/dx) through various media. Depending upon the mass of the 

particle, the track may be jagged (for small, charged particles such as electrons and positrons) or 

relatively straight (for heavy ions such as alpha particles). 
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While an electron travels through the medium, a significant portion of the energy released will 

be in the form of bremsstrahlung radiation which is deposited some distance away from the particle 

track. 

1. Stopping power for electrons: 

dE
dx

�
MeV

m
� = 4πr02

mc2

β2
NZ �ln�

βγ�γ − 1
I

mc2� +
1

2γ2
�
(γ − 1)2

8
+ 1 − (γ2 + 2γ − 1)ln2��  (1.8) 

 

2. Stopping power for p, d, t, a: 

dE
dx

�
MeV

m
� = 4πr02z2

mc2

β2
NZ �ln�

2mc2

I
β2γ2� − β2� (1.9) 

 

3. Stopping power for positrons: 

dE
dx

�
MeV

m
� = 4πr02

mc2

β2
NZ

�ln�
βγ�γ − 1

I
mc2� −

β2

24
�23 +

14
γ + 1

+
10

(γ + 1)2 +
4

(γ + 1)3� +
ln2
2
� (1.10)

 

 

where r0 = e2

mc2
= 2.818 x 10−15m (electron radius), 4πr02 = 10−28m2 = 10−24cm2, mc2 =

0.511 MeV (electron rest mass energy), γ = T+mc2

mc2
= 1

�1−β2
,  WT = (γ − 1)mc2 (kinetic 

energy), β = v
c

, c is the speed of light in m/s, N is the number of atoms per m3 in a material, Z is 

the atomic number of the material, z is the charge of incident particle, and I is the mean excitation 

potential of the material. 

For Z > 12, I can be approximated as: 

I(eV) = (9.76 + 58.8Z−1.19)Z (1.11) 
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1.3.2 Irradiation in aqueous solution  

When dilute aqueous solutions are irradiated, the radiation interacts with the water and 

produces various reactive species. The observed chemical changes are the indirect result of the 

reactions of the radicals generated from the water, with the material. The following species are the 

product of exposing water to ionizing radiation:100 

H2O
Irradiation
�⎯⎯⎯⎯⎯⎯� OH 

• , eaq− , H3O+, H•, H2, H2O2 (1.12) 

During the irradiation of aqueous solutions, the ionized molecules react rapidly to form 

hydroxyl radicals ( OH 
• ), while the electrons become hydrated (eaq− ).100,101 These radical species 

react together or with the hydrogen ion (H3O+) to form smaller amounts of hydrogen radical (H•), 

hydrogen molecules (H2), and hydrogen peroxide (H2O2). The radiation-chemical yield, or yield 

(G), of these species have been established for electrons with energies in the 0.1 – 20 MeV range 

and are shown in Table 1.  

Table 1. Radiation chemical yield of species formed after the irradiation of aqueous solutions.100 

Species Yield (μmol/J) 
𝐻𝐻2 0.04 
𝐻𝐻2𝑂𝑂2 0.08 
𝑒𝑒𝑎𝑎𝑎𝑎−  0.29 
𝐻𝐻• 0.064 
𝑂𝑂𝑂𝑂 

•  0.29 
𝐻𝐻2𝑂𝑂2  0.08 
H3O+ 0.29 

  

These radical species are of great importance in the use of radiation for grafting. They 

promote the generation of radicals on the substrate and facilitate the grafting of the selected 

monomer. The hydroxyl radical ( OH 
• ) is the most important since it will readily abstract hydrogen 



24 
 

or attach to a C-C double bond and initiate the polymerization process. It has been shown that the 

generation of hydroxyl radicals can be enhanced by the use of nitrous oxide.102–104  

1.3.3 Radiation-induced crosslinking and degradation in polymers 

Ionizing radiation can result in either crosslinking or degradation of polymers, caused by 

the reactive species generated. Chemical crosslinking is the process in which two or more polymer 

chains form bonds between themselves and see an increase in their molecular weight.  When 

polymer chains are broken, that process is known as chain scission. The polymer undergoes 

degradation and a reduction in its molecular weight is observed. The mechanisms for both 

processes are shown in Figure 13. 

 

Figure 13. Mechanisms for radiation-induced (a) crosslinking, and (b) degradation. 

The G-value, or radiation chemical yield, is used to quantify the polymer’s response to 

irradiation in terms of crosslinking (G(X)) or chain scission (G(S)). In this case the G-value 

represents the chemical yield of crosslinking or degradation from radiation by the number of 

molecules per 100 eV of energy dissipated in the material. Polymers are commonly classified 

depending on their response to ionizing radiation, whether they exhibit predominantly crosslinking 

or chain scission. Table 2 shows the G-values of a variety of polymers. 
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Table 2. G-values for selected polymers. Table taken from Andrew. 97 

 

The structure of the polymer influences its response to ionizing radiation. It has been 

observed that polymers with an α-hydrogen, like PE, favor crosslinking. While vinyl polymers 

with two side chains attached to the backbone carbon, such as polymethylmethacrylate, tend to 

degrade. Aromatic polymers, such as aramid, are usually resistant to ionizing radiation.97 The 

effects of quaternary C-atoms are shown in Table 3. 
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Table 3. Effects of quaternary C-atoms for irradiation of polymers.105 

H2
C C

R1

R2

n

 

Polymer 
 R1 R2 

Radiation-induced 
change 

Polyethylene 
Polypropylene 

Poly(vinyl chloride) 
Polyacrylonitrile 

Polyacrylates 
Polystyrene 

Poly(vinylidene chloride) 
Polyisobutylene 

Polymethylstyrene 
Poly(methyl methacrylate) 

Natural rubber 
Cellulose and derivatives 

H H Cross-linking 
CH3 H Cross-linking 
Cl H Cross-linking 
CN H Cross-linking 

CO2R H Cross-linking 
C6H5 H Cross-linking 

Cl Cl Degradation 
CH3 CH3 Degradation 
C6H3 CH3 Degradation 

CO2CH3 CH3 Degradation 
  Cross-linking 
  Degradation 

 

1.3.3.1 Radiation-induced crosslinking  

As discussed above, depending on the irradiation conditions and the properties of the 

polymer being irradiated, crosslinking can occur when the radicals generated on the polymer 

preferably react with each other. This creates new permanent intermolecular bonds between 

molecules that were previously separate. In addition to the chemical structure and chain mobility 

of polymers, the association between its molecules have a huge effect on its mechanical properties. 

Some advantages of radiation-induced crosslinking over chemically-induced crosslinking include 

little to no temperature dependence, no unwanted chemical residue, and a quick turnaround 

period.106   

Electron beam irradiation is commonly used for the radiation-induced crosslinking of many 

polymers, with the goal of improving their chemical and physical properties including the 
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polymer’s Young’s modulus, hardness, and heat and chemical resistance.107 High radiation dose 

rate tends to favor crosslinking over chain scission reactions. However, it is important to note that 

even for polymers in which crosslinking is dominant, some degradation is still observed.108,109 This 

is due to the radiation still breaking some bonds along the backbone of the polymer, thus reducing 

their properties. For semi-crystalline polymers, crosslinking occurs in the amorphous phase of the 

polymer. The crosslinking ‘strengthens’ the polymer and reduces mobility of the chains in the 

amorphous phase.  

The degree of degradation can be minimized, by the addition of certain chemicals that 

enhance the crosslinking of the polymer.110–112. For example, the addition of a mediating alkyne 

gas during irradiation prevents degradation of polymeric material and enables the introduction of 

additional molecular and functional characteristics. Furthermore, keeping the polymer system in 

an inert atmosphere will protect the radicals from reacting with oxygen, which often leads to 

oxidative degradation. 

Crosslinking enhancement 

The effect of e-beam irradiation on PE fibers in an acetylene environment was reported by 

Klein et al. in 1993. They found that the degree of crosslinking achieved was dependent on the 

crystallinity of the fibers and concluded that crosslinking provided an effective mechanism for 

stress to be transmitted through the polymer.113 However, a study on the gamma irradiation of 

UHMWPE fibers in various environments found that even in acetylene, the tensile strength and 

elongation of the fibers decreased substantially.114 It is to be expected that the higher crystallinity 

of the UHMWPE fibers would make crosslinking harder to achieve. Also, the low dose rate of 

gamma irradiation may play a big role in these results. Deng et al. also studied the mechanical and 

thermal effects of irradiation environment (air, nitrogen, and acetylene) on UHMWPE fibers. They 
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found an initial increase in the tensile strength for samples irradiated in the acetylene environment, 

but saw a decrease after 160 days.114 This could be a result of the radicals, which promote cross 

linking and chain scission, staying on the fibers after the initial irradiation. These radicals could 

cause oxidation and thus damage of the fibers. One solution to this is to anneal the fibers after 

irradiation and thus removing any unreacted radicals.115 

The e-beam irradiation of aramid fibers in acetylene gas has been scarcely reported. It has 

been found that coating a layer of acetylene on aramid fibers and cords, increases the adhesion to 

various polymers and epoxy resins.116 The same group reported that plasma polymerization of 

acetylene on aramid cords increased their adhesion to rubber compounds.117 Benzoic acid has been 

used as a crosslinker for aramid fibers, with the goal of increasing their adhesion to epoxy resins 

and increasing their compressive strength.118 

1.3.3.2 Radiation-induced degradation 

Although radiation-induced degradation might be an undesired reaction in most cases, it 

can lead to the optimization of recycling processes. Polymer recycling is an important issue, since 

polymer waste is a daunting challenge being faced all over the world.119–123 Ionizing radiation can 

be used to modify the chemical structure and the overall properties of all types of polymers. There 

are three main ways in which ionizing radiation can aid in dealing with the polymer waste problem: 

(1) enhancing the mechanical properties and performance of the recycled polymers, (2) degrading 

or increasing the degradability of polymers, and (3) producing advanced polymer materials with 

better environmental compatibility.121,124–127 For this work, the focus will be on using e-beam 

irradiation for the degradation of polymer resins, which are an important part of fiber-reinforced 

polymer composites. As discussed above, the main effects of polymer irradiation are crosslinking 
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and scission of the polymeric backbone. In this case, scission of the polymer is the desired outcome 

of the process.  

One common approach for recycling polymer waste is chemical recycling.  Chemical 

recycling is based on the decomposition or conversion of the large macromolecular structure of 

polymers into smaller molecules. The concept is based on the depolymerization of the material, 

where the size of the molecule is reduced, but the monomer unit remains unchanged. Thus, the 

resulting polymer can be used for the production of new materials. The main issue with chemical 

recycling is that it requires high temperatures and the use of catalysts to drive the reaction. This 

leads to large energy consumption, which would also be an environmental issue. The pre-treatment 

of polymers by irradiation before chemical recycling results in a decrease in the energy 

consumption and promotes the chemical recycling reactions.  

Zhao (1996) et al. found that chain scission caused by irradiation of polypropylene results 

in the polymer being more susceptible to thermal degradation, as observed by a decrease in its 

thermal degradation temperature. As a result of the irradiation, a decrease in the molecular weight 

of the polypropylene was observed, which they attribute to chain scission of the backbone of the 

polymer. Additionally, since the polymer was irradiated in air it also led to the formation of polar 

groups on the surface of the polymer, increasing its oxidative degradability. After irradiation, the 

temperature needed for pyrolysis of the polypropylene was greatly reduced.128 In another case, a 

decrease in the onset temperature for mass loss of butadiene-containing polymers was achieved 

after irradiating copolymers in the presence of air.129 Their comparison between the irradiation in 

the presence and absence of oxygen, shows that scission and polymer degradation may be 

promoted by conducting the irradiation in the presence of air.  
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In addition to lowering the energy required for further chemical recycling of these 

polymers, irradiation of polymer waste can also be used for creating new and better materials. 

High density polyethylene (HDPE) waste was recycled into filler by first irradiating the HDPE via 

the e-beam and then grinding it into a powder. This powder was used as a filler for low density 

polyethylene, creating a HD/LD polyethylene material with improved mechanical properties when 

compared to LDPE.130  Vignon et al. made a polymer blend (representing thermoplastic waste) 

with polycarbonate, to synthesize a polycarbonate-based extruded thermoplastic.131 The samples 

were exposed to gamma irradiation, in the range of 0 – 150 kGy and the mechanical properties of 

the product were studied. It was found that irradiating the material led to more homogeneous 

blends with higher thermal stability.  

Unsaturated polyester resin 

One of the most widely used types of thermosetting polymers are unsaturated polyester 

resins (UPRs).132,133 UPRs have a relatively low cost, and good mechanical, electrical, and 

chemical properties.133–135  It is expected that the global UPRs market will grow from $ 9.6 billion 

in 2021 to $ 12.9 billion by 2026.136 This makes UPRs an interesting candidate in the search for 

polymer recycling methods.137 Polyester resins are produced by the condensation of a polyol with 

a combination of saturated and unsaturated anhydrides, and their properties can be tuned by the 

proportion and choice of the starting materials.138–142 As thermoset resins, they are thermally and 

chemically stable, which complicates their recycling process.143,144 Current efforts to recycle 

thermoset resins include mechanical methods, which involve a grinding process of the material, 

thermal methods where the resin is decomposed by heating it up to high temperatures, and 

chemical methods, which mostly concentrate on depolymerization of the resin.145–147 The 

advantages of ionizing irradiation over these methods include: (1) high rates of radical formation, 



31 
 

which influence the degradation process, (2) no need of initiators or additives, and (3) can be done 

at room temperature.148  

Promoting polymer degradation 

As previously discussed, the effect of irradiation on the polymer depends heavily on the 

environment in which the polymer is irradiated and the chemical structure of the polymer. 

Irradiation of the polymer in air leads to the formation of peroxyl radical species and results in a 

major enhancement effect on the radiation degradation of most polymers.149 Dispersing the 

polymer in a solvent prior to irradiation will result in the absorption of the high-energy radiation 

by both the polymer and the solvent, and in the generation of radicals from both. All the radicals 

generated will then induce reactions in the polymer and influence its degradation.  

The physicochemical characteristics of the polymer in combination with the irradiation 

environment, e.g., presence of oxygen, proximate solvents, irradiation temperature, total dose, and 

dose-rate, can either induce scissions, crosslinking, or both in the irradiated pure polymers.96  The 

distinctive backbone bonds in polyesters, comprised of the C-O-C bond sequence is highly  

sensitive to ionizing radiation and generally favors scission.109 The mechanism of radiation-

induced scissions is complicated by the presence of additional moieties common in representative 

polyesters including double bonds, phenyl, and carbonyl groups. While the presence of the C-O-

C bonds enhance scissions, the π structure of the phenyl groups provides protection via the reaction 

of the electron with the π structure, ultimately reducing effective bond breakage. The presence of 

double bonds plays an important role in the structures of the radiation-induced free radicals, their 

kinetics, and the mechanisms by which they decay. As for polyester resins used in industry to 

prevent corrosion, which contain unsaturated vinyl monomers such as vinyl toluene, styrene, and 

other additives, the radiation effects become even more complicated since these residual vinyl 
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monomers undergo radiation polymerization, which contribute to an increase to the Tg of the 

polyester-resins. These challenges in the use of ionizing radiation to degrade the unsaturated resins 

can be overcome by tuning the irradiation conditions such as high dose rate to impede the radiation 

polymerization of these residual vinyl monomers. In addition, the presence of O2 during the 

irradiation is critical to inhibit the radiation polymerization of the vinyl monomers present in the 

resins, and also to prevent the crosslinking reactions of the radiolytically produced polyester 

radicals.109 

1.3.4 Radiation-induced polymerization   

Ionizing radiation can also induce polymerization reactions, which are initiated when a 

monomer or oglomer is irradiated. There are two main types of polymerization reactions: free 

radical and cationic polymerization.150 Radiation-induced free-radical polymerization reactions 

usually follow the chain addition mechanism. As excited species, such as free radicals, are 

produced on the irradiated material, they can initiate the chain polymerization mechanism. This 

technique enables the initiation of polymerization reactions at conditions in which conventional 

initiation methods do not work to start the reaction.  

The polymerization process can be divided into 4 steps: initiation, propagation, 

termination, and chain transfer. The chain initiation reactions start when the material is irradiated, 

and the initiator decomposes into a free radical (X∗). The rate of reaction of this step is controlled 

by the decomposition of this initiator. The chain initiation ends when the free radical adds to the 

first monomer unit and produces the chain initiating species (M∗). This initiating species, or 

initiating monomer, starts the propagation reactions. It goes through an iterative growth and after 

successive addition of monomer molecules, macroradicals are formed. Both steps are shown in 

Figure 14. 
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X X*

X*+M M*

Mn+M* Mn+1-M*

Initiation

Propagation

 

Figure 14. Schematic of the initiation and propagation steps in the polymerization mechanism. 

The active free radical species are highly unstable and tend to self-annihilate through two 

termination reactions: combination and disproportionation. Combination reactions occur when two 

macroradicals react resulting in the formation of a polymer comprised of the two species. On the 

other hand, in disproportionation reactions one of the species abstracts a H-atom from the other 

which results in a H saturated macromolecule together with its omega unsaturated counterpart.150 

Chain transfer reactions compete with the propagation reactions as the reactive macromolecule 

(𝑀𝑀 −𝑀𝑀∗) may react with a component present in the experiment, that is not the monomer. In this 

case the active site is transferred to that other non-monomer species, terminating the 

polymerization of that specific chain, but starting a new chain polymerization. A schematic of 

these two steps is shown in Figure 15.   

2Mn-M* M2n

Mn-M* + Mm-M* Mn Mm+

Mn-M* + X X*Mn +

Termination

Disproportionation

Combination

Chain Transfer

 

Figure 15. Schematic of the termination and chain transfer steps in the polymerization 
mechanism. 
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 In cationic polymerization reactions, an electrophile reacts with the monomer which has a 

π bond. The reaction is initiated by adding the electrophile which results in cleavage of that double 

bond, and a cation is left on one end of the original double bond. For example: 

H CH3

CH3H

H Cl

CH3

CH3

H

H
H

Cl

 

Propagation then proceeds with the reaction of the monomer with the active species.  

A +

n n+1
A

monomer
active species  

The polymerization is terminated generally by combination the nucleophilic anion with the 

cationic chain. Another way in which the chain is terminated is by chain transfer. In this case, 

hydrogen can be abstracted by the counterion or by the monomer.  
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1.3.5 Radiation-induced grafting 

Radiation-induced grafting refers to the process in which a functional monomer may be 

covalently bonded to a polymer substrate with the use of radiation. This is a rapid method that 

allows for the functionalization of a variety of polymers, and that can be upgraded from the 

laboratory to the industrial scale.96 Some of the advantages of radiation-induced grafting over 

chemical grafting include, not requiring any hazardous reactants, and no limitations in the polymer 

shape. The degree of grafting (DoG) is used to quantify the amount of grafting achieved through 

the following equation:  

DoG (%) =
mf − mi

mi
× 100 (1.13) 

where mf is the mass of the sample after grafting, and mi is the mass of the sample before grafting.  

There are two main ways to graft monomers onto a substrate: direct and indirect grafting. These 

will be discussed in the following sections.  
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1.3.5.1 Indirect Grafting 

In the process of indirect grafting the polymer substrate is irradiated first in a vacuum or in 

an inert atmosphere, to protect the radicals formed during the irradiation. The substrate is kept in 

that inert atmosphere until it is mixed with the monomer that will be grafted onto it. At that moment 

the radicals generated will start the reaction with the monomer or polymer that is being grafted. 

Radicals are then generated on the monomer, through which a covalent bond between the monomer 

and the substrate is formed. In the case of using a monomer, polymerization grafting can also be 

achieved. One of the advantages of this type of grafting is that there is a low degree of 

homopolymerization of the monomer since the radicals are formed through a chain transfer 

mechanism. This in turn leads to an easier process of washing the grafted material, since less 

homopolymer will need to be removed. In addition, this allows for the grafting of virtually any 

monomer, since it would not be subjected to any irradiation that may damage it. The disadvantage 

of indirect grafting involves the need to maintain the irradiated substrate in an inert atmosphere 

and at cold temperatures to conserve the radicals before the monomer is introduced. If kept at room 

temperature, the radicals generated will quickly begin to decay by recombination.  

1.3.5.2 Direct Grafting 

The process of direct grafting is that in which both the polymer substrate and the monomer 

are irradiated together. Grafting is achieved through the simultaneous generation of radicals in the 

substrate and in the monomer, which then react to form covalent bonds between the two. The 

irradiation may be done in air, in inert atmosphere, or in an environment that promotes the 

generation of a specific kind of radical, i.e., nitrous oxide. The main disadvantage of this method 

is that it is limited to certain substrate-monomer pairs. A similar number of radicals is desired for 

both the substrate and the monomer. However, if they have different radiation-chemical yields (G) 
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more radicals of one will be generated over the other. This is especially concerning if the monomer 

has a higher yield since it will lead to a high degree of homopolymerization and a low DoG. Ways 

to promote grafting and avoid homopolymerization include: (1) polymerization inhibitor in the 

monomer solution, (2) high temperature environment, and (3) lower dose rates.151 

1.3.6 Radiation grafting under different atmospheres 

As discussed above, it is of outmost importance to control the type and yield of radicals 

formed during the irradiation to achieve high degrees of grafting. In this section, the effect of 

different types of irradiation atmospheres on the final product will be discussed. 

1.3.6.1 Presence of oxygen 

When a polymer is irradiated under a natural atmosphere, the presence of oxygen around 

it will have significant effects on the type of radicals formed. The result is the oxidation of the 

polymer from the reaction of the polymer molecule with the peroxyl radicals generated from the 

oxygen molecules. The following chain reaction scheme describes the oxidative degradation of 

polymers (RH) in air:152 
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RH R + H
Initiation

Propagation
R + O2 ROO

ROO + RH ROOH + R

ROOH RO + OH

OH + RH

H2O+RO

RO + RH ROH + R

RO chain scission reactions

Termination
2R R-R

ROO + R ROOR

ROOH

chain branching

crosslinking reactions 
to non-radical products

radical conversion

H2O + R

 

During e-beam irradiation the presence of oxygen not only increases the rate of degradation 

of the polymer, but also increases the possibility of cross-linking.109 For the purpose of the grafting 

experiments done in this work, the irradiations were conducted in the absence of oxygen.  

1.3.6.2 Absence of oxygen 

Irradiations under vacuum or in an inert atmosphere allow for the formation of radicals in 

the polymer without the interference of oxygen molecules. In the case of indirect grafting 

procedures, the absence of oxygen slows the decay of the radicals generated on the polymer until 

the monomer is introduced. If direct grafting is done in non-aqueous solution, the absence of 

oxygen will also be beneficial to achieve a high DoG because it will avoid the reaction of the 

radicals with species other than the polymer.  
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1.3.6.3 Nitrous oxide environment 

As discussed previously, during the irradiation of the polymer in aqueous solution the 

hydroxyl ( OH 
• ) radical plays an important role in the formation of radicals on the backbone of the 

polymer. These radicals are generated when the OH 
•  radical abstracts hydrogen atoms from the 

backbone of the polymer or adds to a C-C double bond. Thus, it is beneficial to have a high 

concentration of hydroxyl radicals in the solution. In 1960 Dainton and Peterson104, showed that 

the addition of nitrous oxide into an aqueous solution led to the increase in concentration of 

hydroxyl radicals. When nitrous oxide is introduced to the solution the aqueous electrons react 

with it which leads to the generation of more hydroxyl radicals trough the following reaction: 

eaq− + N2O
H2O�⎯�N2+−OH + OH 

•  (1.14) 

This reaction is very fast (k = 9.1  ×  109 M−1s−1) which allows for the majority of the aqueous 

electrons to be converted to hydroxyl radicals, before reacting with the other species.153  

1.3.7 Additional parameters affecting radiation-induced grafting yield 

The DoG can be controlled by various irradiation parameters including dose, dose rate, and 

linear energy transfer (LET). The irradiations done in this work were completed with the use of an 

e-beam accelerator. In general, a higher irradiation dose leads to a larger number of radicals 

generated and thus a higher DoG. However, the effects of high doses on the polymer substrate 

must be taken into account when selecting the irradiation dose for grafting. In terms of the dose 

rate, the inverse is observed; a high dose rate leads to a decrease in the DoG. This is due to high 

dose rates increasing the density of radicals which promotes their recombination and the formation 

of gels.154  
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Other conditions that affect the DoG are the chemistry of the polymer substrate, monomer 

concentration, and grafting temperature. The substrate chemistry is important because it 

determines the reactivity of the radicals produced during irradiation. The nature of the radical is 

usually determined by electron paramagnetic (EPR) spectroscopy to determine its reactivity with 

the monomer. The presence of functional groups that can either stabilize or quench the radicals 

generated must also be considered. Mostly, a higher concentration of the monomer leads to a 

higher DoG. However, an increase in the monomer concentration might lead to an increase in the 

viscosity of the solution and thus a decrease in the diffusion of the monomer to the polymer 

substrate which might reduce the DoG. Finally, an increase in the temperature can increase the 

DoG for both direct and indirect grafting procedures. Heating the sample above the glass transition 

temperature (Tg) of the polymer increases the mobility of the chain segments which promotes 

active site migration to the surface and thus increasing the concentration of radicals. It can also 

help by decreasing the viscosity of the solution leading to better diffusion of the monomer to the 

polymer. However, high temperatures can also promote the recombination of radicals which would 

be counterproductive for the indirect grafting approach.  
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2. Materials and Experimental Methods 

The main objective of this work was to design and produce a new aramid fiber with improved 

mechanical properties, through grafting and crosslinking. The first approach focused on the 

radiation-induced grafting of nanomaterials onto the fiber, both direct and indirectly, a schematic 

of which is shown in Figure 16. The specifics of both methods will be discussed in the following 

sections. The second approach was focused on the irradiation of the fibers in an atmosphere that 

would enhance their crosslinking. A similar effort was made to produce an improved UHMWPE 

fiber, following a parallel approach.  

 

Figure 16. Schematic of the processing steps for the radiation-induced grafting, (a) direct, and 
(b) indirect, of nanocellulose onto aramid fibers and the subsequent testing procedure. 

After becoming an e-beam operator at NIST, this thesis moved to include another project, 

which will be discussed here as well. This second project is closely related to the polymer fiber 

modification one and focuses on the use of irradiation of polymer resins with a different goal: to 
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degrade the resin and increase its recyclability. Polymer resins are an important part of fiber-

reinforced composite; thus, it is of interest to understand the effects of irradiation on them. All the 

work in this part of the project was done in collaboration with groups from Oak Ridge National 

Laboratory (ORNL) and Brookhaven National Laboratory (BNL). 

2.1 Materials 

Aramid and UHMWPE fibers were selected for this study because of their importance in many 

fields, including the military and defense industry. A previous grant of the Al-Sheikhly group with 

the Department of Defense (DoD) and NIST had directed research on functional fibers used in 

body armor, including aramid and UHMWPE fibers. With the goal of improving the interfacial 

strength between fibers and resins used in composites, and the total strength of the fiber, 

irradiation-induced grafting and irradiation-induced crosslinking processes were studied. 

Unsaturated polyester resins contribute largely to the polymer waste problem currently faced in 

the world. In this work, radiation was explored as a tool to reduce the high-energy expenditure 

process of recycling, by inducing radiation scission and degradation of the resin. 

2.1.1 Polymer Fibers 

The aramid fibers studied in this project were produced by DuPont under the commercial 

name Kevlar® 49. The fibers have an average diameter of 9.3 μm. The measured tensile strength 

and modulus are approximately 3.1 and 95.3 GPa, respectively. A spool of UHMWPE fibers 

produced by DSM under the commercial name Dyneema SK76 was also used in this project. These 

fibers have an average diameter of 18.54 μm.  

2.1.2 Nanocellulose 

Cellulose nanofibrils (referred in this work as nanocellulose) were purchased from 

Cellulose Lab. Two types of nanocellulose were studied in this work: (1) nanocellulose slurry, and 
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(2) freeze dried nanocellulose. Both consisted of nanocellulose with a nominal width from 30-80 

nm and several hundred microns in length. In the case of the slurry, it was a 3 wt% aqueous 

solution. A styrene-containing linker was grafted onto freeze dried nanocellulose to enhance the 

grafting of the modified nanocellulose onto the polymer fibers. Nanocellulose has been used 

previously to enhance the interface adhesion between fiber and resin in polymer 

composites.23,30,86,155 However, no studies on the incorporation of nanocellulose on aramid or 

UHMWPE fibers, or its effect on the fibers, has been published. Nanocellulose would not only act 

as a mechanical anchor between the fiber and the resin, but also introduce functional groups that 

can facilitate bonding in the composites.  

2.1.3 Polymer resin 

Four unsaturated polyester resins were provided by AOC Resins, Collierville, TN. The 4 

resins studied were: (1) Marine use dicyclopentadiene (DCP)-based, (2) VipelF701®, (3) 

VipelF013®, and (4) VipelF774®.  All resins share the ester bond shown in Figure 17. They were 

irradiated in two states: (1) bulk solid slabs, and (2) powder form. A variety of solvents were used 

to determine the best environment to achieve degradation. The solvents used were dimethyl 

sulfoxide (DMSO, ACS reagent, ≥99.9%) and isopropyl alcohol (IPA, ACS reagent, ≥99.5%) 

which were purchased from Sigma Aldrich and used as received. A water purification system 

(Milli-Q type 3) was used to obtain purified water. 

O

C
R O R'  

Figure 17. Ester bond - common bond in all the resins studied. 
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Table 4 shows the approximate structure of the resins used and the sample names used in this thesis 

for simplification. 
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Table 4. Polyester-based resins and their composition. 

1R: Marine use DCPD based resin 

 

Main Components: Dicyclopentadiene (DCPD), Maleic Anhydride, phthalic anhydride, 
glycols, small amount of vinyl monomers (methyl methacrylate, vinyl toluene) 
2R: VipelF701®  

 

Main components: Maleic anhydride, isophthalic acid, propylene glycol 
Description: Corrosion resistant isophthalic polyester resin 
3R: VipelF013®  

 

Main components: Bisphenol-A (BPA) diglycidyl ether, maleic anhydride, styrene, small 
amounts of polyols and acrylate monomer  
Description: Bisphenol-A, Epoxy Vinyl Ester Resins (Higher Styrene Content) 
4R: VipelF774®  
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Main components: Maleic anhydride, phthalic anhydride, terephthalic acid, propylene glycol 
Description: High Cross-linked Terephthalic Polyester Resin 
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2.2 Sample preparation 

In this section the general procedure followed for preparing the samples before irradiation will 

be discussed. A spool of aramid fibers was kept wrapped in a plastic bag inside a black container 

to keep the fibers clean and protect them from extended exposure to light. The UHMWPE spool 

was kept in dark ambient conditions. This first section will focus on the samples used for the 

nanocellulose grafting experiments, the following section will deal with the samples used for the 

crosslinking experiments, and the last one focuses on the polyester resin samples. 

2.2.1 Preparation of samples for grafting 

Ceramic scissors were used to cut threads of fiber from the spool and obtain pieces with a 

mass between 0.069 – 0.070 g. This range was selected to reduce the impact of sample size on the 

grafting. The initial mass was originally chosen based on the size of the vials used for the first 

experiments, in which 7 mL of water could be added to irradiate the fibers in a 100:1 water to fiber 

ratio. After cutting the fibers and placing them in septum vials, aramid fibers were placed in an 

oven at 100 °C for 3 h to remove any moisture that was absorbed from the laboratory environment. 

The fibers were then weighed and placed inside a vacuum desiccator until the morning of the 

irradiation. The septum vials enable the purging of the atmosphere inside the vial with inert gas, 

or with nitrous oxide when the sample was submerged in water. All the vials were purged for 20 

minutes in the morning before the irradiation and sealed with parafilm to avoid diffusion of oxygen 

inside the vials. For the purging, two needles were inserted into the septum vial: the first needle is 

connected to the gas and is used to introduce inert gas or nitrous oxide to the sample and as the 

oxygen is displaced, it escapes the vial through the second needle. 

There were two grafting solutions used in the experiments: (1) unmodified nanocellulose, 

and (2) styrene-grafted nanocellulose. For the first solution, the 3 wt% nanocellulose slurry in 
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water obtained from Cellulose Lab was used. The slurry was diluted to obtain the same mass of 

fiber and nanocellulose in each vial. The initial grafting experiments of nanocellulose onto aramid 

fibers were not successful (DoG < 5%) and thus the styrene-nanocellulose solution was 

synthesized. Freeze-dried nanocellulose was obtained from Cellulose Lab and modified by 

introducing a styrene group to its structure. This styrene group has a double bond that facilitates 

bonding between the radicals generated on the fiber and the nanocellulose. In general, the 

procedure for the grafting of the styrene onto the nanocellulose was based on the Williamson ether 

synthesis procedure and is presented here. The nanocellulose was first dispersed in DMSO, and 4-

(chloromethyl) styrene was added and mechanically stirred into the mixture. A small scoop of 

sodium hydride (NaH) was added to start the reaction. The mixture was left stirring on a stir plate, 

at room temperature, overnight. The product was then centrifuged and thoroughly washed with 

ethanol. A schematic of the proposed mechanism for the grafting of 4-(Chloromethyl) styrene onto 

nanocellulose is shown below (Figure 18). After the synthesis of this modified styrene-

nanocellulose, an aqueous solution was prepared.  
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Figure 18. Schematic of the proposed mechanism for the grafting of 4-(chloromethyl)styrene 
onto nanocellulose. 

2.2.2 Preparation of fiber samples for crosslinking studies 

For the crosslinking experiments, three 7” pieces of polymer fibers were placed in 7 mL 

vials with septa caps. This was done to facilitate the subsequent mechanical tests that would be 
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done on the fibers. A total of 30 samples were sent to Dr. Mark Driscoll at the SUNY College of 

Environmental Science and Forestry. Of these, 15 samples were purged with acetylene gas, and 

15 were dipped in a glycol/trimethylolpropane triacrylate (TMPTA) solution. The samples were 

then sent back to UMD, where the irradiation and characterization experiments were conducted. 

The acetylene gas samples were sealed with parafilm before irradiation. TMPTA samples were 

rinsed with acetone to remove excess solution and irradiated after drying.  

2.2.3 Preparation of polyester-based resins for degradation 

The polyester resins were used as received from ORNL. The powder samples were placed in 

20 mL vials and the bulk samples were placed in 7 mL vials, as shown in Figure 19. Five different 

environments were studied for each resin: (1) dry at ambient conditions, (2) in water, (3) in DMSO, 

(4) in a water/DMSO mixture, and (5) in IPA. The powders were soaked overnight in their 

corresponding solutions before irradiation. All vials were uncapped, and the samples exposed to 

environmental air during the irradiation. 

 

Figure 19. Example of powder and bulk resin samples. 
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2.3 E-beam irradiation 

Irradiation experiments were conducted in the electron beam (e-beam) linear accelerator 

(LINAC) at the Medical Industrial Radiation Facility (MIRF) at NIST. The MIRF is a radio 

frequency-powered, traveling wave electron LINAC that provides energies from 7 to 32 MeV. 

Currently, its optimal operation is reached at an energy of 11 MeV. It has a pulse rate of 120 

pulses/sec and an average beam current of 0.1 mA. A schematic of the MIRF is shown in Figure 

20. 

 

Figure 20. Schematic of the MIRF. In the figure the following are highlighted: (1) two -stage 
traveling wave rf LINAC, (2) collimator head for medical treatment beam, (3) 380 V motor 

generator to convert to 50 Hz, (4) 8 MW Klystron and waveguide for 3000 MHz rf, (5) water 
cooling system, and (6) operator’s console and data acquisition system. 

2.3.1 Irradiation set-up 

Samples were irradiated at a constant dose rate. This can be modified by either changing 

the current of the e-beam or the position of the sample. Different irradiation set ups were 

investigated to achieve the highest DoG, and each will be discussed in the next sections. In general, 

the set up for both the grafting and crosslinking experiments consisted of a foam block positioned 

100 cm away from the beam exit window, on which two samples were placed next to each other. 
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Figure 21 shows the positioning of the samples in front of the beam. Temperature has a significant 

effect on the radiation-induced grafting process.156,157 The set-up was adjusted to irradiate the 

samples at three different temperatures: (1) room temperature with samples irradiated as shown in 

Figure 21, (2) high temperature where samples were placed in a “hot box” connected to a hot air 

supply, and (3) sub-ambient temperature where samples were placed in a cooler filled with dry ice.  

 

Figure 21. Set-up of sample irradiation in front of the e-beam. 

2.3.1.1 Room temperature set-up 

The first approach to graft nanocellulose onto the aramid fibers was made by conducting 

room temperature irradiations of either the fibers by themselves (indirect grafting) or the fibers 

and the nanocellulose solution (direct grafting). Conducting the irradiations at room temperature 

has the advantage of requiring less time, as the samples do not need to reach a set temperature 

before irradiation, and allowing for the grafting of temperature-sensitive monomers for which 

other grafting techniques might not work.156 Irradiating the fibers at room temperature and below 
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their Tg means that the polymer chain is rigid, and the nanocellulose can bond to the radiation-

produced free radicals on the outer layer of the material.  

2.3.1.2 High temperature set-up 

The second approach for the grafting experiments was heating up the polymer fiber inside 

a “hot box” set up during the irradiation. This set up configuration can be seen in Figure 22. The 

“hot box” consists of an insulated foam box with two holes cut in the front and back to avoid 

interference of the foam with the electron beam. Similarly as in the room temperature set-up, the 

samples were placed on top of a foam block in pairs. To heat the box, a copper pipe attached to a 

source of pressurized air was connected to the box. A heating tape was wrapped to the outside of 

the copper tube and the temperature adjusted as desired. As the pipe was heated, hot air was pushed 

into the box, heating the samples. The temperature was monitored by using two thermocouples, 

one at the hot air inlet and the other one close to the samples. The samples were placed inside the 

box and kept at the desired temperature for 5 minutes to reach equilibrium before irradiation.  

 

Figure 22. The inside of the “hot box” insulated irradiation chamber used for high temperature 
irradiations. 
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Irradiations performed at high temperature, and above the Tg of the polymer, have the 

advantage of creating more active sites for the grafting material to attach to. This is the result of 

the chains having more mobility and the free radicals migrating to the surface, increasing the 

population of sites available for grafting.156 It has been reported that high temperature irradiation 

can maximize the total grafting onto polymer substrates and improved resistance to wear.158–160 

2.3.1.3 Low temperature set-up 

The third approach consisted of placing the samples inside a small cooling box, which 

could be filled with dry ice. Two holes were cut in the front and back of the box, to avoid 

interference with the beam. A photo of this set up is shown in Figure 23. This set-up was used to 

continue the indirect irradiation grafting experiments. In this case a temperature of around -40 °C 

could be reached and maintained as the irradiation took place. Again, the temperature was 

monitored using a thermocouple placed inside the box, and the samples were allowed to reach 

equilibrium before the irradiation started.  

 

Figure 23. The inside of the cooler used as an insulated irradiation chamber for conducting the 
irradiation experiments at sub-ambient temperature. 
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For indirect grafting, this low temperature approach was the most successful. Its benefits 

rely on restricting the mobility of the radicals created after irradiation. The produced radicals are 

less likely to react, either with each other or with the molecules in the environment, at low 

temperature. Then, after irradiating and storing the sample, when the nanocellulose is introduced, 

there are more radicals present in the fibers to which the nanocellulose can attach to. This method 

has also been shown to be successful for the grafting on a variety of polymers.161 

2.3.1.4 Crosslinking studies set-up 

Samples in acetylene or triacrylate environments were irradiated at room temperature at 

different doses. The set-up is the same as the one used for the irradiation of fibers at room 

temperature described in section 2.3.1.1 and shown in Figure 21.  

2.3.1.5 Resin degradation set-up 

The set-up used for the polymer resin irradiations is shown in Figure 24. In this case, since 

the experiments consisted of a large number of samples irradiated at the same conditions, a 

circular, rotating turntable was used as the base. The experiments were conducted in the presence 

of oxygen, and none of the samples were capped for this experiment. Around 15-20 samples, 

depending on the size of the vial, could be irradiated at the same time. The rate of rotation was 

around two turns per minute. A mechanical motor underneath the turntable was used to operate it 

with an external voltage supply.  
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Figure 24. Turntable set-up used to irradiate polymer resin samples at the same time. Picture 
was taken during the dosimetry measurements and the caps and alanine strips were removed 

prior to starting the experiments.  

Since these samples were irradiated to high doses, the temperature of the solution inside 

the vials was monitored by placing an additional vial filled with water next to the sample vials and 

inserting a thermocouple in it. The temperature was kept below 80 °C, to assure that no boiling of 

the solvents would occur. This was achieved by fractionating the dose; the samples were irradiated 

continuously until the temperature reached 80 °C at which point the irradiation was stopped. After 

the temperature decreased to approximately 30 °C, the irradiation was restarted.   

2.3.2 Dosimetry 

An important aspect of radiation chemistry is the determination of the total dose absorbed 

by the sample during irradiation. Factors that affect the dosimetry include the sample geometry 

(type of vial used), physical state of the sample (dry or in solution), and the configuration set-up. 

Dosimetry was performed only when these conditions were altered. Calibration vials, at the same 
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conditions, environment, and set up as the main experimental vials, were used for the dosimetry 

measurements. This entailed one calibration of the vials with only the fibers inside (indirect 

grafting) and one calibration of the vials with the fibers and the nanocellulose aqueous solution 

(direct grafting) for the grafting experiments. The same dosimetry was used for the crosslinking 

experiments, where the fibers are irradiated by themselves. A final dosimetry experiment for the 

polyester resin samples was also done. Due to a change at the MIRF facilities, two dosimetry 

methods were used and will be explained in this next section.  

2.3.2.1 Alanine-EPR dosimetry system 

Kodak BioMax Alanine Dosimeter Films were placed in the front and back of both samples 

before irradiation as shown in Figure 25.  Since the fibers were placed along the length of the vials, 

the alanine strips were taped vertically on the calibration sample. It was assumed that the total dose 

received by the sample could be estimated from the average dose received by the front and back 

strips. The range of the alanine strips allows for calibration between 3 to 80 kGy. Thus, based on 

previous calibration experiments, the calibration vials were irradiated for a set amount of time (2-

3 minutes).  
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Figure 25. Alanine strips placement for dosimetry measurements. 

After irradiation, the alanine strips were taken to an EPR equipped with a dosimeter reader 

(Figure 26). This EPR is capable of reading the signal from the unpaired electrons generated on 

the strips during the irradiation. The software integrates the area under the absorption peak 

obtained, compares it to a standard value, and determines the dose absorbed by the strip. The dose 

received by the four strips is measured and averaged to determine the total dose received by the 

sample.  
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Figure 26. Bruker Alanine Dosimeter Reader. Alanine strips were inserted into the middle cavity 
after irradiation. 

The dose administered to the samples can be adjusted by relating this calculated total dose 

to the number of counts received by a Faraday cup that is placed behind the samples (Figure 27). 

A Faraday cup is a metal cup that catches the charged particles leaving the e-beam, which are 

proportional to the current from the electron beam. The Faraday cup is connected to a current 

integrator in which 1 × 10−10C is equal to one single “count”, where the particles can be counted 

as the irradiation is done. Both the total number of counts collected by the Faraday cup and the 

irradiation time are collected using a counter-timer linked to the current integrator. The counts are 

then compared to the total dose administered to the sample, calculated through the dosimetry.   
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Figure 27. Faraday cup in reference to the sample placement. 

2.3.2.2 Radiochromic films system 

The second dosimetry calibration was done using radiochromic films (Figure 28). Similarly 

to the alanine strips, the radiachromic films were taped to the front and back of the calibration vials 

before irradiation. These films contain a dye that is sensitive to ionizing radiation. As the film is 

irradiated, the color changes, and the dose received can be determined.  The energy absorbed by 

the films was measured using a Thermo Scientific GENESYS 20 Visible Spectrophotometer 

(Figure 29) and converted into absorbed dose following a calibration graph previously generated 

at the MIRF. The average dose measured from the films was determined to be the dose received 

by the sample. After obtaining this value, it was related to the total number of counts determined 

by the Faraday cup, to get a charge-to-dose measurement with which the total dose administered 

to the sample can be selected.  

Faraday cup 
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Figure 28. Radiochromic films used for dosimetry. 

 

Figure 29. Visible Spectrophotometer used for radiochromic film dosimetry. 

2.4 Post-radiation process 

After irradiating the samples, the fibers were processed through a number of steps to complete 

the grafting process, and in the case of the crosslinked fibers, to avoid degradation. The polyester 

resins were prepared for characterization. This section will go over the steps taken to study each 

of these sets of samples.  
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2.4.1 Samples for direct grafting 

Samples used for the direct grafting experiments were washed with DI water to remove 

excess nanocellulose that had not been grafted. This consisted of using a total of 600 mL of water 

to rinse the fibers 6 times. UV-Vis Spectroscopy was used to corroborate that all the excess 

nanocellulose was extracted from the fibers. After washing, the nanocellulose-grafted fibers were 

dried in a vacuum desiccator for 72 h, until there were no changes in the weight of the samples. 

After drying, the final mass of the sample was obtained with the use of a mass balance.  

2.4.2 Samples for indirect grafting 

The samples that were prepared for indirect grafting, and thus consisted of fibers irradiated 

in an inert atmosphere, were placed in dry ice immediately after irradiation to conserve the free 

radicals produced. These samples were then transferred to a glove box, or a glove bag, purged with 

inert gas. Aqueous solutions of nanocellulose or styrene-nanocellulose were also purged with inert 

gas and transferred into the glove box or glove bag. There, the aqueous solutions were mixed with 

the fibers, shook thoroughly to ensure complete mixing of the nanocellulose through the fibers, 

and left mixing overnight. These samples were mixed at three different conditions: (1) room 

temperature where samples were left inside the glove box, (2) high temperature for which an oil 

bath was prepared inside the glove box, and (3) low temperature in which the glove bag was placed 

in a fridge. Similar to the irradiation temperature, the grafting temperature is a crucial parameter 

in radiation-induced grafting. A temperature of 80 °C was selected to favor the mixing of the 

nanocellulose onto the fibers. Low temperature grafting (~20 °C) was studied to avoid possible 

homopolymerization of the styrene-nanocellulose solution.  
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2.4.3 Samples for crosslinking studies 

Fiber samples that were irradiated in an acetylene or triacrylate (TMPTA) environment 

were annealed following irradiation to avoid the reaction of the radicals created with oxygen. The 

samples were then kept sealed until characterization.  

2.4.4 Polyester resin samples 

After irradiating the polyester resin samples, the solvents were removed first through 

decantation. Then, all the samples were placed in a vacuum desiccator for a week until all the 

remaining solvent was evaporated. A small amount of each powder sample was then placed in 

EPR tubes for characterization. These were kept at ambient conditions for follow up measurements 

up to 6 months after irradiation. The rest of the samples were sent to ORNL for further 

characterization.  

2.5 Sample Characterization 

The irradiated samples were characterized at different stages during the experimental process. 

First, the effects of irradiation on the fibers were analyzed. This entailed looking at the radicals 

generated through irradiation, the mechanical effects of the irradiation, and the morphology of the 

fibers. After the grafting process several characterization techniques were used to determine the 

amount of monomer grafted, to examine the morphology of the sample after grafting, and to study 

its mechanical properties. In the case of the crosslinking experiment samples, the crosslinking 

degree achieved was investigated and its effect on the fibers’ mechanical properties. The radicals 

generated after irradiation of the polyester resins were also investigated.  

2.5.1 Electron Paramagnetic Resonance (EPR) spectroscopy  

The radicals present in the fibers after irradiation were studied by analyzing a batch of 

irradiated, non-grafted, samples. The principle of EPR spectroscopy is based on the interactions 
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between unpaired electrons and a magnetic field. This is known as the Zeeman effect. When this 

interaction happens, the unpaired electron has two allowed energies states, a lower energy state 

when the moment of the electron (𝜇𝜇) is aligned with the magnetic field (𝑚𝑚𝑠𝑠 = +1/2), and a higher 

energy state when the 𝜇𝜇 is aligned against it (𝑚𝑚𝑠𝑠 = −1/2). A schematic of this is shown in Figure 

30. The energy difference between the two states, and the energy required for transition between 

the states is: 

∆𝐸𝐸 = 𝑔𝑔𝜇𝜇𝐵𝐵𝐵𝐵0  (2.1) 

where g is the g-factor, which helps identify the molecule studied, 𝜇𝜇𝐵𝐵 is the Bohr magneton (9.274 

×10−24 J/T), and 𝐵𝐵0 is the magnetic field.162 

 

Figure 30. Absorption of energy by the spins, or resonance, occurs when the magnetic field is 
scanned and the energy difference between the states is equal to the energy of the spectrometer.  

A magnetic field, which “tunes” the 2 electron spin states (𝑚𝑚𝑠𝑠), and a microwave frequency 

(𝑣𝑣) are simultaneously applied to the sample. When the energy of the applied radiation (𝐸𝐸) is equal 

to the energy difference between the two states, absorption of energy occurs. The intensity of the 

energy absorption is recorded by the EPR, usually derived by the software, and the EPR spectrum 

is obtained. Absorption occurs, and EPR data is collected, when: 

∆𝐸𝐸 = ℎ𝑣𝑣 = 𝑔𝑔𝜇𝜇𝐵𝐵𝐵𝐵0 (2.2) 
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where ℎ is Plank’s constant (6.626 × 10−34 JꞏHz-1) and 𝑣𝑣 is the frequency at which the signal was 

recorded.162  

At a given frequency, the g-factor, which is independent of frequency, can be used to get 

information about the sample. For example, C-centered radicals have a g-factor close to the g-

factor of the free electron (g~2.0023). Nitroxide radicals have been found to have a g-factor ~ 

2.006, while the g-factor of metal ions can vary greatly.163 

The EPR spectra provides more information about the sample in terms of the hyperfine 

interactions, which are the interactions between the magnetic moments of the electron and the 

nuclei of the molecules. When the free radical is located near the nuclei, the nuclei produce a 

magnetic field (𝐵𝐵1) on the free radical, which either adds or subtracts from the magnetic field 

applied by the EPR (𝐵𝐵0). Depending on the alignment of the moment of the nucleus (parallel on 

antiparallel) 𝐵𝐵1 can be either positive or negative. The total magnetic field is then defined as: 

𝐵𝐵 = 𝐵𝐵0 ± 𝐵𝐵1 (2.3) 

If, for example, the electron spin interacts with 1 Hydrogen atom, which has a spin (𝐼𝐼) of 

½, the absorption signal splits into two identical peaks. If there are 2 H atoms, it would further 

split into two more peaks, resulting in a spectrum with a quartet signal. This splitting follows 

Pascal’s triangle. Thus, the number and the manner in which the signal is split provides information 

about the environment of the free radical present in the sample. The more nuclei in the vicinity of 

the free radical, the more signals present in the spectrum. If the number is too high, signals may 

overlap resulting in a broad number of signals observed.163 The number of lines in the EPR 

spectrum, or total number of hyperfine splittings can be calculated with the following formula:  
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�(2𝑀𝑀𝑖𝑖𝐼𝐼𝑖𝑖 + 1)
𝑖𝑖

(2.4) 

where 𝑀𝑀 is the number of the adjacent H atoms, and 𝐼𝐼 is spin number of the nuclei.164  

EPR spectroscopy measurements were carried out in a Bruker EMX EPR spectrometer at 

room temperature (Figure 31). The instrument was calibrated before each set of measurements 

with a 2,2-diphenyl-1-picrylhydrazyl (DPPH) stable free-radical sample. The spectra were 

acquired at X-band frequency, a microwave power of 5.0 mW, a frequency modulation of 100 

kHz, and a modulation amplitude of 3.12 G. Spectra was collected with 600 G sweep width 

centered at 3500 G and represents the average of 4 scans.  

 

Figure 31. Bruker EMX EPR spectrometer 

After irradiating the polymer fiber samples in an inert atmosphere and at sub-ambient 

temperature, they were placed in a cooler filled with dry ice and moved to a glove box purged with 
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inert gas. In the glove box, the samples were transferred from the irradiation vials to EPR tubes 

and sealed with parafilm to limit the presence of oxygen. Then the samples were brought to the 

EPR and analyzed.   

In the case of the polyester resin samples, powder samples were transferred to EPR tubes 

at ambient conditions and characterized. The samples were left in ambient conditions for 6 months, 

with measurements taken at different time intervals.  

The concentration of radicals in each sample can be determined by using a standard sample 

with a known number of spins per gram, and calculating the concentration by proportion using the 

following equation: 

[𝑥𝑥] =
[𝑠𝑠𝑠𝑠𝑠𝑠]𝐴𝐴𝑥𝑥𝑅𝑅𝑥𝑥(𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑥𝑥)2𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠(𝑔𝑔𝑠𝑠𝑠𝑠𝑠𝑠)2[𝑠𝑠(𝑠𝑠 + 1)]𝑠𝑠𝑠𝑠𝑠𝑠

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠(𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠)2𝐺𝐺𝑥𝑥𝑀𝑀𝑥𝑥(𝑔𝑔𝑥𝑥)2[𝑠𝑠(𝑠𝑠 + 1)]𝑥𝑥
(2.5) 

where [ ] is the concentration of radicals (spins/g), 𝐴𝐴 is the area under the absorption curve obtained 

by EPR, 𝑅𝑅 is the degeneracy of the spectrum, 𝑔𝑔 is the g-value of the radical, also known as the 

fingerprint of the radical, 𝑠𝑠 is the electron spin quantum number, and the instrument parameters: 

𝐺𝐺 is the signal amplifier gain (Hz), 𝑀𝑀 is the amplitude of the modulation (G), and 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the 

sweep width (G). The subscripts 𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑥𝑥 refer to the standard manganese sulfate monohydrate 

(𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂4 · 𝐻𝐻2𝑂𝑂) sample, and the experimental sample, respectively.  

2.5.2 UV-Vis Spectroscopy 

For the samples that went through the grafting process, UV-Vis spectroscopy was done to 

confirm that all non-grafted nanocellulose had been removed from the fiber surface. The 

absorbance of the DI water rinsing solution was measured in a Cary 300 Bio UV-Vis 
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Spectrophotometer between 200 to 800 nm. A DI water sample was used as the standard for 

comparison.  

2.5.3 Fourier transform infrared (FTIR) attenuated total reflection (ATR) spectroscopy  

FTIR-ATR was used to confirm the grafting of the styrene-containing linker onto the 

nanocellulose and as an initial probe of the grafting of the nanocellulose onto the fibers. In this 

technique, IR light travels through a crystal and into a sample. As the light travels into the sample, 

in the regions of the IR spectrum where the sample absorbs energy, the evanescent wave is 

attenuated. This attenuated beam is reflected back to the crystal, towards the detector. Depending 

on the covalent bonds of the molecule, radiation can be absorbed or transmitted. Since different 

bonds absorb at different energies, the IR spectrum is used to identify these bonds. All FTIR-ATR 

measurements were carried out using a Thermo Scientific Nicolet iS50 FTIR equipped with a 

Nicolet iTX Diamond attenuated total reflectance (ATR) accessory. Samples were run from 525 

to 4000 cm-1 with a resolution of 8 cm-1 with 96 scans per sample. The surface of the ATR 

attachment was cleaned with acetone, ethanol, methanol, and water, and dried prior to every 

measurement. Background spectra was collected before each sample. Each sample was measured 

twice, at two different locations chosen randomly. A comparison of the spectrum of the 

nanocellulose sample before and after grafting, was used to show the changes in the chemical 

structure after grafting the styrene-containing linker.  

2.5.4 Gravimetric Analysis 

The total amount of grafting achieved was quantified through gravimetric analysis. The 

weight of the fibers was first taken prior to irradiation. After the grafting procedure, the fibers were 

washed with DI water as describe in section 2.4, and dried. The final weight of the fibers was then 

re-taken. A MS205DU Mettler-Toledo scale was used to determine the mass of the fibers before 
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and after grafting. These measurements were then used to calculate the final Degree of Grafting 

(DoG) achieved (eq. 1.13). 

2.5.5 Scanning Electron Microscopy (SEM) 

The morphology of the fibers before and after irradiation, and after grafting, was studied 

through SEM. Irradiation of the fibers results in the formation of divots and irregularities on the 

surface of the fibers which can be observed by SEM. After nanocellulose grafting, its distribution 

on the fiber surface can be analyzed in terms of homogeneity and density. The characterization 

was conducted in a Tescan XEIA Field Emission Gun (FEG) SEM. The fibers were taped to the 

specimen holder using conductive double-sided carbon tape and coated with a thin (<20 nm) 

conductive gold and platinum layer using a Hummer X Sputtering System.  

2.5.6 Solid-state nuclear magnetic resonance (ssNMR) spectroscopy 

Grafted samples were characterized with ssNMR in order to identify the bonding between 

the styrene-nanocellulose and the aramid fibers. Solid-state natural abundance 13C and 15N NMR 

spectra of magic angle spinning (MAS) samples were acquired on a Bruker AVANCE NEO 500 

MHz NMR spectrometer using the combination of standard cross-polarization (CP) with proton 

spinal-64 decoupling. Samples were packed in 3.2 mm o.d. rotors and run in Bruker 3.2 mm H/F-

X double resonance probe. Proton 90° pulse widths of 2.5 μs and contact times of 2 ms were used 

to acquire both 13C and 15N NMR spectra. The pulse delays of 5 s and 4 s were used to acquire 

both 13C and 15N NMR spectra, respectively. Carbon-13 chemical shifts were referenced with 

respect to TMS by setting δ(13C) = 0 ppm and nitrogen-15 chemical shifts were referenced with 

respect to α-glycine by setting δ(15N) = 33.4 ppm. Spectra of MAS samples were acquired at 

ambient temperature with spinning frequency of 8 to 15 kHz and spinning sidebands were 

confirmed by running experiments with a different spinning rate. 13C CP/MAS NMR experiment 
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was acquired with a total scan of 2k to 30k and 15N CP/MAS NMR experiment was acquired with 

a total scan of 18k to 60k depending on the sample amount.  

2.5.7 Single fiber testing 

The effects of the irradiation and grafting on the fibers were analyzed by conducting single 

fiber tensile tests. Three sets of samples were studied (1) fibers irradiated in inert atmosphere at 

different total doses, (2) nanocellulose-grafted fibers at different doses and different post-

irradiation conditions, and (3) fibers irradiated in acetylene or triacrylate environments. Single 

fiber tensile tests were carried out in a FAVIMAT tester (Figure 32) equipped with a 210 cN load 

cell, at a gauge length of 20 mm and a test speed of 2.0 mm/min. Irradiated yarns of fiber were cut 

to approximately 30 mm and single fibers of aramid were chosen randomly and separated with a 

mini spring clamp. After separating the single fibers, a pair of tweezers was used to place the 

unclamped end of the fiber on the top grip of the FAVIMAT. The mini clamp hung off the end of 

the bottom grip, keeping the fiber taut. The bottom grip was then closed, gripping the fiber at the 

bottom edge, and starting the testing. To achieve high confidence results, at least 50 specimens of 

each treatment condition were tested.  
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Figure 32. FAVIMAT single-fiber tester used for the mechanical testing of aramid fibers. Inset 
on the right shows the set-up, with a mini spring clamp placed on the end of the fiber which kept 

them taught. 

Weibull statistics are generally used for the analysis of the tensile strength of single fibers. 

Weibull combined the weakest link theory, which indicates that overall failure of the fiber happens 

when the segment with the lowest individual strength fails, with the two-parameter power law. 

Thus, the failure probability of the fibers can be described by the following distribution:165,166  

𝐹𝐹𝑙𝑙 (𝜎𝜎) = 1 − exp �−�
l

l0
� �

𝜎𝜎
𝜎𝜎𝑙𝑙0
�
𝜌𝜌

� ,𝜎𝜎 ≥ 0 (2.6) 

where 𝑙𝑙 is the length of the fiber, 𝑙𝑙0 is an arbitrary reference length, 𝜎𝜎 is the stress, 𝜎𝜎𝑙𝑙0 is the Weibull 

scale parameter at length 𝑙𝑙0, and 𝜌𝜌 is the Weibull shape or flaw dispersion parameter.  

The Weibull distribution was applied to determine how irradiation affects the mechanical 

properties of the fibers.  A Weibull probability plot, showing 99% confidence bounds, was 

analyzed in order to see how irradiation affected the distribution. This plot compares the 

distribution of the data to the Weibull distribution. The Weibull shape and scale parameters also 
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offer information about the fiber strength. The shape parameter shows how the values are 

distributed, whether in a clustered or dispersed manner, and is inversely related to the standard 

deviation. The scale parameter gives information about how the strength of the fibers varies with 

irradiation. 

 Through tensile tests, the Favimat measures the following fiber parameters: elongation (%), 

force (N), tenacity (g/den), and work (g*cm). It also determines the linear density (den) of the 

single fibers by using a vibration method; following the ASTM D 1577, the resonance frequency 

of the fiber is measured at a set gauge length and known pre-tension. The software presents the 

data as a typical tenacity (N) as a function of the elongation (%) curve. 

2.5.8 Gel Content 

The crosslinking degree of the samples was determined based on swelling experiments 

conducted on the fibers before and after grafting. After irradiating the fibers in acetylene and 

triacrylate (TMPTA) environments and annealing them, fibers were dissolved in sulfuric acid 

(𝐻𝐻2𝑆𝑆𝑂𝑂4). The fibers were left stirring inside a glove box purged with inert gas overnight. Then, 

the fibers were washed with DI water and the undissolved fiber was weighted. The change in 

weight is proportional to the degree of crosslinking of the fibers.  

2.5.9 Dynamic Mechanical Analysis  

The changes in the glass transition temperature of the polyester resins were investigated 

through Dynamic Mechanical Analysis (DMA). The bulk irradiated samples were placed in the 

DMA in single cantilever mode. An oscillatory strain amplitude of 0.1 % at a frequency of 1 Hz 

was applied to the samples and the temperature was changed at a rate 3 °/min. The glass transition 

temperature of the resins was reported as the peak of the plot of the tan δ as a function of 

temperature.  
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𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
𝐺𝐺"
𝐺𝐺′

 (2.7) 

where G” is the loss modulus and G’ is the storage modulus.  
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3. Results and Discussion 

A variety of irradiation-induced grafting techniques were studied to achieve the objectives of 

this project and to produce a new material – nanocellulose-grafted polymer fibers. Preliminary 

studies focused on the effects of e-beam irradiation on aramid fibers both dry in N2 environment 

and in a N2O saturated water system. The next phase of the project dealt with the grafting of 

unmodified nanocellulose onto the aramid fibers, by direct and indirect grafting. However, low 

degrees of grafting were initially obtained under several different conditions for both the direct 

and indirect grafting experiments. Thus, a styrene-containing linker was introduced to the 

nanocellulose through chemical grafting to provide a double bond to which the free radicals 

generated on the aramid after irradiation could bond to. After achieving the synthesis of this 

styrene-nanocellulose, the following phase focused on grafting this material onto aramid fibers. 

The samples were evaluated for free radical generation, degree of grafting, morphology, chemical 

structure, and its mechanical properties.  

The conditions in which irradiation could be used to promote crosslinking in polymer fibers 

by modifying its irradiation environment were also investigated.  The results presented in this work 

show successful crosslinking and the subsequential effect on the fibers’ mechanical properties.  

However, due to the presence of C-O-C bonds in the backbone of the chains of certain polymers, 

radiation induced grafting or crosslinking cannot be achieved for these types of materials. Rather 

the radiation induces scissions (not crosslinking) on the backbone of these chains.  Radiation-

induced scission of the polyester-based resins were also consequently examined in parallel. These 

radiation-induced scission reactions may facilitate the recycling of polyester waste. The following 

sections include the results obtained from the experiments conducted for each of these three 

projects and their respective discussions.  
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3.1 Effects of irradiation on aramid fibers 

As a first step towards radiation grafting on aramids fibers, the main preliminary experiments 

for this project focused on the study of the effects of irradiation on aramid fibers. Two sets 

experiments were conducted: (1) aramid fibers irradiated in the presence of water, at a ratio of 

100:1 water to fiber, and (2) aramid fibers irradiated dry in an inert environment. At first, both sets 

were irradiated at lower (50-80 kGy) irradiation doses. Larger doses were then studied to maximize 

the generation of free radicals on the fibers. Since the nanocellulose solution is aqueous, it was 

important to study the effects of water radiolysis during the irradiation. These effects would be 

significant when conducting direct grafting experiments, where the nanocellulose aqueous solution 

and the fibers were irradiated together. As the experiments continued, it was decided that indirect 

grafting was the most promising approach, and the studies on irradiation of aramid dry in inert 

atmosphere were expanded. In this section the data collected for these studies will be presented.  

3.1.1 Determining the structures of the radiolytically produced free radicals of aramid fibers 

under anaerobic conditions using EPR spectroscopy  

The first step to understanding the effect of irradiation on the fibers was to take EPR 

measurements of the fibers after irradiation. The type and concentration of the free radicals 

generated after irradiation was measured with EPR. Aramid fiber samples were irradiated at doses 

of 50, 100, 150, and 300 kGy, at a dose rate of approximately 400 kGy/h using the MIRF e-beam. 

The first experiments were done without water and in an inert atmosphere that was achieved after 

purging the vials containing the fibers with N2 gas. The samples were kept in dry ice during and 

after the irradiation and transferred to EPR tubes as described in section 2.5.1. All measurements 

were taken at room temperature.  
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The EPR spectrum of non-irradiated aramid fiber is shown in Figure 33. There is a small peak 

at 3349.6 G and a wider peak at 3483.2 G, with g-factors of 2.0878 and 2.0081, respectively. These 

background free radicals have been previously reported in literature and have been ascribed to 

trapped radicals and paramagnetic impurities introduced during the manufacturing process.167–169 

However, their concentration is more than an order of magnitude less than the concentration of 

radicals in the fiber after irradiation. Thus, they were determined to not be large enough to affect 

the detectability of the free radicals generated during the irradiation.  
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Figure 33. 1st derivative EPR spectrum of non-irradiated aramid fiber purged with inert gas. 

Figure 34 (left) shows the EPR spectra of the fibers irradiated at 50, 100, and 150 kGy in 

the absence of oxygen, as well as a non-irradiated fiber for comparison. Although the intensity of 

the signal increases with dose, the peak stays at around 3488 G, consistent with a g-factor of 2.0052 

which is reported for C-centered radicals.170,171 Slight shifts in the x-axis are related to the change 
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in frequency, which the instrument tunes for each sample. The expected mechanism for the 

generation of free radicals after irradiation, and the hyperfine prediction, will be discussed below. 

The concentration of radicals for the different irradiation doses was calculated using equation 1.18 

and the results are shown in Figure 34 (right). As expected, with an increase in irradiation dose 

there is more scissions of the C-N aramid bonds which results in an increase of the free radicals. 

Radical concentration is expressed in terms of spins per gram and a concentration of 6.17 x 1019 

spins/g was achieved on the samples irradiated at 300 kGy. This signifies a high concentration of 

free radicals available for grafting. Even at the lowest dose studied of 50 kGy, the concentration 

of the free radicals is at least an order of magnitude larger than the concentration before irradiation 

which was 4.12 x 1018 spins/g.  
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Figure 34. 1st derivative EPR spectra of non-irradiated and irradiated aramid fibers treated at 
50, 100, and 150 kGy in inert conditions (left), and the concentration of radicals generated at the 

different irradiation doses (right). 

As mentioned before, the EPR measures the intensity of the energy absorbed when a 

magnetic field is applied to a sample. Although the 1st derivative of the absorption spectrum is 

commonly shown as EPR, it is interesting to look at both the absorption spectrum and at the second 

derivative. Figure 35 shows the absorption spectrum (Fig. 35a), the first derivative of the 
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absorption spectrum (Fig. 35b), and the second derivative of the absorption spectrum (Fig. 35c) 

obtained from EPR measurements. The concentration of radicals is obtained by calculating the 

area under the absorption curve by integration. As described in section 2.5.1, EPR spectra is 

commonly displayed as the 1st derivative because of the detection method of the instrument, in 

which the signal to noise ratio is optimized. The second derivative can be used for easier 

visualization of the peaks detected. Looking at the 2nd derivative can be useful for identifying both 

slight changes in the slope of the spectrum and its center. The high number of peaks centered at 

around 3483 G are consistent with the generation of a broad number of free radicals. The high 

number of radicals generated causes an overlap of the signals.163 This makes it more complicated 

to identify individual radicals present in the sample. The 2nd derivative shows the same information 

as the 1st derivative, but it enhances the features at the expense of broader peaks.172  
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(b)
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Figure 35. (a) Absorption, (b) first derivative, and (c) second derivative EPR spectrum of 
aramid fibers irradiated dry in N2 environment at 150 kGy. 

 

 



78 
 

Figure 36 depicts possible mechanisms and the resulting free radicals produced by 

irradiation-induced scission of aramid fibers. Chain scission of the C-N bond has been accepted as 

the most likely result of irradiation of aramid fibers in inert environments.173,174 It is important to 

note that the aramid samples were irradiated in a completely inert atmosphere and precautions 

were taken to prevent O2 diffusion into the samples. As shown in the schematic, oxygen reacts 

very rapidly with the radiolytically produced C-centered free radicals of the aramid molecules 

leading to the impeding of the grafting reactions. 
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Figure 36. Proposed mechanisms for the formation of radicals after irradiation of aramid fibers 
in inert atmosphere. 

3.1.2 Determining the structure of the radiolytically produced free radicals of aramid fibers in 

the presence of N2O-saturated H2O using EPR Spectroscopy  

Preliminary studies on the effects of the irradiation of aramid fibers in the presence of water 

were also conducted. For this part, the fibers were irradiated at 50, 100, and 200 kGy, in the 

presence of water and in vials saturated with N2O. Figure 37 shows the 1st derivative EPR spectra 

for these samples. Since these samples had to be dried prior to irradiation at room temperature, the 

concentration of radicals cannot be correctly calculated. However, it is clear that the shape and 

centering of the peak is similar to the samples irradiated dry in inert atmosphere. In this case, the 
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center was identified to be at 3451 G and the g-value at that point is 2.0045. The slight decrease in 

g-value is a result of the positioning of the C-centered radical in the aramid structure. Instead of 

the discussed scission of the C-N bond after irradiation of the dry fibers in inert atmosphere, aramid 

fibers irradiated in water and saturated with N2O gas are expected to generate radicals at different 

positions. This will be discussed next.  
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Figure 37.  1st derivative EPR spectra of irradiated aramid fibers treated at 50, 100, and 150 
kGy in an aqueous environment and saturated with N2O. 

In these irradiation experiments, the mass ratio of aramid fiber to water was 100 to 1. Under 

these experimental conditions, water absorbed most of the energy from the accelerated electrons 

resulting in the formation of the following active species with their radiation chemical yields in 

micromole per joule:  

 G(●OH) = G(eaq
−) = G(H3O+) = 0.29, G(●H) = 0.062, G(H2) = 0.042, G(H2O2) = 0.082 

Hydroxyl radicals (●OH) constitute a powerful oxidant, and they are highly reactive 

(through addition, abstraction, or electron transfer).175 On the other hand, hydrated electrons (eaq
−) 
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are very strong reducing radicals and can be converted to ●OH radicals through the following 

reaction: 

𝑁𝑁2𝑂𝑂 +  𝑒𝑒𝑎𝑎𝑎𝑎−  + 𝐻𝐻2𝑂𝑂   →  OH  
• +  𝑁𝑁2  +  𝑂𝑂𝐻𝐻− (3.1) 

The above reaction is very fast, with a reaction rate constant of 9.1  ×  109 M−1s−1.153 

Thus, saturating the system with N2O prior to irradiation would double the ●OH yield to G(●OH) = 

0.56 micromole per joules.  Under these experimental conditions, and in the absence of oxygen, 

●OH radicals are expected to undergo the following competing reactions on the backbone of the 

aramid polymer chains, abstraction of H atoms from NH or addition reaction onto the phenyl group 

(Figure 38). 
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Figure 38. Proposed mechanisms for the formation of radicals after irradiation of aramid fibers 
in water and saturated with N2O. 

These reactions lead to the immediate formation of N-centered radical ((-H) Aramid-N•) and 

C-centered radicals (OH-Aramid•). Both, the addition and abstraction reactions are very fast with 

reaction rate constants of 5-6 x109 M-1s-1.176 It is expected that the immediate concentrations of 

[((-H) Aramid-N •)] and [OH-Aramid•] are comparable due to the almost equivalent ●OH 

abstraction and addition reaction rate constants, and the ratio of the NH group to the phenyl group 

on the backbone of the aramid chain being one. It should also be mentioned that, in addition to 

●OH, H-atoms (●H) with G(●H) = 0.062 micromole per joule, also add to the phenyl group and 
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abstract H from NH group. Figure 38 shows a schematic of the proposed mechanism after 

irradiation of aramid fibers in water. The main advantage of this approach is the possible avoidance 

of backbone scission of the C-N bond. 

These studies on the irradiation of aramid in water are significant for the direct grafting 

experiments. The procedure for direct grafting consists of a one-step process where the fiber is 

placed in the nanocellulose aqueous solution and both the fiber and the nanocellulose are irradiated 

together. Thus, the radicals generated in both the fiber and the nanocellulose are a result of the 

water radiolysis. For indirect grafting, the fiber is irradiated by itself. The fiber cannot be immersed 

in water during the irradiation as it would freeze over from the use of dry ice. This would then 

require waiting for the fibers to thaw before starting the grafting process. However, that would 

expose the generated radicals exposed to air and decrease the total amount of grafting. 

3.1.3 Determining the radiation-induced chemical changes of aramid fibers using FTIR 

spectroscopy  

FTIR analysis after irradiation of aramid fibers both in a dry state in a N2 environment and in 

water saturated with N2O was conducted to look at possible changes in the chemical structure of 

the aramid caused by the irradiation. Figure 39 shows the FTIR of non-irradiated aramid fiber and 

highlights the main IR peaks of the aramid. The data was normalized based on the aromatic 

deformation peak at 820 cm-1, which is unaffected by aramid irradiation.177–179 A C-H stretching 

vibration of the aromatic rings occurs at 820 cm-1. The Amide III (C-N stretch and C-H) 

characteristic peaks occurs at 1254 cm-1, the Amide II (N-H bend and C-N stretch) occurs at 1514 

cm-1, and the Amide I (C=O) stretch occurs at 1656 cm-1. At the start of the spectrum, 3302 cm-1, 

the Amide A (N-H stretch) is observed.179–181  
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Figure 39. FTIR spectrum of non-irradiated aramid fibers and assigned IR peaks. 

Figure 40 shows the FTIR spectra of aramid fibers irradiated at 200 kGy dry in N2 

atmosphere and in the presence of water saturated with N2O. The high dose was selected because 

higher doses are expected to result in the most damage to the fiber, but similar analysis was done 

of the samples irradiated at all doses. It can be seen that there were no changes in the bonds present 

in the aramid fiber, before and after the irradiation, detected by the FTIR. Although not definite 

proof that there was no damage to the chemical structure of the aramid, this is the first step in 

determining any degradation of the structure of the fiber, which could lead to a decrease in its 

mechanical properties.  
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Figure 40.FTIR spectrum of aramid fibers irradiated at 200 kGy, dry in N2 atmosphere (black) 
and in the presence of water saturated with N2O (blue) and assigned IR peaks. 

3.1.4 Single fiber testing of irradiated aramid fibers 

Tensile tests of the aramid fibers, irradiated both dry in N2 atmosphere and in the presence of 

water saturated with N2O, at different irradiation doses, were conducted to look at the effects of 

the irradiation on their mechanical properties. As discussed in the previous section, the strength of 

the fibers can be described by the weakest link Weibull model. Weibull probability plots of the 

collected data with 99% confidence intervals were analyzed to see how irradiation affected the 

distribution. To achieve relatively high confidence intervals, at least 100 tests were run for each 

condition. Figure 41 shows the Weibull probability plots, where the failure distribution is plotted 

for the samples irradiated dry in N2 atmosphere at the different irradiation doses, and the 95% 

confidence interval are shown by the dashed lines. The general positioning of the curve which does 
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not shift left or right, and the overlapping of the data, shows that there is no degradation of the 

tensile strength of the fiber after irradiation.  

 

Figure 41. Weibull probability plots of failure strength for fibers irradiated to 0, 50, and 300 
kGy dry in N2 atmosphere, tested with a 20 mm gauge and at 0.75 mm/min. 

The Weibull distribution scale and shape parameters for the samples irradiated dry in N2 

atmosphere at different doses are shown in Table 5. The scale parameter has a generally downward 

trend, which could show some degradation as the dose is increased. However, there are no big 

changes when comparing with the nonirradiated sample. In the case of the shape parameter, a 

decrease signifies that there is more variability in the strength of the fibers as irradiation dose 

increases.  
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Table 5.  Weibull scale and shape parameters for fibers irradiated dry in inert atmosphere at 
different doses. 

Dose (kGy) 
Weibull scale 

parameter 

Weibull shape 

parameter 

0 3.53906 13.9436 

50 3.48126 11.4965 

100 3.49387 10.0673 

150 3.47641 10.2517 

300 3.4386 10.7523 

Single fiber tensile tests were also conducted on fibers irradiated in the presence of H2O at 

50 and 80 kGy during the preliminary studies. Similar behavior to the fibers irradiated dry was 

observed (Figure 42). The data points are agglomerated and there are no significant shifts in the 

plot. The Weibull parameters also follow the same trend as the samples irradiated dry (Table 6).  

 

Figure 42. Weibull probability plots of failure strength for fibers irradiated to 0, 50, and 80kGy 
in the presence of water, tested with a 200 mm gauge and at 2 mm/min. 
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Table 6. Weibull scale and shape parameters for fibers irradiated in water saturated with N2O at 
different doses.  

Dose (kGy) 
Weibull scale 

parameter 

Weibull shape 

parameter 

0 3.53906 13.9436 

50 3.48433 14.743 

80 3.49691 11.766 

From these studies, it was concluded that e-beam irradiation of the aramid fibers can be 

pursued for further fiber modification. There was no significant damage to the strength of the fibers 

caused by the irradiation. Since the aim of the thesis was to improve the mechanical properties of 

the aramid fibers, it is important for the fibers to not be damaged during the irradiation process. 

The Weibull plot is widely used to display and visualize strength distributions. The results from 

all the tested fibers show a narrow distribution, in which the data points collected all agglomerate 

in the same position for the untreated and the irradiated fibers. This is a result of the aramid’s high 

resistance to radiation as will be discussed in the conclusion. In terms of the positioning of the 

curves, drastic changes in the strength of the fibers can be observed by shifting of the curves to the 

left, such as what was seen for aged aramid fibers by Engelbrecht-Wiggans, et al.182 They showed 

that degradation can be demonstrated by shifts between the curves in the probability plots. In this 

case, there is no shifting identified after irradiation, which could signify that no significant damage 

was done to the fibers during the irradiation. Since the goal is to increase the strength of the fibers, 

damage by irradiation should be minimized. These are promising results for the subsequent 

irradiation modification of aramid fibers.   
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3.1.5 SEM Morphological changes after irradiation 

The effects of the irradiation on the morphology of the aramid fibers were analyzed by SEM. 

After irradiation of the fibers at 150 kGy dry, in inert conditions slight differences between the 

fibers can be observed. In Figure 43 the nonirradiated fibers show a smooth surface which is the 

main reason for the fiber’s poor adhesion in composites. The smooth surface of the fibers becomes 

more irregular after irradiation with the e-beam. The appearance of these irregularities and grooves 

on the surface of the fiber may be interpreted as physical damage to the fibers. More work is 

needed to completely identify these results and the cause of the changes. Looking at the fibers at 

a higher magnification would give more insight into this. In this case, the bombardment of the 

surface with the electrons influence the directionality of the etch profiles.183 If these irregularities 

were present in a significant region of the fibers they could act as a mechanical anchor and increase 

the fiber-resin interactions at the interface. In terms of the width of the fibers, it remains unchanged 

after the irradiation. 

  

Figure 43. SEM images of (left) unirradiated, and (right) 100 kGy irradiated aramid fibers 
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3.2 Chemical grafting of styrene-containing linker onto nanocellulose 

Before discussing the results from the experiments on grafting nanocellulose onto the fibers, 

this section will discuss the nanocellulose modification experiments which were done to improve 

its grafting onto the aramid fibers. Although the structure of nanocellulose is very reactive, it does 

not have any C=C double bonds which complicates the radiation induced grafting process. These 

C=C double bonds are commonly used for grafting since they preferentially react with free radicals 

generated through irradiation. An unsaturated monomer was grafted onto the nanocellulose by 

following a wet chemistry-based grafting approach.  

3.2.1 Confirmation of synthesis of styrene-nanocellulose 

After following the Williamson ether synthesis procedure for the grafting of 4-

(Chloromethyl)styrene onto the nanocellulose, the samples were characterized based on the degree 

of grafting (DoG) and FTIR results. FTIR analysis is commonly used to confirm the successful 

grafting of different materials onto nanocellulose.184–186 Figure 44 shows the IR spectra of 

nanocellulose before and after grafting. The peaks that confirm grafting are highlighted in the 

figure and correspond to the CH2  and CH bending vibrations at 1427 cm-1, and the p-distributed 

benzene ring at 827 cm-1.184,186 For the DoG results, the styrene-nanocellulose was dried in a 

desiccator after synthesis and then weighed. This measurement was compared to the weight of the 

nanocellulose before the synthesis. After adjusting the parameters to guarantee good mixing of the 

solution and homogeneous grafting, a DoG of 153.5% was achieved. 
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Figure 44. FTIR spectrum of nanocellulose (black) and styrene-grafted nanocellulose (blue) and 
assigned IR peaks. 

3.3 Radiation grafting of styrene-nanocellulose onto aramid fibers 

After looking at the effects of irradiation of the aramid without nanocellulose, the next step 

was to attempt the grafting of nanocellulose onto the fibers. Throughout this work, two grafting 

approaches were studied: indirect and direct grafting. Furthermore, two different types of cellulose, 

one in its natural state and one modified with a styrene-containing linker, were used. This section 

focuses on the characterization methods used to confirm the successful grafting of nanocellulose 

onto aramid fibers, and the effects of this grafting on the fibers’ mechanical properties.  

3.3.1 Gravimetric Analysis (DoG calculation) 

After the fiber grafting procedure was completed, the fibers were washed with DI water to 

remove any homopolymerized and non-grafted nanocellulose. Then the fibers were dried in a 
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vacuum desiccator and weighted. The results presented here are divided into two sections based 

on the grafting approach followed.  

To confirm that all non-grafted nanocellulose was removed after washing, the rinse solution as 

analyzed by UV-Vis spectroscopy. In the analysis, the absorbance of the solution was measured at 

wavelengths between 200 to 800 nm.187 The results from one of the samples, before and after 

washings, was chosen at random and are shown in Figure 45. In the range between 300 and 600 

nm, the sample measured from the first rinse of the fiber after grafting shows an absorbance higher 

than 80%. After washing the fiber with a total of 600 mL of DI water, which corresponds to 6 total 

washing cycles, the absorbance goes to 0%. By the end of the washing, all of the un-grafted 

nanocellulose had been removed from the fiber.   
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Figure 45. UV-Vis spectrum of rinsing solution after first (black) and last (red) wash with DI. 
Samples were washed multiple times after the grafting procedure, before DoG measurements 

were taken. 



91 
 

3.3.1.1 Direct Grafting of nanocellulose onto aramid fiber  

The first approach followed for the grafting of nanocellulose onto the fibers was a direct 

grafting method. The samples were prepared as described in section 2.4.1. These first experiments 

were only conducted on the aramid fibers, since this was the original focus of the thesis. This 

method provides a simple procedure which consists of only one step and allows for the quick 

screening of various irradiation conditions. First, the experiments were conducted with the as-

received nanocellulose solution, which was diluted to obtain a 1:1 nanocellulose to fiber ratio. 

These direct grafting experiments were repeated, at the same conditions, with the styrene-

nanocellulose synthesized in the lab. Table 7 shows the summarized results of the DoG for both 

sets of experiments. Neither procedure showed a significant increase in weight (<5%) after 

grafting.  

Table 7. Direct radiation grafting results of nanocellulose onto aramid fibers, varying type of 
nanocellulose, irradiation temperature, and total dose. All samples were purged before irradiation 
with N2O. 

Sample description 
Total 
dose 

(kGy) 

Irradiation 
temperature 

(°C) 

Average degree 
of grafting (%) 

Number of 
samples 

Aramid fiber suspended 
in 1 wt% nanocellulose 

aqueous solution 
 

5 RT 0.26 3 
10 RT 0.25 3 
5 80 0.14 3 
10 80 0.47 3 
50 RT 2.74 6 
100 RT 3.75 6 
50 80 0.20 3 
100 80 0.03 3 

Aramid fiber suspended 
in 1 wt%  

styrene-nanocellulose 
aqueous solution 

5 RT 0.71 3 
10 RT 0.77 3 
5 80 1.01 3 
10 80 0.74 3 
50 RT 0.35 3 
100 RT 0.34 3 
50 80 0.35 3 
100 80 0.19 3 
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As discussed above, these direct grafting experiments were done by irradiating the fibers 

in the aqueous nanocellulose solution. As shown in Table 7, these initial irradiation experiments 

resulted in negligible degrees of grafting. The first issue that was identified about this approach 

was incomplete mixing of the nanocellulose in the aqueous solution. Although the solution was 

mixed for a week before combining it with the fibers and sealing the vials, some of the 

nanocellulose visibly settled at the bottom of the vial in the time it took to start the irradiation. This 

could have led to the fibers not being completely covered with the nanocellulose, impeding the 

grafting during the irradiation. Another reason for the failure of this approach is due to the effects 

of high irradiation doses on the nanocellulose. One of the ways nanocellulose can be produced is 

through irradiation of cellulose.188 When applied to the material in the nano-scale, high irradiation 

doses lead to degradation. As the nanocellulose-fiber mixture is being irradiated, the nanocellulose 

can degrade and no grafting occurs.  

Additional experiments were conducted with the goal of improving the DoG for the direct 

grafting approach. Various other parameters were investigated, including varying the 

concentration of nanocellulose, the dose rate, and the state (dry or in solution) of the sample. 

Increasing the concentration of the nanocellulose in the solution brought out the problem of 

particle agglomeration, resulting in a non-homogeneous mixture that could not be used for 

grafting. Another technique tried was to immerse the fibers in the nanocellulose solution and dry 

them prior to irradiation. However, the fibers were not able to adsorb enough nanocellulose, which 

meant that not enough nanocellulose could be grafted during the irradiation. After continuing to 

achieve only low DoG these experiments were paused, and the indirect grafting approach was 

further investigated. 



93 
 

3.3.1.2 Indirect Grafting of nanocellulose onto aramid fiber  

The indirect grafting approach focuses on irradiating the fibers by themselves and introducing 

the nanocellulose in an inert environment. The samples were prepared as described in section 2.4.2. 

After understanding the effects of high irradiation doses on the nanocellulose, this approach was 

pursued since it allowed for irradiating the strong fibers without exposing the nanocellulose. These 

experiments were conducted for both the aramid and UHMWPE fibers, the UHMWPE results are 

presented in a separate section. Similarly, to the previous method, the two types of nanocellulose 

solution, in a 1:1 fiber to nanocellulose ratio, were grafted onto the fibers: as-received 

nanocellulose, and styrene-nanocellulose. Samples were irradiated dry, in an N2 atmosphere and 

at a temperature of around -40 °C. Parameters varied included: type of nanocellulose, total dose, 

and post-irradiation grafting temperature. Table 8 shows the results from these experiments. 

Experiments on the samples of fiber irradiated in water were not continued since the water freezes 

after being kept in dry ice, and it is not possible to avoid radical decay before mixing with the 

nanocellulose solutions.   

Table 8. Indirect radiation grafting results of nanocellulose onto aramid fibers varying type of 
nanocellulose and total dose. All irradiations were done in sub-ambient temperatures. 

Sample 
description 

Total 
dose 

(kGy) 
Nanocellulose 

Average 
degree of 

grafting (%) 

Number of 
samples 

Dry aramid fiber, 
inert environment 

150 As-received 
nanocellulose 

0.3 3 
300 0.72 3 
150 Styrene-

nanocellulose 
0.46 3 

300 7.73 3 

Aramid fiber in 
water, N2O 
environment 

150 As-received 
nanocellulose 

0.04 3 
300 0.66 3 
150 Styrene-

nanocellulose 
0.44 3 

300 0.70 3 
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With the exception of the samples irradiated at 300 kGy and mixed with the styrene-

nanocellulose solution, low DoG were achieved for all the initial samples grafted through the 

indirect method. The first issue determined was a lack of complete purging of the vials prior to 

irradiation. In order to remove oxygen from the vial, the samples must be purged with N2 gas for 

at least 20 minutes and completely sealed before irradiation.  

Efforts to improve the results also focused on possible problems with the styrene-

nanocellulose solution. The original procedure with the nanocellulose included stirring the solution 

for 1 week before the grafting procedure. However, in the case of the styrene-nanocellulose 1 wt% 

aqueous solution, it was concluded that this process leads to homopolymerization of the styrene-

nanocellulose. This results in the elimination of the unsaturation of the monomer, which are the 

possible grafting sites to which the aramid would bond to. To avoid this, after synthesizing the 

styrene-nanocellulose, it was kept in the freezer until the day of the irradiation-grafting experiment. 

The styrene-nanocellulose solution was prepared after the fibers were irradiated, and it was stirred 

for an hour before it was mixed with the irradiated aramid. Solutions were well-mixed, and no 

visible agglomeration of the particles was seen after combining with the fibers. Additionally, since 

the nanocellulose does not have the double-bond needed to promote grafting by forming a covalent 

bond with the radicals generated after fiber irradiation, unmodified nanocellulose was discarded 

as a possible filler for the fibers. The results shown in Table 9 show the improvements in the DoG 

obtained after making these changes.  
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Table 9. Indirect radiation grafting results of styrene-nanocellulose onto aramid fibers varying 
the total dose. Main change was preparing fresh styrene-nanocellulose solution to avoid 

homopolymerization before grafting. All irradiations were done at sub-ambient temperature, 
while the grafting temperature refers to the temperature at which the samples were mixed after 

irradiation. 

Sample 
description 

Total dose 
(kGy) 

Grafting 
temperature 

(°C) 

Average 
degree of 

grafting (%) 

Number of 
samples 

Dry aramid 
fiber 

150 RT 5.64 6 
300 8.38 6 

 

After these promising results, the effects of grafting temperature on the DoG of the 

indirectly grafted samples were further investigated. Due to its active sites, and presence of the 

double bond in its structure, styrene-nanocellulose was selected for the rest of the experiments. As 

shown above, homopolymerization of the styrene-nanocellulose greatly affected the ability of the 

nanocellulose to graft onto the aramid. Thus, to avoid any possible homopolymerization that might 

occur during the grafting process, the post-irradiation grafting procedure was conducted inside the 

fridge. This corresponds to the low temperature experiments, for which the temperature was kept 

at around 4 °C. The effect of high temperature was also investigated by placing the samples on an 

oil bath at 80 °C for this post-irradiation grafting process. This temperature was chosen from 

previous research conducted in this lab, where DoG was shown to be optimized. Figure 46 shows 

the results of the indirect grafting approach experiments conducted at different temperatures. For 

these experiments, the aramid was irradiated dry in an inert environment, at sub-ambient 

temperature, and mixed with the styrene-nanocellulose at different temperatures overnight.  
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Figure 46. Indirect radiation grafting results of styrene-nanocellulose onto aramid fibers 
varying the total dose and grafting temperature. All irradiations were done at sub-ambient 

temperature. 

It was observed that increasing the total dose resulted in an increase of the total DoG for 

all samples. This result is consistent with the concentration of radicals increasing with dose. For 

the reasons discussed above, the room temperature grafting experiments were only studied for the 

samples irradiated at 150 and 300 kGy, for which between 6 and 8 % DoG was achieved. For both 

high and low temperature, irradiating the samples at 50 kGy resulted in lower degrees of grafting. 

This is related to the concentration of free radicals generated at this dose. 50 kGy was determined 

to be too low of a dose to result in any meaningful grafting onto the fibers. The increase in DoG is 

most pronounced in the samples mixed at high temperatures. At higher temperatures there is better 

diffusion of the solution, which influences the final DoG. Setting the irradiation temperature to 40 

°C ensures good mixing of the fiber and the cellulose, while keeping the grafting time short 

prevents excessive homopolymerization of the nanocellulose. A similar trend is observed for the 
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low temperature grafting, but with a smaller DoG. In this case, the grafting was done inside a glove 

bag instead of a glove box. Although precautions were taken to ensure that there was no oxygen 

present before combining the irradiated fiber and the nanocellulose, such as purging the bag 

multiple times, the glove bag does not have an oxygen monitor. Lower degrees of grafting can also 

be a result of this issue. However, this is still a significant improvement when comparing to the 

samples mixed at room temperature.  

This gravimetric analysis was the first step in confirming a successful grafting procedure. 

However, it is important to see how this grafting step affected the mechanical properties of the 

fibers. This was studied by single fiber tensile tests. Additionally, the extent and uniformity of the 

grafting was studied using SEM, FTIR, and NMR.   

3.3.2 Mechanical testing 

Based on these DoG results, the next step was to look at how the grafting temperature and 

irradiation dose affected the tensile strength of the fibers. Single fiber testing was done for all the 

samples grafted and presented in the results from Figure 46. At least 30 to 50 strands of each 

sample were randomly tested to acquire statistically significant results. Figure 47 shows the results 

obtained from the single fiber tests conducted.  
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Figure 47. Strength as a function of irradiation dose for the styrene-nanocellulose onto aramid 
fiber at the different grafting temperatures. 

An increase of up to 15 % in the tensile strength of the nanocellulose-grafted fibers was 

observed when compared to the nonirradiated, nongrafted fiber. The highest increase was seen in 

the samples grafted at high temperatures, but the behavior was similar for all the grafting 

temperatures studied. As the irradiation dose was increased, there was a slight decrease in the 

strength of the fibers. This is expected, since it was previously observed that just irradiating the 

fibers at high total doses resulted in slight decreases in its strength. Thus, the strength of the fibers 

can be initially affected by the irradiation, but after grafting the nanocellulose it increases to values 

higher than the strength of the nontreated fibers. This shows that grafting nanocellulose onto 

aramid fibers leads to a significant improvement of the strength of the fibers.  

In terms of the temperature effect, this is most likely related to the different degrees of grafting 

obtained for the various grafting temperatures. The samples grafted at low temperatures (inside 

the fridge, 4 °C) had lower DoGs when compared to the higher temperature samples, at the same 

dose. This is reflected in a lower strength for these samples. Additionally, there is also a decrease 
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in the strength of low temperature samples when compared to the samples grafted at room 

temperature. The room temperature samples showed strengths comparable to those of the high 

temperature ones, even after achieving lower degrees of grafting. This behavior can be better 

observed in Figure 48, where the strength of the fibers is plotted as a function of the degree of 

grafting.  
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Figure 48. Styrene-nanocellulose onto aramid fiber: Fiber strength as a function of degree of 
grafting for the samples grafted at various temperatures. The strength of the nongrafted samples 

is shown for comparison. 

In this figure, we can see that an increase in the fiber’s strength was achieved even for the 

samples with the lowest degrees of grafting. As was mentioned before, this is consistent with lower 

doses leading to lower DoGs, but also less initial damage to the fibers. Looking at this plot, it is 

concluded that the best results are found in the samples irradiated to intermediate doses in the 

range of 100 to 150 kGy. These samples show both a significant increase in the fiber strength and 

high degrees of grafting, at all the grafting conditions. Based on this, the sample irradiated at 150 

kGy and had a low grafting temperature, had the best results. These samples showed a DoG of 
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11.57 % and a strength of 3.59 GPa. Thus, they were selected as an example in the thesis to show 

the results from the additional characterization techniques done to investigate the chemical 

bonding and extent of the grafting. 

3.3.3 SEM Morphological changes after grafting 

Figure 49 shows the SEM images of the aramid fibers before treatment and after grafting the 

nanocellulose. The fibers irradiated at 150 kGy and grafted at low temperature were selected as an 

example to show the presence of nanocellulose on the fibers. On the left image, the fiber appears 

to have a smooth surface with no irregularities. On the right image, the fiber is no longer smooth 

and there are spots on the surface, which was expected after grafting the nanocellulose. This 

nanocellulose grafted on the fibers is significant to improve the physical interactions between the 

fibers and the resin in composites. Figure 50 shows a bundle of grafted fibers and it can be seen 

that the grafting is not completely uniform. However, it can be observed that nanocellulose was 

grafted in all regions of the fibers.  
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Figure 49. SEM images of aramid fiber before (left) and after (right) grafting. 
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Figure 50. SEM image of nanocellulose-grafted aramid fibers. 

3.3.4 Identifying the chemical changes of the aramid fiber using FTIR spectroscopy  

FTIR measurements were performed to identify chemical changes in the fibers by 

comparing the FTIR spectrum of the fibers before and after grafting. The chemical composition of 

the sample can be determined by FTIR, which measures the energy absorption of its molecules.  

Each molecule absorbs at a frequency characteristic of its structure and the FTIR spectrum consists 

of absorption peaks corresponding to the frequencies of vibration between the bonds of atoms in 

the sample. This technique was used as an initial method for confirming the successful 
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nanocellulose grafting on the fibers. Figure 51 shows the proposed mechanism of nanocellulose 

grafting onto the fibers.   
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Figure 51. Proposed mechanism for the grafting of styrene-nanocellulose onto the aramid fibers. 

The aramid fibers and the nanocellulose share many of the same bonds used to identify their 

structures by FTIR: 

• Broad peak at 3313 cm-1 is characteristic of the N-H stretch in the aramid and the O-H 

stretch in the cellulose 

• Peak at 1656 cm-1 is characteristic of C=O stretch 

• Peak at 827 cm-1 is attributed to p-distributed benzene rings present in both aramid and 

styrene-grafted aramid 

The similar structures make it complicated to use the IR spectrum to corroborate grafting. 

Figure 52 illustrates a comparison between the nontreated aramid fiber and the nanocellulose 

grafted aramid fiber. The peaks at around 2921 and 2852 cm-1 are of importance since these do not 

appear in the nontreated aramid. These peaks are consistent with the peaks found in the 

nanocellulose spectrum shown before (Figure 44) and are characteristic of the C-H stretching and 

bending vibrations present in cellulose.23,186,189 This peak, not present in the FTIR spectra of the 

non-treated aramid fiber, is an indication of successful grafting on nanocellulose onto the aramid.  
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Figure 52. FTIR-ATR spectra of nontreated (black) and nanocellulose-grafted (red) aramid 

fibers. 

As seen in the mechanism proposed, grafting occurs when the unsaturated radicals react 

with the C-centered radical generated on the aramid, creating a CH2-C=O bond. Due to the similar 

chemical bonds present on both materials, it is difficult to reach a definitive conclusion from just 

the FTIR results. NMR measurements were taken to confirm the successful grafting and bonding 

between the nanocellulose and the aramid fibers.  

3.3.5 Solid state NMR (ss-NMR) 

Solid state NMR measurements were conducted on the untreated fibers, the styrene-

nanocellulose, and the nanocellulose-grafted fibers to study their molecular structure and confirm 

proper grafting. 13C NMR spectrum of the untreated aramid fiber is shown in Figure 53. The peaks 

characteristic to the unirradiated aramid structure are highlighted.180,190,191 

• Peak at 158 ppm is characteristic to the C=O bond in the aramid 
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• Peak at 130.5 ppm is characteristic to the quaternary C of the phenyl ring 

• Peak at 127.4 ppm is characteristic to the N-phenyl bond 

• Peak at 123.9 and 120.9 ppm is characteristic to the ortho resonances of the C atoms in the 

terephthalamide ring  

• Peak at 116.8 ppm is characteristic to the ortho resonances of the C atoms in the 

phenylenediamine ring 

 

 

Figure 53. 13C NMR spectrum of untreated aramid fiber. The peaks assigned to the chemical 
structure of the aramid are highlighted. 

The spectrum of the styrene-nanocellulose is shown in Figure 55. For easier identification, 

the common nomenclature for the C atoms in cellulose will be used as shown in Figure 54. 
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Figure 54. Schematic showing the regular nomenclature for identifying the C-atoms in cellulose. 

The peaks have been assigned as follows:192 

• The peak at 98.1 ppm is characteristic of the C1 atom 

• The peaks at 81.8 and 76.0 ppm are characteristic of the C4 atom 

• The peaks at 68.5 and 65 ppm are characteristic of the C atoms in the ring (C2, C3, C5) 

• The peaks at 57.6 and 55.0 ppm are characteristic of the C6 atom  

The structures of the styrene and the nanocellulose were characterized and identified in the 

spectrum separately because no study of the two together have been published. The absence of the 

Cl atom in the styrene structure results in a shift of the peaks to lower energy due to the atoms 

close to it changing from a shielded to a de-shielded state. The peaks of the styrene are as 

follows:193 

• The peak at 130.4 ppm is characteristic of the quaternary carbons of the ring and the C at 

position 12 

• The peak at 120 ppm is characteristic of the C atoms in the ring 

• The peak at 107.5 ppm is characteristic of the CH2 atom 

• The peak at 35.8 ppm  is characteristic of the original C-Cl atom, which becomes a C-O 

bond when the styrene group is grafted onto the cellulose 
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Figure 55. 13C NMR spectrum of styrene-nanocellulose. The peaks assigned to the chemical 
structure of both the styrene and the cellulose are highlighted. 

 

The 13C NMR spectrum of the nanocellulose-grafted aramid fibers is shown in Figure 56, 

above the spectra of the aramid fibers and the styrene-nanocellulose for direct comparison. Here, 

it is important to note the new sharp peak appearing at 23 ppm which is consistent with a C-C 

bond, expected after grafting the nanocellulose onto the aramid. This C-C bond is expected to 

appear after grafting, which occurs through addition of the CH=CH2 bond to the free radical. There 

is a small peak at 105 ppm similar to the one observed in the styrene-nanocellulose spectrum and 

identified as CH=CH2. However, it also could be the result in a shift due to the grafting. This 

spectrum will be investigated deeper by looking at the NMR of a similar compound that has the 

CH2-C=O bond expected from the grafted aramid.   



108 
 

 

Figure 56. 13C NMR spectra collected from the nanocellulose-grafted aramid fiber (green), 
styrene-nanocellulose (red), and untreated aramid fibers (blue). 

3.4 Radiation grafting of nanocellulose onto UHMWPE fibers 

Radiation induced grafting of nanocellulose on UHMWPE fibers studies were also conducted 

for this project. Both direct and indirect approaches were studied, at lower irradiation doses than 

for the aramid fibers since UHMWPE fibers are more sensitive to irradiation. Table 10 shows the 

results for the direct grafting approach. Overall, low DoG was achieved for both nanocellulose and 

styrene-nanocellulose grafting.  

Table 10. Direct radiation grafting results of nanocellulose onto UHMWPE fibers, varying type 
of nanocellulose and total dose. All samples were purged before irradiation with N2O. 

Sample description Total Dose 
(kGy) 

Average degree of 
grafting (%) 

Number of 
samples 

UHMW PE fibers suspended 
in 1 wt% aqueous 

nanocellulose solution 
25 5.86 3 

UHMW PE fibers suspended 
in 1 wt% aqueous styrene-

nanocellulose solution 

10 2.58 3 
25 1.09 3 
50 0.18 3 
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In the case of indirect grafting (Table 11) the results were a higher DoG than in the direct 

approach. However, no significant values were obtained. This could be a combination of the low 

irradiation dose used, to protect the mechanical properties of the UHMWPE, and 

homopolymerization of the styrene-nanocellulose when using a grafting temperature of 40 °C.  

Table 11. Indirect radiation grafting results of nanocellulose onto UHMW PE fibers varying type 
of nanocellulose and total dose. All irradiations were done in sub-ambient temperature, and at a 
grafting temperature of 40 °C.  

Sample description Total Dose 
(kGy) 

Average degree of 
grafting (%) 

Number of 
samples 

Dry UHMW PE, inert 
atmosphere 

Mixed with 
nanocellulose 

50 0.14 7 

Dry UHMW PE, inert 
atmosphere 

Mixed with styrene-
nanocellulose 

10 2.16 7 

25 16.92 7 

50 3.56 7 

The UHMW PE experiments were not further investigated because complications with the 

strength measurements for these fibers. Further studies are recommended for the future work of 

this project.  

3.5 Crosslinking of aramid fiber 

3.5.1 Crosslinking degree after irradiation in acetylene and triacrylate (TMPTA) environments 

The effects of the irradiation of the fibers in the presence of a crosslinker, either acetylene or 

triacrylate, was first studied by swelling tests. Figure 57 show the results from these studies, with 

the residual mass of the fibers after swelling is taken as a direct measure of the crosslinking degree 

of the fibers. An increase in crosslinking degree can be seen as the dose was increased for 

irradiation in both environments. During the irradiation, the presence of the crosslinking agents 
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pushes the subsequent reactions to favor crosslinking over chain scission. As more crosslinking 

occurs, it is harder for the acid to break down the polymer thus leading to an increase in the residual 

mass.  
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Figure 57. Residual Mass of irradiated fibers as function of dose after dissolving in H2SO4. 

The proposed crosslinking mechanism for irradiation of aramid in acetylene environments 

is presented in Figure 58. Similar to the crosslinking mechanism of PE in acetylene environment 

proposed by Jones, et al, the acetylene molecules are expected to facilitate crosslinking by reducing 

the distance between the radicals generated during irradiation.194 As the C-centered radicals are 

generated on the aramid during irradiation, the acetylene molecule can add to it. This continues 

happening throughout the surface of the material, and then the acetylene can act as a very short 

chain, bridging adjacent chains with the fibers resulting in crosslinking and avoiding chain 

scission. 
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Figure 58. Proposed mechanism for irradiation of aramid in acetylene environment. 

3.5.2 Single fiber testing of crosslinked aramid fibers 

Aramid fibers in both an acetylene and a triacrylate environment were irradiated at low doses 

and high dose rates with the goal of increasing their crosslinking degree. The mechanical 

performance of these fibers was analyzed through single fiber testing, to understand how 

increasing the degree of crosslinking increases the strength of the fibers. Figure 59 shows the 

increase in the strength of the fibers as a function of the total dose to which they were irradiated, 

in an acetylene environment. The strength of the fibers increased as a function of dose and tapered 

off at around 20 kGy. This is consistent with the theory that most of the crosslinking occurs during 

the initial irradiation, after which the crosslinking and degradation reactions reach equilibrium. An 

increase of up to 16% was observed for the fibers after irradiation.  
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Figure 59. Strength as a function of irradiation dose for the samples irradiated in an acetylene 
environment. 

For the second environment studied for enhanced crosslinking, the fibers were submerged 

in a TMPTA-glycol solution and excess TMPTA was rinsed with acetone shortly before 

irradiation. This step was added to the experiments after irradiation of the samples with excess 

acrylate resulted in the TMPTA solidifying in the irradiation vial. Figure 60 shows the tensile 

testing of the fibers irradiated in the acrylate environment. Similar to the fibers irradiated in 

acetylene environment, a quick increase in the strength of the fibers is seen at low total dose. In 

this case, irradiating the fibers at doses higher than 5 kGy resulted in a slight decrease in their 

overall strength. Although the issues first encountered with the solidification of the triacrylate were 

partially resolved by rinsing, some of the remaining triacrylate solidified on the fibers which made 

it hard to remove from the vials. Precautions were taken to test samples that had not been solidified 

and to not pull the fibers before the testing. However, this change in the physical properties of the 
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fibers might have damaged its mechanical properties and the testing could not be done correctly. 

This resulted in the observed decrease in strength.  
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Figure 60. Strength as a function of irradiation dose for the samples irradiated in a triacrylate 
(TMPTA) environment. 

Figure 61 shows the strength of the fibers after irradiation in both acetylene and triacrylate 

environments as a function of residual mass. In general, higher strength was achieved for the most 

crosslinked fibers. However, the effects of the solidification of the triacrylate on the tensile tests 

must be taken into account. From this figure, it can be concluded that lower doses might be most 

beneficial for increasing the strength of the fibers. This follows the idea that the crosslinkers act 

immediately as the radicals are generated on the fibers, and are able to create new bonds between 

the chains.   
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Figure 61.  Strength of the fibers after irradiation in TMPTA and acetylene environment as a 
function of residual mass. 

3.6 Radiation degradation of polyester-based resins 

The objective of this part of the thesis is to use ionizing radiation, not for grafting or 

crosslinking, but to degrade and increase the degradability of polyester-based resins for recycling. 

As mentioned before, the effects of polymer irradiation are determined by the structure of the 

polymers. In the case of these polyester-based resins, irradiation can lead to degradation through 

scission of the C-O-C bonds present in their chemical structures. It will be demonstrated that 

grafting onto polyester-based resins needs to be evaluated differently from the aramid and 

UHMWPE fibers. Instead of grafting, ionizing radiation can be used to recycle polyester-based 

resins.  

The effects of high dose irradiation on polyester-based resins were studied by EPR and DMA 

analysis. First, the radicals generated in the irradiated resins were identified and quantified, and 

their decay was studied. Then DMA analysis provided an insight into changes in the Tg of the 
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resins, which is an indication of polymer degradation. These results are currently in the review 

process for a paper that will be published in the next coming months.  

3.6.1 Identification of the radiolytically produced free radicals of polyester resins in different 

environments using EPR spectroscopy 

In order to elucidate the radiation impact on the changes in the polyesters’ molecular 

architectures and the associated mechanisms, this dissertation research specifically investigated 

the roles of the presence of O2 and of the solvents during electron beam irradiation.  

Radiolysis of neat polyester resins (1R, 2R, 3R, 4R) in the absence of solvents 

All four resins used in this study comprise the same irradiation-sensitive ester [–(O=)C-O-

C] bonds on the backbone of their polymer chains. However, their chemical structures include 

different functional groups that undergo various radiation-induced reactions and result in varying 

degrees of backbone scission (Table 4). In addition, the chemical compositions of these resin 

composites have various compounds such as vinyl toluene in 1R, propylene glycol in 2R and 4R, 

and high content of styrene in 3R. It is expected that irradiation with the electron beam induces 

polymerization reactions of these unreacted vinyl monomers.  

Figure 62 shows the EPR spectra of the neat 1R, 2R, 3R, 4R resins irradiated by e-beam at 

a dose-rate of 200 kGy/h and a total dose of 1000 kGy. All samples were irradiated in the presence 

of atmospheric oxygen to prevent the crosslinking reactions from taking place, thus favoring the 

radiation-induced scissions of the C-O-C bonds leading to the formation of C-centered and alkoxyl 

radicals.109  
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Figure 62. EPR spectra of neat 1R, 2R, 3R, and 4R resins electron beam-irradiated at a dose-
rate 200 kGyh-1 in the absence of solvent and in the presence of oxygen. The total electron beam 

dose is 1000 kGy. 

Figure 63 shows a typical radiation-induced scission of the C-O-C bonds in polyesters, and 

Table 12 shows the expected number of hyperfine splitting based on equation 1.18. Thus, it is 

expected that the EPR spectra of all these polyester resins would exhibit singlets as shown in Figure 

63. 

O
C

O
C

O

O CH2 n O
C

O

C

O

O
H2
C

 

Figure 63. Typical ionizing radiation-induced scission in polyester chains in the presence of O2. 
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Table 12. Schematic representation of radical species formed after the radiation-induced scission 
of polyester chains, and calculation of the number of peaks expected from the hyperfine splitting 
of each radical. 
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(2(0) + 1) = 1 

All radiolytically produced alkoxyl radicals in 2R, 3R, and 4R, are unreactive towards 

dissolved O2 since they are oxidizing radicals. As can be seen in Figure 62, a singlet is present in 

all the spectra collected from these irradiated neat resins (no solvents were used). This could be 

attributed to the effect of the high dose rate on enhancing the disappearance of the C-centered 

radicals via crosslinking reactions. As a result, the remaining stable alkoxyl radicals exhibit the 

singlet. It should be mentioned that since these radiolytically-produced alkoxyl radicals have a 

hydrogen atom at the neighboring carbon, no 1,2 H-shift occurs to produce C-centered radicals. 

The probability of the alkoxyl radicals abstracting neighboring H atoms, in this case, is much less 

than the probability of the 1,2 H-shift to occur. 195 

Radiolysis of polyester resins (1R, 2R, 3R, 4R) in the presence of solvents: 

The early events of the radiation chemistry of the 1R, 2R, 3R, 4R in solvents are quite 

different from the radiolysis without solvents. The solvent molecules are also irradiated, and as a 

result we expect the radiolytically produced free radicals and ions to significantly alter the 

polyester resin structural procession.  

𝜶𝜶 
𝜷𝜷 

 

𝜶𝜶 𝜷𝜷 

𝜶𝜶  
  

𝜶𝜶 
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1. Irradiation of 1R, 2R, 3R, and 4R resins in water  

Figure 64 shows the EPR spectra of the 1R, 2R, 3R, and 4R resin samples irradiated in water. 

A singlet is observed in the EPR measurements of each of the different resins (1R, 2R, 3R, and 

4R). Slight shifts in the center of the splitting pattern are the result of small variations in the 

frequency of the instrument at the time of measurement. Having a magnetic field center at 3450 

G, the g-factor of the radicals generated is 2.0070.  
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Figure 64. EPR spectra of irradiated 1R, 2R, 3R, and 4R resins in water by electron beam at a 
dose-rate 200 kGy/h, to a total dose of 1000 kGy. 

Water is the best solvent to start with as it is environmentally friendly and does not produce 

flammable or toxic compounds during irradiation. Adding small amounts of alcohol can facilitate 

the solubility of other water insoluble monomers in the resin. The radiolysis of water by low linear 

energy transfer (LET) radiation, such as up to 10 MeV electron beams, produces high yields of the 

following reactive oxidizing and reducing species: 

H2O 
𝑒𝑒−
�� •OH, eaq•−, H, H2O2, H3O+, H2 



119 
 

The radiation-chemical yield (G), quantified by the amount of species formed or consumed per 

unit energy, of those products are shown in Table 1. Those products have the following radiation-

chemical yield (G), quantified by the amount of the species formed or consumed per unit energy:100  

The reaction rate constants of hydroxyl radicals (•OH) with materials are very high.175,195 

Their reactions with resin materials induce the formation of C-centered radicals, which lead to 

further degradation of the organic materials. They can induce polymerization reactions of vinyl 

groups containing monomers through free radical chain-extension reactions and increase the 

degree of unsaturation via hydrogen abstraction. H-atoms also act in the same way but are 

generally less oxidizing than •OH. 

In contrast, eaq•− and H-atoms react rapidly with the dissolved O2 to produce O2•−. Since 

the pH of irradiated water is 9.9, the reaction of O2•− and free H-atoms do not convert to HO2• 

(pKa ~ 4.8).105  

HO2•→ O2•−
 (196) 

This is also the case in the irradiation of the resins suspended in water, which have a pH of 

approximately 9.9.  

The reaction between two O2•− radicals is negligible.105 O2•− is a reductive species and can 

transfer electrons to the C(=O)-O-C sites of the chain. It is also expected that the thermal 

decomposition of H2O2 enhances the yield of •OH according to:  

H2O2 → 2 •OH 

The mechanism of the O2•−-induced cleavage of esters  



120 
 

Aqueous, or “hydrated”, electrons (eaq•−) react very rapidly with the carbonyl and phenyl 

groups through addition reactions, mainly producing anion intermediates. These anions are 

subsequently converted to C-centered radicals through protonation reactions. eaq•− can also induce 

dechlorination of chlorinated compounds through the electron-capture mechanism.197 In this work, 

the irradiations were performed under aerobic conditions. Therefore, the dissolved O2 scavenges 

eaq•− to give rise to the formation of superoxide radicals during the irradiation: 

eaq•− + O2 → O2•−       k = 1.9 x 1010 LM-1s-1 (198)  

O2•− can also react with the resin and induce degradation. The mechanism of O2•−-induced 

degradation involves an electron transfer reaction from O2•− to the resins.  

It has been reported that O2•− induces scissions on the backbone of the polyesters through 

a SN2 substitution reaction to the carbonyl group of the esters.199 SN2 substitution is a type of 

nucleophilic substitution reaction where a lone pair of electrons on a nucleophile attacks an 

electron deficient electrophilic center. These results in the formation of a bond and the expulsion 

of a leaving group. Figure 65 shows the proposed mechanism of the SN2 substitution. 
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Figure 65. Degradation of the polyester through an SN2 substitution reaction. 

The mechanism of esters’ tetroxide formation and their decays  

In addition to its reaction with eaq•−, O2 also plays a vital role in enhancing the degradation 

process through oxidation reactions. Oxygen reacts very rapidly with C-centered radicals, 
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producing the corresponding peroxyl radicals (RO2•). This is a major step towards oxidation and, 

eventually, degradation of the resins. These peroxyl radicals undergo various reactions including 

self-fragmentation.  

A high dose rate of 200 kGy per hour was used in this work which favors the bimolecular 

reaction mode of the peroxyl radicals to produce the intermediate tetroxide as shown in Figure 66:  

2 RO2• → ROOOOR (200) 
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Figure 66. Schematic of the formation of the tetroxide after high-dose irradiation in the presence 
of oxygen. 

The intermediates ROOOOR undergo various decomposition processes leading to 

degradation of the resins. Figure 67 shows that the tetroxide may decompose through concerted 



122 
 

decay without (a), and with water molecules (b), through the Bennett mechanism.34,35
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Figure 67. Decomposition of tetroxide formed from the polyester-based resin without (a) and 
with (b) two water molecules by “Bennet mechanism”.201,202 

Other proposed R1OOOOR2 decay mechanisms are suggested, which involve the 

production of the aldehyde and ketone.200 Thus, hydrated radicals induce formation of superoxide 

radicals that stabilize homolytically cleaved polymer segment free radicals, which subsequently 

deliver oxidized, decomposed non-radical products. 

H2C O4 CH2 C O + H2
C OH + O2

H2C O4 CH2 HC O + H2O22
 

2. Irradiation of 1R, 2R, 3R, and 4R resins in a DMSO/water mixture  

Figure 68 shows the EPR spectra of the 1R, 2R, 3R, and 4R resins irradiated in a 50:50 mixture 

of DMSO and water. Similar to the previous results of the resins irradiated in water, resins 2R, 3R, 

and 4R exhibit a singlet centered at around 3450 G. 
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Figure 68. EPR spectra of 1R, 2R, 3R, and 4R resins irradiated in a DMSO-and-water mixture 
(50:50 ratio) by electron beam. All samples were irradiated to a total dose of 1000 kGy at a dose 

rate of 200 kGyh-1. 

The expected reaction from the irradiation of the resins in the DMSO/water solution is 

shown in Figure 69. Even though DMSO enhances the solubility of the resin in solution, it will 

scavenge hydroxyl radicals and result in the formation of methyl radicals (•CH3). It is not expected 

that the •CH3 radical will react with hydrogen peroxide (H2O2) since the production of hydrogen 

peroxide is expected to be very small. However, it should be noted that a quartet only appeared for 

resin 1R, which contains dicyclopentadiene. This can be explained by a methyl radical abstracting 

hydrogen from the cyclopentadiene, producing a quartet.  
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Figure 69. DMSO interaction with •OH radicals203(top), and  reaction of methyl radical from 
irradiation in DMSO/water solution with 1R resin (bottom). 

The calculation of the number of peaks expected from equation1.18 is shown in Table 13. 

If both radicals are present, a total of 4 peaks are observed in the EPR as is the case for the resin 

1R irradiated in the DMSO/water mixture. Since the alkoxyl radicals are very reactive, as 

discussed above, the C-centered radical is the most likely to be characterized in the EPR spectrum. 

Table 13. Schematic representation of radical species formed after the radiation-induced 
scission of polyester chains, and calculation of the number of peaks expected from the hyperfine 

splitting of each radical. 
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3. Irradiation of 1R, 2R, 3R, and 4R resins in isopropyl alcohol (IPA) 

Figure 70 shows the EPR spectra of the resins after e-beam irradiation in IPA solution, 

where a singlet for resins 1R, 2R, 3R, and 4R is observed. It should be noted that the IPA molecules 

in the polyester resins scavenge a portion of the electrons, leading to a decrease in the direct 

formation of the polyester radicals. Radiolysis of IPA with an electron beam yield reducing 

species; solvated electrons (𝑒𝑒𝑠𝑠−), hydrogen atoms, and (CH3)2C•OH. The G(𝑒𝑒𝑠𝑠−) is 0.104 µmolJ-1 

to 0.114 µmolJ-1 .105 H-atoms are formed from the dissociation of the (CH3)2COH)* excited state.  
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Figure 70. EPR spectra of irradiated 1R, 2R, 3R, and 4R resins in IPA by electron beam at a 
dose-rate 200 kGy/h, to a total dose of 1000 kGy. 

Both 𝑒𝑒𝑠𝑠− and H-atoms react very rapidly with dissolved O2 in the resin-IPA mixtures to 

produce O2•−, and HO2•, respectively. As mentioned earlier, it is expected that O2•− reacts with the 

resins’ main constituents, polyesters and the unsaturated (vinyl) monomers, through the SN2 

mechanism. Unlike in the presence of H2O, it is expected that HO2• is present in the absence of 
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H2O. HO2• can easily abstract H-atoms from polyesters and the vinyl monomers, leading to the 

formation of the C-centered radicals.  

The stability of polyester alkoxyl radicals  

Figure 71 shows the EPR spectra of the irradiated (neat and solvents) polyester resins after 

5 months, in the presence of O2. The EPR results show the presence of polyester alkoxyl radicals 

even 5 months after the irradiation, but with much smaller concentrations. As mentioned earlier, 

alkoxyl radicals are very strong oxidizing species, and therefore do not react with O2. However, 

they do abstract H atoms from any adjacent C-H groups to produce organic peroxide and alkyl C-

centered radicals. Because of the high viscosity of the media, it is expected that the abstraction 

reactions are relatively slow. The produced C-centered radicals can react with the dissolved O2 to 

produce the corresponding peroxyl radicals.  
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Figure 71. EPR spectra of 1R, 2R, 3R, and 4R resins irradiated in (a) no solvent, (b) water, (c) 
IPA, and (d) DMSO and water, 5 months after being irradiated by electron beam. 

3.6.2 Changes in viscoelastic properties from irradiation in solvent environments 

Dynamic mechanical analysis (DMA) is a sensitive technique that is used to assess the 

dynamic response and the various motional modes present in polymeric materials. Compared to a 

conventional mechanical test, a sinusoidal stress/strain is applied while varying the frequency and 

temperature, and the response is measured. DMA was employed in this study as a way of probing 

the subtle changes in polymer chain architecture as a response to various radiation treatments and 

solvent environments. At experimental temperatures below Tg, the material is a rigid, glassy solid 

consistent with low levels of coordinated motion. As the temperature increases, the network’s free 

volume increases and coordinated motions of the polymer chains over larger length scales become 

possible. The broadness and shape of these transitions lend valuable insight into the distributions 

of behaviors in the polymer chains that comprise the bulk system. The region of behavior in 

thermosets for T > Tg is referred to as the rubbery plateau. In the rubbery plateau, the storage 

modulus (E′) is proportional to the molecular weight between crosslinks (Mc).204 Another 

characteristic parameter, tan δ, is the tangent of the phase angle (δ) for viscoelastic materials and 

is calculated as the ratio between the loss modulus (E″) and E′, which is related to the damping 



128 
 

characteristics of the tested material. Changes in the storage modulus and tan δ responses for the 

four resin systems are summarized in Table 14. For each resin studied here, the reference values 

are recorded in Table 14 as absolute units where the various dosing conditions are taken as the 

relative change from the reference. Resin 1R shows the largest change in Tg (ΔTg) due to e-beam 

irradiation of all resin materials, with magnitudes of 50 °C or more in both dry and solvated 

environments, for all resin systems investigated here. Modulus values in the rubbery plateau (E′R) 

also increase concurrently, consistent with increased degrees of cure. Previous studies have 

distinctly shown that both e-beam and γ-radiation can be used to cross-link resins to high degrees 

of cure. 

Table 14. Summary of key mechanical property changes as a function of treatment environment. 
Reference samples are recorded as absolute values while the dosed samples are computed as the 

relative change. 
 

1R 2R 
 

Ref Air Water IPA DMSO Ref Air Water IPA DMSO 

Δ Tg 118.1 58.4 59.7 54.0 56.5 124.0 7.30 4.50 6.00 9.00 

Δ E’R (MPa) 12.7 15.1 18.4 10.9 6.9 24.7 1.70 1.00 -0.8 1.80 

 

  3R 4R 
 

Ref Air Water IPA DMSO Ref Air Water IPA DMSO 

Δ Tg 99.3 14 11.5 14.9 - 158.5 -3.0 -31.7 -5.9 -8.9 

Δ E’R (MPa) 4.99 2.01 1.18 0.87 - 32.8 9.10 -8.10 5.40 7.20 

 

This result suggests that the DCPD-based resin formulation cures more effectively in the 

e-beam than the other formulations used in this study, likely due to the high degree of residual 

unsaturation from the DCPD moiety. Isophthalic-based (2R) and BPA-based (3R) compositions 
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both display relatively narrow increases in Tg, with all relative shift magnitudes occurring between 

4 °C to 15 °C. This is again consistent with the expected system behavior associated with improved 

curing; however, the reduced magnitude of ΔTg relative to 1R suggest that these systems are 

comprised of functional groups that are less sensitive to new radiation-induced crosslinking bond 

formation. Dawes and coworkers showed the radiation resistance of polyester plastics which 

predominately crosslink in vacuum;205 however, aromatic polyesters are more resistant to radiation 

than those with dominant aliphatic segments. Thus, compared to other products, the one with 

DCPD is expected to be impacted the most. Resin 3R irradiated in DMSO was not able to be tested 

due to rupture of the sample. We attribute this to the solvent affinity between the BPA based 

thermoset and DMSO, which was high enough that swelling-induced stress led to catastrophic 

crack formation that was also apparent for several other formulations in dichloromethane for 

swelling studies. Despite the limitations the rupture of the 3R sample presents with respect to 

viscoelastic characterization of the irradiated bulk material, it does show a promising avenue for 

potential synergistic effects whereby swelling-induced rupture may enhance the delivery of 

radiation for additional deconstruction. The highly-crosslinked terephthalic acid resin (4R) system 

exhibits a distinctly different structural change relative to the other compositions. Slight reductions 

in the Tg are observed for all irradiation conditions, except for the bulk sample irradiated in water 

where a relative Tg reduction of over 30 °C is observed (Figure 72b, Table 14). As expected, a 

reduction in E′R is observed consistent with a reduction in the crosslink density (ν) as shown in 

Figure 73a. Tan δ also increases in the water-irradiated sample, indicating an increase in the 

damping character of the material due to higher chain mobility. This result is clear evidence of 

bond scission in the networked polymer based on the terephthalic acid system.  
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Figure 72. Representative data from dynamic mechanical testing. (a) Resin system 4R 
(terephthalic acid based) showing changes in G’ as a function of temperature and dosing 

environment. (b)Tanδ as a function of temperature for each resin formulation. 

Homopolymer polyesters are known to undergo C(=O)-O-C scission along the backbone 

of the chains upon irradiation, therefore we would expect their Tg values to decrease as a function 

of dose.105 Despite the EPR results, which show clear scissions in all resins in the presence and 

absence of solvents, their Tg values of 1R, 2R, 3R, and 4R increase upon irradiation. The 

components of all these resins include maleic anhydride, glycols, small amounts of vinyl 

monomers (MMA, vinyl toluene), phthalic anhydride, isophthalic acid, propylene glycol and 

terephthalic acid. All these compounds can undergo ionizing-induced polymerization reactions. In 

addition, with a dose of 1000 kGy, it is expected that the radiolytically-produced polymers can 

even undergo crosslinking reactions. These radiolytically-produced crosslinked polymers can lead 

to the increase in Tg of the irradiated resins. 

Table 14 shows that the Tg of O2-saturated 4R aqueous solutions decreases by 31.7 ˚C. As 

mentioned in Table 4, 4R resin is a highly cross-linked terephthalic polyester resin.  Upon 

irradiation of the 4R aqueous solutions, •OH radicals abstract H atoms from CH2 groups, and add 

to the phenyl groups along the backbone of the of the polyester chains, respectively. The reaction 
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rate constants are very high; on the order of 109 Lmol-1s-1 to 1010 Lmol-1s-1.105 The addition of the 

•OH to the phenyl groups along the chain produces cyclohexadienyl systems with unpaired 

electrons that are not localized on a particular carbon atom in the phenyl ring.105 It is the abstraction 

of H-atom from the CH2 groups that initiates the splitting of the C-O-C bond along the backbones 

of the polyester chains. The C-centered radicals produced from the H-abstraction undergo very 

rapid hydrolytic scission at the C-O-C linkage, leading to the production of alkoxyl radicals.105 

These results indicate that radiolytic scission in the presence of solvents can lead to synergistic 

network breakdown as an alternative to combustion or landfilling. Additional work is needed to 

fully delineate the effects of repeat unit chemistry and network connectivity on the propensity for 

deconstruction and re-use of these thermoset formulations. 
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4. Conclusions: 

This dissertation focuses on the design, synthesis, and analysis of novel aramid fibers by 

covalently incorporating nanocellulose through electron beam irradiation. These synthesized high-

performance fibers have higher strength and more surface area, making them ideal for the use in 

fiber-reinforced composites such as the ones used for body armor applications. Aramid fibers were 

also modified by inducing crosslinking reactions as a means to avoid scission of the polymeric 

backbone and resulting in an increase in their strength using electron beam irradiation. Both 

methods were applied for UHMWPE fibers as part of this thesis. The radiation effects on polymers, 

which are highly dependent on their chemical structures, were also studied by irradiating epoxy 

aromatic polyester-based resins. Due to the presence of the π structure of the phenyl groups, and 

the epoxy groups, both of which scavenge electrons, it is very difficult to produce free radicals on 

the backbone of the polyester chain. Furthermore, the steric effects of the phenyl groups impede 

the grafting reactions. In this work we looked at the recycling of the polyester rather than grafting, 

and we proposed the grafting onto epoxy aromatic polyester-based resins for future work.  

4.1 Design, synthesis, and analysis of nanocellulose grafted polymer fibers 

Nanocellulose was selected as the ideal filler to increase the strength and improve interactions 

at the interface of aramid fibers. It is impossible to directly graft cellulose onto the backbone of 

any polymers because of the absence of C=C double bonds in its structure. Therefore, from the 

beginning, the strategy has been to introduce unsaturation onto the cellulose molecules. Styrene 

was chosen as the best candidate to lace the cellulose molecule with a double bond, since styrene 

undergoes radiation polymerization. Another issue is that the irradiation of nanocellulose leads to 

the glycosidic scission of the cellulosic chains, i.e., degradation.  Thus, it is imperative not to 

include irradiation of the nanocellulose during any step of the grafting process. Through this thesis, 
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unmodified and styrene-containing nanocellulose were grafted onto aramid and UHMWPE fibers. 

Nanocellulose was chosen for its reactive, hydroxyl-full surface and high strength-to-weight ratio. 

An indirect radiation grafting approach was determined to be the best for incorporating the 

nanocellulose onto the fibers. This method prevents the degradation of the nanocellulose as just 

the polymer fibers are irradiated. The vinyl group on the styrene-nanocellulose are then grafted 

onto the amorphous regions of the fibers by bonding with the radicals generated during the fiber 

irradiation. It was concluded that the grafting procedure should be conducted at low temperatures 

in order to avoid homopolymerization of the nanocellulose during the grafting process.  

The optimal radiation-grafting parameters were selected after studying the generation of free 

radicals on the fibers by EPR. Following the irradiation of the fibers at different conditions, the 

concentration, type, and decay of the radicals generated was analyzed. The availability of these 

radicals is of outmost importance since they represent the grafting sites to which the nanocellulose 

would subsequently be grafted to. The radical decay after irradiation of the fibers was also 

established to assure that there were enough radicals present for the grafting process.  

After grafting, a gravimetric analysis was conducted to determine the most favorable 

parameters for the radiation-induced grafting of nanocellulose onto the fibers. The amount of 

grafting achieved was measured by calculating the degree of grafting (DoG). Negligible grafting 

was achieved for the direct grafting experiments, where both the nanocellulose and the fibers were 

irradiated together. Indirect grafting experiments of unmodified nanocellulose onto the fibers, also 

resulted in low DoGs, and thus negligible grafting. Successful grafting of styrene-nanocellulose 

onto the aramid fibers was achieved following an indirect grafting method. After confirming the 

grafting through the DoG calculations, SEM, FTIR, and NMR analysis of the nanocellulose-

grafted fibers was done to look at the uniformity of the grafting and at the chemical changes within 
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the grafted fibers. NMR results show successful covalent bonding between the styrene-

nanocellulose and the aramid fibers. The mechanical properties of the fibers after treatment were 

also studied. An increase of up to 15% in the tensile strength of the fibers was achieved. In 

conclusion, grafting was achieved through the addition reactions of the double bond from the 

styrene-nanocellulose molecules onto the radiolytically produced aramid free radicals, which lead 

to the formation of covalent bonds.  

4.2 Radiation-induced crosslinking of aramid fibers 

It is very well known that aramid chains have high resistance to ionizing radiation due the 

presence of phenyl groups. This made aramid one of the first choice for outer space applications. 

Therefore, it was the objective of this work to enhance the radiation-induced crosslinking by 

introducing a link that can covalently connect two aramid chains. Irradiation of the fibers in the 

presence of two crosslinking agents, acetylene and triacrylate, was explored as a means to crosslink 

the fibers and increase their strength. It was determined that irradiating the fibers at low doses, in 

the range of 5 to 40 kGy, and at high dose rates, in the presence of a crosslinker leads to an increase 

in the tensile strength of the fibers. A mechanism for the crosslinking of aramid fibers, in which 

the acetylene acts as a bridge between radicals generated on the aramid chain, was proposed. Fibers 

irradiated in an acetylene environment showed an increase in strength of up to 15%. The success 

of this approach would have a tremendous potential for radiation-induced crosslinking for 

radiation resistant polymers.  
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4.3 The fundamental differences between the radiation chemistry of aromatic polyester 

and aramid – Radiation-induced degradation of polyester-based resins for 

upcycling 

This work shows that ionizing radiation can also initiate more scission of the C-O-C bond in 

the aromatic polyester chain as opposed to grafting. These aromatic polyesters are difficult to graft 

onto due to the presence of bulky phenyl groups on their chemical structure. Thus, instead of using 

radiation to graft nanomaterials onto polyester-based resins, radiation can be used to aid in their 

degradation. The recycling of materials can be achieved by either modifying or degrading them. 

In this thesis, the radiation-induced degradation of various aromatic polyester-based resins was 

studied.  

It was demonstrated that e-beam irradiation induces scissions of the C-O-C bonds along the 

backbone of the chains of unsaturated polyester thermosets of different compositions based on 

dicyclopentadiene, isophthalic acid, epoxy vinyl ester, and terephthalic acid. EPR results show the 

formation of the alkoxyl radicals and C-centered radicals as the primary intermediate products of 

the C-O-C scissions. While the alkoxyl radicals exhibited great stability five months after the 

irradiation, the C-centered radicals decayed very rapidly via reactions with oxygen. The oxygen 

may have been absorbed onto the resin, dissolved in the solvent, or transported from the 

environment.  The radiolytically produced •OH radicals in the unsaturated-ester aqueous solutions 

play a major role in inducing scissions on the backbone of the polymer chains. Despite the 

radiation-induced scissions, irradiation of the resins at a dose level of 1000 kGy results in an 

increase of the glass transition temperature, Tg. This is due to the simultaneous radiation-induced 

polymerization of the vinyl monomers, toluene, and styrene that are present in the resins. The 

results also show that radiolysis of 4R, a highly-crosslinked terephtalic acid resin, in aqueous 
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solutions yields a decrease of 31˚C in Tg which may present an avenue for breakdown of 

thermosets through radiolytic depolymerization. This work demonstrates that ionizing radiation 

triggers continuous free radical-chain reactions that lead to the formation of recyclable oligomers. 

5. Contribution to Science 

This dissertation presents the science of the irradiation effects on various polymeric materials 

including high-performance fibers, such as aramid and UHMW polyethylene, and polyester-based 

resins. The effects of radiation on polymers depend greatly on the chemical structure of the 

irradiated polymer. Radiation-induced grafting was explored in both aramid and UHMWPE fibers 

which have C-N or C-C bonds (Figure 73) that after radiolysis result in the production of reducing 

C-centered radicals. On the other hand, aromatic polyesters have bulky structures and phenyl 

groups which complicate the pathways to achieve radiation-induced grafting. In this case, radiation 

can be used to degrade the polymer through scission of the C-O-C bonds. Through the methods 

developed in this thesis, both for the irradiation induced grafting and crosslinking of aramid fibers, 

patentable novel fibers with an increase in strength of up to 15% were synthesized. The radiation 

induced degradation of polyester resins in different environments is a significant contribution to 

the upcycling of these materials. 
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Figure 73. Chemical structure of aramid and UHMWPE showing the C-N and C-C bonds that 
lead to the formation of C-centered radicals after irradiation. 

5.1 Contribution to grafting 

Successfully grafting nanomaterials onto polymer fibers through irradiation not only resulted 

in an increase of the strength of the fiber, which is key for improved performance, but also it added 

functionality to the previously inert aramid. However, irradiation of nanocellulose leads to scission 

and degradation of the material due to the presence of glycosidic bonds in its structure. An 

alternative indirect radiation grafting method was developed to avoid irradiation of nanocellulose 

(Figure 74).  
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Figure 74. Schematic of the indirect irradiation grafting approach. Only the polymer fibers are 
irradiated and irradiation of the nanocellulose is avoided. 

This indirect grafting method avoided the degradation of the nanocellulose, while generating 

free radicals all over the polymer fiber surface. A styrene-nanocellulose was also synthesized 

which contains an unsaturated bond that rapidly reacts with the free radicals on the irradiated fiber 

surface. Irradiation of the polymer fibers lead to the formation of C-centered radicals, which can 

add to the double bond of the nanocellulose. This represents a new method of grafting 

nanocellulose via radiation, which can be applied to a wide variety of polymer fibers. Grafting was 

achieved without the use of any harsh solvents, and only in the presence of water. The radicals 

generated on the surface of the aramid fiber were studied by EPR and their kinetics was presented, 

which has not been studied before.  

5.2 Contribution to crosslinking 

Aramid fibers have a high crystallinity, in the range of 75-77%. That means that only 25% is 

amorphous and available for crosslinking. Although the crystalline phase absorbs radiation and 

may degrade, the goal was to enhance the competing crosslinking reactions in the small amorphous 

region of the fibers. Acetylene and triacrylate were both used to induce crosslinking during 

irradiation of the fibers. Acetylene molecules facilitate crosslinking by acting as a bridge between 
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radicals generated in the fiber chain. The proposed mechanism is shown in Figure 75. An increase 

of up to 15% in the tensile strength of the fibers was achieved through this method.  
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Figure 75. Proposed mechanism for the irradiation of aramid fibers in an acetylene 
environment. The acetylene molecules react with the C-centered radicals generated on the 

aramid and brings the chains closer, facilitating crosslinking. 

. 
5.3 Contribution to polyester-based resin upcycling 

Despite the presence of radiation-protective phenyl groups in the polyester backbone, phenyl 

polyester networks can be scissioned and ultimately degraded by e-beam irradiation. EPR results 

of the four irradiated resins used in this work show the radiolytic production of the oxidizing and 

relatively stable alkoxyl radicals. The radiolytic production of the alkoxyl radicals is the result of 

the e-beam induced scissions of the C-O-C bonds on the backbone of the chains of these phenyl 

polyesters. Due to the complex multi-component nature of the commercial resins used in this work 

that contain radiation polymerizable monomers and oligomers, three of the four resins (1R, 2R, 

3R) undergo polymerization reactions that lead to an increase in the Tg. In comparison with low 
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dose rate (gamma) radiolysis, the increase in the Tg of 1R, 2R and 3R was reduced since irradiation 

with a high dose rate hinders the propagation pathway and enhances the termination pathway 

during free radical polymerization. The results also show that radiolysis of 4R in aqueous solutions 

yields a decrease of 31˚C in Tg which may present an avenue for breakdown of thermosets through 

radiolytic depolymerization. It is concluded that •OH radicals produced from the radiolysis of 

water play a crucial role in inducing C-O-C scission and, hence, in decreasing the Tg of the 4R 

resin. The 4R resin formulation also is the most highly crosslinked resin system of the system 

studied here and, therefore, contains far fewer monomers than the other resins. It is anticipated that 

a smaller portion of the irradiation dose will be absorbed by the residual monomers and, 

consequently, unlike the other resins, radiation-induced polymerization, and subsequent 

crosslinking in 4R is insignificant. Also, a large portion of the irradiation dose is absorbed by 

water, which leads to the production of •OH. The relatively small value of G(𝑒𝑒𝑠𝑠−) (where 𝑒𝑒𝑠𝑠− 

induces C-O-C scission) from the irradiation of isopropyl alcohol results in a decrease of the 

alkoxyl radicals.  

6. Future Work 

• Further NMR studies by looking at the spectrum of a model compound to better identify 

the peaks that show grafting 

• Conduct NMR studies of the crosslinked aramid fibers to corroborate the proposed 

mechanism 

• Fabricate an aramid fiber reinforced composite to test the interfacial shear strength and 

determine how it’s improved 

• Optimize resin degradation by the irradiation of all the resins in water, to higher doses, and 

with a higher concentration of oxygen 
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The work done on this thesis can be expanded on by fabricating fiber-reinforced polymer 

composites using the nanocellulose-grafted fibers. For comparison, a composite should also be 

synthesized with unmodified fibers. The composites can be fabricated following the vacuum 

assisted resin transfer molding (VARTM) procedure. For this process, nanocellulose should be 

grafted onto aramid fabric instead of individual fibers. After synthesizing the grafted fabrics, an 

epoxy resin will be flowed onto the fabrics inside a vacuum bag. It is essential to keep the material 

under vacuum during the duration of the procedure. Then, the tensile, compressive, and shear 

strength of the composite can be evaluated by three-point flexural and short beam strength tests, 

following the ASTM standards for polymer composites. Interfacial shear strength tests should be 

conducted to determine how the grafting affects the interfacial strength of the composite.  

Additionally, the developed grafting methods can be applied on other types of high-

performance polymer fibers. Nylon fibers also have a wide range of applications and thus 

increasing their strength and functionality is of interest. Figure 76 shows the structure for these 

fibers as potential fibers to graft nanocellulose onto. The effects of irradiation on these fibers 

should be determined by EPR and mechanical testing before starting the grafting procedure.  
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Figure 76. Chemical structure of nylon-6,6 as a potential fiber for future grafting experiments. 

 The two fiber modifying procedures can be combined by irradiating the fibers in an 

acetylene environment and utilizing the remaining radicals for grafting. In this thesis, the un-

crosslinked radicals were annealed immediately following irradiation to avoid their oxidation 
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which could lead to fiber degradation. However, these radicals may be used for further grafting of 

nanocellulose onto the fibers without the need of more irradiation. First steps would be to 

determine the presence and concentration of these radicals by EPR. Then, nanocellulose can be 

introduced onto the fibers following the same indirect grafting approach developed in the thesis. 

Since both of these processes resulted in an increase in the strength of the fibers, an even higher 

strength may be achieved after applying both. 

Although UHMW polyethylene fibers were subjected to the same treatment as the aramid 

fiber, their mechanical properties were not studied. Future studies should first focus on the issue 

of entanglement of the UHMWPE fibers during the grafting process. When coming into contact 

with the nanocellulose solution, the fibers become tangled, making it difficult to perform the 

gravimetric analysis. It also makes it impossible to conduct the tensile tests. This process can be 

improved by stretching out the fibers and submerging it in the solution for the grafting process. A 

set up such as the one shown in Figure 77, in which the fiber is kept taut between the edges of the 

cardboard window can be tried.  

 

Figure 77. Schematic of the proposed template to keep the fibers taut during the grafting 
experiments. 
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As for the polymer degradation part of this thesis, to accomplish greater degradation of the 

phenyl-unsaturated polyester-based resins, a combination of radiolysis conditions needs to be 

chosen carefully to maximize the scission of the C-O-C bonds of the polyester chains and to 

prevent the polymerization reactions of the vinyl monomers that are already present in the resins. 

This work recommends that water be used as a solvent to take advantage of the production of  •OH 

radicals which lead to higher degrees of scissions. Use of higher O2 concentrations is advised to 

prevent the polymerization reactions of the vinyl monomers and to react with the radiolytically-

produced C-centered radicals of the polyester chains to prevent the crosslinking reactions between 

them.  

It is of interest to explore the possibility of radiation-induced grafting of these phenyl 

polyester-based resins as well. Modifying these resins through grafting can also contribute to the 

polymer upcycling effort. The methods developed for the radiation-induced grafting of 

nanocellulose onto the aramid can be applied to these resins, while adjusting the necessary 

parameters to promote grafting over the competing scission reactions. Similar polymers to the 

phenyl polyester-based resins studied in this work, such as polyethylene terephthalate (PET), have 

been previously used for grafting.206 In this case, the first step would be to remove any oxygen 

from the environment of the material before and during irradiation. As previously mentioned, the 

presence of oxygen is one of the factors that induce degradation. Another change to the irradiation 

conditions would be to irradiate the resins at a lower dose. In this work, degradation was induced 

at a dose of 1000 kGy, to favor grafting a lower dose, up to 300 kGy as was done for the aramid 

fibers, should be selected. EPR analysis of the irradiated resins is of outmost importance, to 

identify the formation of reducing C-centered radicals after irradiation.    
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