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Epoxy-based composites are widely used in aerospace, automotive, marine, and
defense applications because of their excellent mechanical properties and good
resistance to wear and corrosion. Polymer matrix composites can be prepared using
the hand lay-up technique, compression molding, and spray-up and pultrusion

processes.

This book presents the use of epoxy as filler for polymer matrix composites, synthesis
and properties of epoxy-based composites, fiber inclusion of epoxy-based composites,
research work on epoxy-glass composites, modifications of epoxy resin adhesives, and
application of epoxy-based composites for radiation shielding.
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Chapter1

Epoxy as Filler or Matrix for
Polymer Composites

Xianhui Zhao, Shun Lu, Wei Li, Shuyang Zhang, Kai Li,
Kashif Nawaz, Peter Wang, Guang Yang, Arthur Ragauskas,
Soydan Ozcan and Erin Webb

Abstract

Epoxy is a widely used polymer because of its ease of processing, high adhesiveness,
and high chemical resistance. Epoxy-based composites are commonly used in aero-
space, automotive, and marine applications. The epoxy type, function, curing agent,
and curing process are discussed in this chapter. Epoxy is used as either a filler or poly-
mer matrix in composite applications. As a filler, the epoxy modification on the fiber
is discussed. As a polymer matrix, the epoxy is reinforced by natural and synthetic
fibers. The manufacturing process and the fabricated epoxy-based composites’ perfor-
mance (e.g., mechanical and thermal properties) are investigated. The advantages and
disadvantages of epoxy’s function are discussed and summarized. Epoxy modification
is an effective approach to improve the composites’ performance.

Keywords: epoxy, filler, fiber, matrix, polymer, composite

1. Introduction

Since the discovery of epoxy in 1909 by Prileschajew [1], epoxy has become an
important part of our daily life and integral to numerous industrial sectors. Epoxy is a
plastic that has an epoxy ring, which consists of two carbon atoms that are bonded to a
common oxygen atom. Epoxy resins are a class of reactive prepolymers and polymers
that contain epoxide groups, which are cured using a wide variety of curing agents
(i.e., hardener). Epoxy is one of the most important thermosetting polymers and
has wide applications in different areas. The products’ properties largely depend on
the structure of the epoxy resins and curing agents used. The excellent mechanical
properties, high adhesiveness to many substrates, low shrinkage after curing, and
good heat and chemical resistances make epoxy resins remarkably useful across a wide
range of fields, where they act as reinforced materials, adhesives, coatings, etc. [2-5].

Epoxy has been widely used as polymer matrix for composite applications. The prop-
erties of composites can be customized by adding functional fibers to endow the func-
tionalities on the composites. For example, the fiber-reinforced epoxy composites have
significantly improved mechanical properties. Song et al. [6] developed carbon fiber/
epoxy composite laminates with carbon nitride, and their tensile strength and Young’s
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modulus reached 67 MPa and 58 GPa, respectively. Huang et al. [7] developed continuous
bamboo fiber reinforced epoxy composites (i.e., long bamboo fiber as reinforcement
rather than chopped fibers through a resin transfer molding process and achieved
improved mechanical strain. Epoxy based composites not only have enhanced mechanical
properties, they can also feature unique properties, such as electromagnetic interference
shielding properties [8], self-healing [9], heat resistance [10], and others [3, 4].

Despite serving as a polymer matrix, epoxy, as a reactive molecule, can be used as
fillers (or modifiers) to facilitate reinforce polymer composites. Fillers are typically
added to polymers to modify their characteristics and/or reduce their price [11-13].
For instance, Zhao et al. applied epoxy to functionalize pine fibers that were used to
reinforce the polylactic acid (PLA) [11]. Their results suggest that the epoxy modifica-
tion is beneficial to improve the tensile strengths and Young’s moduli of the composites
compared to that of neat PLA owing to the improved fiber/matrix interfacial adhesion.
One reason is that the epoxy exhibits high adhesiveness and compatibilization effect.
In another study conducted by Sujaritjun et al. [12], epoxidized polybutadiene treated
bamboo fibers were used to reinforce PLA and achieved a 10% increase in the tensile
strength. Similarly, Kyutoku et al. [13] utilized cellulose fibers coated with epoxy-
based agents to reinforce PLA and found that the epoxy treatment improved the inter-
facial adhesion between cellulose fibers and PLA. Compared with other non-reactive
surface functionalization of the nanofiber [14], the high reactivity of the epoxy group
in the epoxy modified fibers is beneficial for improving the interfacial interactions
between fibers and matrix, and thus can effectively reinforce polymers.

The cured epoxy resins are brittle due to the high degree of cross-linking, which
weakens epoxy’s impact strength and other relevant properties [3, 15]. Therefore,
chemical modification of epoxy monomers is necessary to improve their flexibility
and toughness as well as other properties [16]. Many efforts have been devoted to
addressing these challenges through introducing flexible polymers, inorganic solid
particles, and elastomers [17-19]. Despite the brittleness, epoxies also have poor
thermal and electrical conductivity [20]. To solve these challenges and improve the
properties of the epoxy-based materials, different thermal conductive and electrical
conductive materials (fibers), such as carbon nanotubes, graphene, carbon fiber, and
others, were added [21]. However, the poor interfacial interaction between the fiber
and epoxy led to low interfacial strength and impact toughness. Considerable efforts
have been made to solve this issue [6, 7]. Additionally, bio-based epoxy [22] and
epoxy-based vitrimer [23] also become new hot topics in this field driven by the desire
for sustainability and recyclability [24] of composite materials.

Given the importance of the epoxy-based composites, in this chapter, the recent
development of epoxies in polymer composites are summarized based on their
roles. The basics of epoxy, such as structure, curing agents, and curing process, are
discussed. The role of the epoxy compounds in the composites is discussed from the
filler and polymer matrix aspects. Finally, the challenges and future opportunities in
the epoxy-based composites are summarized.

2. Epoxy

2.1Epoxy type

Epoxy resin is often regarded as the most valuable polymer. It is widely utilized in
numerous modern industries including aerospace [25], electrical encapsulation [26],
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chemical engineering [27], civil engineering [28], food industry [29], etc. Epoxy res-
ins are part of the family of monomeric or oligomeric materials with excellent electri-
cal insulation properties and extraordinary resistance to corrosion [30]. Epoxy resin
has a group of reactive polymers, which contain epoxy or oxirane groups, as presented
in Figure 1. According to their structure, characteristic, and functionality, there are
three major types of epoxy resins: (i) cycloaliphatic, (ii) epoxidized, and (iii) glycated
epoxy resins [31].

The first two types of resins (cycloaliphatic and epoxidized) are synthesized
directly via the corresponding olefin oxidation. Glycidated resins are prepared by
glycidation of bisphenol A with epichlorhydrin. Generally, cycloaliphatic epoxy
resins provide excellent ultraviolet (UV) stability and electrical properties, as well as
good thermal stability due to their fully saturated structure. This feature makes them
suitable for structural components under high-temperature situations. Furthermore,
these resins are easy to obtain owing to their low viscosities and can be cured at low
temperatures. This result is likely because these resins have simple structures, and
the low viscosity leads to easy curing. However, they have a short pot life (useable
life: the length of time that a system retains a viscosity low enough to be applied), as
moisture and other factors easily affect the uncured resins. Bisphenol epoxy resin is
atype of commercial resin, commonly composed of a mixture of oligomers. It has a
wide variety of viscosities and low molecular weights, resulting in high-performance
phenoxy lacquer resins [31].

2.2 Epoxy functions and advantages

Epoxy resins are utilized in various applications due to their outstanding prop-
erties and versatile nature [25, 29, 31]. Epoxy resins can form into thermoset or
photosensitive resins, which are determined by reaction conditions and curing agents
[32, 33]. Epoxy-based parts are usually manufactured in the desired shape by typical
technologies including but not limited to resin infusion [34], injection molding [35],
resin transfer molding [36], and autoclave [37]. Nevertheless, the above processed
technologies cause several bottlenecks in terms of slow production, difficulties in
producing complex geometries, labor-intensiveness, and high cost of the process,
particularly considering thermal energy [31].

One significant characteristic of epoxy resins is that the curing process proceeds
through a step-growth reaction without the generation of volatile byproducts.
Subsequently, the process produces structures free from voids and bubbles. Therefore,
the tailoring of cross-linkers and modifiers are critical in the steady growth rate of
epoxy resins considering their further functionality. Because of the poor toughness,

C/°\C
/N

H -

R’

Figure 1.
Epoxy or oxirane group.
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researchers explored and developed several strategies to improve the toughness of
epoxy resins: (i) change in the chemical structure to make them more flexible [38],
(ii) increase in the molecular weight [39], (iii) decrease in the cross-linking density
[40], (iv) addition of a tougher phase, and (v) addition of fibers [29].

2.3 Epoxy curing agent

The desired properties of epoxy resins are generally determined by combining
an epoxy resin and a curing agent. Curing agents can be catalysts usually drawn
from amines, Lewis acids, or hardeners. Hardeners, identified as curing or cross-
linking agents, can break the C-O-C ring at the ends of an epoxy molecule and attach
themselves to the molecules to convert the resin into a thermoset network structure.
Different curing agents can create composites with different properties because the
curing agents have different functional sites that lead to different chemical reactions. A
specific hardener should be selected based on processing conditions (viscosity, pot life,
mixing ratio, and temperature) and the desired properties of the product (strength,
chemical and thermal resistance, toughness, and flexibility). The most common
hardeners for epoxy resins are amine types: (i) aliphatic, (ii) aromatic, and (iii) cyclo-
aliphatic. The type, amount, functionality of the hardener, as well as the curing condi-
tions (temperature and curing time), affect the properties of hardened epoxy resins.
For example, difunctional epoxy resins are prepolymers with an epoxy group at each
end of a molecule. The diglycidyl ether of bisphenol F (DGEBF) has similar molecular
structures: the two methyl groups attached to the carbon between the benzene groups
in the former are replaced with H atoms in the latter. F-type epoxies have lower viscos-
ity than A-type epoxies. For this reason, A and F types are often mixed to lower the
viscosity of a mixture, thus preventing the crystallization of the polymers [41].

Ozkul et al. [41] employed three different epoxy resins, diglycidyl ether of
bisphenol A, diglycidyl ether of bisphenol F (DGEBF), and a mixture of the two; six
amine type hardeners, four of which are aliphatic and the others are cycloaliphatic;
and three glycidyl-ether based reactive diluents to study their effects towards the
hardened state properties of epoxy mortars. Three epoxy resins and three types of
glycidyl ether-based reactive diluents were used together in epoxy mortars. Six dif-
ferent amine-based hardeners, four aliphatic and two cycloaliphatic, were used in the
mixtures. A hardener with a higher functionality (reactive point) led to mortars with
higher strength.

2.4 Epoxy curing process

Epoxy resins are in liquid form and the curing agent solidifies during the fabrica-
tion. During curing, the chemical reaction of the epoxide groups in the epoxy resin
is initiated by a curing agent through a step-growth reaction, then form a 3D highly
cross-linked network. Curing process conditions impact the properties of the cured
resins. For example, the amount of curing agents influences the strength of the cured
resin film and the formation time. There are three main methods of curing: (i) room-
temperature curing, (ii) thermal curing, and (iii) photocuring [31].

Room temperature curing agents are used to cure epoxy resins at room tempera-
ture. These include aliphatic polyamines, low-molecular-weight polyamides, alicyclic
polyamines, and modified aromatic amines. This curing system is preferred for higher
flexibility, impact resistance, and electrical and thermal shock resistance [31]. The
final structure of the cured resin highly depends on the employed temperature.
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High temperature curing agents, for example, acid anhydrides, resol resins,
aromatic polyamines, dicyandiamides, and hydrazides, are used to cure epoxy resins
at elevated temperatures. Generally, high temperature curing is carried out in two
stages: (i) precuring stage (gel-status) at a low temperature and (ii) postcuring stage
(solid-status) at a high temperature. Epoxy components fabricated at higher tempera-
tures exhibit higher tensile strength, heat resistance, and chemical resistance [31].

Photocuring systems significantly decrease the epoxy curing process time from
hours to minutes and save the cost of energy compared to autoclave thermal curing. A
wide range of radiation curing wavelengths, such as infrared light, UV light, X-rays,
and electron beam irradiations, can be used to cure photosensitive epoxy resins
employing photoinitiators. Photocuring is a relatively controllable and consistent
process as compared to other curing processes [31].

Two-stage curing systems that combine photocuring and thermal curing enable
the use of epoxy resins in additive manufacturing. Traditionally, epoxy resin and its
composites are manufactured by curing at high temperatures for several hours. This
condition makes epoxy resin impossible to use in additive manufacturing because,
curing layer by layer is essential during fabrication. To solve this issue in additive
manufacturing the common practice is to use photosensitive epoxy resin. However,
this cured resin has poor mechanical properties, low curing rate, and high cost due
to photoinitiators. Moreover, it does not meet the need for mechanical parts required
in some specified industries. Direct-ink writing is a possible approach to use epoxy
or other thermoset resins where the ink can be designed to be viscoelastic with the
incorporation of a fiber [31].

Kuang et al. [42] demonstrates additive manufacturing of an epoxy resin using
digital light processing. The hybrid ink is prepared by blending a thermally curable
resin and a photocurable resin and cures in two stages. During manufacturing, the
epoxy resin is exposed to UV-LED light with a wavelength of 385 nm (first-stage cur-
ing) to create the designed shape and then cured at 100°C for 2 h and another 2 h at
160°C (second-stage curing). The hybrid ink presents low volume shrinkage, desired
mechanical properties and high resolution, enabling use in engineering applications.
Griffini et al. [43] customizes a hybrid ink of thermal and photocurable epoxy resins
to investigate the possibility of the fabrication of carbon fiber-reinforced composite
structures. Carbon fibers with a diameter of 7.2 pm and length of 100-150 pm are
added into the ink to develop an increased weight concentration. When the hybrid
ink is extruded from the syringe, light from two UV-A torches with a wavelength
of 405 nm irradiates the hybrid ink to solidify its shape in the first-stage curing.
Then, the printed sample is cured at 220°C for 20 min in a ventilated oven for the
second-stage curing. The weight ratio between thermal and photocurable components
strongly influenced the printing characteristics. Carbon fibers also affected the
efficiency of UV-curing.

3. Epoxy-based composites
3.1 Epoxy as filler

Epoxy can be used as a non-matrix component (i.e., filler or minor component)
in composites and is usually applied at the fiber and polymer matrix interface. Epoxy
can be used to functionalize the surface of fibers with epoxy groups. Thus, the surface
of the fibers can be activated to react with other components in the composites.
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Cheng et al. [44] uses a two-step method to epoxidize the surface of poly-p-phen-
ylene-benzimidazole-terephthalamide (PBIA) fibers with epoxy groups. The PBIA
fibers were first fluorinated and grafted with Si-OH groups. The Si-OH groups were
then added with 3-glycidoxypropylthrimethoxysilane (GPTMS) for epoxidation. The
modified fibers were then incorporated in an epoxy matrix with respect to surface
energy and pull-out strength, where both the two properties were improved. The
surface energy increased from 13 to 17 mN/m, while the pull-out strength improved
from 0.45 to 0.63 N/(tex-mm). Fei et al. [45] used the epoxy group as an activate site
to graft polymer chains for functional composites. The bacterial cellulose was first
epoxidized with epoxy chloropropane (ECP) at the hydroxyl groups on cellulose.
Aniline was then added and grew from the epoxy group to polyaniline (PANI), pro-
viding electrical conductivity in the final cellulose-based flexible paper. The electrical
conductivity can reach 1.1 S/cm at proper ECP concentrations and can be further
improved up to 1.4 S/cm by introducing polyacrylamide via enhancing the interaction
between PANI and the fibers.

Another epoxidation was done by Cao et al. [46] on tunicate cellulose nanocrystals
(T-CNC), which exhibit a higher aspect ratio than cotton CNC. GPTMS was used to
introduce epoxy groups on the surface of T-CNC first. The modified fibers were then
blended with carboxylate styrene—butadiene rubber. The covalent bonding between
epoxy and carboxyl groups was improved. The tensile strength, modulus, and tough-
ness were improved with more modified T-CNC added. In addition, the resultant
rubber could be reprocessed, attributed to the transesterification of the ester bonding
formed by epoxy and carboxyl groups. This modification enabled the composites to
maintain their original tensile strength even after reprocessing three times. In these
methods, epoxy significantly altered the surface chemistry and the interfacial adhe-
sion. However, one issue was that the epoxidation process usually involved highly
activate reagents, like ECP, which may bring an uncontrollable by-reaction that will
affect the properties of the final product [45].

Epoxy are utilized to adjust the properties of composites. A single domain or phase
with an epoxy group is introduced into composites. The properties of the composites
change depending on the inherent properties of the epoxy group. Epoxy can also
react with other components to bring new bonding. For example, Immonen et al. [47]
used epoxidized linseed oil (ELO) as an epoxy phase in a PLA-based composites with
bleached softwood kraft pulp (BSKP) as the fiber. At certain concentrations of ELO,
the trinary composites exhibited improved tensile strength, modulus, elongation at
break, and impact strength compared with neat PLA and BSKP/PLA composites.
This result inferred that ELO could react with both PLA and BKSP, thus enhancing
the interfacial adhesion between PLA and BSKP. A similar idea was applied by using
tannic acid-crosslinked epoxidized soybean oil (TA-ESO) in bamboo fiber (BF)/PLA
composites as reported in Liu et al’s work [48]. In their composite system, BF was the
reinforcing fiber that could improve tensile strength and modulus as more incorpo-
rated, while decreasing the elongation at break. TA-ESO was introduced by solution-
spray onto the BFs and then dried to modify the surface of BF for better interaction
with the PLA matrix. TA-ESO was expected to act as a bridge between the two phases
to enhance the interfacial adhesion. At a low concentration (0.5 wt%) of TA-ESO, the
epoxy phase mainly acted as a compatibilizer between PLA and BF since hydroxyl
groups on both PLA and BF could react with epoxy group on EOS, contributing to
the force transfer from PLA to BF to improve the tensile strength. As TA-EOS content
increased, excessive TA-EOS could be presented as a single phase, which acted as a
toughing domain in PLA composites and a compatibilization effect on the interface.
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However, TA-EOS at higher concentration resulted in poor tensile performance and
impact strength due to the large domain area. Nevertheless, TA-EOS could be used to
balance the tensile strength and toughness by varying the feeding ratio compared to
BF and PLA matrix.

Similarly, Zhao et al. [11] impregnated an epoxy solution to pine fibers to fill and
penetrate the voids and hollow channels in the pine fibers. By mixing curing agent
(Dicyandiamide) and epoxy resin (Poly(bisphenol A-co-epichlorohydrin), glycidyl
end-capped), part of the epoxy cured during the drying process, modifying the sur-
face chemistry. This method benefited the tensile strength, where the tensile strength
and Young’s modulus improved by 20% and 82%, respectively, at 1 wt% loading of
the epoxy system. The better interfacial adhesion between PLA and pine fibers came
from the compatibilization effect of the epoxy. Epoxy curing during the hot pressing
for final composites may bridge PLA and pine fibers by a covalent bond. The epoxy
enhanced the interaction between polymer matrix and pine fibers increasing the
tensile performance. Through this approach, the preparation of the composites was
conducted without complex chemical reactions. However, the property of the final
products depended on the inherent property and concentration of the epoxy-included
phase which should be carefully selected [48].

3.2 Epoxy as polymer matrix

Epoxies are extensively used as the polymer matrix of composites for their salient
features of high specific strength, good dimensional stability, and excellent dielectric
properties [1, 30, 49]. Due to the high cross-link density formed during curing, neat
epoxy resins are intrinsically brittle and have low fracture toughness, which can
limit their application in some specified fields. Moreover, epoxy resins are relatively
expensive in comparison with other commonly used thermosetting resins, such as
unsaturated polyester and vinyl ester resins. Adding fibers into epoxies could enhance
the thermal and durability properties [50]. However, the addition of fibers can impart
adverse influence on composites’ physical and mechanical properties alongside the
reinforcement on other properties. Therefore, attention needs to be paid to optimiz-
ing and balancing different properties and costs when designing composites for
specific applications. Table 1 summarizes the general types and fabrication tech-
niques of epoxy-based composites. Some applications and recent developments of
high-performance and cost-effective epoxy composites are briefly reviewed herein.

Fiber reinforcement is a common strategy for preparing epoxy composites and is
widely adopted in the industry [50, 54]. Synthetic fibers, such as glass, carbon, and
aramid, offer load bearing capability and enhancement of mechanical properties,
while the epoxy functions as a binder that forms an overall solid shape and transfers
the stress uniformly onto the fibers inside the matrix. Particularly, epoxies exhibit a
low viscosity before curing that helps with fiber wetting and minimizing air voids,
aiding in the composite strength. Meanwhile, the low viscosity provides a unique pro-
cessing versatility such that various options of fabrication techniques can be applied
for the industrial manufacture of epoxy composites (see Table 1). These characteris-
tics, alongside outstanding chemical and mechanical properties after being cured, let
fiber-reinforced epoxies find a broad range of commercial applications in structural
materials, commercial and sporting goods, and civil infrastructures, as well as diverse
lightweight engineering applications in automotive, marine, aerospace, and wind
turbine construction, for which the high strength-to-weight ratio allows for substan-
tial fuel and energy savings [50].
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Type Fiber Fabrication techniques
Conventional e silica * extrusion
composites ¢ metal e pultrusion

* rubber ¢ lamination

* basalt * solvent casting

* flyash ¢ filament winding

* aramid ¢ vacuum bag molding

ceramic compression molding

natural fiber prepreg/autoclave process

carbon black vacuum-assisted resin transfer molding

synthetic fiber

flame retardant fiber

thermoplastic polymer

Nanocomposites e clay melt mixing

nanofiber shear mixing

metallic oxide electrospinning

carbon nanotube solution mixing

silica nanoparticle ultrasonic mixing

graphene nanoplatelet surface modification

boron nitride nanosheet

Table 1.
Types and fabrication techniques of epoxy-based composites [8, 16, 17, 21, 36, 50-53].

Glass fibers are readily available and relatively cheap on the commodity market,
making them the most used fibers in the composite industry. Glass fibers have high
tensile strength and excellent insulating properties [54, 55]. Glass fiber-reinforced
epoxy composites are often fabricated by distributing discontinuous or continuous
glass fibers, randomly oriented, inside the epoxy matrices. By combining the comple-
mentary features of glass fiber and epoxy, the ensuing composite provides a superior
material for the replacement of heavier metal and ceramic parts in structural and
insulation applications. Being another commonly used reinforcement fiber, carbon
fiber is stronger, lighter, and more expensive than glass fiber (see Table 2). Epoxy
adheres well to carbon fiber. The manufacturing of carbon fiber composites usually
involves the epoxy impregnation of carbon fabric [34, 36]. The strength of laminated
composites depends on the weave pattern, orientation, and weight fraction of the
carbon fabric, which is generally stronger than that of the glass fiber reinforcement,
leading to more advanced applications.

In addition to synthetic fibers, natural fibers received considerable attention in
past decades in view of environmental concerns [56-59]. Natural fibers are mostly
sourced from plants or animals and are biodegradable and renewable [60, 61].

Their replacement of synthetic fibers in composite applications can reduce carbon
footprint, improve recyclability, and enhance environmental sustainability. Studies
have examined epoxy composites reinforced by natural fibers, such as kenaf, coir,
sisal, banana, jute, bamboo, cotton, bagasse, flax, ramie, and luffa. These studies
suggest these natural fibers reinforce epoxy’s physical and mechanical properties and
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Material Bulk density Tensile strength (MPa) Young’s modulus (GPa) Toughness
(g/cm3) (mJ/mm?)
Glass 25 1048 62 21
Carbon 1.8 2302 168 46
Aramid 14 2273 47 92
Table 2.

Typical properties of commonly used reinforcement fibers [54].

are suitable for low-load applications [62, 63]. Despite growing interest, bio-based
materials have seen relatively slow market growth in the consumption of natural
fibers [64]. This result provides an opportunity for fostering applications of natural
fiber reinforced epoxy composites. However, the development of fiber processing
and chemical treatment technologies is needed to improve the performance of epoxy
composites with natural fibers.

Given the increasing demand of high-performance materials in lightweight
construction and renewable energy generation, significant research efforts are devoted
to improving the mechanical properties of fiber-reinforced epoxies and extending
their functional applications. Poor damage tolerance and fire resistance are significant
obstacles that limit the applications of conventional epoxy-based composites [53].
Notably, their anisotropic nature and weak out-of-plane mechanical properties induce
low impact resistance for composites with aligned reinforcement fibers. Meanwhile,
the debonding between fiber and matrix under transverse and compression loading
can cause delamination that significantly deteriorates the mechanical performances
and hence, reduces the service life of composite materials. In addition, the cured epoxy
matrix decomposes when exposed to high temperatures (300-400 °C), releasing heat,
smoke, and toxic volatiles and byproducts [65]. Managing the fire risk and subsequent
environmental hazard is thus crucial for broadening the application range of epoxy
composites.

Strategies for composite property improvement focus on developing the matrix,
fiber, and the interface of composite materials [66]. Toughening of the epoxy matrix
is the most effective way to improve the composite impact strength for structural
applications [17, 67]. Standard methodologies for the epoxy toughening include
the chemical modification of the epoxy and the integration of toughening agents.

In the former scenario, reducing the cross-link density (by increasing the segment
length between crosslinks), increasing the molecular weight of epoxy monomers, or
modifying the rigid backbone structure to be flexible increases the impact toughness.
However, these changes impose significant reductions in other properties, e.g., modu-
lus, tensile and flexural strength, as well as decrease the glass transition temperature
that affects the thermal stability. Considering this synergistic effect, the industrial
formulations of epoxies often reflect the tradeoff of balancing different properties for
end applications. In this regard, blending toughening agents (typically, 5-20 wt%)
becomes a more facile approach [16, 17].

Typical toughening agents include liquid rubbers, thermoplastics, hyperbranched
polymers, block copolymers, and inorganic nanoparticles, among which the liquid
rubber is a more common choice for industrial applications as it is more economical
and easier to process [68]. Several types of reactive liquid rubbers, namely, carboxyl-
terminated poly (butadiene-co-acrylonitrile), amine-terminated poly (butadiene-
co-acrylonitrile), and hydroxyl terminated polybutadiene, have been developed to
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increase the epoxy toughness [27, 69]. However, these polybutadiene derivatives have
unsaturated sites along the backbone that are susceptible to degradation in a high-
temperature and oxidative environment. To overcome this deficiency, saturated liquid
rubbers, such as polyacrylates, polysiloxane, and polyurethane, are introduced as
alternatives that offer better oxidative stability [70]. The liquid rubber toughening is
found to be effective for difunctional epoxy resins but ineffective for tri and tetra-
functional epoxy resins that have a higher degree of cross-linking, suggesting that

the toughening of the matrix increases with increasing the inherent ductility of the
epoxy [53, 69].

Thermoplastics constitute another significant type of toughening agents, which
enhance the toughness for both difunctional and multifunctional epoxy resins
without scarifying other desirable mechanical properties (as is the case for the rubber
toughening). Since the early 1980s, several thermoplastics have been applied, includ-
ing polysulfone, poly (ether imide), poly (ether sulfone), and poly (phenylene oxide)
[70, 71]. It is well recognized that the toughening effect of thermoplastic depends
on its phase structure inside the matrix. Notably, a co-continuous morphology at a
high thermoplastic concentration, in contrast to the discrete morphology, can induce
a sharper increase in the fracture toughness with increasing the thermoplastic con-
tent [71]. Nevertheless, the manipulation of phase structures (through varying the
composition and curing condition) and the optimization of formulations for different
applications require additional engineering.

Alongside the development in conventional toughening strategies, block copoly-
mers and nanoparticles emerge as promising additives for epoxy toughening, which
gain increasing interest in recent years [17, 19, 72]. Specifically, block copolymers can
undergo microphase separation under the thermodynamic driving force. This result
imparts a fine-tuning of phase structures at the nanoscale that affects the proper-
ties of nanodomains inside the matrix, resulting in stronger enhancement effects
compared to conventional agents of larger sizes. Similarly, nanoparticles significantly
enlarge the interface between fiber and matrix upon good dispersion inside epoxy.

A small amount of nanoparticles can dramatically improve the matrix properties.
Moreover, the incorporation of different types of nanoparticles (Table 1), and surface
modifications [4], lead to epoxy nanocomposites with enhanced electrical conductiv-
ity, thermal conductivity, magnetic, flame retardant, and radiation resistant proper-
ties [51, 73], expanding their utility in functional applications.

Overall, considering that different types of agents are associated with different
toughening mechanisms (functioning at different length scales), a hybridization
strategy can be adopted to prepare fiber-reinforced hybrid epoxy composites that
enable synergistic toughening [67, 72, 74, 75]. Given the large degree of freedom
of the components, the development of multiscale computer simulations [76, 77],
machine learning, and experimental studies are needed to expedite the rational design
of advanced epoxy composites.

4, Conclusion

Epoxy has high adhesiveness and is widely used in industry. However, no systematic
study has been performed on using epoxy as a filler or polymer matrix for composite
applications. This chapter has systematically reviewed recent research and advances on
epoxy-based composites. Discussion includes analysis of the epoxy type, epoxy func-
tion, curing agent, curing process, and performance of epoxy-based composites.

12



Epoxy as Filler or Matrix for Polymer Composites
DOI: http://dx.doi.org/10.5772/intechopen.102448

Epoxy resin has a group of reactive polymers that contain epoxy or oxirane groups.
There are three major types of epoxy resins: cycloaliphatic, epoxidized, and glycated
epoxy resins. Epoxy-based materials are manufactured into the desired shape by
injection molding, resin transfer molding, or resin infusion. The desired properties
of epoxy resins are generally determined by the combination of an epoxy resin and a
curing agent. Three main methods of curing are room-temperature curing, thermal
curing, and photocuring. During curing, the chemical reaction of the epoxide groups
in the epoxy resin is initiated by a curing agent to form a highly cross-linked network.

As afiller, there are two common approaches to utilize epoxy. One is to functional-
ize the fiber’s surface with epoxy groups so that the fiber’s surface can be activated
to react with other components in the composites. The other one is to incorporate
epoxy as a single domain or phase in the composites with epoxy groups. However, the
composites’ performance will be influenced by the inherent property of the epoxy
and the concentration of the epoxy-included phase.

Epoxy is used as a polymer matrix because of its high specific strength, excellent
adhesion, and good dimensional stability. Adding fibers into epoxies improves the
thermal and durability properties while reducing the cost for composite applications.
However, the addition of fibers can adversely influence the mechanical and physical
properties of composites. Toughening the epoxy is an effective way to improve the
composite’s impact strength for structural applications. Typical toughening agents
include thermoplastics, liquid rubbers, block copolymers, and nanoparticles. Liquid
rubbers are a more common choice for industrial applications as they are more
economical and easier to process.

Challenges and future directions:

1. As afiller, the epoxy’s inherent property affects the composites’ performance. In
addition, the epoxidation process typically involves highly active reagents that
can cause uncontrollable side effects that influence the properties of the compos-
ites. The selection of appropriate epoxies with a high functionality is a challenge.
The epoxy solution concentration, drying process, and advanced epoxy with
outstanding mechanical properties can be investigated in the future.

2. As a polymer matrix, the poor interfacial interaction between the epoxy matrix
and fibers is a key challenge. Toughening of the epoxy is an effective pathway to
address this challenge. The manipulation of phase structures and the optimiza-
tion of formulations for different applications require additional engineering.

3. Bio-based epoxy can be developed towards the sustainability and recyclability
of the composites. Environmentally friendly and economically viable bio-based
epoxies are needed.
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Appendices and nomenclature

BF Bamboo fiber

BSKP Bleached softwood kraft pulp

DGEBF Diglycidyl ether of bisphenol F

ECP Epoxy chloropropane

ELO Epoxidized linseed oil

GPTMS 3-glycidoxypropylthrimethoxysilane

PANI Polyaniline

PBIA Poly-p-phenylene-benzimidazole-terephthalamide
PLA Polylactic acid

T-CNC Tunicate cellulose nanocrystals

TA-ESO Tannic acid-crosslinked epoxidized soybean oil
uv Ultraviolet
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Abstract

Polymer nanocomposites are currently one of the most rapidly growing families of
materials, and they are finding use in a wide range of industrial applications, includ-
ing aerospace and defense. The broad usage of composites is because of their consoli-
dated mechanical properties. Glass fiber reinforced epoxy composites are available
for the last few decades. The idea of adding nano clay into it has emerged in the late
first decade of this century. This study is aimed at reporting the effects of the addition
of nano clay into GFRP on its mechanical properties. The new composite formed is
epoxy-glass composites reinforced with nano clay (EGCN). Nano clay has a crystal
structure that facilitates the formation of intercalated and exfoliated mixture with
liquid epoxy during mixing which results in good dispersion of Nano clay thereby
resulting in improved mechanical properties compared to GFRP. The work done by
several researchers in this area and the results obtained are reported in this article.
The improved mechanisms of failures were discussed with the addition of nano clays.

Keywords: nano clay particles, GFRP composites, mechanical properties,
interlaminar shear strength

1. Introduction

In the current era, much effort is invested in developing new composite materials
which are superior to existing materials in terms of their mechanical and physi-
cal properties. Quite a large number of studies have been published in the area of
behavior, characterization, and modeling of composite materials, from metal matrix
composites [1-3] to polymer matrix composites [4-7]. There are several definitions
for composite materials, but the common feature of each definition is the presence of
two or more constituents with an interface between them. Traditional metal matrix-
based composites are made of heavy materials. In the aerospace and automobile
sector, the fuel consumption is proportional to the weight of the body of the vehicle.
A study by A. K. Dhingra [8] has shown that a minimum of 20% of the cost is saved
if polymer composites (PMCs) replace the metal structures and the operating and
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maintenance costs are also very low. Chakraverty AP [9] stated that Polymer com-
posites are easy to repair, have good durability, and maintenance is simple. There is
a consistent requirement for composites in the industries with the invention of new
applications. Glass fiber-epoxy composites are widely used in the making of aircraft
and automobile body parts and are not only limited to these fields but also used in
ship building, structural applications in civil engineering, pipes for the transport of
liquids, electrical insulators in reactors, etc. GFRPs have been in use since 1936. As the
requirements for weight reduction continuously increase the mechanical properties
of GFRPs can be tailored by adding micro fillers and it further evolved by adding
nanofillers. The epoxy resin in GFRP firmly holds the fibers together and helps in
uniform load distribution throughout the composite.

Nanocomposites are materials that are created by introducing nanoparticles into a
matrix. There is a drastic improvement in mechanical properties with the addition of
nanomaterials into various matrix materials. In general, the content of nanoparticles
that can be added to the composite ranges between 0.5% and 5%. It is because of the
high surface area of nanomaterials at a given weight content compared to the micron-
sized powder of the same material. Plenty of research is in progress to develop nano-
composites with multiple functionalities. The term “polymer nanocomposite” broadly
describes any number of multicomponent systems where the primary component is
the polymer matrix and the filler material has at least one dimension below 100 nm
[10]. Polymer nanocomposites are generally lightweight, require low filler loading,
are often easy to process, and provide property enhancements extending orders of
magnitude beyond those realized with traditional composites.

Filler is a term that encompasses a vast number of materials and plays a significant
role in improving composite properties. Fillers help minimize cost, enhance proper-
ties, and improve the composites. Fillers also increase the mechanical properties and
reduce shrinkage of the composites during curing. Proper selection of matrix and
filler combination will lead to the creation of composites with high mechanical
and thermo-mechanical properties which are comparable to metals.

Montmorillonite is natural clay with a high charge density. Charge density is the
total number of cations in between the silicate layers of montmorillonite which can be
substituted with organic cations. Montmorillonite nanoparticles are naturally hydro-
philic but if treated with alkylammonium ions, the particles become organophilic.
The organically treated montmorillonite when dispersed in liquids like epoxy forms
gels [11, 12]. The length of the ammonium ions has a strong impact on the resulting
structure of nanocomposites. Lan et al. [13] showed that alkylammonium jons with
chain lengths larger than eight carbon atoms favor the synthesis of exfoliated nano-
composites, whereas alkylammonium ions with shorter chains led to the formation of
intercalated nanocomposites. Alkylammonium ions based on secondary amines have
also been successfully used [14]. A schematic diagram showing the substitution of
alkylammonium ions in place of interlayer cations is shown in Figure 1. The structure
of the organic cations between silicate layers depends on the charge density of clay
[15]. In Figure 1. alkylammonium ions adopt a paraffin type of structure due to which
the spacing between the clay layers increased by about 10 A°. Alkylammonium ions
permit lowering the surface energy of clay so that organic species with different
polarities can get intercalated between the clay layers.

Based on the above discussion, it is observed that out of the three types of surface
modifiers alkyl ammonium jons are the most popular because they have a higher
affinity with silicate layers compared to amino acids and silanes. Depending on the
layer charge density of the clay, alkyl ammonium ions may adopt different structures
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Figure 1.
The cation-exchange process between alkylammonium ions and cations initially intercalated between the clay layers.

between the clay layers. Alkyl ammonium ions reduce the electrostatic interactions
between silicate layers thus facilitating the diffusion of a polymer molecule between
clay platelets or galleries [16].

2. Mechanical properties
2.1 Tensile properties

EGCN exhibited 54% improvement in modulus at 10 wt% addition of octadecyl
ammonium treated fluorohectorite (ME-ODA) but there was a 36% decrease in
strength while ductility was also reduced (shown Figure 2a). The stress—strain
curve of GRE exhibited ductile behavior, and the EGCN exhibited brittle behavior
[17]. Bozkurt et al. [18] reported that when MMT is added to epoxy-noncrimp glass
fabric composite, up to 6 wt% there was no improvement in strength and stiffness
while both decreased beyond 6 wt%. This unchanging behavior is attributed to the
dominant effect of noncrimp glass fibers over the nanoclay effect (shown Figure 2b).
Shi et al. [19] reported the effect of “Magnetic stirring” and the high shear mixing
technique (HSMT) on the tensile behavior of EGCN. When the magnetic stirring
method was used, the increment in modulus of EGCN was about 19.4%, 22.2%, and
27.7% at 1, 2, and 3 wt% of nanoclay respectively. The increased modulus is credited
to the good dispersion of clay layers. At 1 wt% nanoclay, the tensile properties were
compared between composites; one composite consists of an epoxy-clay mixture
processed by magnetic stirring, and the other by mechanical stirring. There was
about a 7.9% and 5.7% increase in 6UTS and modulus for the EGCN with matrix
processed by mechanical stirring (shown Figure 2c). The epoxy molecular chains
were prevented from moving when the load was applied. The clay layers hindered the
molecular chains because of strong adhesion and chemical bond between organoions
and epoxy, thereby enhancing the stiffness of the laminate. This mechanism of clay
particles hindering epoxy molecular movement was also described by other research-
ers [20-22]. The formation of clay aggregates at low clay contents, i.e., at 2 and 3 wt%
clay addition was also reported in some literature [23-25]. The increased tensile
properties with the addition of various surface-modified nanoclays under different
mixing conditions and composite making methods are given in Table 1.

Voids are formed while mixing nanoclay and hardener, and increase with clay
content; due to an increase in the viscosity of the mixture, the removal of these gas
bubbles becomes difficult when kept in degassing chamber. In addition to aggregates
and voids, there is a possibility of a decrease in strength by other means, that is,
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Figure 2.
Changes in tensile properties of EGCN’S at various conditions.

through interruption of crosslinking of chains by silicate layers as a result of the
reaction of epoxy molecules with organoions, which breaks the continuity of the
crosslinks, this claim is not yet fully established though [35, 36]. The laminate fabri-
cated from the matrix which was prepared by HSMT provided the enhancement in
strength and modulus by 7.9% and 5.7% as compared to the laminates made by using
the matrix prepared by direct mixing technique (DMT) [19].

Gurusideswar and Velmurugan [29] carried out tension tests on laminates with the
addition of Garamite-1958 (alkyl ammonium treated clay) at crosshead speeds of 0.5,
5, 50, and 500 mm/min. The stress—strain plot for EGCN at 1.5 wt% of nanoclay and a
testing speed of 5 mm/min was linear elastic with 9.9% elongation and failed sud-
denly. At 500 mm/min there was a rise in strength, modulus, and ductility by about
17%, 10.7%, and 33.3% compared to the values at quasi-static loading, i.e., at 5 mm/min
(shown Figure 2d). cUTS is more sensitive to strain rate compared to the modulus
which is due to the dominant behavior of fibers in strength, whereas the modulus
is influenced by clay. The same behavior was exhibited by glass/epoxy composite
(GRE). The increase in clay content by up to 5 wt% did not change the elongation
(i.e., 9.9%) at quasi-static loading, but at high strain rates.
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Author, Year Nanoclay Nanoclay GlassFiber =~ Observations
wt%

Haque et al. [26] Nanomer [.28E 0,1,2,5, — At 1 wt% nanosilicates, there was 44, 24, and
10 wt% 23% improvement in ILSS, of, and fracture

toughness compared to GRE.

Bozkurt MMT 0,1,3,6,and 40-44vol% i. Upto 6 wt% nanoclay addition, 6yrs and
etal. [18] 10%wt modulus were not changed.

ii. At 6 wt% of nanoclay, of and modulus were
improved by 16% and 13%.

iii. At 10 wt% of nanoclay, fracture toughness
was improved by 5%

Shietal. [19] Cloisite 30B 0,1,2and 55— 58 vol% At1wt%

0,
3 wt% i. The tensile, flexural, and compressive modulus

increased by 21%, 27%, 15% respectively.

ii. The tensile, flexural, and compressive
strength were increased by 18%, 25%, and
30% respectively.

iii. ILSS was increased by 25% and Impact
strength was increased by 6%.

Zulfli and Nanomer 1.28E 0,2,4,6, 4 layers i. At 4 wt% of clay, o¢ and modulus were
Chow [27] 8 wt% improved by 19% and 9%.

ii. At2 wt% of nanoclay, fracture toughness was
improved by 111%.

iii. At 4 wt% of nanoc\lay, impact strength was
improved by 46%

Kanny and Cloisite 30B 0,1,2,3,4, 6 layers i. At 3 wt.% of nanoclay, there was about
Mohan [28] 5wt% a2 9%, 21%, and 15% increase in tensile
strength, modulus, and elongation.

Gurusideswar and Garamite_1958 1.5, 3,and — i. At1.5% clay, the modulus and strength
Velmurugan [29] 5wt% increased by 5%, 3% compared to neat epoxy.

ii. The modulus and strength of 1.5 wt%
EGCN with 1.5 wt% clay 5 mm/min
crosshead speed increased by 8%, 1%
compared to GRE.

Kornmann ME-100 10 wt% 55 vol% At 10 wt% of nanoclay.
etal. [17] i. Flexural modulus increased by 8%
ii. o¢ decreased by 27%

iii. Flexural strain increased by 19%.

Sharma et al. [30] Cloisite 30B 1,3, and — i. Up to 3 wt% of clay, oyrs was increased and
5wt% decreased beyond that.

ii. o was increased up to 5 wt% of nanoclay
addition.

Manfredi et al. [12] i) Cloisite 30B 3, 5wt% 30 vol% a. At 30 vol% glass fiber, and 5 wt% of
ii) Cloisite 10A Cloisite 10A

i. Flexural modulus and strength were
increased by 20% and 29%.

ii. ILSS was increased by 8%
iii. The impact strength was improved by 23%

b. The properties were not improved by the
Cloisite 30B
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Nanoclay
wt%

Author, Year Nanoclay

Glass Fiber Observations

0,1.5,
3wt%

Gurusideswarand  Garamite_1958

Velmurugan [31]

a. At quasi static strain rate of 0.00167s™
with corresponding loading speed of
5 mm/min.
i. 15% improvement in young’s modulus
was observed at 3 wt% of nanoclay
ii. 9% improvement in cyrs at 1.5 wt%
of nanoclay.
b. At the strain rate of 4455 and
1.5 wt% of nanoclay the strength was
improved by 84%

c. At 0 wt% clay and

i. At 0.00167 s™* strain rate the strength
and modulus were 314.92 MPa,
18.09 GPa

ii. At 315 57" the values were improved by
34%, 58%.

iii. At 385 57" strain rate the values
improved by 51%, 92%.

iv.At 445 s7! strain rate the values were
improved by 67%, 106%.

Krushnamurty Nanomer I.30E 0, 3wt%

etal. [32]

At 3 wt% of addition of nanoclay, the oyt
was improved by

40, 50,
60,70

i. 21% at 40% of fiber volume
ii. 13% at 50% of fiber volume
iii. 7% at 60% of fiber volume
iv. —2% at 70% of fiber volume

At 3 wt % addition of nanoclay, the of was
improved by

1. 20% at 40% of fiber volume
ii. 14% at 50% of fiber volume
iii. 8% at 60% of fiber volume

iv. 3% at 70% of fiber volume

1,3,5,
7 wt%

Jeyakumar Cloisite 93

etal. [33]

— i. Maximum improvement in cyrs is
30% at 5 wt%.

ii. Maximum improvement in tensile
modulus is 32% at 5 wt%.

iii. Maximum improvement in o¢ is 50%
at 5 wt%.

iv. The maximum improvement in

flexural modulus is 116% at 5 wt%.

v. The maximum improvement in impact
strength is 42% at 3 wt%.

vi. The maximum improvement in fracture
toughness is 136% at 5 wt%.
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Author, Year Nanoclay

Nanoclay

wt%

Glass Fiber

Observations

Achuthaetal. [34] OMMT

0,2, 4 wt%

40, 50,

60 wt%

The maximum improvement in the property
of EGCN with the addition of 4 wt% of
OMMT and 60 wt% glass fiber compared to
GRE with 60 wt% fiber

i. oyrs improved by 11.5% at room
temp

ii. og improved by 4.5% at room temp

iii. For specimens soaked in cold water for
70 days, there was a 7.5% decrease in
tensile strength

iv. For specimens soaked in cold water for
70 days, there was a 10% decrease in o¢

v. For specimens soaked in boiling water
for 2 hrs, there was a 9% decrease in
tensile strength

vi. For specimens soaked in boiling water
for 2 hrs, there was a 12.5% decrease
in Of

Prabhakar
etal. [11]

a. MMT

b. Nanomer
1.28E

3 wt%

40 wt%

a. Improvement in tensile, flexural,
and impact strength values of EGCN
compared to GRE

i. With the addition of MMT are
—54.4%, —19.2%, —20.7%

ii. With the addition of OMMT are
—11.5%, —33.8%, —20.7%

. With the addition of MMT and silane
treated glass fiber are —25.36%, —9.2%,
-59%

iv. With the addition of OMMT and silane
treated glass fiber are 6%, —9.9%,
-1.8%

=

ii

v. With the addition of MMT and acid
treated glass fiber are —30.7%, —28%,
2.2%

With the addition of OMMT and acid
treated glass fiber are —43%, —58.5%,
-59.2%

i. Improvement in tensile, flexural, and
impact strength values of GRE with
addition of silane treated glass fiber
—16.6%, 12.5%, 33.75%.
Improvement in tensile, flexural, and
impact strength values of GRE with
the addition of acid treated glass fiber
—26.5%, —5.3%, —40.3%

ii.

=

Table1.
Effect of Nano clay on various properties.
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the elongation has reduced (i.e. 9.6% at 500 mm/min). This is attributed to the
high brittleness induced at high clay addition. At 1.5 wt% of nanoclay addition, the
inversely proportional behavior between elongation and strain rate was not observed,
unlike the case of 5 wt% clay added composite. The increase in strength is mainly
attributed to the presence of fibers and the increase in modulus is mainly attributed to
the silicate platelets which restrict the movement of epoxy molecules [37-41].

The optimum value of clay content is 1.5 wt%, whereas all tensile characteristics
were improved at a high strain rate, the slight decrease in properties above 1.5 wt%
nanoclay is attributed to agglomeration and a weak interfacial bond between epoxy
and clay. An increase in strain rate in the range of 0.0006 s-0.6 s increased the
strength and elongation of GRE. Okoli and Smith [42] reported that there was a
decrease in percentage elongation when GRE specimens were tested at various strain
rates. Okoli and Smith [42] added that the decrease in elongation at high strain rates is
explained with the help of Eyring theory of viscosity; while formulating this theory,
an assumption has been made which states that the molecules of polymer need to
cross the potential energy barriers to deform when a load is applied. Based on this
assumption a linear model is developed which states that the plot between yield stress
and a logarithm of strain rate is linear. This increase in yield stress with the logarithm
of strain rate implies decreased plastic deformation of the matrix due to decreased
movement of crosslinked epoxy molecules at high strain rates. The constrained
movement of molecules is ascribed to the lack of time available for the molecules to
relax at high strain rates [43-45]. But according to Gurusideswar and velmurugan
[29], this effect was absent at 500 mm/min as there was an increased elongation for
GRE at 500 mm/min compared to the elongation at quasi-static loading rate, which
implies that 500 mm/min is not high enough to restrict the molecules’ relaxation.
Hussain F [45] stated that the high modulus of clay is also one of the attributes for an
increase in tensile properties and improved deformation mechanisms. Li X et al. [46]
Reported that the exfoliated structures have a high surface area of contact between
silicate platelets and resin; therefore the transfer of load to clay platelets also will be
more compared to the load transferred in intercalated structures. Withers et al. [47]
reported an 11.7%, 10.6%, and 10.5% increase in strength, modulus, and elongation
with 2 wt% of Cloisite 30B loading into glass-epoxy due to exfoliated morphology
(shown Figure 2e).

Gurusideswar and Velmurugan [31] reported the behavior of EGCN with the
addition of GARMITE-1958 and testing speeds varying between quasi-static rate of
0.00167 s™" to very high strain rates of 31557, 385 57!, 445 s which are far higher
compared to the strain rates in the range of 0.0001-0.1s™". GRE exhibited about 106%
and 67% improvement in modulus and strength at 445 s™ compared to quasi-static
conditions. EGCN exhibited about a 150% rise in modulus and 84% rise in strength
at 1.5 wt% clay addition and 445 s™* strain rate. This substantial rise in modulus and
strength of EGCN is attributed to viscoelastic nature, damage accumulation behav-
ior of epoxy which was also reported by Brown et al. [48] for GRE, restriction of
polymers chain mobility in the matrix and at the fiber-matrix interface due to good
adhesion between clay platelets and epoxy allowed better stress transfer to all the
fibers. Similar findings were reported by many authors [49, 50]. Jeyakumar et al. [33]
reported the mechanical properties of EGCNs with the addition of Cloisite 93A into
epoxy-glass. Nanoclay was mixed into acetone using a mechanical stirrer for 30 min.
Epoxy resin of the required weight was added to the acetone-clay mixture heated to
80°C and mixed for 1 hr. During this process, acetone gets evaporated and the epoxy
clay mixture remains. The remaining mixture is ultrasonicated for uniform mixing.
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The testing results of the prepared samples showed that the cUTS improved by 6.6%,
16.6%, and 23.58% at 1, 3, and 5 wt% of nanoclay, whereas tensile modulus improved
by 8.4%, 14%, and 23.66%. With the further addition of nanoclay, the decreasing
trend started (shown in Figure 2f).

Achutha et al. [34] attempted to optimize the parameters such as nanoclay wt%
and glass fiber content in EGCN. In addition, the samples were also subjected to
hydrothermal conditions. A set of samples were soaked in cold water for 70 days
and dried and another set of samples was boiled in hot water for 2 hrs and dried. It
was reported from these studies that hydrothermal aging conditions showed 42.69%
contribution to tensile properties whereas nanoclay content showed 24.57% contribu-
tion and fiber content showed 30.23% contribution. Achutha et al. [34] reported that
nanoclay does not act as a load-bearing instrument but it warrants load transfer to
fibers as the interface between matrix and fiber becomes strong, which also hinders
crack propagation. The samples treated with cold water exhibited lower cUTS
and those treated with hot water exhibited the lowest strength due to the moisture
absorbed at the interface which weakens the interface strength. Moisture absorption
increases with temperature.

Prabhakar et al. [11] studied the effect of Nanomer I.28E on the mechanical prop-
erties of EGCN. In addition, the glass fiber was treated with silane and acid to check
for the effects of both treatments. The results indicated that a combination of silane-
treated glass fibers and Nanomer [.28E in the composite exhibited the highest cUTS
which was 130% compared to EGCN with untreated glass fiber and unmodified MMT
particles. Prabhakar et al. [11] showed that any increase in an interfacial bond due to
the addition of nanoclay led to increases in both 6UTS and hardness of the composite.
The treatment of fibers and organic modifiers on MMT formed a strong interface.

2.2 Flexural properties

Haque et al. [26] reported 24% and 17% enhancement in flexural strength (cf)
and modulus at 1 wt% addition of Nanomer 1.28E in EGCN (shown Figure 3a).
Kornmann et al. [17] reported 6% and 27% improvement in flexural modulus and of
of EGCN at 10 wt% addition of ME-ODA (shown Figure 3b). The increase in of is
linked to the existence of nano-silicate layers at the interface of the fiber, which might
have improved interfacial properties. Another possible illustration is the fact that
the compressive strength of epoxy is enhanced by the presence of the silicate layers
so that it in turn enhances the bending strength of the laminate. Bozkurt et al. [18]
reported 16% and 13% improvement in of and modulus at 6 wt% addition of OMMT
(shown Figure 3c). It was observed from the fracture surface that fracture occurred
along with the fiber-matrix interface and the fracture surface seems to have roughness
indicating a strong interface. The laminate without clay showed a smooth fracture
surface, which means the interface was weak. The increased flexural properties with
the addition of various surface-modified nanoclays under different mixing conditions
and making methods are given in Table 1.

Manfredi et al. [12] stated that the addition of Cloisite 10A in EGCN laminates
caused the flexural modulus and strength to rise by 20% and 29%. The addition of
Cloisite 30B did not cause any increment in the modulus of epoxy. It could be because
of the collapse of clay particles, i.e. the particles were aggregated and the layers were
not separated in the matrix. The modulus of clay nanoparticles is about 170 GPa
(shown in Figure 3d). Therefore, when a strong bond is formed between matrix
and clay it will result in an increased modulus of the laminate [51]. The increase in
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bending strength is attributed to the presence of silicate layers upon the glass fiber
surface which improves the adhesion between the interface of matrix and glass

fibers. The other possible reason for the improvement in the bending strength of
laminate could be the increase in compressive strength of the epoxy. Shi and Kanny
[19] reported that EGCN showed about 23% and 14% enhancement in modulus and
strength at 3 wt% of Cloisite 30B. This enhancement is ascribed to the presence of
intercalated silicate platelets of clay which interrupted the molecular motion of epoxy
[52, 53]. The composites consisting of matrix processed by HSMT have shown 9.7%
and 8.5% improvement in strength and modulus at 1 wt% (shown Figure 3e).

Sharma et al. [30] observed improvement in of up to 5 wt% addition of nanoclay
(shown Figure 3f). This increment is attributed to the presence of layered silicates on
the glass fiber surface enhancing the adhesive bond between the epoxy matrix and
glass fibers. In the range of 6 — 8 wt% of OMMT of is reduced which was attributed to
the agglomeration of OMMT in the EGCN. The uniform distribution and dispersion
of silicate layers in epoxy resin are limited by the weight content of OMMT, when
this content exceeds its percolation threshold (the ability of the liquid resin to pass
through clay particles so that all the particles get wetted) there is a tendency to form
particle aggregates [27]. The increased viscosity hinders the dispersion and favors the
formation of agglomerates [54]. The fracture surface of GRE has shown that the fibers
pulled out from the matrix had a smooth surface texture, whereas EGCN showed
less fiber pullout with rough surfaces of fiber and matrix indicating the strong bond
between fiber and epoxy and improved stress transfer between fiber and matrix. At
8 wt% clay addition, there were agglomerates formed fully in the EGCN [55].

At 40% and 60% volume of glass fiber reinforcement into epoxy-clay matrix,
there was about 20% and 8% improvement in of at 3 wt% of Nanomer I.30E (shown
Figure 3g) [32]. This increment is attributed to the ability of the matrix to transfer the
load to all the fibers. When nanoclay is not present in the matrix, it cannot transfer
the load to all fibers, and thus crack propagates along with the matrix, and there will
be low resistance to crack propagation. At low fiber volumes, i.e., at 40%, GRE exhib-
ited interlaminar fracture as the crack propagated through the matrix between fiber
layers and confined itself to layers near the top of the composite where the loading
point is located so that the load was not transferred to all the layers, whereas EGCN
exhibited translaminar fracture as the fiber layers break vertically at the loading point
which requires more energy because the load is transferred to all the fiber layers [56].

With the increase in V¢ of fiber to 60%, there was a reduction in the effect of nano-
clay and both GRE and EGCN have failed predominantly in translaminar fracture
mode which should occur only for EGCN. This is because, at higher V¢ of fibers, the
fabric layers are well compacted to fit in the same volume of the composite, thereby
the crimp zones present in the fabric will get interlocked with adjacent fabric layers,
thus strengthening the interlaminar regions. Hence the crack propagation is resisted
along interlaminar regions by the interlocked crimp zones and fracture occurs by
rupture of glass fibers along the translaminar direction. These interlocks could resist
interface shearing; thus, at higher Vi, crack propagation proceeds with the rupture
of fiber fabric layers [32]. Srikanth I et al. [23] stated that At further higher fiber
volumes, i.e., at >60%, fiber wetting became difficult, so there is a chance of failure
by both mechanisms, i.e., interlaminar and translaminar crack propagation, thereby
decreasing strength.

Jeyakumar et al. [33] stated that with the addition of Cloisite 93A into EGCN there
was a significant improvement in flexural properties. With the addition of 1, 3, 5 wt%
of Cloisite 93A, there was about 10.4%, 41.2%, and 52.3% increase in of and also
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Figure 3.
Changes in flexural properties of EGCN’S at various conditions.

18.75%, 62.5%, and 118.75% improvement in flexural modulus. Beyond the 5 wt%
addition of nanoclay, there was a decreasing trend (shown in Figure 3h). Najafi et al.
[20] conducted experiments on EGCNs by adding pristine MMT and subjected some
samples to hygrothermal conditions which consists of immersing the specimens in
distilled water at 80°C for 10 weeks. The flexural curves for both neat GRE and EGCN
exhibited linear behavior, EGCN subjected to hygrothermal conditions exhibited a
gradual decrease in slope. At 3 and 5 wt% addition of MMT, there was about 8% and
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12% improvement in flexural modulus, and 10.7% and 6.3% improvement in of was
observed. At 3 wt% of MMT addition, the properties were optimum. The samples
treated by hygrothermal conditioning exhibited very poor flexural properties due to
decreased interface bond strength caused by water absorption. Prabhakar et al. [11]
stated that the addition of silane treated glass fiber in epoxy has resulted in improved
flexural properties due to enhanced interface bonding between fiber and matrix com-
pared to the composite reinforced with untreated fiber. The addition of Pristine MMT
and Nanomer [.28E has not shown any considerable improvement but rather reduced
the of. There was about a 29% increase in of of epoxy-silane treated fiber composite
compared to epoxy-untreated fiber composite.

2.3 Fracture toughness

At 1 and 2 wt% addition of Nanomer [.28E, there was about 28% and 32%
improvement in fracture toughness of clay-epoxy nanocomposite compared to NE,
whereas EGCN exhibited about 20 and 23% improvement in fracture toughness
for the same clay contents compared to GRE. Above 5 wt%, there was a decreasing
tendency (shown Figure 4a) [26]. In the single edge notch bending test conducted by
Bozkurt et al. [18], at 10 wt% addition of OMMT, the K;c of EGCN improved by 5%
but MMT did not show significant improvement (shown Figure 4b). The load applied
is in the in-plane of the specimen. Therefore the fracture mechanism consisted of
fiber-matrix debonding, fiber pullout, and fracture. The increased fracture tough-
ness of the composites with the addition of various surface modified nanoclays under
different mixing conditions and various making methods are given in Table 1.

Zulfli and Chow [27] stated that with the addition of nanoclay, K;c improved.
This improvement was ascribed to the strengthening of the interface between fiber
and matrix by the presence of OMMT at the interface and increased resistance to
crack propagation because of OMMT [55]. Swaminathan and Shivakumar [21] stated
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Figure 4.
Changes in fracture toughness of EGCN’S under various conditions.
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that the major mechanism for increased toughness in composites was because of the
deflection of the crack around clay tactoids. OMMT resists the crack from propagat-
ing because of which bowing and pinning of the crack take place [21]. The toughening
effect of OMMT is limited by agglomeration. Tsai and Wu [22] reported a continu-
ous decrease in Mode-I fracture toughness with the addition of nanoclay due to the
brittleness induced in the composite which caused the crack to propagate at a faster
rate, whereas pristine GRE composite exhibited ductile nature compared to EGCN
with high clay content, so the crack propagation was slow and needed more energy for
failure.

Jeyakumar et al. [33] reported that with the addition of Cloisite 93A into glass-
epoxy, there was a conspicuous increase in fracture toughness of EGCN. For neat
epoxy it was 0.9 MPa-m'?, for glass-epoxy it was 1.1 MPa-m"% At 1, 3, and 5 wt%
addition of nanoclay, the increase in fracture toughness of EGCN was about 36%,
63%, and 86% respectively compared to GRE. Beyond 5 wt% addition, there was
a decreasing tendency (shown in Figure 4c). Therefore, it was concluded that the
saturation limit is 5 wt% of nanoclay for the experimental conditions adopted by
Jeyakumar et al. [33]. Senthil Kumar et al. [24] reported that with the addition of
Cloisite 25A in EGCN, there was a considerable improvement in Mode-I fracture
toughness of EGCN. At 2, 4, 6, and 8 wt% addition of nanoclay, there was about
118.85%, 9%, 56.55%, and 38.5% improvement in fracture toughness. Beyond 8 wt%
addition, there was a decreasing trend (shown in Figure 4d). The increase in fracture
toughness is attributed to the fiber bridging effect. At 10 wt% addition of nanoclay
there was a decrease in the property, which is ascribed to the poor distribution of
matrix between the fiber laminas.

2.4 Interlaminar shear strength (ILSS)

ILSS is a matrix dependent property, which means the strengthening of the
matrix improves ILSS because the interface between the epoxy-clay matrix and the
glass fiber becomes strong [57]. Therefore if the ILSS of the matrix is enhanced,
then the ILSS of the composite also will get enhanced. The increase in ILSS of
the composite is owing to the enhanced interfacial area between matrix and clay,
the enhanced bond between resin and fiber, and the improved morphology of the
matrix. The failure in ILSS mode is acknowledged as a critical mode of failure in
FRP laminates. Thus there is a necessity to study the ILSS characteristics of the
nanocomposites. It is proved that the shear strength of FRPs is remarkably enhanced
with the incorporation of nanoclays [36]. EGCN with 1 and 2 wt% added Nanomer
[.28E had shown 44% and 20% improvement in ILSS compared to GRE. The rough
interface between the epoxy-fiber in fracture surface indicates a strong bond,
whereas GRE and NE have shown a smooth interface which implies a weaker inter-
face bond (shown Figure 5a) [26]. The increased ILSS of the composites with the
addition of various surface modified nanoclays under different mixing conditions
and making methods are given in Table 1. Bozkurt et al. [18] reported a decrease
in ILSS of EGCN with the addition of MMT and OMMT. The ILSS of GRE is noted
to be 32.7 MPa. But when the clay is added, it is observed that the laminate with the
addition of clay reports a small decrease than when MMT is added; the decrease is
high when OMMT is added. This decreasing trend is attributed to the creation of air
voids in the interlaminar region while making the composite. The susceptibility to
form voids in the interlaminar region is observed to be more when OMMT was added
and further study is required to establish this phenomenon.
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Figure 5.
Changes in ILSS of EGCN’S at various conditions.

The ILSS characteristics of GRE and EGCN with the addition of Cloisite 10A
and Cloisite 30B were evaluated by Manfredi et al. [12]. There was a small increase
of 7.5% in ILSS of EGCN with the addition of Cloisite 10A, but Cloisite 30B had
no influence (shown Figure 5b). The trend of improvement with the addition of
Cloisite 10A and decrease with the addition of Cloisite 30B was reported in the
flexural properties section also. Laminates with Cloisite 10A have shown high
flexural modulus and high of. The morphologies of the composites indicated that
the addition of Cloisite 30B had not provided strong adherence between matrix
and fiber, but Cloisite 10A provided strong bonding between matrix and fiber.
There is also a high attraction between Cloisite 10A and glass fiber surfaces since
both are ceramic materials. The matrix without clay has shown a smooth and brittle
surface at failure, whereas the matrix with nanoclay addition has shown a rough
surface at failure which is also in line with the impact characteristics [12]. EGCN
showed an 18.5% improvement in ILSS with the addition of 1 wt% of nanoclay by
the magnetic stirring method. Above 1 wt%, there was a decreasing trend which is
attributed to the aggregates of silicate tactoids and voids, whereas EGCN consists
of a matrix processed by HSMT exhibited a 24% increase in ILSS, which might be
attributed to the high shear force, which resulted in good dispersion of nanoclay
platelets (shown Figure 5¢c) [19].

Jeyakumar et al. [33] reported that with the addition of Cloisite 93A, the ILSS of
EGCN improved notably. At 1, 3, and 5 wt% addition of nanoclay in EGCN, there
was about an 8%, 16%, and 38% increase in ILSS (shown Figure 5d). The presence
of nanoclay brought about strong adhesion amongst nanoclay and epoxy matrix and
in this manner enhanced the shear properties of the composites. Beyond 5 wt% the
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ILSS started decreasing which might be due to the non-uniform scattering of nano-
clay. Anni et al. [57] stated that with the addition of organically modified nanoclay
into woven flax fiber reinforced epoxy, there was a rise in ILSS. Before reinforcing
the fibers, some flax fibers were washed in distilled water, some treated with alkali
solution, some with saline solution, and some others treated with nanoclay dispersed
solution, to graft the nanoclay particles onto the flax fibers. The improvement in ILSS
with the addition of these four kinds of treated fibers in ILSS was observed to be 8%,
10%, 17.9% compared to the composite reinforced only with water treated fibers.
Senthil Kumar et al. [24] reported that with the addition of Cloisite 25A into
EGCN there was a significant increment in the ILSS property of EGCN. There was
an increasing trend in the property up to 2 wt% addition of nanoclay, after that, it
started decreasing. At2 wt% of nanoclay addition, there was about a 70% increase
in ILSS of EGCN (shown Figure 5e). ILSS mainly depends on matrix behavior if the
matrix is tough, the ILSS is increased. The addition of nanoclay makes the matrix
tough because the crack propagation is hindered by the clay platelets and the stress
distributed to the fibers will be uniform as the interface becomes stronger. At 10 wt%
addition of nanoclay, the ILSS decreased by 3% compared to GRE. Lim et al. [58]
showed that the geometry of the interface between epoxy-nanoclay platelets may also
influence ILSS.

2.5 Impact strength

The impact strength of the composite depends mainly on the strength of the matrix
and the ability of the fiber matrix to withstand the impact loads. At 5 wt% addition
of Cloisite 10A, the EGCN has exhibited a 23% improvement in impact strength; this
improvement is attributed to the creation of a complex path for the fracture propaga-
tion, as the layered silicate platelets hinder the extension of microcracks created in the
matrix (shown Figure 6a) [59]. The increase in the strength of the fiber-matrix interface
has decreased the resistance to impact force. Manfredi et al. [12] stated that the failure
strength of EGCN depends on two factors, one being the tortuous path formed by clay
platelets, and another being the fiber-matrix interface strength. The well-dispersed
nanoclay platelets hinder crack propagation by diverting the crack to a longer path
or splitting it into sub cracks that require more energy, whereas a strong fiber-matrix
interface reduces the impact resistance. The laminates were made with low fiber content
hence the properties of the laminate are mainly dependent on the matrix behavior.

An improvement in the impact characteristics of the nanocomposite with no glass
fiber reinforcement was observed. The enhancement in the impact characteristics was
observed for laminates with nanocomposite matrix irrespective of the clay type [12].

Shi and Kanny [19] carried out an Izod impact test at a high strain rate to study the
impact characteristics of EGCN. When the matrix incorporated into the laminate was
processed by magnetic stirring, the impact strength of the laminate was noticed to be
decreasing with the addition of Cloisite 30B. A sudden decrease in impact strength of
27% is observed for the laminate at 1 wt% clay; further addition of clay did not affect
impact strength (shown Figure 6b). The sudden decrease at 1 wt% clay is attributed
to the agglomeration and air voids in the matrix, Siddiqui et al. [60] addressed the
same finding, whereas 44.9% improvement in the impact strength.

At 1 wt% nanoclay was observed when the laminate prepared was incorporated
with a matrix processed by HSMT [19]. The changes in the impact strength of the
composites with the addition of various surface modified nanoclays under different
mixing conditions and making methods are given in Table 1.
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Figure 6.
Changes in impact strength of EGCN'’S under various conditions.

Zulfli and Chow [27] reported that the impact strength of the laminates with
Nanomer 1.28E incorporated in the matrix exhibited a higher value compared to
GRE. This improvement in the impact characteristics was ascribed to strong adhesion
between Nanomer 1.28E and epoxy which implies that the resin has wetted all layers
of the nanoclay particles. This, therefore, enhances the energy required to debond the
fiber and matrix due to the strong bond. Yasmin et al. [49] stated that the enhanced
impact strength of the laminate is because of the complex path for cracks to propagate
through the matrix. The OMMT and glass fiber provides a synergistic increment to
the impact characteristics. OMMT at the fiber matrix interface acts as an interfacial
modifier while the stress transfer from the matrix to fiber gets enhanced through
clay particles; thus as the clay content at the fiber matrix interface increases, higher
stress levels can be taken by the composite because of which better characteristics
were attained [40]. But the content of clay that can be added to the epoxy is limited by
the agglomeration and air voids that are formed while mixing the clay into the resin.
Rafiq Ahmad et al. [41] added Nanomer I.30E into EGCN to evaluate its effect on the
impact strength of EGCN. The laminates were stroked with low-speed impact forces
ranging between 10 and 50 J. The optimum property was obtained at 1.5 wt% of
nanoclay addition with 23% improvement in the maximum load required to damage
the specimen and 11% improvement in stiffness. Also, a notable decrease in physical
damage was observed for EGCN compared to GRE (shown Figure 6c).

Najafi et al. [20] studied the effect of the addition of pristine MMT into EGCN on
impact strength. To study the effect of hygrothermal aging, some EGCN specimens
were immersed in distilled water at 80°C for 10 weeks. At 3 wt% nanoclay addition
there was about a 7% increase in impact strength for EGCN. At 5 wt%, the impact
strength reduced nearly by 5% compared to the value obtained at 3 wt%, and this
decrease was attributed to agglomerates. Also, the brittleness of EGCN increased with
the addition of nanoclay, causing the energy absorption to decrease [59]. The 3 wt%
and 5 wt% nanoclay added EGCN subjected to hygrothermal conditioning exhibited a
7.23% and 10.47% decrease in impact strength compared to the control specimen which
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was dry GRE. The conditioned GRE exhibited about 13% decrease compared to dry
GRE, whereas for 3 and 5 wt% added, conditioned EGCN exhibited about 14% and 8%
increase compared to conditioned GRE (shown Figure 6d). In both dry and condi-
tioned states, the 3 wt% added EGCN’s exhibited good impact strength compared to the
control specimen. Prabhakar et al. [11] stated that EGCN reinforced with acid treated
glass fiber and MMT exhibited the highest impact strength out of all the composites
made using neat glass fiber, silane treated glass fiber, and acid treated glass fiber, MMT,
and Nanomer I.28E. Neat GRE exhibited the second highest impact strength value.

The next highest impact strength was exhibited by EGCN with silane treated fiber and
Nanomer .28E. Compared to neat GRE the former one was 2% superior in property and
the latter one is 2% inferior in the property. Prabhakar et al. [11] stated that a decrease
in impact strength was compensated by an improvement in hardness of composites
added with Nanomer I.28E and silane treated fiber, because the increase in hardness
increases the brittleness, thereby reducing the energy absorption capability.

3. Conclusion

After reviewing the existing literature available on EGCNs reinforced with surface
modified nanoclays, it is clear that the interfacial bond between reinforced fibers and
the matrix is enhanced which resulted in enhancement in the mechanical properties
of the composite. The enhanced fiber-matrix interface strength is due to good adhe-
sion between clay platelets and epoxy allowing better stress transfer to all the fibers.
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Chapter 3

Fiber Inclusions-Based Epoxy
Composites and Their Applications

Nassima Radouane and Abdelkrim Maaroufi

Abstract

Because of their low cost, lightweight, easy production methods, and design
flexibility, polymer-based composites are widely employed in a wide range of
applications. Because of its high specific strength, superior mechanical character-
istics, super adhesiveness, heat and solvent resistance, and so on, epoxy polymer or
polyepoxide represent a significant majority of matrix composites. As a result, fiber
fillers-reinforced epoxy resin composites have been investigated for a variety of
applications, including high-tech in the ballistic, aircraft, automobile, construction,
and sports sectors. In this chapter, the manufacturing procedures of fiber-reinforced
epoxy composites have been described. Different categories of fiber are used as
fillers in an epoxy matrix and their morphology is discussed as a function of the
obtained properties.

Keywords: carbon fiber, glass fiber, plant fiber, epoxy composites, applications

1. Introduction

In recent decades, our societies have been confronted with climatic disturbances
and resource use, leading to the degradation of ecosystems. In order to combat these
threatening changes, the international community is committed to finding new ways
of producing and creating value, including light-weighting structures and the valoriza-
tion of lignocellulosic biomass as possible solutions towards sustainable innovation
[1-3]. Indeed, light-weighting implies a reduction in production energy, raw materials
produced and materials to be managed at the end of life [4, 5]. The reduction in mass
also leads to a reduction in the energy consumption of means of transport and their
emissions of pollutants. For these reasons, sandwich structures are increasingly used
instead of monolithic structures in various applications, thanks to their lightness, their
mechanical performance in bending and their thermal, vibratory, and acoustic features.

Because of their good features, they may be found in vital industries such as
aeronautics, automotive, sports, marine, and construction. These properties include
high mechanical strength and stiffness, high-impact resistance, low weight, corro-
sion resistance, and low maintenance costs [6]. Traditionally, composite materials
are reinforced with synthetic fibers such as glass, carbon, aramid, or ceramic fibers.
These fibers are used because of their strength, stiffness, low moisture absorption,
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and good compatibility with polymer resins. Glass fibers are the most commonly used
because of their low cost, ease of production, and specific mechanical characteristics.

The epoxy matrix combined with rigid fiber allows for the creation of building
materials with high stiffness and strength. Given the variety of technical and material
options, developing a composite material necessitates taking into account the chemi-
cal and physical interactions between all components [7]. As a result, the effects of
production processes, fiber reinforcement type, and reactive or nonreactive modifiers
on the characteristics of epoxy composites remain intriguing study issues. Many dif-
ferent types of synthetic and natural fibers are used to strengthen the epoxy matrix,
including glass, carbon, basalt, aramid, ramie, hemp, jute, and flax [8].

In this chapter, a detailed description of epoxy polymer was represented.
Moreover, various fiber types such as glass, carbon, and plant materials. In addi-
tion, some fabrication procedures of epoxy reinforced fiber composite are reported.
Furthermore, a representation of some applications was described as well as the
coming challenges.

2. Thermosetting organic matrix: Epoxy resin

Epoxy resin is a thermosetting polymer. It comprises two parts: an epoxy base
catalyst and an amine-containing hardener (-NH, or -NH). During cross-linking,
each hydrogen atom in the amine group opens the epoxy ring and produces a polymer
chain (Figure 1) [9]. The glass transition temperature denoted T,, increases with
the rate of crosslinking. Thanks to its 3D polymeric structure and high phase change
temperature, epoxy phase change temperature, epoxy achieves good mechanical and
thermal properties [10].

Table 1 shows the advantages and disadvantages of epoxy thermoset resin.
Compared to thermoplastic resins, epoxy resins are more brittle on impact due to
their susceptibility to cracking. According to Vieille et al. [12], the impact response of
thermoset matrix composites has some weak points:

OH
O,
// N
— NH: - CH—CH———+ —N—CH;,—CH—
. . H .
Primary amine Epoxy Secondary amine e ——_—
— 2 =
OH
OH |
L,
Fa™ CH;—CH——
—N——CH;—CH—— + CH—CH— ——
CH;—CH——
H
OH
2 y
Secondary amine Secondary alcohol Epoxy Tertiary amine = S:;:;!;f]lf}

Figure 1.
Main chemical reactions taking place during the curing of an epoxy resin.
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Thermosetting epoxy resin

Benefits Disadvantages

Mechanical properties superior to those of polymers of the Preservation at low temperature (for prepregs

same family (tensile, compression, aging, etc.); or single-component resin);

Good temperature resistance from 150-190°C Long curing time;

approximately;

Excellent chemical resistance; High cost (about 5 times more than polyester
resin);

Low molding shrinkage (0.5 to 1%); Need to take precautions during

implementation;

Good wettability of the reinforcements; Sensitivity to cracking.

Bonne adhérence aux matériaux métalliques. —

Table 1.
Advantages and disadvantages of epoxy vesin [11].

* For the same impact energy, the delamination area due to impact is higher
compared to thermoplastic matrix composites;

* For impact energy of 25 J, the epoxy reinforced structure is perforated while
the maximum displacement of the thermoplastic composite structure is around
11.4 mm;

* For the same level of impact energy, the ratio of dissipated energy to impact
energy of the epoxy matrix composite is higher than the ratio obtained for
the thermoplastic matrix composite. The risk of perforation of the structure

increases with the increase of this ratio.

Moreover, a high brittleness of this family of resins is also the cause of the pseudoplas-
tic behavior of the composite. Upon impact, the opening of intralaminar and interlaminar
cracks is triggered. At the same time, epoxy debris forms and blocks the closure of the
cracks after impact, which is impact, which is unfavorable to the impact resistance of the
composite [13].

3. Fiber materials and types

Composite materials are categorized based on their content, which includes the
base material (matrix) and the filler material. A matrix or binder material is the basic
material that binds or retains the filler material in structures, whereas filler material
is present in the form of sheets, pieces, particles, fibers, or whiskers of natural or
synthetic material. Composite based fibers are categorized into three major groups
based on their structure, as shown in Figure 2.

3.1 Epoxy resins reinforced with glass fibers

Fiber or particulate inclusions in epoxy matrix with different types and shapes
are studied by many researchers to characterize their mechanical, electrical, thermal
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Continuous

Figure 2.
Composites structure types.

and so on properties [14-17]. Glass fibers are the most often used synthetic fibers
because of their high strength and durability, thermal stability, impact resistance,
chemical, friction, and wear qualities. However, machining glass fiber-reinforced
polymers (GFRPs) using traditional machining techniques is generally slow, dif-
ficult, and results in lower tool life [18]. They are easily made from raw material,
which is readily available in an almost limitless supply. There are numerous types of
GFs that are often utilized in GFRP composites, depending on the raw materials used
and their quantities in fabrication (see Figure 3). GFs also have the disadvantage of
being disposed of at the end of their useful life [19]. Glass fiber reinforced polymer

Alkali-lime g‘.ss ‘with little or
g A-Glass no boron oxide
r
1
% Alkali-lime glass with high
* - C-Glass boron oxide content
LY
Y

-~

Figure 3.
Glass classification.
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Fiber glass type Manufacturing procedure Composite structure type Reference
E-Glass fiber Hand lay-up technique — [21]
E-Glass fiber Hand lay-up Randomly oriented [22]
Glass Fabrics hand layup vacuum bagging — [23]
C-Glass fiber Hand lay-up Randomly oriented [24]
E-Glass fiber Open layup molding — [25]
D-Glass fiber Hand lay-up techniques Randomly oriented [26]
Table 2.

Example of composites-based epoxy reinforced glass fibers.

composites were created using various production technologies and are widely
employed in a variety of applications [20]. Because of their superior mechanical
qualities, glass fiber reinforced composites have received more attention in recent
years. Glass fibers have excellent features such as high strength, flexibility, stiffness,
durability, and so on. The characteristics of GFRP composites improved when the
amount of glass fiber was increased. The mechanical and thermal properties of dif-
ferent polymer composites reinforced with glass fiber when exposed to mechanical
stress are been listed in the following Table 2.

3.2 Epoxy resins reinforced with carbon fibers

Carbon fibers were first used in 1880 by T. Edison as a filament in lamps. From
1960 onwards, research was directed towards the development of high modulus
and high strength carbon fibers. The carbon fibers are more required in applications
that need more stiffness. Carbon fiber-reinforced polymer (CFRP) composites have
extensive uses in aircraft, automotive, sports, and a variety of other sectors. In the
literature, many other fillers type such as particulate and fiber fillers [27, 28]. In gen-
eral, carbon fibers can be categorized by their mechanical properties, manufacturing
methods, application field, precursor, fiber materials, final heat treatment tempera-
ture, and their function.

3.3 Epoxy resins reinforced with plant fibers

Nowadays, industrial businesses are concentrating on providing environmentally
friendly products, and the globe is moving towards sustainable development. Because
of their biodegradability, natural fibers are employed in the production of such
eco-friendly products. The key causes influencing the rising use of natural fiber-
reinforced composites are increased awareness of concerns such as pollution, waste
of raw materials and energy, and depletion of petroleum reserves (FRC). Due to their
lightness, mechanical performance, ability to integrate functions, physical-chemical
resistance, and ease of processing, composite materials have made considerable prog-
ress in terms of volume and have dominated practically all sectors. Such as wood fiber
which are transformed using the steam explosion process and are treated at various
steam pressures. Because of the increased explosion pressure, the fiber’s affinity for
water, mechanical characteristics, and dissolving ability in caustic solution diminish
after the steam explosion [29].
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4, Fabrication methods

The preferred procedure is determined mostly by the resin used, the length of the
fibers, the required qualities of the composite material, and the production run and
rate (Figure 4) [30].

* Contact molding: It is a procedure for short series. On a waxed mold, layers of
catalyzed resin and layers of cloth are alternatively deposited. After applying
the resin to the reinforcement with a brush, it is debulked with a roller. This
process is continued until the appropriate number of layers has been attained.
This method is easy and economical, and it allows for the fabrication of pieces
of any form and size with a nice surface look on the mold side. The component
produced by this approach is heavily reliant on the molder’s competence.

* Vacuum molding: This is a method for producing medium-sized series.
Following the placement of the reinforcements and resin on a waxed hard mold,
a waterproof membrane is applied to the whole structure. A vacuum established
between the mold and the membrane by a vacuum pump allows the resin to be
distributed and debulked. The suction is kept up until the resin is completely dry.

* Low-pressure liquid resin injection molding: This method is also known as RTM
(Resin Transfer Molding). It entails inserting the reinforcements into a hard,
waxed, two-sided mold. The catalyzed resin is then pumped into the mold at
pressures ranging from 0.1 to 0.4 MPa.

Contact molding
<!
(-
Z
2
%
Fabrication i
procedures / S
2 /[ & g ¥ /
%g S /'4
% y

Smpuis Juomeqy |

Figure 4.
Different procedures of fabrication for polymer composites-based fibers.
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* Filament winding: This automated method is intended for the high-pressure
molding of high-performance innovative parts like tubes and fluid storage
tanks. The method entails dipping rovings in a bath of catalyzed resin before
wrapping them around a mandrel. There are three forms of winding based on
the speed of movement of the roving in proportion to the angle and speed of
rotation of the mandrel: circumferential winding, polar winding, and helical
winding.

Autoclave: Bag molding is another name for autoclave molding. It entails com-
pacting the reinforcement and resin on a stiff mold, then passing it through an
elastic, flexible membrane to form a tight bag with the tooling. The mold is put in
a confined chamber with a few megapascals of internal pressure. This pressure is
given to the membrane by a fluid (air, water, nitrogen, or steam), which aids in
resin polymerization.

Simultaneous spray molding: This method evolved from the contact molding
procedure. Molding is done by spraying chopped fibers combined with catalyzed
resin onto a waxed mold at the same time. A roller is then used to condense the
sprayed layer and eliminate bubbles. This technology allows for the low-cost
production of medium and large parts as well as basic forms. However, because
this form of molding solely employs chopped fibers, the pieces produced have
poor mechanical qualities.

According to studies, the constraints of each technique and the production
parameters employed during composite processing might induce undesired internal
flaws into the material, such as bubbles or cavities, poor or rich areas, delamination,
shrinkage, and so on [30]. As a result, these flaws can compromise the mechanical
characteristics of composite materials. Several investigations on carbon and glass
reinforced composites have been conducted. Liu et al. investigated the influence of
autoclave pressure cycling on the porosity of a [0/90]3 s carbon/epoxy cross-linked
composite. In comparison to tensile strength and modulus, they demonstrated a
considerable sensitivity to porosity in the interlaminar shear strength and flexural
parameters of the composites. They discovered that when the porosity inside the
composites is less than 4%, the interlaminar shear strength reduces by roughly 8% for
every 1% increase in porosity [31]. Gu et al. investigated void formation by trans-
forming hygroscopic water absorbed by glass and carbon fibers, as well as trapped air,
into vapor bubbles as a result of the temperature rise during the thermocompression
process [6]. Compared to synthetic fibers, the problems associated with the process-
ing of plant fiber composites are more complicated due to the particular characteris-
tics of this type of fiber. The use of plant fibers for resin reinforcement necessitates
careful consideration of the production conditions. The essential criteria for regulat-
ing the thermal deterioration of the fibers are the process temperature and time. To
reduce viscosity, the hot-molding temperature must be higher than the melting point
of the resin, and the time must be long enough to allow the molten resin to permeate
the fibers, assuring good adhesion between the reinforcement and the matrix. In con-
flict with these needs, the melting temperature and time should be as low as possible
to slow down the thermal deformations that occur and cause fissures and permanent
damage to the fibers, as well as the pectin breakdown, which begins at 180°C [32, 33].
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5. Applications

E-glass fibers are commonly used as reinforcements in shipbuilding, while carbon
fibers saturated with epoxy resin are commonly used in aeronautics. The use of syn-
thetic fibers in composites is supported by their high chemical resistance, compatibility
with most impregnation resins, and mechanical and thermal performance. However,
the usage of this sort of reinforcement is no longer adequate: On the one hand, their
comparatively large density penalizes them; on the other hand, they endanger the
health and the environment. Since the 1980s, these environmental problems have
become a major concern for our society and the media. And since then, the industrial
optimization of eco-composites is booming thanks to their high specific mechanical
properties. The limits of applications are constantly being pushed back through the
development of fiber preforms and the adaptation of processing methods.

5.1 Automobile

Automobile body sections, such as engine hoods, dashboards, and storage tanks,
are made using natural fiber reinforcements such as flax, hemp, jute, sisal, and ramie.
The VARTM manufacturing technology was used for these composite constructions,
and its liability was tested through structural testing and impact stress analysis. As a
consequence, the material’s weight was reduced while its stability and strength were
improved. The increase in safety characteristics was tested using the head impact
criterion (HIC), and it was discovered that composite constructions with natural
fiber reinforcements are appropriate for automotive body sections [34-36]. Figure 5
depicts the external body elements of a Volkswagen x11 crazy carbon fiber replica.

The automobile sector, in particular, has shown a genuine commitment to eco-
nomic and environmental concerns by using natural fibers in different non-structural
components (dashboards, door panels, spare wheel covers, etc.) with the goals of
lowering mass, fuel consumption, and emissions (Figure 5).

5.2 Aerospace
Fiber-reinforced epoxy composites manifest the properties required for aircraft

interior panels, such as resistance to heat and flame and disposal of materials. Fiber-
reinforced epoxy composite shows a variety of applications in the aerospace industry

Figures.
Volkswagen xl1 carbon fiber body pieces, adapted from [36] under a creative commons license. (a) the 45 kg of natural
fibers in a Mercedes S-class. (b) Car door panel made of natural fibers. (c) Spare wheel cover made of natural fibers.
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due to its superior mechanical properties and lightweight structure. Conductive fibers
in the layer of fiber composite structure eliminate the requirement of separate wires for
transceivers of communication devices. High stiffness with a lower coefficient of thermal
expansion is achieved when P100 graphite fibers diffused in 6061 aluminum matrix com-
posite material are employed to the high gain antenna of the Hubble space telescope [37].
For example, the wing of the plane is a composite material, the fiber is carbon
fiber and the resin is epoxy. The manufacturing technique involves resin infusion: all
the reinforcing fibers are dried, shaped and then the resin is infused into the rein-
forcement. The choice of polymer matrix must both ensure good performance for the
finished wing after curing and also maintain a well-tuned reactivity, not too high to
allow the wing to be infused, which can take several hours, but enough to allow the
reactions to take place effectively.

5.3 Marine

Components and structures functioning in the marine environment are subjected
to significant stresses caused by wind, waves, and tides. Furthermore, they must
endure hostile and harsh environmental conditions throughout their lives, including
being placed in the splash zone if not submerged in seawater. The use of polymer com-
posites in maritime systems has been the subject of much research in recent decades,
showing the potential benefits of replacing various components such as ship hulls,
propeller blades, wind, and tidal turbine blades, to name a few [38]. For example, in
the offshore construction (seawater piping, stairways and walkways, firewater piping,
grating, fire and blast walls, cables and ropes, storage vessels, and so on), valves and
strainers, fans and blowers, propeller vanes, gear cases, condenser shells, and so on.

And more other applications, which we will not be able to represent all of them
such as:

* Civil engineering includes the construction of new advanced structures (roofs,
plate and shell elements, linear elements, pipes and tanks, folded structures,
and so on) as well as the rehabilitation of existing metallic and concrete struc-
tures such as buildings, bridges, pipelines, masonry construction, and so on.

* Sporting goods: Golf club shafts, tennis rackets, bicycle frames, fishing rods, and
so forth.

* Electrical and electronic components include power line insulators, fiber optics
tensile members, lighting poles, and so on.

* Chemical Industries: stacked bottles for fire departments, composite containers
for substances, mountain climbing, ducts and stacks, subterranean storage tanks,
and so on.

* Medical field: Orthopedic medicine, prosthetic devices, and imaging (MRI).

6. Challenges

Understanding the significant material characteristics of fiber/epoxy constituents,
as well as the fundamental structures and availability of production technologies, is
required for the use of fiber/epoxy composites in a range of applications.
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Furthermore, the manufacturing technique used has an effect on the ultimate
qualities of the material. The cost of materials is influenced by production volume—
the bigger the volume of production, the lower the cost of materials. In the instance of
the car industry, increasing production volume increases the risk of investing in raw
materials while building manufacturing set-up based on production rate and cycle
time. In addition, the product’s design complexity increases the cycle time, decreasing
the manufacturing pace.

7. Conclusions

On fiber-reinforced composite manufacturing, current progress, novel advance-
ments, and future research prospects are summarized and presented. However,
the ongoing demand for composite constructions necessitates a large consumption
of environmentally hazardous components. Certain fibers (for example, carbon
fibers) utilized to improve qualities in numerous sectors are a significant hindrance
to recycling at the end of the composites’ life. As a result, the current environmental
crisis, which has reached a tipping point, necessitates immediate and objective action
to cut greenhouse gas emissions. As a result, obtaining advanced composites from
renewable energy resources would be the best ecological answer. Furthermore, future
research areas might focus on recycling current composites into high-value alternative
goods. Furthermore, new innovative methods for post-consumer waste treatment
must be developed. Additionally, new sophisticated technologies for post-consumer
waste treatment must be developed, or existing FRP composite production technolo-
gies must be improved.
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Chapter 4

Synthesis and Properties of
Epoxy-Based Composites

Srikanta Mohavana and Bibhuti B. Sahu

Abstract

Epoxy-based composites are of great interest among academic and industrial
researchers owing to their low cost, superior mechanical properties, large specific
strength, super adhesiveness with good thermal and solvent resistance in recent
times. However, the effect of carbon-based nanofiller reinforced epoxy composites
is of prime focus due to their significant mechanical, dielectric and electrical perfor-
mances for technological applications in broad fields of nanoscience and technology.
There is a greater influence on the properties of the nanofiller reinforced epoxy
matrix composites depending on the concentration of various types of nanofillers.
The processing techniques play a crucial role in the prediction of attractive and
suitable properties of the various nanofiller reinforced epoxy composites. There
are several processing methods that have been employed to accomplish a superior
degree of dispersion of nanofillers in the epoxy matrix. This current chapter portrays
the simultaneous focus on their preparation techniques and effect of the dielectric,
electrical and mechanical properties of various carbon nanofillers (such as fullerene,
carbon nanotubes (CNTs), carbon nanofibers (CNFs) & graphene) filled epoxy resin
composites for a broad spectrum of technological applications. We hope this chapter
will facilitate the concrete in-depth ideas to the readers on the progress of various
synthesis techniques and properties of different nanofiller reinforced epoxy compos-
ite systems.

Keywords: epoxy, nanofiller, carbon nanotubes, graphene, composites, mechanical,
dielectric, electrical, properties

1. Introduction

The emergence of new technological fields is associated with the development of
new hybrid polymeric composite materials with high-performance practical applica-
tions. These composite materials have several interesting multifunctional properties
including superior strength, high stiffness or modulus of elasticity, durability, corro-
sion resistance, better thermal stability, enhanced electrical and electronic properties,
lightweight with highest specific stiffness and strength along the direction of the
reinforcing fiber, dimensional stability, good temperature, chemical resistance, flex
performance and ease of processing with cost-effectiveness in contrast to other types
of material [1-3]. However, there are different composite systems, which are used in
the field of manufacturing technology. Among, epoxides, phenolics, polyurethane
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and polyimides are commonly used as the matrix of the materials for the progress of
advanced hybrid composite materials. The epoxy resin is one of the significant poly-
meric materials among academic and industrial researchers due to its remarkable ver-
satile properties like thermal, electrical, mechanical performances, superior thermal
and chemical resistance [4-7]. The thermoset resin such as epoxy is currently in wide
use for the composite industry. This is because of their significant chemical, corro-
sion resistance, excellent adhesion performance, low shrinkage and lesser price with
their challenging applications. Generally, the cured epoxy gives rise to large modulus,
strength, good resistance to creep and high performance at elevated temperature due
to its extreme cross-linked microstructure. The improved toughness of cured epoxy
resin is commonly advantageous owing to its poor ductility. The betterment of tough-
ness is a proficient approach for incorporating rigid or reactive rubbery particles into
the epoxy network. It is the consequence at the expense of glass transition temperature
and strength of this polymeric matrix [8-10]. Epoxy is intensely associated with daily
life in the form of packaging, coating, adhesive and electrical insulating materials as
well as applications in electrical appliances, semi-conductors, etc. [10, 11].

In the descended decade’s, aluminum is one of the common metals around the
globe, which is about 8% of abundance on earth’s crust and seen in the form of oxides
including karolinite, bauxite, nepheline and alunite. Sir Humprey Davy in the year
1808 revealed the existence of aluminum and further Oersted in 1825 formed its
tiny pellets. However, Wohler a German scientist (1845) verified the specific gravity
and aluminum lightness. They also discovered certain performances such as ease of
deformation, air stability and its melting with a blow torch. The metals are character-
ized by high corrosion resistance, superb machining performances, superior thermal
and electrical properties, large ductility, low strength, hardness and wear resistance
[12, 13]. Due to high corrosion resistance and its lightness, aluminum and its alloy
based materials played a vital role for the production of equipment (panels, roofs and
frames) of packaging materials in the area of food and transportation (vehicle and
aircraft parts) [13, 14]. Due to the broad spectrum of attractive properties and poten-
tial applicability of aluminum academic and industrial researchers have converged
their focus on increasing the strength of aluminum and its hardness through solid
solution and hardening. Also, they have progressed the aluminum-based metal matrix
composite materials by the reinforcement of various fillers in the matrix of aluminum
[12-14]. Recently, various researchers are putting their efforts to attempt for develop-
ing appropriate materials using aluminum-based alloys for end used applicability in
the field of aerospace application, cast aluminum engine is used on flier, the manufac-
ture of wind ribs (aluminum 2050). The high static strength of aluminum 7079 and
7075 are used to give sufficient toughness and corrosion resistances [3, 15, 16]. The
composite of aluminum-graphite shows superior thermal conductivity as a result of
the appreciable contribution coming out of the metal matrix. The aluminum-based
metal matrix composite systems preserve the advantageous properties of both the
reinforcement and matrix by associating the vital strength of the reinforcement with
the ductility of the aluminum matrix [17, 18]. Many researchers have reported about
the synthesis of carbon black powders by using agricultural byproducts including
coconut shell, apricot stones, sugarcane, bagasse, nutshells, tobacco stems and forest
residues. It is observed that the coconut shell shows costly disposal and cause envi-
ronmental problem. Thus, they adopted an appropriate technique for the synthesis of
carbon black using coconut shell owing to their superior natural structure and small
ash contents via pyrolysis route (carbonization of coconut shell) with the application
of temperature ranging from 550°C to 900°C. [3, 19-22]. However, activated carbon
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developed through the conversion of coconut shell can be used as filler in processing
the composites, which have potential utility in significant adsorbent for purification
of water or industrial treatment and municipal effluents. The addition of these filler
may also diminish the cost for waste disposal with a cheap alternative as compared to
the commercial carbons [3, 21-24]. The byproducts (barley husk and coconut shell)
reinforced thermoplastic is a better alternative for wood fibre-based hybrid compos-
ite materials. The experimental results revealed that barley husk and coconut shell
are thermally stable at high temperature than that of soft wood fiber with different
percentages of cellulose content (50% barley husk and 34% coconut shell) [25, 26].
Both coconut shell and barley husk are of large carbon-rich layers on their surface as
compared to soft wood fiber. The superior tensile strength is observed in the barley
husk fiber reinforced composite than that of the soft wood fibre-based composite.
Moreover, the coconut shell and barley husk reinforced composite exhibited 80% and
40% improved elongation at break, 20 and 35% superior impact strength as compared
to soft wood fiber composite systems [22, 27, 28].

The synthesis of composites is the combination of two materials such as matrix
and reinforcement to form a hybrid composite material with excellent electrical and
mechanical performances. The matrix is in the bulk form, which employs reinforce-
ment with a strong bond [29-31]. However, the reinforcement is normally embed-
ding additives for enhancing the properties of the material. The thermoplastic and
thermosetting polymers are usually used as a matrix in the polymer composites. On
the other hand, thermosetting polymer matrix exhibits better stiffness and superior
strength than that of the thermoplastic polymeric materials [32]. Epoxy resin is one
of the most commonly used thermosetting polymer matrix with better mechanical
performances and good adhesive property with the incorporation of reinforcement
particles [33, 34]. Thus, epoxy resin reinforced filler-based composites have immense
interest among scientist, researchers for the development of hybrid composites for
their use in the field of composite manufacturing industries, automobiles, paints and
coating industries [35, 36]. The epoxy-based materials have common shortcomings
including low impact strength and weak wear resistance, which can be overcome by
selecting proper reinforcement of filler particles in the matrix; this will be useful in
the field of tribological application. In epoxy-based composites, the epoxy reinforced
nanoparticles show the large surface area with substantial interaction between matrix
and filler particles [35-39]. However, nanocomposites are generally lightweight than
that of the micro composites due to the relatively high density of the micro-additive
fillers [40]. The enhancement of wear resistance and mechanical performances is
due to the incorporation of hard oxide and carbide-based nanoparticles (including
silicon oxide, alumina and tungsten) into the matrix [41-43]. A significant technique
for the preparation of nanocomposites is needed for the homogeneous dispersion of
the nanoparticles reinforced epoxy matrix via sonication technique [44]. The most
crucial factors which influence the properties of the composites are curing condi-
tions, molecular bonding between reinforcement and epoxy matrix with ratio of
curing agent [45, 46]. There are various researchers have made to synthesize epoxy
resin reinforced nano-filler-based hybrid composites for improving the mechanical
and electrical performance of the composite systems. The different nanofillers (such
as alumina, fullerene, graphene, carbon nanotubes (CNTs), carbon fibers (CFs),
etc.) reinforced epoxy matrix composites result superior thermal conductivity, large
thermal stability and better wearable resistance [44-47].

This chapter is organized on the basis of various filler-based nanomaterials used
in epoxy resin composites, which includes carbon-based nanomaterials, fullerene,
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graphene, CNTs, CFs, nanoclay reinforced epoxy resin composites have been pre-
sented in minute details in Section I. This section comprises of a brief introduction of
the specific filler materials and its effect on epoxy resin followed by detailed discus-
sion on the filler reinforced epoxy composite systems. Section II portrays the vivid
insight into the synthesis techniques of carbon-based nano-filler reinforced epoxy
composites. In Section III, we have especially emphasized on dielectric and mechani-
cal properties of different filler reinforced epoxy resin composite systems.

2. Different carbon based nanofillers reinforced epoxy composites

Carbon-based epoxy composites are considered to be one of the most promising
groups among the advanced materials of current times due to their distinctive physi-
cal and chemical properties. These materials exhibit significant properties as a result
of the introduction of nanofillers into the matrix materials gives rise to unexpected
properties, which make them distinguished due to unparallel design possibilities. In
this context, Kroto et al. [48] in 1985 have discovered fullerene, which is the allotrope
of carbon, where in fullerene the molecules of carbon atoms are well connected by
single and double bonds. The family of fullerene is then extended with other forms
of synthesis of carbon-based nanomaterials like single-walled carbon nanotubes
(SWCNTS) (1991), multiwalled carbon nanotubes (MWCNTs) (1993) and graphene

Figure 1.
Carbon-based nanoparticles (a) graphene, (b) fullerene, (c) SWCNTs and (d) MWCNTS. Reprinted with
permission from Ref. [49].

62



Synthesis and Properties of Epoxy-Based Composites
DOI: http://dx.doi.org/10.5772/intechopen.104119

(2004) (as shown in Figure 1) have gained immense attention to the scientists for
further research [49-55].

The carbon-based graphene nanofillers [49, 53-55] play an important role for the
synthesis of composites in the field of nanoscience and technology. A single layer
carbon sheet of graphene with sp® hybridization (two dimensional) is arranged in a
hexagonally packed lattice structure analogous to a honey comb. They have unique
performances including high charge mobility at room temperature, high surface
area, good optical transparency, large young’s modulus and superior conductivity.
However, it is observed that fullerene may be considered as fascinating reinforce-
ments in comparison to CNT or graphene due to their zero-dimensional structure
of carbon molecules, which exist in the form of spherical, tube shape and ellipsoid.
The fullerene related to Cg is called Bucky ball or Buckminster fullerene spherical in
shape, which corresponds to a soccer ball [49, 54-56]. The carbon nanotubes (CNTs)
[57-61] a new allotrope of carbon is normally thin hollow cylindrical fullerene
structure in the diameter of nano-scale range and little micron length with signifi-
cant properties. Recently, CNTs are considered to be the most talented candidates
as reinforcement for polymer composites due to their high aspect ratio, high young’s
modulus, tensile strength, large thermal conductivity and approximately 1000 times
larger than that of the electrical capacity than copper and thermally stable in vacuum
at2800°C [60, 61].

According to the number of concentric layers of carbon atoms, CNT is available
at single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nanotubes
(MWCNTs), which shows multiple SWCNTs arranged in a concentric and coaxial
manner as well as more flexible in nature than that of the MWCNTs. Moreover, CNTs
appeared as outstanding materials and can be used as conducting nanofillers in the
polymer matrix to give high-performance composites. Similarly, one dimensional
carbon nanofibers (CNFs) [8] show a hollow cylindrical structure with lower cost and
ease of processing than that of the pure CNTs. However, the carbon-based materi-
als with a diameter less than 500 nm, do not exhibit structure of CNT falls into the
class of CNFs and CNT, which exhibits clear structure as compared to CNFs. In this
section, there are various studies have been made to achieve significant properties in
epoxy-based carbon nanofillers composites [8, 57-61]. For instance, Kim et al. [62]
have reported surface modified epoxy-based CNTs composites with superior homo-
geneity of CNTs in the epoxy matrix. They also studied their effect on the rheological
and mechanical performances of the resultant composites. The multiwalled carbon
nanotubes (MWCNTs) reinforced epoxy resin composites are of uniform dispersion
in the matrix through the ultrasonication technique. The synthesized MWCNTs
reinforced epoxy composites have superior Young’s modulus and strength with opti-
mized parameters were reported by Montazeri and his co-workers [63]. Allaoui et al.
[64] have fabricated MWCNTSs based rubber epoxy matrix composites with different
concentrations of MWCNTSs contents. It is observed that the resultant composite
system has enhanced electrical performance with the increase of filler concentration
in the epoxy matrix. However, the lower weight percentage (0.5 wt%) of MWCNTs
reinforced epoxy composites exhibits a considerable increase of tensile strength and
Young’s modulus were reported by Montazeri and his group [65]. The incorporation
of MWCNTs into the epoxy composites showed significant improvement of the
thermal and mechanical performances via oxidation, acylation and amidation. It is
also noticed that the enhancement of the electrical conductivity of the silane modi-
fied MWCNT-epoxy composites as compared to unmodified MWCNT-epoxy com-
posites has been reported by Shen et al. [66]. Similarly, Choi et al. [67] have studied
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the effect of silver-plated MWCNTs into the epoxy matrix. It is also noticed that the
synthesized composites are of improved thermal conductivity with the increase of
filler contents and time duration.

2.1Fullerene reinforced epoxy composites

The contemporary demand for the development of lightweight hybrid composite
materials with high specific strength, stiffness and improved tribological perfor-
mance for end used applicability in the areas of aerospace and automotive industries
[49, 56, 68]. During the past few times, fullerene and fullerene-based composites
have been synthesized and used in various applications particularly in the thin
films, organic polymers and hybrid organic-inorganic composites in the field of
microelectronics [68]. There are various established techniques for the preparation
of fullerene-based hybrid composites including solid-state reaction technique, liquid
state techniques, deposition and spraying technique [56]. Rafiee et al. [69] have
fabricated fullerene reinforced epoxy composites with various concentrations of filler
content. It is revealed that the resultant composites with Young’s modulus, fracture
toughness, ultimate tensile strength were significantly improved in the epoxy matrix.
It is reported that the incorporation of fullerene into the epoxy matrix shows superior
properties as compared to neat nanosilica, nano-alumina and nano-titania filled
epoxy composites; this may be due to the hollow structure, which results in increasing
surface area and reduced weight simultaneously. However, the dispersion of fullerene
into polymer matrix is easier than that of the other carbon based nanofillers which
includes CNTs and CNFs, etc. The 1D and 2D filler-based materials are more prone
to entanglement to each other than spherical fullerene particles. There are various
research works related to fullerene modified polymer composites were reported by
Ayesha et al. [70, 71]. However, the reports have been made based on fullerene modi-
fied epoxy-fiber composites. For example, fullerene modified epoxy carbon fiber
reinforced polymer composites were fabricated and studied their effect of various
mechanical performance of fullerene concentrations in the matrix. It is observed
that 0.5% of epoxy matrix composites have improved interlaminar fracture tough-
ness (60%) and also enhanced tension and compression up to 12% were reported by
Ogasawara et al. [72]. Similarly, Jiang et al. [73] have reported about fullerene modi-
fied epoxy (1-3% concentration) reinforced fiber composites show improvement in
the bonding strength between unidirectional carbon fiber and matrix. This improve-
ment may be due to the suppression of fracture at interfacial layers of fibers, which is
attributed to the presence of fullerene nanoparticles in the polymer matrix.

2.2 Carbon nanotube and carbon nanofiber reinforced epoxy composites

Several techniques including chemical vapor deposition (CVD), arc discharge and
laser ablation techniques have been used to synthesize carbon nanotubes and CNT
reinforced polymer composites in the past few decades [74-84]. The improvement
of physical properties of the epoxy composites by the incorporation of different
carbon-based nanofillers was reported by Liu et al. [85]. One of the key problems
for the preparation of carbon nanotubes-epoxy composite system is the agglomera-
tion or aggregation in the matrix. Thus, various techniques and studies related to
CNT-based epoxy composites have been adopted to enhance the better dispersion
and reduction of agglomeration or aggregation in the matrix [86, 87]. Moreover,
the direct use of CNT in the epoxy matrix without surface treatment may give a
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marginal improvement in the composites. Besides, the unmodified CNT embedded
into the epoxy resin with one dimensional structure forms poor bonding, which is the
high tendency to give entanglement with each other results in some problems. The
structural performance is enhanced with the application of strong acids to convert
the C-C bonds into various functional groups of amine, amide, etc. on the side
surface of the CNT via plasma treatment or UV/ozone treatments [88]. In addition,
the attachment of CNTs into the metal particles with enhanced homogeneity and
interfacial adhesion results for improving the structural properties as compared to
neat CNT-epoxy composites [89]. Similarly, carbon nanofibers are also creating some
difficulties in uniform dispersion of these particles in the epoxy matrix owing to their
structure. There are various physical (sonication, mechanical stirring, plasma treat-
ment, high-temperature heat treatment) and chemical (surface functionalization
through modifying agents, surfactants, etc.) methods are employed to synthesize
homogeneous dispersion of CNF in the epoxy matrix. It is also observed that, using
these techniques for preparation may affect the properties of the bulk composites. For
example, the high-temperature heating technique for preparation of composites may
reduce the interfacial strength, this lead to decrease the structural properties [90-93].
The high concentration of filler in the polymeric matrix may affect the final proper-
ties of the composites. To overcome this shortcoming, the incorporation of lower
filler loading into the matrix gives better homogeneity as well as enhance structural
properties of the composite systems. Moreover, for the utilities of CNTs various
optimized parameters are essential to achieve better homogeneity, desired orientation
and functionalization to extract the utmost benefits of this marvel material.

2.3 Graphene reinforced epoxy composites

The two-dimensional macromolecule graphene and its derivative have extensively
been explored due to their application as nanofillers in graphene reinforced compos-
ites. The production of nanofillers must be attainable at a large scale with low cost
for the progress of graphitic fillers from natural graphite, which make them suitable
nano-filler-based materials for reinforcement in the field of composites via simple
processing technique. These graphene-based composites are of immense interest
among academic and industrial researchers owing to the excellent electrical, thermal
and mechanical performance of graphene [49, 54, 55, 94-97]. However, there are
various nanofillers including graphene nano platelets or sheets (GNPs or GNs) and
graphene oxide (GO) shows additional flexibility at the nano-scale due to the stability
of macromolecule and multitude of alternatives for more functionalization for the
composite systems. An enormous modified forms of carbon fiber and polymer phase
of carbon fiber reinforced composites (CFRC) are found in various literatures. The
ultrafine GNP has been utilized to exfoliate graphite flake producing graphite nano-
platelets (GNP), on the other hand graphene oxide (GO) via modified hummer’s tech-
nique exhibits oxidation followed by exfoliation of bulk graphite [96, 97]. Graphite is
of strong planar structure with each carbon atom forming three covalent bonds with
adjacent atoms. Whereas graphene oxide (GO) contains different functional groups
(hydroxyl, epoxy and carboxylic acid groups) joined through sp® hybridized carbon
atom but it may partially retain a number of sp® hybridized carbon depending on their
reaction conditions. Moreover, it is also observed that the presence of polar functional
group present in the surface of the graphene oxide, which results in bonding with
polymer matrix to form strong interfaces. It is reported that the significant properties
of graphene play an important role in the scientific research communities to develop
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graphene-based epoxy matrix for the application in structural composites. Besides,
these fillers are applied for additional needs to develop composites with attractive
properties like thermal, electrical conductivity and mechanical strength [98-101].
Alexopoulo et al. [102] reported on the fabrication of epoxy-based GNP composite
systems and studied their various properties on the effect of size on the GNP par-
ticle embedded into the epoxy matrix. It has also been noticed that the synthesized
composites show the formation of agglomeration at higher concentrations (>5 wt%)
within the matrix. Further, at lower concentration (0.25 wt%) of GNs, it is revealed
that there is considerable improvement in properties (toughness, flexural strength
and flexural modulus) of the composites.

The epoxy-based composites using reduced graphene oxide act as fillers, which
give rise to significant improvement in properties (tensile, impact and flexural) of
the resultant composite systems. However, it is interesting to observe that the func-
tionalised graphene nano-sheet (GNS) reinforced epoxy composite at lower filler
concentration shows superior fracture toughness, fracture energy, stiffness, strength,
and fatigue resistance than that of the neat CNT based epoxy composites [103-106].
The advantages of GNS as compared to CNTs raise the structural properties of epoxy,
which may be attributed to the larger surface area with improved adhesion of filler-
matrix owing to the wrinkled surface and the two-dimensional geometry of GNS
[105, 106]. Graphite continues to attract considerable attention among researchers
due to its excellent mechanical, electrical properties, low density with ease of process-
ing and low cost. However, graphite commonly exists as a layered material and these
layers are closely packed through Van der Waals force. For the efficient use of graphite
as filler in polymer composites, its layer must be separated partly to achieve expanded
graphite (EG). It is difficult to intercalate monomers into the interlayer of graphite to
produce composites if the raw graphite is used as reinforcement; also, it is not possible
to disperse graphite layers in the epoxy matrix. To overcome this adversity, the prepa-
ration of expanded graphite (EG) from raw graphite is exposed to a strong oxidizer
(e.g., HNO;, H,SO,, KMNO,). The EG and GO both are the derivatives of graphite
and are considered to be ultimate nano-filler materials for epoxy matrix. It is due to
the presence of covalent bonds having hydroxyl, phenolics and epoxide functional
groups on their basal planes and also it is located on the carboxyl and carbonyl group
at the sheet edges. The presence of these functional groups enables them to strongly
hydrophilic in nature. The EG is readily dispersed in water and reinforced into matrix
with the help of these functional groups for the synthesis of composites [107-109].
However, two-dimensional graphene-based nanomaterials show little agglomeration
because of their high aspect ratio, which affects the mechanical properties of the
resultant composites. Therefore, suitable dispersion and exfoliation techniques are
essential to facilitate better structural properties.

2.4 Nanoclay reinforced composites

The nano-clay reinforced polymer-based composites have earned much attention
among both academic as well as industrial sectors due to incorporation in a small
amount of nanoclay considerably improves the mechanical performance of the neat
polymers. The nanoclay based two dimensional nano-material are naturally occurring
in the form of platelets, which include a few to 1000 sheets. These are mainly silicate
and comparatively inexpensive than that of the other nanomaterials. The other types
of nanomaterial possess a larger surface area with a high aspect ratio (>50) and are
thermally stable. Usually, the use of nanoclay in the matrix improves their properties
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with good optical transparency for a suitable selection of nano-filler reinforced in the
polymer composites [49, 110].

Montmorillonite (MMT) is an aluminosilicate [111], which is extensively used
in the clay based nanofillers (Figure 2). The thickness and lateral dimensions are
observed in the montmorillonite around 5 nm and 500 nm, respectively. The single
sheet of montmorillonite has a stiffness of about 250 GPa. Moreover, the large stiff-
ness was observed in the clay minerals, which makes them appropriate for improving
the structural performance of the polymer-based composites [111-113]. In recent
few times, it has been reported about the epoxy-based glass and carbon composites,
which may be embedded in the glass reinforced polymer composites. In addition,
a montmorillonite (Nanomer [.30E) based clay mineral was used in this research
[49]. They have reported each platelet are approximately 1 nm thickness and internal
dimension around 300-600 nm with a high aspect ratio. Moreover, the compression
strength is improved about 15-20% for particularly 5 wt% of nanoclay reinforced
epoxy matrix composite systems. It is also observed that the incorporation of a small
amount of nanoclay into the epoxy composites enhanced the mechanical perfor-
mance using reinforcement of clay particles in the polymer matrix, which results the
increase in impact and interfacial properties of the composite systems. Especially, the
current research is based on nanoclay composites, which consist of the polymer as
matrix material and nanoclay as the reinforcement particle (act as nanofiller) in the
composite systems. Several properties (including mechanical, thermal and electrical)
and structural aspects of the polymer matrix are enhanced due to the incorporation of
nanoclay [114, 115]. These nanoclay based materials have been used as cost effective
substituents with significant strength characteristics and considerable enhancement
of properties on the nanoclay reinforced polymer-based hybrid composite systems.
Several studies have been carried out on nanoclay reinforced polymer composites
[113-119]. For instance; Hussain et al. [120] have reported that the natural fiber
composite is robustly dependent on the optimum fiber length and weight percentage

~Inm

Figure 2.

Schematic illustration of the montmorillonite clay (MMT) structure. Side view of tetrahedron units of MMT
assembled through weak van der Waals and electrostatic forces to form the primary particles and top view

of MMT shows hexagonal structure of oxygen and hydroxyl ligands of the octahedral layer. Reprinted with
permission from Ref. [111].
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of fiber. It is also reported that the mechanical properties of the polymer composite
system are improved by the incorporation of a little amount of nanoclay in to the
matrix [121].

3. Synthesis of carbon-based nano-filler reinforced epoxy composites

Several methods have been employed for the synthesis of various nano-filler
reinforced epoxy resin composites in recent few times. In this section, we have
emphasized mainly on three methods (including in-situ intercalative polymerization,
solution mixing and melt blending) for preparation of composites, which are exten-
sively discussed in details.

3.1 In-situ intercalative polymerization method

In situ polymerization is a very effective method that allows carbon-based filler
particles to be uniformly dispersed in the matrix and therefore gives strong interac-
tion between polymeric matrix and reinforcing filler in the composite systems. This
technique generally involves the polymerization of monomers in the presence of
dispersed filler particles. The polymerization is initiated through the incorporation
of filler and suitable initiator with the application of heat or radiation after diffusion
during the synthesis of the polymeric materials [122, 123]. Several researchers have
been reported about the preparation of composites by using in situ polymerization
methods and achieving superior mechanical properties with the low value of percola-
tion threshold as compared to the other techniques (like solution compounding or
melt blending method) [124-127]. However, in-situ polymerization is also been used
to give non-covalent composites based on different polymeric matrices including
polyethylene (PE) [128] and PMMA [129], etc. Ray and Okamoto [130] reported
that the in-situ polymerization method referred as intercalation polymerization
method is applied for the preparation of GDs based nanocomposites. Zhang et al.
[124] have fabricated graphene sheet reinforced epoxy resin composites by in-situ
polymerization method. It is observed that the prepared composites have significant
improvement in the Young’s modulus and thermal stability at 0.7 wt% of GNs content
in the matrix. It is also noticed that there is an extensive enhancement in the thermal
conductivity of the resultant graphene sheet-epoxy composite systems using in-situ
polymerization method [131]. Ying and his co-workers [132, 133] have fabricated
surfactant incorporated CNT into the epoxy composites via in-situ polymerization
technique. It is observed that the tensile strength and ultimate strain are enhanced
with an increase in the modified filler contents in the CNT reinforced epoxy compos-
ite systems.

Kotsilkova et al. [134] have reported on amine and epoxy grafted MWCNTs based
composites. They have successfully synthesized and measured various performances
(including rheological, dc conductivity, radio frequency and microwave properties)
of the composites. The enhancement of the thermal and mechanical properties of
the MWCNTs reinforced epoxy composites were utilized by in-situ polymerization
method, which is reported by Theodore et al. [135]. The preparation of the epoxy-
based nanocomposites using functionalized vapor grown carbon nanofiber (VGCNF)
by in-situ polymerization technique. It is revealed that the functionalized VGCNF-
epoxy composite systems have superior tensile modulus and strength than that of the
neat VGCNF and epoxy matrix with enhanced thermal stability [136]. The carbon
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nanofiber (CNF) based epoxy composites with various weight percentages of silane-
modified CNF and unmodified CNF contents via in-situ polymerization technique
were prepared. It is revealed that the synthesized composites with different properties
(thermal, mechanical and electrical) were analyzed as a function of different weight
percentages of modified and unmodified CNF contents [66, 137]. The key features

of this technique offer covalent bonding between surface-functionalized CNTs and
polymeric matrix, which result enhancement of mechanical performance of the com-
posites with strong interfacial bond [86, 138]. On the other hand, the shortcomings of
this method are that the dispersion of filler particles in the polymeric matrix occurred
during the preparation of nanocomposites, so the plenty of energy is necessary,

which might affect the large production of polymer-based nanocomposites. Similarly,
Ramezanzadeh et al. [139] have prepared conducting polypyrrole (PPy) and zinc
doped polypyrrole functionalized graphene oxide (GO) nano-sheets for the develop-
ment of high-performance epoxy-based composite systems with enhanced thermal
and mechanical performance. The results showed that the nanocomposites are
enhanced about 54% for elongation at break and 115% for the energy at break, and
there is an improvement of tensile strength and energy (21% and 32.44%) at break for
the zinc doped GO-PPy in the epoxy composites.

3.2 Solution mixing/solution blending/solvent casting

Solution-induced intercalation technique is a simple, ease of processing and
efficient approach to produce polymer-based nanocomposites. This technique is more
suitable for both small- and large-scale preparation of the nanocomposites. In this
technique, initially an appropriate proportion of polymeric mixtures were dissolved
in a proper solvent. Then the different types of filler particles (such as graphene,
carbon nanotubes (CNTs), carbon nanofibers (CNFs), etc.) at various weight per-
centages are reinforced into the polymeric solution with constant stirring either by
magnetic stirrer or mechanically or by using ultrasonication technique for dissolution
of the particles in the matrix. Once the complete mixing of solution is over, then
the mixtures were dried to eliminate the solvent and ultimately resultant composite
materials are molded with suitable mold to give necessary shape and making suit-
able for characterization and further properties measurement. Similarly, the solvent
casting method has been used to synthesize composites in the form of thin films.

This method deals with the uniform dissolution of ingredients in a suitable solvent
and then evaporated through a drying device. However, the solvent casting technique
shows higher mixing quality, thinner film, high purity and better clarity than that of
the melt mixing technique [140]. Besides, the solution or polymer film is exposed to
moderately low thermal or mechanical stress during the preparation technique, which
results insignificant degradation or side reactions.

There are various literatures available with epoxy-based composites by using this
technique and then studied several properties of those composites as a function of
different weight percentage of filler contents. Similar to epoxy resin, other various
polymers (such as PS, PMMA, PVDF and PI) and its co-polymers [P(VDF-HFP),
P(VDF-TrFE), etc.] are used to fabricate nanocomposites with the addition of
several fillers into matrix using this technique [141-146]. For instance; Lv et al. [147],
Prolongo et al. [148] and Allaoui et al. [64] have fabricated carbon nano-fibers rein-
forced epoxy-based composites with different weight percentages of CNF contents
and studied their properties. Similarly, Choi et al. [149] have synthesized polycar-
bonate-based carbon nanofiber composites. They have also examined mechanical
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properties and electrical resistivity with the incorporation of various percentages of
CNTs contents. Moreover, the limitation of this technique is the requirement of the
high amount of solvent in the preparation of nanocomposites for industrial point of
view, which may not be environmentally friendly and cost-effective.

3.3 Melt blending method

Melt blending is the facile, cost-effective, eco-friendly and conventional tech-
nique for the synthesis of various thermoplastic polymer-based composites. In this
process, there is no such solvent used for preparation. Also, it is one of the most
efficient approaches for industries in large scale production of the composite mate-
rials. During the last few times, most of the industrial researchers have preferred
this synthesis technique for preparing nanocomposites. In this technique, initially,
polymeric materials and filler particles are normally mixed systematically and then
the homogeneous mixture is subjected to annealing greater than the melting point
of the polymeric material. Besides, the polymeric material is melted and combined
with apposite amount of the filler particles using an extruder. The process of melt
blending is carried out in the presence of an inert gas including argon, nitrogen
or neon. However, this melt blending technique has enormous benefits over in-
situ intercalative polymerization or polymer solution intercalation method. This
technique is compatible with present industrial processes including extrusion and
injection molding techniques and thus it is a most popular method. Various academic
and industrial researchers have fabricated different polymer-based nanocompos-
ites (PP-CNT, nylon 6-MWCNT, PC-MWCNT and PS-MWCNTs, etc.) using this
technique [150-153]. For instance; Jin and his co-workers [154] have fabricated
PMMA-MWCNTs based composites by using this technique. In the synthesized
composite system CNTs shows no obvious damage or breakage as well as uniformly
dispersed within the polymeric matrix. The preparation of polylactide (PLA) exfoli-
ated graphite (EG) based nanocomposites was synthesized using this technique. It is
seen that the composite exhibits a considerable increase in the thermal degradation
temperature with the increase in the EG contents. The mechanical and electrical
performances are also improved with the continuous increase of graphite contents. A
similar work on carbon-based material (such as graphite nano-sheet and MWCNTs,
etc.) reinforced epoxy composites is fabricated by Kim et al. and his group [155, 156]
using this technique and also studied their mechanical and rheological properties of
the resultant composites.

4. Different properties of filler reinforced epoxy composites

Recently, epoxy-based composites are of great importance for their significant
dielectric, electrical, thermal and mechanical performances. In this section, we have
especially emphasized on properties (dielectric, electrical and mechanical) of the
various filler reinforced epoxy-based composites.

4.1 Dielectric and electrical properties of epoxy-based polymer composites

Varma et al. [157] have fabricated calcium copper titanate (CaCu3TiyOy,; CCTO)
and metallic aluminum (Al) powder-filled epoxy-based tri-phase composites with
various weight percentages of filler contents. It is observed that the dielectric constant
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of the composites is greatly improved near the percolation threshold. The maximum
dielectric constant was achieved (~700) of the three-phase epoxy composites,

which is much larger than that of the two-phase epoxy-CCTO (~70) and neat epoxy
matrix. These flexible three-phase composites are potential candidates for practical
application in the field of energy storage devices [158]. The perovskite-type ceramic
(BaTiOs) based epoxy composites with a different weight percentage of filler contents
have been reported by Kuo et al. [159]. They studied the dielectric properties of these
composites and obtained a high dielectric constant (~44) and negligible dielectric
loss (<1) at 40 wt% of filler content in the epoxy matrix. The synthesized three-
phase composites have been uniformly dispersed in the polymeric matrix. However,
the dielectric constant of these composites is proportional to the volume ratio of

the ceramic contents and remained constant with the application of temperature

and frequencies. The fabricated composites have larger than that of the commercial
ceramic-filled polymer composites. Bhattacharya and Tummala [160] have fabricated
PMN-PT filled epoxy composites with various weight percentages of filler contents.

It is revealed that the high dielectric constant (~29) was achieved in the 40 wt% of
filler-filled epoxy composites with superior homogeneity within the epoxy matrix.
The dielectric performance of Ni particle doped epoxy composites at 40 and 55 wt%
of filler contents have been analyzed in the various frequency regions from 1 to

10’ Hz and temperature range of —20 to 200°C. The dielectric constant of these Ni
particle filled epoxy composites is improved with the increase of Ni particle content
and simultaneously reduces the frequency at room temperature. The value of the
dielectric constant is increased with the increase of filler contents due to the improved
dipole and interfacial polarization effect. On the other hand, the dielectric loss value
was reduced with the higher concentration of filler contents has reported by Chen
and his co-workers [161]. The multifunctional polymer-based composites comprising
of Fe;0, fillers and epoxy resin as the matrix was analyzed in different concentration
of magnetite Fe;0,4 contents. It is observed that the composites with larger dielectric
constant and suppressed dielectric loss at low frequencies. However, the synthesized
composites with a larger volume fraction of filler contents appeared at the percolation
threshold with an increase in the value of conductivity [162]. Xie et al. [163] have
fabricated the modified hexagonal boron nitride reinforced epoxy composites with
enhanced dielectric properties via simple free radical polymerization technique. It is
observed that PGMA grafted h-BN reinforced epoxy matrix composite has improved
thermal conductivity with increase of filler contents. The modified composite shows
larger dielectric constant than that of the unmodified one and pristine epoxy matrix.
Similarly, the dielectric loss of the resultant composites was achieved negligible at
suitable frequencies. Zhang et al. [164] have fabricated core-shell satellite structured
BaTiO; nanoparticles with polydopamine (PDA) layers and silver (Ag) nanoparticles
incorporated into the epoxy matrix. It is observed that the epoxy nanocomposites
with BT-PDA and BT-PDA-Ag fillers showed enhanced dielectric constant (x~9) and
negligible dielectric loss (0.024) at microwave frequencies (10 GHz) for 20 vol% of
filler contents. However, it is also noticed that the composite shows homogeneous
dispersion with uniform particle size, due to strong interfacial interaction between
modified particles and polymer matrix. Meng [165] and his co-workers have devel-
oped thermally stable honokiol derived epoxy resin nanocomposites with excellent
thermal and dielectric properties. The results showed that the fabricated composites
have excellent dielectric constant (9.74) and minimized dielectric loss values (0.026)
at 1 KHz. Moreover, it is also confirmed the better thermal stability, thermal conduc-
tivity and high specific heat in the composites.
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4.2 Mechanical properties of epoxy-based composites

Zhao et al. [166] have synthesized hyper branched graphene oxide structured
based epoxy nanocomposites. The results showed excellent engineering applica-
tion performances of the composite systems. The synthesized nanocomposites have
uniform dispersion in the epoxy resin matrix and are combined with the matrix
through chemical bonds, which shows strong interfacial active force and enhanc-
ing the load transfer efficiency of the matrix to hyper-branched polymer-graphene
composites. However, these composites exhibited excellent mechanical properties
[impact strength (58.53%), tensile strength (83.29%), and compression strength
(57%) ] with considerable increase of 0.2 wt% for HPB-GO contents than that of the
neat epoxy matrix. Also, it is noticed that there is 80% increase in thermal conductiv-
ity (0.32 W m™ K™) of the synthesized nanocomposites. The incorporation of rGO
in the epoxy matrix in the composites improved the strength and Young’s modulus
is about 500 and 70%. It is observed that rGO plays a significant role in strengthen-
ing the epoxy than that of the GO. However, rGO efficiency in the improvement
of modulus and strength is about 10-35% than those of GO. The significant results
for r-GO composite are due to the efficiency of interfacial adhesion between r-GO
sheet and epoxy molecules [167]. The enhancement of strength can be ascribed to
the outstanding load bearing capacity of reduced GO sheets as well as excellent load
transfer from matrix to reinforcements. They also suggest an increase in the value of
modulus and strength in the composites for 1 wt% rGO reinforced polymeric matrix.
The fabrication of graphene- nano-alumina based epoxy composites reported by
Osman and his co-workers [168]. It is observed that both tensile strength and stor-
age modulus are improved by 22.56% and 4.6%, which is much larger in contrast to
the neat epoxy matrix. The thermal conductivity of the resultant composites is also
improved by 23.4% with increase in the filler contents. The incorporation of alumina
particles on the surface of the graphene not only reduces the electron transfer but
also eliminates the agglomeration of graphene. Khan [169] and his co-workers have
reported improvement of thermo-mechanical performance of carbon fiber and glass
fiber reinforced epoxy composites. These composites were characterized by using
universal testing machine (UTM) with tensile strength and Young’s modulus. The
tensile strength of carbon fiber reinforced epoxy composites is enhanced to 844.44%,
951.11% and 1122.22% with selected 40, 50 and 60 wt% of carbon fiber contents.
On the other hand, the tensile strength of glass fiber reinforced epoxy composites is
also enhanced about 156.66%, 171.10% and 197.77% for 40, 50 and 60 wt% of glass
fiber contents. Karle et al. [170] have systematically studied CaSiO; particulate fillers
reinforced epoxy-based composites and analyzed their hardness, flexural strength
and impact resistance through mechanical performance. It is found that the addi-
tion of CaSiO; particles (1-2 wt%) in the matrix results effective enhancement of
mechanical properties than that of the neat epoxy. Park [171] and his co-workers have
investigated the reinforcement effect of molybdenum sulfide (MoS,) nano-sheets
on the mechanical performance of the epoxy-based composites. The fabricated
high performance epoxy composites are extremely enhanced the fracture tough-
ness (55-81%), flexural strength (25-66%), modulus (0.7-6%), impact strength
(31-118%) and strong interfacial interaction (1-21% surface free energy) than that
of the pristine epoxy matrix. The thermal and mechanical performance of the epoxy
reinforced modified iron oxide nanoparticles reported by Baghdadi et al. [172]. Itis
revealed that the PDA modified Fe;0, based epoxy composites normally improved as
compared to neat epoxy matrix and unmodified one. The maximum enhancement in
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tensile strength (34%) and fracture toughness (13%) is observed in the epoxy-based
composites. The graphene oxide-epoxy composites with improved failure strength
(48.3%) and toughness (1185.2%) for 0.0375 wt% of GO within the epoxy matrix.
The fabricated composites with enhanced properties may be due to the uniform
dispersion of the GO in the epoxy matrix through two-phase extraction technique
using an aqueous dispersion of the GO were reported by Yang and his co-workers
[173]. Bortz et al. [174] have reported helical carbon nanofibers to achieve graphene
nanoribbon and then oxidized to get GO. This composite exhibit improved tensile
strength (7.57 MPa) and modulus (3.32 GPa) at 0.5 and 0.1 wt% of GO loading into
the polymer matrix. Moreover, the flexural strength was also improved by 12% and
23% for the addition of fillers into the matrix.

Munoz et al. [175] have synthesized GO based epoxy composites and studied their
mechanical properties for various wt% of GO contents. It is revealed that the compos-
ites with enhanced elastic modulus and flexural modulus at 0.3 wt% of GO contents
in the epoxy matrix. Fang et al. [176] have reported methylene dianiline (MDA)
modified rGO-epoxy composites with different weight percentages of filler contents.
In these composite systems, the fracture toughness and flexural strength is enhanced
by 94% and 92% for 0.6 wt% filler loading. Seong et al. [177] have fabricated MDA
modified GNP-epoxy composites and investigated their mechanical properties. The
1.5 phr MDA modified GNP content shows 120% and 63% enhancement in impact
toughness and storage modulus in the epoxy-based composites. Naebe [178] and his
co-workers have reported the effect of thermally reduced graphene oxide (TRG)
with bingel reaction (FG) based epoxy composites. It is observed that 0.1 wt% of
filler content in the FG-epoxy composite shows larger flexural strength (15% and
22%) and higher storage modulus (6% and 16%) than that of the pristine epoxy
matrix. Similarly, Guo et al. [179] have synthesized GO modified triazine deriva-
tives (GO-TCT-DETA) show homogeneous dispersion in the epoxy matrix. It is also
exhibited higher flexural strength (49%) and modulus (15%) for 0.1 wt% of GO-TCT-
DETA-based epoxy composites than that of the pristine epoxy matrix.

5. Summary

The epoxy-based composites have become potential candidates for the application
in different technological fields owing to their excellent physical, chemical and elec-
trical performances. The present chapter reviews on the research work related to car-
bon based nanofillers (e.g., fullerene, CNTs, CNFs, graphene & nanoclay) reinforced
epoxy-based composites. However, several researchers have reported the variety of
reinforcement in order to explore mechanical, dielectric & electrical performances to
predict their behavior suitable for technological viability of the epoxy-based compos-
ites. According to the literatures, it has been found that the use of nanofillers into the
epoxy matrix, which help to enhance the mechanical and electrical performance of
the composite systems than that of the micron sized filler particles. Moreover, with
the increase of concentration of nano-filler content results in the enhancement of
certain properties of the epoxy-based composites up to the threshold value, in most
of the cases after attaining the threshold value the properties again initiate to fall, this
may be ascribed to the presence of large clusters into the epoxy resin. The incorpora-
tion of minimum amount of nano-filler contents is indispensible into the matrix
to avoid agglomeration in the composite systems. Therefore, we have especially
emphasized on most suitable synthesis techniques for the processing of nano-filler
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reinforced epoxy-based composites. Further, our efforts have been made for provid-
ing higher insight on the properties (like dielectric, electrical and mechanical) of
various nanofillers reinforced epoxy composites. The unique properties of nanofiller
reinforced epoxy composites also reflected as potential applicability in the field of
electronics, energy storage, gas sensors and aerospace.
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Chapter 5

Epoxy Resin Adhesives:
Modification and Applications

Jun Zhang, Hai Luo, Xiaojian Zhou and Bowen Liu

Abstract

Epoxy resin adhesives (ERAs) as easily prepared thermosetting adhesives
have been extensively employed in building construction, electrical appliance
manufacturing, automobile manufacturing and wood industry because of their
excellent mechanical properties, water resistance, low cost, long service life and
strong bonding properties. This chapter aims to introduce the synthesis, properties
and development of ERAs and to illustrate how defects in their curing properties,
thermal properties, brittleness and flammability affect their global development.
Furthermore, this study introduces the modification of ERAs according to these
defects and their development in main application fields. Lastly, the limitations and
prospects of ERAs in future applications are also discussed.

Keywords: epoxy resin, adhesives, mechanical properties, curing properties,
modification

1. Introduction

Epoxy resin adhesive (ERA) is the general term for polymers with two or more
epoxy groups in the molecule. It is widely used in industries and is an important
thermosetting resin adhesive [1, 2]. ERA is a thermosetting adhesive with strong
adhesion, high cohesion, low shrinkage, low cost and low creep rate. It can be used
for several materials, such as metal, cement and wood; thus, it is referred to as a
‘universal and strong’ glue [3]. It has a history of more than 70 years. The molecular
end of epoxy resin is connected with epoxy groups. During curing, hydroxyl and
ether bonds are formed, and the structure contains benzene or heterocyclic rings.
Due to the presence of epoxy groups, hydroxyl groups, ether bonds, ester groups
and other polar groups, it has a strong bonding effect on many substances other than
non-polar polymers [4]. After the epoxy-based adhesive is cured, it forms a complex
three-dimensional (3D) network structure with strong cohesion. The epoxy-based
adhesive hardly generates low-molecular products during curing, has a small linear
expansion coefficient, stable dimensions, small internal stress and better bonding
strength. Epoxy-based adhesives meet the requirements of structural adhesives,
but they also have some shortcomings. Because the curing process of epoxy-based
adhesives needs a higher temperature, and it contains many rigid groups, such asa
benzene or heterocyclic ring, the flexibility of the molecular chain is minimal [5].
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Besides, after cross-linking to form a network structure, the deformability is further
weakened, showing strong brittleness, which results in low bonding strength, poor
impact strength, delamination and easy cracking resulting of epoxy-based adhesives
[3]. Meanwhile, its flame retardancy is poor. As a structural adhesive, it is expected
to cure quickly, have higher heat resistance and flame retardancy. Therefore, epoxy-
based adhesives must be modified to expand its scope of application. This study
mainly introduces the curing, heat resistance, toughening and flame-retardant
modification of epoxy-based adhesives and their application in different fields.

2. Modification of ERAs
2.1 Curing modification of epoxy adhesives by curing agent

As a thermosetting adhesive, ERA must be cured at high temperatures. However,
for industrial applications, it must be cured at room temperature [6, 7], so the impor-
tance of developing curing agents for epoxy-based adhesive cured at room tempera-
ture is self-evident. Especially, room-temperature fast-curing epoxy adhesives can
be used in aerospace and marine engineering applications, as well as in traditional
manufacturing and daily life [8, 9], because of their fast-curing speed, high strength
and strong durability [10]. With the continuous development of curing agents, room-
temperature fast-curing ERAs as chemical products have become indispensable in the
manufacturing industry [11]. The room-temperature curing of ERAs is an energy-
saving curing method. The curing process is simple, and it is suitable for various
curing situations that do not require heating.

2.1.1 Classification of curing agent for ERAs

According to the curing temperature, epoxy-based adhesive curing agents can be
divided into amines, acid anhydrides, synthetic resins and latent curing agents by
different chemical components. Among them, amine-curing agents are often used
in ambient curing at room temperature [12]. Amine-curing agents are the earli-
est room-temperature curing agent used. It adheres excellently to most adherents.
However, amine-curing agents have high volatility and toxicity and have strong water
and carbon dioxide absorption abilities. The cured surface is prone to whitening
and blistering [13]. Among the amine-curing agents, there are mainly polyamides,
aliphatic amines, alicyclic amines. In industrial applications, curing agents, such as
aliphatic amines, polyamides and alicyclic amines, are often used [14].

2.1.1.1 Polyamide-curing agent

As one commonly used curing agent, polyamide accounts for more than 30% of
the total epoxy resin-curing agents. It is mainly made of dimers or unsaturated fatty
acids and polyamine as raw materials and forms amide bonds through dehydration
condensation [15]. Among them, the dimerised fatty acid polyamide can overcome
the shortcomings of epoxy-based adhesives’ fragility and has low toxicity, good work-
ability and high-paint film adhesion [16]. Modifying the polyamide-curing agent can
effectively improve the properties of epoxy resins. For example, Bryan et al. [17] used
polyamide and phthalic anhydride as the curing agent of epoxy resin to improve the
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curing rate at room temperature. Gholipour et al. [18] improved the thermal proper-
ties of epoxy resins by preparing polyamidoamine (PAMAM) dendrimer-curing
agents grafted with graphene oxide.

2.1.1.2 Aliphatic amine-curing agent

The amount of aliphatic amine-curing agents in various curing agents is second only
to polyamide because most are liquid and have good miscibility with epoxy resin. Epoxy
resin can be cured at room temperature. Modifying the aliphatic amine-curing agent
can effectively improve the mechanical properties of epoxy resin. For example, Patel
et al. [19] brominated unsaturated castor oil, which was the main raw material, and
reacted the resulting material with excess aliphatic diamines, such as ethylenediamine,
1,3-propanediamine and 1,6-hexanediamine, to obtain an amino-functionalised castor-
oil-curing agent to improve the mechanical strength of epoxy resins. Wan et al. [20]
synthesised a novel low-volatility star aliphatic polyamine with extremely high-NH,
functional groups as the curing agent of bisphenol A diglycidyl ether epoxy resin. The
novel curing agent has a high reaction activity, and the reaction has autocatalytic proper-
ties. Additionally, compared with linear propylene diamine, it can significantly increase
the crosslinking density and glass transition temperature (Tg) of the cured epoxy resin.

2.1.1.3 Alicyclic amine-curing agent

Alicyclic amines are amine compounds containing alicyclic rings. The alicyclic
amine-curing agent has many spatial conformations and good flexibility. Most alicy-
clic amines are low-viscosity liquids with long pot life and excellent chroma and gloss.
Alicyclic polyamine compounds are widely used as curing agents for epoxy-resin
adhesives and other structure adhesives because the molecular structure contains
alicyclic rings (five-membered or six-membered rings) with higher stiffness and bet-
ter stability. Xu et al. [21] used alicyclic polyamines and acrylonitrile to synthesise the
curing agent to improve the bonding strength of epoxy-resin-based adhesives.

2.2 Heat-resistant modification of ERAs

ERAs can withstand high temperatures up to 175°C and are compatible with all com-
mon reinforcement materials. A higher-temperature-resistant ERA can be essentially
applied in many fields. In addition to having high-temperature-resistant properties, it
can also show strong properties in many aspects, such as high-temperature-resistant
epoxy. It has excellent mechanical properties, relatively outstanding strength and has
good corrosion resistance and insulation properties [22, 23]. Therefore, research on
high-temperature-resistant ERA is extremely necessary. There are two main measures
in implementing the modification of high-temperature ERA. The first measure entails
introducing new structures into the epoxy resin itself to improve its high-temperature
properties. The second measure is blending or co-polymerisation to modify the high-
temperature epoxy resin.

2.2.1 ERA itself introduces a new structure to improve its high-temperature
resistance properties

The modification treatment of high-temperature-resistant ERA is mainly per-
formed to promote the structure of ERA to be changed to a certain extent. It is more
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common to improve the high-temperature resistance effect by introducing new
structures. This method for introducing a new structure through the epoxy resin also
involves many types of processing in actual implementation. For example, the effec-
tive use of multifunctional structures can promote the formation of ring structures
[24]. The functionality of the epoxy-resin structure increases, which can promote
the stability and cross-linking density of the corresponding structure and finally
effectively enhance the high-temperature resistance of the epoxy resin. Furthermore,
introducing rigid groups that have a good high-temperature resistance effect can
promote the epoxy resin to show excellent performance, such as benzene ring, fused
ring and biphenyl are some of the more commonly used rigid groups [25]. Moreover,
Bismaleimide and epoxy resin may form an interpenetrating network or two-phase
system during the polymerisation process, which improves the toughness and heat
resistance of the epoxy resin [26].

Luo etal. [27] modified bisphenol A epoxy resin with bismaleimide and
4,4'-diaminodiphenylsulfone to produce a two-component high-strength bis-
maleimide modified epoxy-based adhesive with high cross-linking. The viscosity
of the adhesive gradually decreases as temperature increases and can maintain
good mechanical properties and storage stability. Cheng et al. [28] used 2,7-dihy-
droxynaphthalene and epi-chlorohydrin as raw materials to synthesise an epoxy-
resin-based adhesive containing a naphthalene ring structure. Also, Yang et al. [29]
used 1-naphthol and dicyclopentadiene as the main raw materials to synthesise an
ERA containing naphthalene ring and dicyclopentadiene structure. The results show
that the ERA has a higher heat resistance than the bisphenol A epoxy resin.

2.2.2 Modlification of high-temperature-vesistant ERA by blending or
co-polymerisation

The blending and co-polymerisation methods can effectively and mainly help
select an ideal material and ERA for effective combination to ensure greater high-
temperature-resistant properties. Combined with the specific application and imple-
mentation of these methods, the requirements for specific blended or co-polymerised
materials are relatively strict [6]. For example, the appropriate use of heat-resistant
polymers, nano-materials and silicones can achieve ideal modifications. The treatment
effect improves the heat resistance of the epoxy resin; besides, it can also guarantee
its toughness or strength to be ideally optimised. Zhang et al. [30] modified ordinary
bisphenol A epoxy resin with organic silicon active intermediates, added nitrile-40
and nano-TiO; active fillers to toughen and strengthen the resin. The results showed
that the modified ERA that could be cured at room temperature, used for a long time
at 250°C and can withstand 300°C for a short period has been developed. Hu et al.
[31] used polymethyltriethoxysilane (PTS) to react with a synthetic phosphorus-con-
taining silane coupling agent in a certain ratio to modify the bisphenol A epoxy resin.
The modified ERA retained its tensile strength. However, the Tg, high-temperature
thermal stability, impact strength and limiting oxygen index (LOI) were all improved.
Ramirez et al. [32] combined epoxycyclohexyldimethylsilyl with the curing agent
4,4'-(1,3-phenylene diisopropylidene) diphenylamine after coordination. Due to the
dispersion of the heat-resistant epoxycyclohexyldimethylsilyl in the ERA, the silicon
oxide compound formed during the thermal decomposition process deposited on the
surface of the unburned polymer, partially forming a protective layer, slowing down
the heat transfer to a certain extent and inhibiting the flammability as the gas volatil-
ises, thereby preventing the mixture of flammable gas and oxygen.
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2.3 Toughening modification of ERAs

ERAs are cost-effective and have simple moulding and processing methods,
low chemical shrinkage after curing, good chemical stability, excellent mechanical
properties and good bonding properties [33]. However, due to several epoxy groups,
the cured structure has a high chemical cross-link density, low-molecular chain flex-
ibility and high internal stress, resulting in greater brittleness, poor impact resistance
and fatigue resistance of the ERA. It limits its application and development in some
high-tech fields that require high durability and reliability.

ERA has good compatibility with rubber and other elastomers. After the rubber is
dissolved in the uncured epoxy-resin matrix, the ERA undergoes a curing reaction,
separates from the rubber and is dispersed in the resin to form a ‘sea island’ structure,
thereby improving the toughness of the epoxy resin [34]. The rubber molecules
containing no reactive groups cannot react with epoxy resin and will precipitate out
during curing, which has a toughening effect. However, if excessively added, it weak-
ens the adhesion of the bonding interface. Therefore, rubber molecules with active
groups are generally used to modify and toughen epoxy resins. Carboxyl-terminated
liquid nitrile rubber (CTBN) and amino-terminated liquid nitrile rubber (ATBN)
have been widely mixed with epoxy resins to improve their toughness. For example,
Wang et al. [35] used CTBN and ERA to prepare a structural adhesive with high shear
and excellent peel strength. Meanwhile, to adapt to the application in different fields
and improve the toughness of the cured ERA, flexible segments are often introduced
into the curing agent to control its physical and chemical properties. Lou et al. [36]
used dendritic polyester polyol as the branching unit and toughening segment and
imidazole-terminated diisocyanate as a functional group to synthesise a functional
toughening-curing agent to improve the toughness of ERAs. In the initial curing
stage, several secondary hydroxyl groups react with the isocyanate groups to form a
dendritic epoxy structure, and the bisphenol A epoxy molecule acts as a long-chain
polyol to react with the dendritic epoxy structure. Simultaneously, the epoxy group
opens a ring to form a secondary hydroxyl group and continuously reacts with the
isocyanate group in the cross-linking structure. Furthermore, NH- existing in the
carbamate reacts with the epoxy group, thereby obtaining an epoxy resin-curing
cross-linking system with a 3D dendritic cross-linking structure. Thus, the toughness
of epoxy resin has been greatly improved. Meanwhile, Zheng et al. [37] studied the
toughening effect of nano-SiO, on cycloaliphatic epoxy systems. They used nano-
silica to improve the toughness of cycloaliphatic ERA. The coupling agent y-glycid
oxypropyltrimethoxysilane (KH-560) was used to modify the surface properties of
Si0,. The results show that adding nano-SiO, effectively improves the toughness and
thermal stability of the cycloaliphatic ERA.

2.4 Flame-retardant modification of ERA

ERAs have been widely used due to their excellent properties [38]. However, the
conventional ERA is formed from reacting bisphenol A and epi-chlorohydrin [39].
It is flammable when cured, which could cause a high fire risk when ERAs are used
in certain applications, such as printed manufacture, furniture, aircraft and train
interiors [40]. Serious consequences could occur due to the high release rate of heat
and smoke accompanied by the combustion of epoxy resins. Therefore, it is very
important to enhance the flame retardancy of ERA for expanding their application in
this field. Many studies have reported improving the flame retardancy of epoxy resins
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via structural modification or adding various flame retardants [41, 42]. Structural
modification introduces the elements with flame-retardant functions into the molec-
ular structure of ERAs. The representative of structural modification is brominated
ERA, which is the reaction product of epi-chlorohydrin and brominated bisphenol
A, such as tetrabromo diphenylolpropane. The brominated ERA has an outstanding
flame ignition resistance, whereas the bromine content is ~18-20% in the finished
adhesive. When the product is thermally decomposed at the temperature generated
in the fire, it will release acid halide gas, which protects the product from fire. These
halide gases act as extinguishers to significantly increase the ignition temperature

of the cured ERA. The addition of flame retardants in ERA shows good properties,
such as simple processing, low cost, wide source of raw materials and obvious flame-
retardant effect. It is one of the most popular strategies for flame-retardant modi-
fication of ERA. Flame retardants could be an integral part of the ERA by reacting
chemically with the polymers or simply mixed with the ERA without any reaction.
All kinds of flame retardants work by acting chemically and/or physically either in
the vapour phase and/or condensed phase to interfere with the combustion process
during heating, pyrolysis, ignition or flame spread [43]. The types of flame retardants
and their operating characteristics are described as follows [38]: (1) char formers:
usually, phosphorus compounds, which remove the carbon fuel source and provide
an insulation layer against the fire’s heat. (2) Heat absorbers: usually metal hydrates,
such as aluminium trihydrate (ATH) or magnesium hydroxide, which remove heat
by evaporating the water in their structure. (3) Flame quenchers: usually, bromine-
or chlorine-based halogen systems that interfere with the reactions in a flame. (4)
synergists: Usually, antimony compounds, which enhance the performance of the
flame quencher. The flame-retarding action of ERA could be divided into physical
and chemical actions. Physical action includes cooling, barrier action via the formed
protective layer and fuel dilution. For the cooling action, flame retardants absorb
the heat when they decompose, and the endothermic decomposition may consume
the released heat from the combustion of ERA, then the burning adhesive is cooled.
Generally, most inorganic-hydrated compounds, such as aluminium and magnesium
hydroxides, may play a role via this mode. For the barrier action, the decomposi-
tion products of some flame retardants shield the surface of the adhesive and form

a protective layer that may act as a barrier to resist oxygen and the produced heat.
Consequently, the burning process is difficult to sustain. For fuel dilution, some flame
retardants may release water vapour, carbon dioxide, or other inert gases, thereby
decreasing the concentration of free radicals and combustible gases in the burning
adhesive. Chemical action includes gas-phase and condensed-phase reactions. The
gas-phase reaction mechanism is generally regarded as the interruption of the chain
reaction of the ERA structural system during burning. The flame retardant that pro-
vides the flame-retarding action via the gas-phase reaction action may capture free
radicals to decrease the concentration of free radicals than the combustion threshold
and then prevent or delay burning, in which halogen-containing flame retardants are
the most representative. During burning, the halogen-containing flame retardants
release the hydrogen halide, which may react with the free radicals formed during
burning to inhibit the combustion of substrates. For the condensed-phase reaction,
the flame retardant that provides the flame-retarding action via the condensed-phase
reaction may promote the formation of a carbonised or vitreous layer by cross-
linking, aromatising, catalytic dehydration of polymers or reacting with the ERA. In
this flame-retardant mode, intumescent flame retardants may form an intumescent
char layer by some chemical reactions during burning, and generally, the formed char
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layer may promote the barrier action and improve the flame retardancy of the ERA.
Furthermore, some flame retardants can accelerate the rupture of the chains of the
ERA, and several droplets are produced under this condition. Then, a large amount of
heat may be taken away when these droplets move away from the burning zone [44].
Flame retardants can be classified into several families, including halogen-based com-
pounds, phosphorus-based compounds, silicon-based compounds, nano-composites
and metal-based compounds. Among them, halogen-based and phosphorus-based
flame retardants are widely used.

For halogen-containing flame retardants, the flammability of ERA can be greatly
reduced by incorporating a halogen into the molecule. The best known are the
halogen-containing ERAs based on chlorinated, brominated and fluorinated bisphe-
nol A. They often comprise blends of two or more epoxy-resin systems, one of which
is a halogenated resin, and the other of which perhaps contains a halogenated curing
agent, such as chloric anhydride. These halogen-containing ERAs have been devel-
oped over decades and are still used widely due to the obvious advantages of low cost,
processability, miscibility and low reduction in physical/mechanical features of the
flame-retardant systems. Halogen-containing flame retardants function by liberat-
ing acid halide gases as the product thermally breaks down at the high temperatures
incurred in a fire. These halide gases act as extinguishers to significantly increase the
ignition temperature of the cured ERA. The mechanism of these flame retardants is
the release of hydrogen halides (HCI and HBr) during the thermal decomposition
of the ERA. The chemical reaction during burning is a free radical chain reaction,
and the continuous growth of free radicals is important for maintaining the burning
process for the ERA. Several chemical halide intermediates form during the burning
of ERAs. These halide species are carried into the flame front of the burning polymer
where they inhibit key free radical reactions of combustion. This inhibition results in
flames becoming unsteady and extinguishing and lowers the release of heat overall
[10, 11]. Generally, alicyclic or aliphatic halogen-containing flame retardants are
more efficient than aromatic halogen compounds. Alicyclic or aliphatic halogen-
containing flame retardants burn at low temperatures for most polyolefins because
of lower carbon-halogen bond energies and easier halogen release [45]. Beach et al.
[46] synthesised brominated polybutadiene-polystyrene (BrPBPS) flame retardant
from styrene-butadiene-styrene triblock architecture by bromination. The BrPBPS
flame retardant contains similar aliphatic bromine as in hexabromocyclododecane,
but with a higher-molecular-weight structure. It provides similar flame-retardant
activity as hexabromocyclododecane in polystyrene blends, where both release HBr
to provide the gas-phase activity. Both also provide enhanced ERA degradation as
another major pathway for condensed flame-retardant activity. Jiang et al. [47] added
BrPBPS into epoxy asphalt adhesive to enhance its flame resistance. Meanwhile, the
Tg of the epoxy asphalt adhesive was notably enhanced with the inclusion of BrPBPS.
Wu et al. [48] synthesised liquid-oxygen-compatible bromine-containing ERA by the
polycondensation of tetrabromobisphenol A and epoxy resins. The bromine element
was introduced into the ERA to improve the liquid oxygen compatibility and enhance
flame retardancy. The results showed that limiting oxygen index increased drastically
when the bromine content was increased from 0% to 21.20%.

Phosphorus-containing flame retardants are identified as one of the most promis-
ing halogen-free flame retardants [49, 50] since they possess excellent properties,
such as low-smoke emission, low toxicity, form a stable carbonised layer after burn-
ing effectively [44, 46, 51, 52] and are environmentally friendly [35]. For preparing
organophosphorus epoxides-based adhesive, three general methods were employed.
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First, the condensation of 1-chloro-2,3-epoxypropane and organophosphorus com-
pounds containing two or more hydroxyl groups. Second, the Michaelis-Arbuzov
reaction of phosphites with 1-halogeno-2,3-epoxypropanes. Finally, the epoxidation of
tertiary phosphine oxides by peroxy acids [53]. Phosphorus-containing flame retar-
dants can be generally classified into three categories: (1) simple reactive phosphate
monomers; (2) linear polyphosphazenes; (3) aromatic cyclic phosphazenes. They may
be integrated into the ERA chains through co-polymerisation, homo-polymerisation,
surface modification or blending; simple inorganic or organic additives are excluded
[25, 53-55]. During the burning of ERAs, most of the current phosphorus-containing
flame retardants may act simultaneously in the condensed and gaseous phases [56]. In
the condensed phase, phosphorous-containing flame retardants can make the amount
of carbonaceous residue or char, which acts as the thermal insulation, and a barrier of
oxygen to transfer to the burning adhesive increase. Afterwards, a carbonised layer

is formed. The carbonised layer prevents further pyrolysis of the corresponding ERA
[57]. In the gaseous phase, some phosphorus-based additive flame retardants may
produce several free radicals during the thermal decomposition process, and they may
react with the free radicals which are generated from the ERA. Then, the free-radicals-
supported combustion of polymers might be stopped due to the lack of fuel [58-60].
Wazarkar et al. [61] synthesised phosphorus—sulphur-containing di and tetra func-
tional carboxyl curing agents and used them in preparing high-performance ERA and
coating. The anticorrosive and flame-retardant properties of the adhesives and coatings
were improved as the concentration of the flame-retardant-curing agents increased,
and they exhibited excellent mechanical and chemical properties and thermal stability.
Ma et al. [62] synthesised a phosphorus-containing bio-based ERA from itaconic acid
and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide. As the matrix, its cured
epoxy network with methyl hexahydrophthalic anhydride as the curing agent showed
comparable Tg and mechanical properties to diglycidyl ether in a bisphenol A system,
as well as good flame retardancy with UL94 V-0 grade during a vertical burning test.

3. Application of ERAs

ERA is often used mainly because it has the advantages of low-temperature curing,
good bonding performance and improved engineering efficiency. ERAs are usually
used for metal bonding, concrete bonding and wood adhesive.

3.1 Application of ERA for metals

Several studies have been conducted on the use of ERAs for metal bonding. In a
previous study, polyurethane 1,2-polyethylene oxide was first cured onto the metal
surface and then used 1,1-polyoxyethylene ether. The adhesive adheres the polyure-
thane resin material to the metal [63]. Subsequently, another study prepared a novel
high-temperature curing epoxy adhesive using polysulfone as a raw material. Studies
have shown that the tackifier resin accelerates the bonding of ERA and steel and
promotes the bonding and vulcanisation of fluorine rubber [64]. Uehara et al. [65]
prepared a monolithic ERA layer with a porous structure on the surface of a stainless
steel (SUS) plate through a polymerisation-induced phase separation process, as a
mediator for bonding SUS and various thermoplastic resin plates. The research results
show that the bond strength of the apparent bond area between SUS and ERA is two
to three times higher than those for direct metal-resin bonding.
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3.2 Application of ERA for concrete bonding

Concrete is the most widely used worldwide building material. Traditional
cement is used as a binding material for concrete. Cement concrete also has some
shortcomings, such as low tensile and flexural strength, high porosity, low durabil-
ity and abrasion resistance and longer solidification time. The mechanism of epoxy
concrete is such that ERA forms a 3D structure through cross-linking in the com-
bination of masonry mortar and concrete [66]. Afterwards, the ERA particles are
dispersed into the system. Then, a part of the adhesive particles settle on the surface
of the aggregate particles and participate in the cross-linking reaction. Finally, the
ERA particles form a cured network structure, and the aggregates are bonded in the
cured epoxy network structure. In ERA/mortar/concrete composites, the adhesive
network forms a bridge between aggregates, so that the epoxy-based composites
have higher mechanical properties and impermeability [67]. Also, it was found
that the resin bond concrete has great advantages in the manufacture of machine
tool beds. Kim et al. [68] studied ERA as the matrix material of resin concrete. The
reinforced aggregate of resin concrete comprises pebbles and sand. The results
showed that when the mass fraction of resin in the resin concrete is 7.5%, the
thermal expansion coefficient of the resin concrete is the same as that of cast iron.
In this case, the specific heat of resin concrete is 63% larger than that of cast iron.
Beutel et al. [69] added epoxy resin-based adhesive concrete and coarse aggregate
to the mixture and found that adding the aggregate did not affect the strength of
the mixture. Additionally, the specimens exhibited much higher tensile and flex-
ural strength than ordinary concrete, and the compressive strength was similar to
ordinary high-strength concrete.

3.3 Application of ERA for wood bonding

Lei et al. [70] modified soy protein isolate with a surfactant grafted with maleic
anhydride and blended with epoxy resin to prepare wood adhesives with higher bond-
ing strength and good water resistance. Zhang et al. [71-73] prepared wood adhesive
with good water and heat resistance by the co-polycondensation of tannin or lignin or
starch with furfuryl alcohol and blending with epoxy resin. After bonding with wood,
the adhesive was cured at high temperature under pressing to prepare a wood-based
panel. After testing, the material showed good shear strength.

4, Conclusions

Although research activities on modifying ERAs have greatly progressed, several
problems still need urgent resolution. For example, most of the toughening methods
of ERAs are at the expense of the rigidity and strength of the modified product, and
it is difficult to increase the toughness and strength of the ERA simultaneously. The
ERA modified with rubber or nano-particles, due to the large specific surface area of
nano-particles or rubber, is very easy to agglomerate. Therefore, how to uniformly
disperse it in the ERA system to obtain a reinforced and toughened high-performance
ERA remains an important research topic. Therefore, the future development direc-
tion of ERAs should be towards low-temperature fast curing, high performance,
green environmental protection and multifunctional development. ERAs have
developed in a more stable, safe and scientific direction.
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Chapter 6

Epoxy Composites for Radiation
Shielding

Hayriye Hale Aygiin

Abstract

Due to the increase in use of radiation energy in many industrial applications,
radiation shielding has become a crucial topic in order to diminish its hazardous
effects. Radiation shields can be of various weights depending on the materials from
which they are produced and the area in which they are used. In this sense, polymer
composites have taken attention by researchers because it is aimed to obtain shields
with good processability, sufficient flexibility, low weight, and subsequent perfor-
mance properties. Epoxy resin is one of the mostly used synthetic polymers asa
matrix element in composite material production due to its improving characteristics
by means of electrical insulation, chemical resistance, service life, bonding character-
istic, and mechanical properties. Besides, epoxies have intermediate radiation shield-
ing characteristics as well. By loading epoxy matrix with fibers and/or fillers having
different radiation absorption rates or mechanical resistance properties, multifunc-
tional shields can be produced to serve in numerous applications. This chapter focuses
on radiation shielding efficiency of fiber-reinforced epoxy composites and the role of
fillers and fiber-based materials on manufacturing of functional radiation shields.

Keywords: composite, epoxy resin, fiber, filler, radiation, shielding

1. Introduction

For protecting humans and the environment from the hazardous effects of radia-
tion, various forms of shields have been used in different fields in which radiation
has been utilized. Shielding materials manufactured from lead, stainless steel, and
concrete are heavy and rigid structures and also not resistant to corrosion. These
structures have been generally used as blocks for shielding against radiation and
have not sufficient flexibility and comfort properties in order to be used in shielding
garments (Figure 1). Therefore, researchers have been focused on the manufacturing
of advanced materials with good shielding capability, lightweight, high modulus, and
mechanical properties. At this point, composite materials have taken the attention of
researchers due to manufacturing of a unique material from different materials with
dissimilar characteristics.

Epoxy polymer is one of the most important thermoset polymers used in com-
posite manufacturing due to its good wetting ability, low cure shrinkage, excellent
chemical corrosion resistance, good dimensional stability, high tensile, fatigue,
and compression strength. By courtesy of its use in composites, it contributes to
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Figure 1.
Types and penetration depths of radiation.

the properties of the whole composite by means of good mechanical strength,
high stiffness, excellent chemical resistance, flame retardancy, and high electrical
strength [1, 2]. Solid epoxy polymer is the output material obtained by reaction of
curing agent and liquid resin. There are various types of epoxy-based liquid resin
because the numbers of epoxide groups on its starting material can be variable.
Diglycidyl ether of bisphenol A (DGEBA) has two epoxide groups in its structure,
which is the most common starting material used in the manufacturing of epoxy-
based liquid resin. For solidification, liquid resin is treated with small amounts

of reactive curing agent and then a tridimensional network occurs as a result of
crosslinking. The use of different types of starting materials and reactive curing
agents results in various types of solid epoxy polymers with different characteris-
tics. Thereby, the properties of epoxy resin are given a range of values as it is seen
in Table 1. In case of being cured, the system exhibits brittle characteristic due

to crosslinking mentioned above, and this case causes incomparable decreases in
their relevant mechanical properties, especially in impact strength [3]. In addition
to crosslinking occurred by reaction between the curing agent and epoxy resin,
some additional structural changes are observed in case of irradiation of epoxy-
based system. The color of epoxy resin alters from transparent to yellow and resin
can be even degraded depending on exposing dose and starting material used for
manufacturing epoxy resin. Even so, epoxies are addressed as assuring matrix
elements with high radiation stability for composite manufacturing [4]. In order to
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Property Value
Density (gem™) 12-13
Tensile strength (MPa) 55-130
Tensile modulus (GPa) 2.75-4.10
Poisson’s ratio 0.2-0.33
Thermal expansion coefficient 50-80
Cure shrinkage (%) 1-5
Table 1.

Typical properties of epoxy resin at room temperature.

limit brittle characteristics and develop mechanical performance of epoxy-based
systems, epoxy resins should be reinforced with flexible materials.

High strength-to-weight ratio is one of the advantages of fiber-reinforced com-
posites. By increasing interactions between fiber and epoxy matrix, the resistance
of the whole composite to many destructive forces is improved. The improvement
can be successfully achieved by the incorporation of elastomeric/thermoplastic
phases or by adding organic/inorganic particles into epoxy resins [5-7]. Gojny et
al. dispersed carbon-based nanoparticles in epoxy resins and reported that frac-
ture toughness of produced composites effectively improved at low nanoparticle
concentration as well as stiffness [8]. In another study, carbon-based nanoparticles
lead to the development of flexural strength and modulus of the epoxy composite
[9]. There are numerous researches about the use of inorganic and organic particles
in reinforcement of epoxies and improvement of composite properties in different
ways [10-20].

2. Polymers and fillers used for radiation shielding

Polymers have been intensively used for fabricating radiation shields due to their
lightness, low cost, and elasticity [21, 22]. However, polymers behave differently
when they are irradiated. Under different radiation sources with variable frequency
rays, crosslinking, chain scission or degradation may be observed in a polymer chain
[23]. The behaviors of some irradiated polymers and classifications according to their
radiation resistance are given in Table 2.

In order to delay the degradation of polymeric structures and diminish the hazard-
ous effect of radiation on polymers, fillers are added to the structure during manu-
facturing process. The radiation shielding efficiency of a filler depends on its atomic
number and the atomic structure of filler is a crucial factor in order to fabricate
functional structures from polymer and filler for intended end-use. Fillers with high
atomic number are generally used for gamma radiation shielding (Table 3). However,
the use of fillers with low atomic number is preferable for neutron radiation shielding.
When considering that there are generally low atomic number elements in a polymer
chain, compatibility of polymer/filler combination has a significant effect on radia-
tion shielding efficiency of fabricated composite material [25]. Many researches have
been performed on the use of polymers [26-30] and fillers [31-33] for the manufac-
turing of radiation shields.
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Polymer Reaction when Exposure dose
irradiated Neutron Gamma
(neutron/cm?) (R)
Polymers with PTFE Chain scission 10" 10°-10°
very low radiation PMMA Chain scission 10" 10°
resistance . .
Butyl rubber Chain scission — 10
Polymers with PVC Chain scission or 10" 5*10"-10°
low radiation crosslinking and
resistance degradation
Cellulose acetate Chain scission 10™ -10% 5*10°
— 410
Phenol — 7*10" 107
formaldehyde
resins
PA Crosslinking 410" 107-5*10
Butadiene styrene Crosslinking 10°-10' 10’
rubber
Polymers with PE Crosslinking 107 10°
me.dium radiation PET Chain scission or 107-10" 108-2*10®
resistance crosslinking and
degradation
Epoxy Crosslinking 107 5*10°
Polymers with high Polystyrene Crosslinking 10"8-10% 5*10°
radiation resistance
Table 2.
Reactions and resistance of polymers against vadiation [23, 24].
Element Atomic number Density(gcm‘3) Absorption edge (keV)
Cadmium (Cd) 48 8.65 26.7
Tin (Sn) 50 7.30 29.2
Antimony (Sb) 51 6.69 30.5
Cesium (Cs) 55 1.87 26.0
Barium (Ba) 56 3.50 374
Gadolinium (Gd) 64 790 50.2
Tungsten (W) 74 19.30 69.5
Lead (Pb) 82 11.36 88.0
Bismuth (Bi) 83 9.75 90.5

Tab

le 3.

Comparison of some elements used in radiation shielding [34].

3. Filler loaded epoxy composites for radiation shielding
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There are many attempts for improving the shielding characteristics of epoxy or
other polymer matrix with elemental particles. The researchers observed effects of
particle loading via numerous trials by means of minimizing particle size, doping
matrix with different particle concentration in weight, exposing composite specimens
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to different radiation sources, analyzing microstructural changes under different
radiation doses, and testing failure mechanism of composites. Radiation shielding
properties of epoxy-based composite panels were tested by Al-Sarray et al. Epoxy
resin was loaded with different barite concentrations of 0—50 wt %, and the linear
attenuation coefficient of fabricated composites was tested by Co®® and Cs'” radioac-
tive sources. Radiation shielding efficiency improved with the increase in barite con-
centration [35]. Ergin et al. compared the effects of lead oxide and barium oxide on
the radiation shielding performance of epoxy composites. They reported that gamma
radiation performance handled by lead oxide/epoxy composites could be obtained by
the addition of barium oxide but the weight percentage of barium oxide must be two
times more than lead oxide addition. Besides, addition of barium oxide at 40 wt % in
epoxy resin exhibited better radiation shielding performance than gadolinium oxide/
epoxy composites, concrete, and steel [36]. Li et al. dispersed micro- and nano-gad-
olinium oxide particles into epoxy matrix and evaluated both mechanical properties
and radiation shielding characteristics of fabricated composites. Gadolinium oxide
addition enhanced shielding characteristics due to dominating photoelectric effect
of the gadolinium element. Nano-gadolinium oxide/epoxy composites exhibited
better X-ray and gamma shielding characteristics and had similar flexural strength
but higher flexural modulus with those of micro-gadolinium oxide/epoxy composites
[37]. More et al. determined radiation shielding parameters of metal chloride/epoxy
composites. Doping epoxy resin with higher weight ratios of metal chloride lead to
increase in attenuation parameters of epoxy composite and test results were compa-
rable with those of pure lead metal [38].

Mechanical properties, structural characteristics, and gamma shielding efficiency
of epoxy composites were reported by Alavian et al. Epoxy resin was doped with
inorganic nanoparticles such as lead, zinc, zinc oxide, titanium, and titanium oxide.
Increasing nanoparticle loading enhanced shielding efficiency. 25 wt% Pb/epoxy
nanocomposites showed better shielding properties but low mechanical strength than
those of their counterparts [39]. Degradation of epoxy composite by high-frequency
rays was investigated by Saiyad et al. They fabricated three different composite materi-
als by loading graphite, boron nitride, and lead into epoxy resin. They irradiated epoxy
composites by Am-Be neutron sources. They reported that linear absorption coef-
ficients of composites were strictly dependent on the dispersion of filler and the highest
shielding performance was observed in graphite/epoxy composites [40]. Aldhuhaibat
et al. examined gamma radiation shielding performance of pure epoxy resin and epoxy-
based nanocomposites with aluminum oxide or ferrium oxide nanopowder at different
concentrations of 10—15 wt %. Specimens were irradiated by Cs"(1.05 kBq with single
gamma-ray emission energy of 0.662 MeV) and Co®® (74 kBq with two gamma-ray
emission energies of 1.173 and 1.333 MeV) radioactive sources and linear attenuation
coefficients of specimens were measured by Nal detector. They claimed that epoxy
nanocomposites were potential gamma radiation shields with improved characteristics
[41]. Another study was performed by Azman et al. Nano-sized tungsten oxide/epoxy
composites had higher attenuation properties at 22-35 kV X-ray tube voltages used
in mammography and radiography units. The particle size of tungsten was found as
negligible by means of transmitted beam intensity at 40—120 kV tube voltages [42].
Cheng et al. studied the radiation degradation mechanism of tungsten/epoxy com-
posites. They tested composites specimens under different activities of Co® sources.
Loading with tungsten improved shielding characteristic of composites. However,
measurements showed that an increase in radiation dose caused a decrease, then a slight
increase and a sharp decrease in thermal and mechanical properties of composites [43].
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4. Modification of epoxy resin with fibers/fillers for radiation shielding

In recent years, studies performed on radiation shields have focused on develop-
ing failure mechanisms and decreasing the weight of shield for supplying personal
comfort. For this goal, researchers offered dissimilar alternative shields by studying
various polymeric matrices with different fillers. Kim observed the effect of particle
size and dispersibility of tungsten particles on radiation shielding performance of
samples. For this aim, three types of tungsten-loaded HDPE shields were manufac-
tured with identical thickness and sizes by doping nanoparticles, microparticles,
and their mixture. It was claimed that sufficient protection was handled against low
dose exposure notwithstanding particle size. But nanoparticle loaded HDPE sheets
were more resistant to high-energy radiation. The shielding sheets produced with a
mixture of different particle sizes of tungsten showed similar shielding performance
as microparticle tungsten-loaded sheets [44]. Manufacturing and radiation shielding
properties of nano gadolinium oxide/PMMA composites were searched by Shreef
and Abdulzahara. Composite shields were fabricated with varying concentrations
of gadolinium oxide (10—40 wt %). The thickness of composites was measured and
shielding performance was tested with Co® and Cs' radiation sources. Test results
showed that increasing nanoparticle concentration lead to an increase in thickness
and improvement in attenuation coefficient but a decrease in half-value layer values
of epoxy composites [45]. Zheng et al. fabricated S-glass fabric/epoxy composites
with a ratio of 1:1. Composites were irradiated by Co®® source and the effects of
irradiation on properties of composites were compared. They claimed that gamma-
ray irradiation caused negligible damage on S-glass fiber and possible degradation
on epoxy resin. By increasing the exposing dose of gamma radiation, the color of
composite altered from yellow to brown and tensile strength of composite reduced
gradually. However, composite preserved its thermal and dimensional stability
and exhibited excellent thermal conductivity after irradiation [46]. Li et al. tried
to produce a novel radiation shielding composite with high mechanical strength.

For this aim, they fabricated erbium oxide-loaded basalt fiber/epoxy composites by
prepreg autoclave process and test shielding performance of composites by expos-

ing them to X and gamma rays. They claimed that basalt fiber/erbium oxide/epoxy
composites had high mass attenuation coefficient than aluminum at low photon
energies ranging from 31 keV to 80 keV [47]. The fracture toughness of carbon fabric/
epoxy composites was investigated by Phong et al. They produced micro/nano-sized
bamboo fibrils and dispersed these fibrils into epoxy matrix. They reported that
matrix cracking was delayed, crack growing was reduced, and fracture toughness of
composites was improved [48]. Haque et al. reinforced epoxy matrix with layered
nano silicate particles at very low concentrations (1 wt %) and claimed that flexural
strength, toughness, decomposition temperature, and interlaminar shear strength

of S2-glass/epoxy composites were improved due to enhanced fiber/matrix adhesion
and reduced residual stresses [49]. Recycled PET fibers were used to mimic marble
material. Nguyen et al. modified calcium carbonate particles with stearic acid in order
to enhance compatibility between epoxy resin and calcium carbonate. They fabricated
composites by positioning a single layer of recycled PET fiber mat in the core and by
coating the front and backside of PET mat with epoxy/calcium carbonate mixture.
They concluded that flexural properties, impact resistance, and thermal stability of
epoxy composites were improved [50]. Saleem et al. presented an empirical approach
and compared radiation shielding of lead nanoparticles loaded epoxy composites with
glass or carbon fiber. The results showed that lead nanoparticles improved shielding
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characteristics and lead to an increase in mass attenuation coefficients of composites.
Mass attenuation coefficients were 0.2145 cm*/g and 0.2152 cm®/g for carbon and
glass fiber reinforced epoxy composites at lead nanoparticle concentration of 50 wt%.
But half-value length of epoxy composite with glass fiber was reported as 1.431 cm,
which was lower than epoxy composites with carbon fiber (1.756 cm) [51].

Effects of radiation on neat epoxy resin and carbon fiber/epoxy composites were
studied by Hoffman and Skidmore (2009). Front and back surfaces of plain woven
carbon fabrics were treated with epoxy/hardener mixture (2:1). Prepared composites
were exposed to mechanical and thermal testing and also analyzed by means of
microstructural properties and radiation characteristics. After being irradiated, there
were no remarkable changes in mechanical resistance of composites but significant
variations were observed in thermal properties, spectroscopic analysis, and hardness
value of neat epoxy samples as a result of gamma radiation [52]. Zhong et al. exam-
ined the cosmic radiation shielding properties of hot-pressed UHMWPE/nano-epoxy
composites and they concluded that epoxy composites with the combination of con-
tinuous fibers such as UHMWPE and/or graphite nanofibers found as multifunctional
hybrid systems by means of good structural properties, cost-effectiveness, and high
radiation shielding performance [53]. In another study, UHMWPE/epoxy composites
were fabricated by Mani et al. and test results showed that composites containing
gadolinium and boron nanoparticles had good neutron shielding performance [54].
Condruz et al. suggested coating carbon/epoxy composites with different types of
functional materials such as tantalum foil, babbitt and Monel for protecting hazard-
ous effects of proton radiation. They impregnated 2 x 2 twill woven carbon fabric
into epoxy resin and then coated polymeric substrates with zinc, Babbitt or zinc/
Monel particles by thermal spray technique. They concluded that the coating process
reduced penetration depth of ion beam and produced composites were lightweight
shields for proton radiation [55]. The effects of hybridization on mechanical, thermal
and radiation shielding efficiency of composites were also examined and reported by
Zagaoui et al. They blended epoxy resin (90 wt%) with benzoxazine resin (10 wt%)
and reinforced bicomponent matrix with silane-treated glass and basalt fibers.
Hybridization of different types of resins developed mechanical and thermal proper-
ties and excellent shielding characteristic was gained by integrating hybrid fibers into
bicomponent matrix system [56].

5. Conclusion

Heavy concretes, lead plates, and stainless steel blocks or plaques are known as
conventional radiation shielding materials but they are heavy and not suitable for
individual protective equipment. Polymers are functional lightweight materials but
do not supply adequate protection on their own. Thereby advanced radiation shields
should be fabricated by the composition of polymer-based materials and substances
with high radiation shielding activity. At this point, material selection has crucial
importance on the efficiency of protection by which radiation source it is irradiated.

The destructive effect of radiation on the material is related to the type of radia-
tion source, exposing dose rate, exposure period, radiation absorption rate of material
and strength of interbonding forces between components if a composite material
is used. By taking into consideration the advantages introduced with composite
manufacturing, the destructive effect of radiation can be limited by a combination
of materials with high attenuation rates. At this point, the shielding efficiency of
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composite material depends on how components in a composite behave in case of
irradiation. Epoxies, the mostly used matrix elements in composite manufactur-

ing, exhibit physical changes such as color transition and low shrinkage percentage
and mechanical changes such as a decrease in flexural and impact strength due to
crosslinking when they are irradiated. Despite these changes, they are known as
reliable materials for being used as matrix elements in radiation shielding. Undesired
physical and mechanical changes observed in irradiated epoxies tried to be eliminated
by fiber and/or filler loading for handling effective radiation shields with long life.
Fiber addition into epoxy matrix causes an increase in hardness, fracture toughness,
impact resistance, flexural strength and modulus, and also consistency in dimen-
sional stability and thermal properties with respect to neat epoxy. However, loading
fillers into epoxy matrix outputs composite material with inconsistent mechanical
and thermal properties, especially in heterogenic filler dispersion and inappropriate
particle size. Modification of epoxy with fillers having high radiation absorption rate
develops radiation shielding efficiency of the whole composite but not mechanical or
thermal characteristics for long-term use of composite. Thereby epoxy-based com-
posites, which are designed to be used for radiation shields, should contain both fillers
and fibers. Epoxy-based radiation shields serve as effective protectors in the case of
reinforcing with fiber-based structures and fillers having high radiation absorption
rate and photoelectric properties.

Fiber and filler reinforced epoxy composites are functional engineering materi-
als and compete with some conventional radiation shields by means of strength and
modulus properties per unit weight. The functionality is improved by proper fiber/
matrix combination, high interfacial bonding between these constituents, functional
additive/filler loading, modification of fiber surface with an appropriate sizing agent,
well-dispersed nano-sized filler addition, and suitable manufacturing technique. In
this way, epoxy composite serves as a unique shielding material for which goal it is
fabricated and in which field it is intended to be used. Moreover, there is a need to
figure out the best alternative to be used in medical diagnostics and nuclear industry.
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