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Abstract

The incorporation of nanomaterials in polymer matrix is considered to be a highly effective
technique to improve the mechanical properties of resins. In this paper the effects of addition
of different nanoparticles such as single-walled CNT (SWCNT), double-walled CNT
(DWCNT), multi-walled CNT (MWCNT), graphene, nanoclay and nanosilica on fracture
toughness, strength and stiffness of epoxy matrix have been reviewed. Young’s modulus
(E), ultimate tensile strength (UTS), mode | (Gc) and mode Il (G,c) fracture toughness of the
various nanocomposites at different nanoparticle loadings are compared. The review shows
that depending on the type of nanoparticles, the integration of the nanoparticles have a
substantial effect on mode | and mode |l fracture toughness, strength and stiffness. The
critical factors such as maintaining homogenous dispersion and good adhesion between
matrix and nanoparticles are highlighted. The effect of surface functionalization, its relevancy
and toughening mechanism are also scrutinized and discussed. A large variety of data
comprising of the mechanical properties of nanomaterials toughened composites to date
have thus been compiled to facilitate the evolution in this emerging field and the results are
presented in maps showing the effect of nanoparticles loading on mode | fracture toughness,
stiffness and strength.

Keywords: Fracture toughness; Mechanical properties; Carbon nanotubes; Graphene;
Nanoclay; Nanosilica; Epoxy.
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1.0. Introduction

Considered as a very adaptable material, epoxy resins are currently being used at the
forefront of many engineering applications, from composite wind turbine blades in the
renewable energy sector to the highly complex structural parts of aeroplanes [1, 2, 3, 4, 5,
6]. Developed in 1960 [7], the diglycidyl ether of bisphenol A (DGEBA) is the epoxy resin
commonly used by most researchers. They are also extensively being employed as
engineering adhesives and matrix for fibre reinforced plastics (FRP) due to their highly
beneficial properties such as high adhesion strength and good process ability. The uncured
epoxy resins have only poor mechanical, chemical and heat resistance, by reacting the
linear epoxy resin with suitable curatives three-dimensional cross-linked thermoset
structures can be obtained [1].This is ideal for the mechanical and thermal properties,
resulting in high modulus, failure strength and great bonding for many industry applications
[8, 9].

However, there are few drawbacks which points to highly unsatisfactory properties; a higher
cross-linked density contributes to lower fracture toughness which restrict their applications.
A number of researchers [10, 11, 12] have concluded that high cross-link density will
decrease the fracture toughness of pristine epoxies due to internal stresses induced during
curing of epoxy. In a high cross-link epoxy resistance to crack initiation is very low and void
growth due to plastic deformation being constrained.

These drawbacks can be overcome by modifying epoxy resins with integration of various
nanofillers as a second microphase, for advanced composite applications [13, 14, 15, 16].
The blending of epoxy resins with nanofillers is a step towards increasing the fracture
toughness of thermosetting polymers. With the existing benefits provided by resins such as
good stiffness, specific strength, low cure shrinkage, the performance of the epoxy can be
further improved by the use of fillers and engineered according to a unique application [17].
The emergence of nanocomposite has attracted great interest amongst researchers and the
research shows that the improvement of mechanical properties and toughness of materials
can be achieved by using highly prospective fillers.

The amalgamation of rubber along with other potential nanofillers dispersed in epoxy resins
[18, 19, 20, 21, 22, 23] have also been an area of interest for many researchers. It was
observed that there is a substantial increase in fracture toughness and ductility but on the
other hand, decreases the stiffness of the cured polymers [24]. Low modulus rubber particles
usually decrease the stiffness and thermal properties of polymer-based materials [25, 26].

The use of nanorubber as a second phase to reinforce epoxy has also been an area of
interest for many researchers. As highlighted by Zhao et al. [14], carboxylic nitrile-butadiene
nanorubber (NR) particles were incorporated in DGEBF epoxy resin to enhance its tensile
strength and fracture toughness. A similar study conducted by Dadfar et al. [27] using
carboxyl-terminated butadiene acrylonitrile (CTBN) demonstrated enhancement in the
fracture toughness properties of the resin.

Hydroxyl terminated polybutadiene (HTPB) [28, 29, 30] liquid rubber incorporated into epoxy
resin have been used in several case of studies in an attempt to improve the toughness,
strength and stiffness of nanocomposite. The properties of the resulting nanocomposite were
modified, leading to better performances.

The research of Tang et al. [31] was based on two different types of rubber namely the
phase-separation-formed submicron liquid rubber (LR) and preformed nanoscale powered
rubber (PR) particles, opted for the toughening mechanisms of epoxy composites. The
introduction of those particles allowed better mechanical properties to be achieved as well
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for the glass-transition temperature. The work of Chen et al. [32] focused on the mechanical
properties and toughening mechanisms of epoxy using polysiloxane-based core-shell
particles (S-CSR). It was found that the mechanical properties of the resulting
nanocomposite decrease whilst a significant improvement in the fracture toughness was
observed from 117 J/m? to 947 J/m? after the introduction of S-CSR into the epoxy resin.
The toughening mechanisms were mainly caused by cavitations of the particles which
followed by void growth.

Toughness is regarded as a crucial property in determining whether the resulting material is
appropriate for a specific application without fracturing [33, 34]. The toughening mechanisms
of epoxies [35] have been investigated with various effective approaches. For this purpose,
several types of nanomaterials are currently being used and tested; among the most
promising ones are carbon nanotubes (SWCNT, DWCNT, and MWCNT), graphene,
nanoclay and nanosilca.

The main aim of this paper is to provide a review on the mechanical properties including
fracture toughness performance of the epoxy resin modified by different nanomaterials.

A lot of works on processing of nanocomposites materials have been carried out by many
researchers [36, 37, 38, 39, 40]. Most of the reviewed data in this paper are based on
DGEBA epoxy matrix. In this paper the mechanical properties and fracture toughness
performance of numerous nanofillers were compiled to facilitate the development of
nanocomposite in this evolving field. The focused approach is based on the classification of
incorporating CNTs, graphene, nanoclay and nanosilica as nandfillers in the epoxy resin.

1.1. Epoxy

Toughening of epoxy resins [41] has been at the forefront of many research studies since
early 1980’s. Despite the numerous advantages that it offers such as excellent mechanical
properties and thermal stability [42, 43, 44], epoxy is fundamentally brittle due to its high
crosslink density. The deficiency in toughness properties is one of the key drawbacks in
spreading its use across numerous applications. A governing approach into increasing the
toughness of the latter was to add a second phase also known as micro-fillers or
nanoparticles, which activates during curing treatment process, able to trigger toughening
mechanisms during crack propagation. These materials exhibit high specific strength to
weight ratio, low density, high stiffness and high fracture toughness. The key objective of
reinforcing epoxies is to allow the desired properties to be tailored according to the
engineering needs whilst keeping the cost low.

The simplest epoxy is known as alpha epoxy or 1, 2-epoxy which consist of three-member
ring structure [31]. It is normally cured from an amine hardener at a range of 5 to 150 °C.
The most common epoxy resins which are currently being used are the diglycidyl ether of
bisphenol A (DGEBA), tetraglycidyl diamino diphenyl methane (TGDDM), triglycidyl p-amino
phenol (TGAP) and Di-Glycidyl Ether of Bisphenol F (DGEBF). Figure 1 shows synthesis of
epoxy monomer from bisphenol A (DGEBA) and epichlorohydrin. Chen et al. [45] studied the
cryogenic mechanical properties of MWCNT reinforced DGEBF epoxy nanocomposite in an
attempt to improve the high requirements for cryogenic engineering applications in various
sectors. He concluded that the cryogenic tensile properties as well as the impact strength
were all improved by the incorporation of MWCNT nanoparticles. Zhang et al. [46]
investigated the effect of enhancing DGEBF with nanosilica at different temperatures.
Testing was carried out at room temperature (23°C) and 80°C. Improvement in fracture
toughness was significantly higher than that observed for the stiffness.

Amongst all the epoxies, the commercial DGEBA epoxies are generally low in molecular
weight consisting of high reactive functional groups and extremely high cross-linkage which
increase the glass transition temperature. Superior adhesion acquired after the curing
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process with hardeners can be achieved due to these resins possessing more hydroxyl
groups in their backbones. Several studies conducted on the most common epoxies such as
(1) bisphenol A (DGEBA), (2) phenolphthalein (DGEPP), and (3) 9, 9-bis (4-hydroxyphenyl)
fluorine (DGEBF) were evaluated by Lin et al. [47]. At similar curing settings, the cross-
linkage densities were assessed, demonstrating that DGEBA was much better than that of
DGEBP followed by DGEBF.

With the ductility of the epoxy as a critical factor, the modification of epoxy resin is essential
in an attempt to enhance the ductility, tensile strength and fracture toughness properties.
There are different ways of modifying the epoxy. Those are (1) elastomeric modification, (2)
thermoset modification and (3) thermoplastic modification amongst others.

Elastomer modification based epoxy monomer is normally carried out using soft rubber
particles in various forms in an attempt to optimise the epoxy matrix system. Many
researchers [48, 49] have focused their studies essentially on the use of rubber particles as
toughening mechanisms to enhance the fracture toughness. Yee and Pearson [50] used
several types of carboxyl-terminated butadiene nitrile liquid rubber to study the toughening
mechanisms in elastomer-modified epoxies. The particle-size on the deformation
mechanisms was highly critical to reinforce the epoxy system.

Thermoset is generally in liquid or malleable form before curing and cannot be reheated
once it has been hardened. Generally carried out using polyester, vinyl ester or
polyurethane, thermoset modification has been an area of interest, used as fillers in epoxy
due to low manufacturing cost, easy processing and high molecular weight properties. As
reported by some researchers, [51, 52, 53], the mechanical and fracture properties of the
epoxy resins are enhanced due to low viscosity of the unsaturated polyester. Chinnakkannu
et al. [54] studied the fracture toughness of vinyl esters incorporated in epoxy resins. Higher
loading content of 5, 10 and 15 wt% of vinyl ester oligomer caused an improvement in the
mechanical properties due to formation of complicated cross-linked network.

Thermoplastic normally has a reversible cycle, changing from solid state to liquid state or
vice versa. Thermoplastic modification used in epoxy system has thus major advantages,
typically high stiffness and fracture toughness compared to some of the elastomer and
thermoset modification, where there is a decrease in the thermal and mechanical properties
[65, 56, 57, 58]. The frequently used thermoplastics are poly (amide-ester), poly
(acrylonitrile-co-butadiene-styrene) (ABS), poly (aryl ether ketone), polybutadiene (PB) ,
Polybutylene terephthalate (PBT), polycarbonate (PC), poly (ether ketone) (PEEK) and poly
(etherimide) (PEI) amongst others.

Insert Fig. 1 Synthesis of epoxy monomer from bisphenol A (DGEBA) and epichlorohydrin
[7]. Reprinted with permission from ref. 7 (Copyright © 2014 Taylor & Francis).

1.2. Dispersion of nanomaterials

The optimal performance of nanocomposite may be achieved by proper dispersion of
nandfillers in the resin. The dispersion of different nanomaterials into the epoxy matrix has
been investigated by many researchers e.g. [59, 60, 61]. There are crucial stages that need
to be observed in order to achieve an adequate reinforcement. When homogenous
dispersions are attained, the performance of the nanocomposite increases significantly due
to load transfer to the nanomaterials. In addition higher aspect ratio, alignment and stress
transfer will also contribute to a higher performance of the polymer [62].
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Curing behaviour of epoxy is fundamentally affected by the addition of nanomaterials.
Incorporation of nanomaterials into epoxy matrix system often results in viscosity built-up
and shear-thinning behaviour of the latter [63].

Two distinct methods for the dispersion of nanomaterials in the resin are the mechanical and
the surface functionalization methods [64]. Solution mixing, ultra-sonication (Figure 2),
calendering and ball milling are the most common techniques used for dispersion depending
on the type of nanomaterials [65, 66, 67]. Solution mixing is the most common technique
used for processing CNT/ polymer by mixing with an appropriate solvent [68, 69]. Ultra-
sonication is another method of exerting ultrasound energy to the nanomaterials for agitating
the particles by using an ultrasonic probe. Sonication process if not monitored appropriately
can cause serious damage to the CNTs and affect the mechanical and fracture properties of
the nanocomposite [70].

Also known as three roll mills; calender is regarded as an encouraging method to achieve
good dispensability as confirmed by some studies [45, 46]. High shear stress is applied to
disentangle CNT bundles, allowing homogenous dispersion process to take place. However,
research carried out by Fu et al. [71] was not in agreement with the previous statement. The
same approach using the three-roll calendaring technique was used to prepare CNT based
epoxy nanocomposite. After processing the composites, the original length of the CNT was
reduced, eventually affecting the mechanical properties resulting in poor performances.
Retaining the residual CNT length is very critical in achieving optimal mechanical properties.

These could be further explained due to the minimum gap between rollers of approximately
about 1-5 uym in size, which is almost as equivalent to the length of CNTs, much larger than
the diameter of each CNT [72]. Suarez et al. [73] concluded that this technique should be
designed taking into account any surface functionalization that would be applied. This was
due to ineffective dispersion due to higher agglomerate in the presence of surface
functionalization.

Insert Fig. 2 Water bath sonicator (A); probe/horn sonicator (B) [74]. Reprinted with
permission from ref. 74 (Copyright © 2010 Elsevier).

High shear stress is very critical in order to extricate CNT bundles, allowing uniform
dispersion of the nanofillers in the matrix resin. Lastly, ball milling has been efficiently used
for various carbon materials to disperse into epoxy based resin. In the occurrence of
chemical, the dispersibility is highly efficient and the length for CNTs for instance can be
controlled accordingly by adjusting the milling time.

Allaoui et al. [75] analysed the effectiveness of the dispersion process when MWCNT was
mixed into rubbery epoxy matrix resin. Although, the mechanical properties were satisfactory
with substantial increase in Young’s modulus, the preparation method did not lead to a
satisfactory dispersion. Gojny et al. [76] concluded that a huge amount of ultrasound energy
is required to ensure consistent dispersion process. Interestingly, the sonication method was
classified as non-effective by the latter due to the damage caused to the effective length of
the CNT [77, 78]. The calandering method due to its scalability is reported ideal for high
volume production rate [79, 80].

Karapappas et al. [81] conducted SEM studies on the dispersion process of nanoparticles.
Figure 3 shows SEM images at various nanoparticle loadings. At 1 wt% of MWCNT loading,
evidence of good dispersion was noticed and at 0.5 wt% of MWCNT loading, no
agglomeration was observed. SEM image at 0.1% of MWCNT loading revealed the
presence of agglomeration due to poor dispersion.
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Insert Fig. 3 SEM images for (a) neat epoxy, (b) 1% of MWCNT, (c) 0.5% of MWCNT and
(d) 0.1% of MWCNT under mode | loading [81]. Reprinted with permission from ref. 81
(Copyright © 2009 Sage).

1.3 Effects of nanofillers on the mechanical properties of epoxy

To study the effects of nandfillers on the mechanical properties of epoxy, the published data
acquired from this developing area were compiled into four different sections, each
representing specific nanomaterials and the results were summarized in tables. The
structure of the tables are: column 1 represents the materials type which is sub-divided into
two columns, 1) nanomaterials (species) and 2) epoxy (type and hardener); column 2
represents the weight fraction of the nanofillers; column 3 shows the particle size in
nanometres; column 4 shows the unmodified and modified resins denoting with NR and MR,
respectively.

Mechanical properties including the Young’s modulus, ultimate tensile strength, ductility as
well as fracture toughness parameters comprising of G, Gjc, Kc and K¢ are listed in
column 5 under several sub-columns. The mechanical testing technique, dispersion method
and the source of references are reported in column 6, 7 and 8, respectively.

2.0. Carbon nanotubes (CNTs)

The first TEM evidence for the tubular nature of some nano-sized carbon filaments was
published in 1952 by Radushkevich and Lukyanovich [82]. In 1976, CNTs have been
prepared by pyrolysing a mixture of benzene and hydrogen at about 1100 C by Oberlin et al.
[83, 84] and later by Endo and Kroto [85]. The work on MWCNTs was boosted in 1991,
when Sumio lijima announced in Nature the preparation of nanometre-size; needle-like
tubes of carbon [86]. lijima's 1991 paper generated unprecedented interest in the carbon
nanostructures and has since fuelled intense research in the area of nanotechnology.

Many researchers worked on CNTs due to their high aspect ratio and unique properties such
as high strength, stiffness performance, thermal and electrical conductivity [75, 87, 88, 89,
86, 90]. Made of cylindrical rolled up graphene sheets and fullerene structure, CNT consists
of three different types; (1) single-walled CNT (SWCNT), (2) double-walled CNT (DWCNT)
and (3) multi-walled CNT (MWCNT). Their atomic arrangements can be categorised into
three groups namely zigzag, chiral and armchair (Figure 4). Numerous techniques such as
scanning electron microscopy (SEM) [91], transmission electron microscopy (TEM) [92, 93]
and Raman spectroscopy [94] were employed to determine the microstructures of CNT due
to its dimensions being very small.

CNT offers exceptional mechanical, physical and interface properties [95]. Many researchers
used CNT in the development of a more effective matrix resin. Yu et al. [96] reported that the
Young’s modulus and tensile strength were impressively improved with the addition of CNT
in the epoxy. To be able to appreciate the impact that CNTs can provide to improve the
mechanical and fracture resistance [97], the critical factors such as the specific surface area
(SSA), preservation of a high aspect ratio [98, 99] and homogenous dispersion as mentioned
earlier have to be understood [76]. The surface area primarily facilitates the stress transfer,
however inadmissibly allowing the generation of strong forces amongst nanotubes which is
reliant on the diameter and the amount of sidewalls [100]. SWCNT has the highest aspect
ratio as compared with MWCNT. Made up of numerous layers with a bigger diameter,
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MWCNT demonstrates enhancement for dispersion but offers a less significant interface for
stress transfer.

Insert Fig. 4 Schematic diagram showing how a hexagonal sheet of graphene is rolled to
form a CNT with different chiralities (A: armchair; B: zigzag; C: chiral) [74]. Reprinted with
permission from ref. 74 (Copyright © 2010 Elsevier).

2.1. Importance of functionalization

Due to poor dispersion ability and weak interaction between the nanomaterials and the
matrix resins, the strengthening effect of nandfillers is still limited. The presence of van der
Waals forces causes the dispersion process to be very ineffective. The implementation of
surface functionalization [101, 102, 103, 104] is another approach to overcome this difficulty
as it will maximise the performance and the benefits of CNTs (Figure 5). Either physical or
chemical functionalization can be applied depending on the interactions between the
particles and the matrix [105]. As highlighted by Zhu et al. [106] , the blending of acid
treatment alongside fluorination has provided a major improvement in the mechanical
properties of SWCNT. Functionalization of graphene sheets are of equal importance for
engineering applications. Chemical functionalization is the most common method employed,
often carried out by solvent-assisted techniques. It eliminates the agglomeration of single
layer graphene during reduction process whilst preserving the properties of the latter.

Insert Fig. 5 Scheme of the functionalization process of CNTs showing the whole cycle from
the oxidation to the composite manufacturing. In a first step the nanotubes are oxidised (1)
then functionalised (2) and finally processed to the nanocomposite (3) [107]. Reprinted with
permission from ref. 107 (Copyright © 2005 Elsevier).

2.2. Mechanical properties using CNTs nanomaterials

The outcome of incorporating CNTs into epoxy resins based on the mechanical and fracture
properties necessitates particular attention due to its popularity in recent years. CNTs
nanomaterial is interestingly a potential candidate due to its exceptional mechanical
properties and high aspect ratio as previously mentioned. Normally, CNTs improves mode
(I+I1) fracture toughness of the epoxies [108, 109]. A comparative analysis amongst all types
of CNTs is carried out to have a better appreciation of their performance.

2.2.1. Comparative analysis of the mechanical properties of nanocomposite using
CNTs

The results of the mechanical properties (E, UTS, %EL) and fracture toughness for mode |
and mode Il for the neat epoxy and after the introduction of nanofillers are analysed. All the
collected data are summarised in Table 1. The incorporation of CNTs into the epoxy resins
contributed to an increase in stiffness for all of the 14 studies listed in the table in different
extent and also leads to a sensible increase in the Young’s modulus.

The effect of non-functionalized DWCNT and amino-functionalized DWCNT were studied at
low CNT content by Gojny et al. [79]. Interestingly, the Young’s modulus of DWCNT- NH2
was noted as the highest one and this can be associated to the re-agglomeration. The
stiffness of the epoxy toughened by non-functionalized DWCNT was increased slightly as
compared to the one toughened by amino-functionalized DWCNT. The modulus of the neat
epoxy was increased from 3.28GPa leads to a further increase to 3.51GPa by the addition of
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functionalized DWCNT at 1.0 wt%. The results were explained as that the dispersion was
much homogeneous due to the strong interfacial forces with the amino-groups. The UTS
decreased slightly from 63.8GPa to 62.5GPa for the nanocomposites with non-functionalized
DWCNT, but increased slightly by 1.6% for the nanocomposites with DWCNT- NH2,

Gojny et al. [76, 110] concluded that a good impregnation with the resin, along with a tough
interfacial bonding is necessary for an effective reinforcement. According to the same
researcher, nano-ropes are formed due to aggregation of bonds and the alignment of CNT
tubes, which are challenging to detach and penetrate through. At 1.0 wt% loading, the neat
epoxy had a Young’s modulus of 2.5GPa and UTS of 63.8MPa, used for benchmarking. An
improvement of 3% and 4% in the stiffness and UTS respectively, for the non-functionalized
SWCNT was noted. For the non-functionalized DWCNT, the mechanical properties were
enhanced leading to 12% and 6% increase in Young’s modulus and UTS respectively for 0.3
wt% concentration. This trend confirms that the addition of SWCNT and DWCNT increases
the mechanical properties whereas there is a minor decrease in the values for the case of
MWCNT. A justification of the findings was provided by Gojny [111]. He highlighted that the
epoxy with SWCNTs had the highest UTS value due to its high specific surface area (SSA)
and high aspect ratio owing to its structural layout. DWCNT displayed a lower SSA due to its
two concentric layers, normally a concession between effective dispersion and reinforcement
possibility. The functionalized MWCNT does not have a significant effect on the UTS of
epoxies. It was noted that due to the concentric nature of the layers present in MWCNT, the
internal layers do not contribute to the stress transmission. Also, the insignificant effect on
increasing the concentration of nanotubes can be associated to the poor dispersibility and
deficiencies in the composite.

Ozone functionalized MWCNT was used to modify the properties of epoxy by Tang et al.
[112]. The maximum UTS recorded was 89MPa using the ozone functionalization MWCNT
at 0.5 wt%. The elastic modulus and UTS of the neat epoxy are 2.87GPa and 73.4MPa
respectively. No considerable changes in the stiffness were found by adding both
functionalized and non-functionalized MWCNTs. A small decrease of 1.7% in UTS for the
epoxy with non-functionalized MWCNT was noted whereas the contrary occurred for the one
with ozone-functionalized MWCNT with an increase of 21%. With the aid of surface
functionalization on the latter, a more effective dispersion and stronger interfacial bonding
with the epoxy, contributed to the improvement in the UTS while a comparable trend was
noticed for the % elongation to break.

SWCNT used as nanofillers to reinforce the epoxy system was found to have some
encouraging outcomes by Zhu et al. [106, 113]. With the addition of 1.0 wt% of
functionalized nanotubes to the resins, an enhancement in the dispersion and mechanical
properties have been achieved resulting in 30% increase in modulus and 18% in tensile
strength. Feng et al. [114] studied the effects of a high SWCNT loading on epoxy resin. The
dynamic and tensile properties were enhanced by the incorporation of SWCNT into the
matrix system. At 39.1 wt% loading of SWCNT, the Young’s modulus and tensile strength
were increased by 408% and 183% respectively, compared to the neat epoxy.

Hsieh et al. [115] investigated the effect of volume content of MWCNT on the fracture
toughness and fatigue performance of a thermosetting epoxy polymer. Uniaxial tensile tests
were carried out to determine the mechanical properties of the subsequent nanocomposite.
Microscopic analysis revealed that the long nanotubes were agglomerated and increasing
the wt% content of the filler had direct consequences on the agglomerate. Increasing the
MWCNT content leads to higher stiffness performance and mode | fracture toughness. An
increase of 12% in the elastic modulus at 0.5 wt% comparing to the pristine epoxy was
recorded.
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In another research, Hsieh et al. [116] studied to enhance the mechanical properties
including toughness, by adding silica nanoparticles and MWCNT to an epoxy resin. Atomic
force microscopy (AFM) and transmission optical microscopy were used to examine the
homogeneity of the resulting nanocomposite. The results showed that the nanosilica was
uniformly dispersed in the matrix whereas small agglomeration of MWCNT in the matrix was
observed. The unmodified resin recorded a value of 2.9GPa for the Young’s modulus. The
addition of 0.06% of MWCNT and 2.0% of nanosilica increases the stiffness slightly by 1.7%.
With 6.0 wt% of nanosilica, the Young’'s modulus was 3.0GPa. The addition of 0.06 wt% of
MWCNT to the 6.0 wt% of nanosilica increases the Young’s modulus moderately by only
0.6% (see Figure 6).

The mechanical properties and fracture toughness of epoxy filled with CNTs and rubber
spherical particles were investigated by Tang and co-workers [20]. When 1.0 wt% of
MWCNT was added, the stiffness increased by 3.7% whilst the UTS and the % elongation at
break decreased by 4% and18.9%, respectively. Interestingly, the addition of submicron
liquid rubber to the MWCNT (EP/MWCNT/LR), along with the epoxy based resin had a
negative effect on the Young’'s modulus and UTS with a decrease in value by 9.8% and
7.5% correspondingly.

Insert Fig. 6 The fracture energy of the neat epoxy and nanocomposites containing
nanosilica and MWCNTSs as a function of the concentration of MWCNTSs [116]. Reprinted
with permission from ref. 116 (Copyright © 2011 Wiley).

Cryogenic mechanical properties are very important parameters in many cryogenic
engineering applications. Yang et al. [117] investigated the incorporation of MWCNT to
reinforced DGEBF epoxy system modified by poly (ethersulfone) to improve the cryogenic
mechanical properties of the resulting nanocomposite. Three-roll mill calendar technique
was employed followed by vacuum degassing for the preparation of the samples. For
characterization, tensile test was carried out under cryogenic temperature condition by
immersing the clamps ad the samples in liquid nitrogen. The result shows that at 77K, the
tensile strength and the Young’s modulus both increases by 58% and 12% at 0.5 wt% and
2.5 wt% of MWCNTs loading, respectively. The failure strain originally increases up to 0.5
wt% loading and decreases with a further increasing MWCNT content.

Kim et al. [118] studied the effect of CNT functionalization on crack resistance of a
carbon/epoxy composite at cryogenic temperature. Surface modification in the form of
amino-functionalization was conducted to improve the bonding between CNTs and epoxy
system. An evaporation technique along with sonication was used to prepare the specimen
and curing allowed in an autoclave. The tensile properties were evaluated at room
temperature. An increase in tensile strength up to 0.7 wt% of functionalized CNTs was
noted; 16.7% increment. For the instance of the tensile stiffness, an increase at 0.2 wt% was
noticed where it peaked at 0.7% loading before experiencing a decrease. At cryogenic
temperature, the fracture toughness of the functionalized carbon/epoxy composite increased
by 44% in comparison to the carbon/epoxy composite.

In another study conducted by Lau et al. [119] , polymer-based composites at cryogenic
environment condition were enhanced by using tailored CNTs such as coiled carbon
nanotubes (CCNT’s) and randomly-oriented nanoclay-supported nanotubes (NSCNTs). At
77K, the mechanical properties of CCNT reinforced epoxy composites were evaluated at
different weight loading content. An increase in the stiffness with increasing CCNT loadings
were observed, reaching its maximum value at 3 wt% concentration with a value of 8.9, an
increment of 20%.
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2.2.2. Comparative analysis of the fracture toughness of nanocomposite using CNTs

Regardless of the amount of filler content added to the epoxy, the addition of CNTs
undoubtedly has an effect on the increase in mode | and mode Il fracture toughness of the
resin. The neat epoxy has fracture toughness (Gic) of 163 J/m?. By adding only 0.1 wt % of
DWCNT [76], the increase in fracture toughness was observed to be 27%, which is the
lowest value in the 14 CNTs modified epoxies investigated (Table 1).

Mode | fracture toughness of epoxies modified by non-functionalized and amino-
functionalized DWCNT was examined by Gojny et al. [79] at low CNT content. He reported
an increase in fracture toughness of all the nanocomposites as compared to the neat epoxy
(128 J/m?). The nanocomposite toughened by DWCNT had an increase of 34% in fracture
toughness whereas the one toughened by amino-functionalized DWCNT had a slightly
higher a value of 36%. Remarkably, 1wt% of DWCNT-NH2 results in a much higher fracture
toughness.

As mentioned before, Gojny et al. [76] studied the effect of SWCNTs, DWCNTs and
MWCNTSs on the mechanical properties and the benefit of surface functionalization of CNTs.
The pristine epoxy had a mode | fracture toughness of 163 J/m? which was increased by
45% to 237 J/m? using non-functionalized SWCNT. It was observed that non-functionalized
nanomaterials provide an enhancement in the fracture toughness, generally at low content.
Increasing the percentage weight content of SWCNT over 0.3% showed a decrease in mode
| fracture toughness. They explained the reason of this finding, by associating it to re-
agglomeration. Amino-functionalization of the CNTs facilitated the dispersion and
impregnation process as well as the interfacial forces between the nanoparticles and the
matrix resin. It was reported that with 0.5% of amino-functionalization DWCNT, the fracture
toughness increased significantly by 43% as compared to pure epoxy. Similar tendency was
observed for the functionalized MWCNT, with an increase by 39% in fracture toughness (see
Figure 7).

Sun et al. [120] found that surface-functionalization of SWCNTs increases moderately the
fracture toughness of the subsequent nanocomposite. An increase of 9.7% at 1.0 wt%
loading was noticed for the modified resin. They noted that the enhancement in the fracture
toughness was still not substantial and they suggested de-roping the SWCNTs may
contribute to effective dispersion by keeping CNTs straight in the resin matrix system,
thereby fulfilling its full potential.

Insert Fig. 7 Fracture toughness of epoxy-based composites containing (a) non-
functionalized and (b) functionalized CNTs [76]. Reprinted with permission from ref. 76
(Copyright © 2005 Elsevier).

Gkikas et al. [17] studied the effect of dispersion conditions on the toughness of MWCNT
toughened epoxy. Single edge notch 3-point bending (SENB) was used to determine the
toughness of the nanocomposite. At 0.5 wt% CNT reinforcement and the sonication power at
full amplitude (100%) for 1hr, the toughness increased by 95%. Further sonication for 2hrs
revealed a reduction in the fracture properties of the nanocomposite. The importance of the
duration and amplitude of the sonication process for good dispersibility was highlighted. For
nanocomposite with the same CNT loading, reducing the sonication power to half of the
maximum amplitude (50%) and increasing the time to 2 hrs, increased the fracture
toughness by 550% as compared to the neat epoxy.

Ayatollahi et al. [121, 122] also investigated the effects of MWCNT as nanofillers on epoxy
matrix under bending and shear loading conditions. Single-edge notch bend specimen
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(SENB) was used for this study. The mode | and mode Il fracture toughness increased when
the MWCNT loading increased from 0.1 wt% to 0.5 wt% but a contrasting behaviour was
observed when increasing the loading from 0.5 wt % to 1.0 wt %. MWCNT inevitably
provided a much greater fracture toughness performance (GIC=1079 J/m?), 30% higher than
that of the neat epoxy at loading of 0.1 wt%. The rise in the fracture toughness is totally
reliant on the type of loading, where for shear loading is more effective in comparison to
normal loading.

As stated before, functionalization can be significant in the improvement of fracture
toughness performance. Tang et al. [112] investigated the addition of MWCNT to Epoxy
(Bisphenol-A / Albidur HEB00) at 0.5 wt% content. Microscopic images of SEM revealed
some evidence from the fracture surface of the nanocomposite, demonstrating that the
dispersion level has been effectively achieved. Several sets of readings were taken for both
neat and ozone treated epoxy with MWCNT. The mode | fracture toughness of epoxies with
the neat and ozone functionalized MWCNT were found to be 110 J/m? and 135 J/m?, an
increment of 71% and 110%, respectively, revealing the effects of surface modification. It
was shown that there were substantial enhancements in fracture properties for the
functionalized nanocomposite compared to the untreated samples due to its superior
dispersion ability and resilient interfacial bonding with epoxy matrix during the production
stage.

Hsieh and co-workers [115] investigated the fracture toughness of a thermosetting epoxy
polymer toughened with CNTs. Using AFM and TOM, the microscopic images revealed that
the nanotubes were still agglomerated in the resin after the dispersion process. SEM images
clearly demonstrated that CNT debonding and pull-out contributed to the toughening
mechanisms. Mode | fracture toughness G increased progressively as the volume content
of the CNTs was increased. The neat epoxy had a toughness of 133 J/m? which was
increased by 68% by adding 0.5 wt% of CNT.

Emerging nanosilica and carbon nanotubes to enhance the toughness of an epoxy was
investigated by the same researcher [116]. SEM and SENB were used to analyse the
fracture surface and determining the fracture toughness. As stated before, homogeneity
occurred for the instance of the silica nanoparticles. The incorporation of silica alone with the
epoxy, points to an increase in mode | fracture toughness. At 6.0 wt% of silica (EP/S), G
increases by 37% compared to the pristine epoxy. Further addition of 0.06 wt% of MWCNT
to the existing 6.0 wt% of silica (EP/MWCNT/S) increased the fracture toughness by 47% in
corr12parison with the benchmarking neat epoxy. The highest value of G noted was 204
J/m<,

Tang et al. [20] studied the influence of spherical rubber particles on the fracture properties,
when incorporated with CNTs toughened epoxy. MWCNT mixed with epoxy (DGEBA)
MHHPA at 1.0 wt% was first investigated. An increase of 56% for the value of G was
noted. The fracture properties were further enhanced by the addition of 10.0 wt% of
submicron liquid rubber with the 1.0 wt% MWCNT, where a significant improvement of 409%
increase in Gc was achieved. The presence of rubber (in Epoxy/MWCNT/LR system)
contributed to the reinforcement of mode | fracture toughness in contrast to the
Epoxy/MWCNT system.

Yi et al. [123] studied the effect of oxidized MWCNTs (O-CNTs) incorporated in epoxy with
reactive oligomer. The incorporation of soft modifiers in an attempt to enhance the fracture
toughness is often at the expanse of poor mechanical properties. Using the reactive
oligomer, a cross linking mechanisms is activated between the O-CNTs and the epoxies. At
0.5 wt% loading of O- CNTs with oligomer modified epoxy, the fracture toughness recorded
at both room temperature and cryogenic temperature reported by the latter, demonstrated
significant improvement by 23.6% and 69.5% respectively. The change in mechanical
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properties of the modified epoxy was found to be 91.7MPa, which has a negligible decrease
when compared to the unmodified epoxy (92.1MPa).

The cryogenic fracture toughness was also studied by Yang et al. [117] with the combination
of MWCNT based epoxy modified by poly (ethersulfone), (PES). Three- point bend test was
used to evaluate the fracture properties of the nanocomposite. At 77k, it was observed that
the fracture toughness increased with increasing MWCNT content up to 0.5 wt% loading,
recording a value of 2.02MPaVm; an increment of 13.5% compared to the modified PES
epoxy resin. A further decrease in the fracture toughness up to 2.5 wt% loading was noted,
though it was still higher values than the epoxy matrix resin.

2.2.3. Highlights summary of nanocomposites using CNTs

Based on the results on the mechanical and fracture toughness properties reported by
various researchers, the properties of nanocomposites are enhanced at very low CNTs
loading. Most of the loading values gathered from the reviewed papers are approximately in
the same range. Amongst all the CNTs, DWCNT had produced the highest stiffness
nanocomposites when surface functionalization was carried out. The values of Young’'s
modulus presented for most of the MWCNTs nanocomposites were much lower in
comparison with SWCNTs and DWCNTs ones. This effect was explained due to the
difference in specific surface area (SSA).

Optimizing the sonication power during mixing resulted in the highest value of mode |
fracture toughness (1300 J/m?) as reported by Gkikas et al. [17]. The outcome of multiphase
study revealed another great potential route that could be explored as established with the
presence of liquid rubber. The addition of rubber increased mode | fracture toughness by
409% in comparison with pristine epoxy, the highest increase amongst the 14 CNTs
research reports. MWCNT is still the most interesting candidate with a promising outlook, by
choosing an appropriate dispersion and functionalization techniques.

3.0. Graphene

Graphene known for its single-layered atom-thick flatbed structure has brought a new
dimension to the nanotechnology world [124]. Considered as a planar sheet of sp? —bonded
carbon atoms in a honeycomb crystal lattice, graphene is also considered as the prime
element of carbon allotropes, including graphite, fullerenes and carbon nanotubes (Figure 8)
[125, 126, 127]. It exhibits very good mechanical and electrical properties as well as fracture
toughness performance [128, 129, 130, 131, 132]. The graphene has high thermal
conductivity (5000 W m™ K™), electrical conductivity (6000 S cm™) and mechanical stiffness
(130GPa), optical transmittance of ~98% and large specific surface area (2675 m? g™).
Graphene surface-to-volume ratio is higher than SWNTs as the inner nanotube surface is
inaccessible to polymer molecules. This makes graphene being potentially more promising
for changing matrix properties. Most of the reported works until the mid 1990s were focused
on graphite intercalation compounds. Particular attention has been made on the use of
graphene nanoplatelets (GNP) and other various graphene-based materials as nanofillers in
many engineering applications [133].

Insert Fig. 8 Graphene in various forms, it can be wrapped up into OD buckyballs, rolled into
1D nanotubes or stacked into 3D graphite [134]. Reprinted with permission from ref. 134
(Copyright © 2007 Nature).

GNP possesses high aspect ratio, predominantly ideal for reinforcement [135, 136, 137].
Studies show that GNP has extensive benefits and has a potential to replace CNTs. This
occurrence can be explained by the existence of planar structure as stated before, easing
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the stress transfer during the dispersion process [138, 139, 140]. Graphene Oxide (GO)
[141, 124] derived essentially from graphene-based materials has also emerged a possible
route for reinforcing the mechanical properties and fracture toughness of epoxies. A clear
appreciation of the chemical and physical structure of graphene oxide is the first step in
achieving the correct functionalization of chemically modified graphene [142]. Currently,
there exist three main routes for graphene dispersion: (1) Mechanical exfoliation, (2)
Chemical exfoliation and (3) Chemical vapour deposition. Mechanical exfoliation is
characterized as a preferable tactic. Efficaciously executed by Novoselov et al. [143] in
2004, it allows the preparation of monocrystalline films of graphene.

It has been documented that the presence of graphene oxide in nanocomposite has
benefited the performance of the latter. Qiu et al. [144] concluded that the presence of
graphene oxide prohibited crack propagation by generating large amount of plastic
deformation. Chatterjee et al. [145] concluded that the bigger the size of the graphene
nanoplatelets, the better the fracture toughness performance would be.

Raman spectroscopy has been extensively used to investigate the structure and deformation
of graphene [146]. Using this method, the amount of layers present in graphene films can be
found. In addition, it has been used to monitor the stress transfer occurring between the
matrix resin and the nanofiller during the dispersion process. Strong interfacial adhesion
occurring between the platelets and matrix resin system is vital for optimal enhancement
[147, 148, 149]. The levels of reinforcement of graphene acting as nanofiller could be
evaluated in a rational manner using this technique [150].

3.1. Comparative analysis of the mechanical properties of nanocomposite using
graphene

Wide researches were carried out using graphene to improve the toughness of epoxies.
Selected experimental results are presented in Table 2 shows that chemically functionalized
graphene oxide (ATGO) exhibits the highest improvement on the mode | fracture toughness
(1404 J/m?) for the 11 graphene modifies epoxy based nanomaterials. Rafiee et al. [140]
studied the mechanical properties and fracture resistance of epoxy based nanocomposites
with 0.1 wt% of graphene platelets (GPL), SWCNT and MWCNT. The epoxy resin
(bisphenol-A) was kept the same for all nanofillers for comparative analysis and was used as
a benchmark. GPL provided a much higher stiffness and tensile strength, 31% and 40%,
respectively, higher compared with neat epoxy.

Tang et al. [151] investigated thoroughly the effect of graphene dispersion on the mechanical
properties of epoxy resin. Graphene sheets were exfoliated from GO by means of thermal
reduction. The studies were focused on different dispersions techniques; with and without a
ball mill mixing resulting in higher dispersed reduced graphene oxide (RGO) and poorly
dispersed one to see how dispersion affects the properties of the nanocomposite. For the
good dispersion level, at 0.05 wt% content of RGO incorporated with epoxy, an increase in
Young’s modulus by 2.3% was noticed. The UTS increased slightly by 5.6% at the same
loading. The elastic modulus and tensile properties did not demonstrate drastic differences
between the two dispersion levels. Reasonably, the highly dispersed graphene fillers were
more effective than the poorly dispersed one, due to transmitting the applied load by the
agglomerate.

The mechanical properties of graphene oxide/epoxy nanocomposites were also reported by
Bortz et al. [152]. The Young’s modulus was enhanced by 6% at 0.5 wt% loading. Increasing
the loading content also showed an improvement on stiffness. The maximum value of UTS
occurred at 0.5 wt% loading, an increase of 13% in comparison with the neat epoxy. Both
Young’s modulus and UTS decreased beyond 0.5 wt% loading. Highest increase occurred at
low graphene content (< 0.5 wt%) for both the stiffness and strength.
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The mechanical properties of epoxy resins modified using GPL and surface-modified
graphene platelets (m-GPL) were studied by Zaman et al. [153]. Dumb-bell specimens were
manufactured for tensile testing. The neat epoxy recorded a value of 2.7GPa and 64MPa for
the Young’s modulus and UTS, respectively. Epoxy/GPL demonstrated a promising increase
in modulus from 1-2.5 wt% loading but the stiffness faced a sudden drop up to 4.0 wt%
loading. The maximum Young’s modulus occurred at 4.0 wt% for epoxy/m-GPL with a value
of 3.25GPa. At 1.0 wt%, epoxy/GP experienced an increase in the stiffness by 12.5%
whereas epoxy/m-GP had an increase of only 3.7%. As seen from Figure 9, increasing the
graphene content to 4.0 wt% provided a spectacular enhancement in fracture toughness of
epoxy/m-GPL, 20% higher compared to the neat epoxy. Another observation was that the
tensile strength for both cases decreases drastically.

Insert Fig. 9 Fracture toughness of neat epoxy, epoxy/GP and epoxy/m-GP nanocomposites
[153]. Reprinted with permission from ref. 153 (Copyright © 2011 Elsevier).

In further studies, Zaman et al. [154] attempted to improve the mechanical properties using
covalently modified graphene. Chemically modified graphene platelets (m-GnPs) were
produced in an effort to achieve highly enhanced mechanical properties alongside good
dispersibility. The neat epoxy had a value of 2.7GPa, 64 MPa and 5.31% for the Young'’s
modulus, UTS and elongation at break, respectively. With the addition of 0.12 wt% of m-
GnPs, the stiffness increased by 11% whilst a decrease in UTS and elongation at break
were noticed at 3.8% and 24%, respectively.

Chatterjee et al. [155] investigated the reinforcement effects of expanded graphene
nanoplatelets (EGNP) in epoxy composites. The microscopic TEM images showed that a
well-dispersed composite with the nanofillers could be established with up to 0.5 wt%
loading. Increasing the EGNP nancfiller content leaded to unavoidable agglomeration and
resulted in a decrease in mechanical properties. At 0.5 wt% of EGNP content, the stiffness
increased from 3.82GPa for the neat epoxy to 4.0GPa (4.7% increment). The Young’s
modulus increased up to 1.5 wt% loading and beyond this point, there was a decrease up to
2.0 wt%. The increase in Young’'s modulus was due to the load transfer from the matrix to
the EGNP nandfillers.

In another article published by Tong et al. [156], silanized silica nanoparticles attached with
graphene oxide (ATGO) was used to enhance the mechanical properties of epoxy. The
Young’s modulus and UTS of pristine epoxy was found to be 2.2GPa and 68MPa,
respectively. The results showed that 0.1 wt% ATGO improved the elastic modulus and the
UTS by 9% and 4%, respectively.

Shokrieh et al. [157] investigated the effects of both graphene nanoplatelets (GPL) and
graphene nanosheets (GNS) on the mechanical properties of epoxy based composite.
Tensile tests were carried out to evaluate the tensile and elastic modulus of the resulting
nanocomposite. The pristine epoxy recorded a value of 2.5GPa, 61MPa and 12.2% for the
Young’s modulus, UTS and elongation at break, respectively. With the addition of 0.1 wt% of
GPL, an increment of 4.5% in stiffness was noticed. Increasing the content to 0.5 wt%
resulted in a further increase in stiffness by 10.4%. The UTS increased by 14.7% in
comparison with the pristine epoxy. A reduction of 36% in the elongation at break was also
detected. Interestingly, GNS contributed to a higher stiffness, considerably higher than that
of GPL, a value of 23%. However, GNS experienced a decrease in the UTS from 70MPa to
66MPa. A key reason for this decrease in UTS could be associated to the increase of stress
concentrations caused by the re-agglomeration of GPL.

Li et al. [158] studied the effects of functionality of graphene oxide on the mechanical
properties of epoxy based composites by mixing two different modified graphene oxides
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(GO) into amino-functionalized GO (APTS-GO) and epoxy-functionalized GO (GPTS-GO).
The addition of 0.2 wt% of APTS-GO resulted in an increase in both the Young’s modulus
and tensile strength, by 32% and 16% respectively. Similarly, GPTS-GO showed promising
increase in stiffness by 20%, lower than that produced by APTS-GO whilst still providing
enhancement in the toughness of the nanocomposite. The UTS of GPTS-GO modified
epoxy based composite increased by 13.6% relative to the neat epoxy but 2.4% lower than
that modified by APTS-GO. Contrastingly from the findings of the elastic modulus and tensile
strength, the enhancement in the elongation at break is more apparent for GPTS-GO.

Insert Fig. 10 Mechanical properties of neat epoxy and nanocomposite at different loading of
re-functionalized GO [158]. Reprinted with permission from ref. 158 (Copyright © 2013
Elsevier).

Shen et al. [159] investigated the reinforcing effect of graphene nanosheets on the cryogenic
mechanical properties of epoxy resins. The preparation of graphene based epoxy
nanocomposite was carried out by sonication, followed by vacuum degassing. Images
acquired using SEM and TEM revealed that at low graphene content, the dispersion was
highly satisfactory but became severer as the graphene content increases. Tensile test was
carried out at cryogenic temperature condition to evaluate the mechanical properties. At
77K, it was noted that the cryogenic tensile strength increased by the addition of graphene
content, reaching its peak at 0.1 wt% content with a decrease in tensile strength up to 0.5
wt% loading. The cryogenic Young’s modulus was found to increase linearly up to a value of
6.9GPa at 0.5 wt% loading.

3.2. Comparative analysis of the fracture toughness of nanocomposite using
graphene

Rafiee et al. [138] reported GPL out-perform CNTs, resulted in a 126% increase in the

fracture toughness of the neat epoxy. Compact tension specimens were used to determine

mode | fracture toughness. Mode | fracture toughness for SWCNT, MWCNT and GPL

compared with the neat epoxy were all enhanced by 45%, 66% and 126%, respectively.

GPL superiority is very obvious in comparison with the other nanocomposites.

The fracture properties of epoxy filled with reduced graphene oxide (RGO) at highly and
poorly dispersed levels were studied by Tang et al. [151]. The highly dispersed RGO
experienced an increase in mode | fracture toughness. Interestingly for the poorly dispersed
RGO, up to 0.1 wt% loading, there was an increase in the fracture performance. However,
beyond this point, up to 0.2 wt%, saturation occurs with no change in the value of Gc. At
0.05 wt%, the highly dispersed RGO resulted an increase of 63% for mode | fracture
toughness whilst the poorly dispersed RGO had an increase of only 27%. Therefore, highly
dispersed RGO sheets were more efficient on the toughness improvement for epoxy.

As specified before, Bortz et al. [160] conducted studies on the fracture toughness
improvement of epoxy using graphene oxide (GO). Improvements of 28% to 111% in mode |
fracture toughness through the incorporation of <1.0 wt% of GO to a matrix resin were
achieved. Again, at low graphene content (up to 0.5 wt%), the enhancements were very
impressive. At 0.5 wt% loading, an increase of 109% in fracture toughness compared to the
pristine epoxy was observed.

The importance of surface modification was highlighted by the increment in fracture
toughness. Zaman et al. [153] investigated the fracture toughness of epoxy matrix resins
filled with graphene platelets (GP) and surface modified graphene platelets (m-GP) using
compact tension test. The study showed that at 4.0 wt%, both the functionalized (m-GP) and
non-functionalized (GP) epoxy made a major increase in mode | fracture toughness Gic.
Epoxy/GP showed enhancement in mode | fracture toughness at low graphene content
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whilst the surface modified graphene platelets registered a continual upsurge up to 5.5 wt%.
At 4.0 wt%, GP resulted in an increase in values from 200 J/m? to 417 J/m?, an increment of
104% whilst m-GP increased the toughness to 613 J/m?, more than 200%. Even though
clusters existed in the m-GP composites, the good dispersibility and exfoliation of graphene
sheets still enabled the enhancements.

Furthermore, Zaman et al. [161] studied how chemically modified graphene in polymer
nanocomposite can enhance the fracture toughness. The neat epoxy had a value of mode |
fracture toughness Gic of about 140 J/m?% An increase of 110% in G,c with the addition of
0.12 wt% of m-GnPs was observed. This trend was satisfied when the particles loading was
increased giving the highest fracture toughness of 557 J/m?at 0.48 wt%. The high molecular
weight surfactant provided a well dispersion of m-GnPs in the epoxy, eventually leading to
satisfactory results.

Expanded graphene nanoplatelets (EGNP) filled with epoxy was used to improve the
fracture toughness of a nanocomposite by Chatterjee et al. [155]. The neat epoxy had a Gc
value of about 68 J/m? Increasing the content of EGNP resulted in higher fracture
toughness, until saturation occurs. At 0.5 wt% loading, a value of 168 J/m? for mode |
fracture toughness were noted; 147% increment.

Moghadam and Taheri [162] studied the toughening mechanisms of GNP in epoxy based
composites. Neat epoxy had a value of 0.77MPavm for mode | fracture toughness. GNP
filled epoxy resins at 0.5 wt% loading provided a value of 0.98MPaVvm, 27% higher in
comparison with the neat epoxy. The incorporation of 0.7 wt% of GNP alongside 0.3 wt% of
CNT increased mode | fracture toughness by 62%. Significant improvement was noticed
when multiphase nanofillers were used in the matrix resin system.

As stated in the previous section, Tongwu et al. [156] studied different methods to enhance
the fracture properties of epoxies using multiphase nanoparticles such as silanized silica
attached graphene oxide. The neat epoxy recorded a value of 865 J/m? for mode | fracture
toughness which is higher than the values acquired by all the other studies reviewed in this
paper. At 0.1 wt% of ATGO loading, the G increased moderately by 1.27%. However,
further loading up to 0.5 wt% produced a remarkable enhancement of 62%.

Shokrieh et al. [157] looked into the effects of graphene nanoplatelets (GPL) and graphene
nanosheets (GNS) on the fracture toughness of epoxy. Single-edge-notch bending (SENB)
was used to determine mode | fracture toughness of the nanocomposites. A value of 350
J/im? was recorded for the neat epoxy. The addition of 0.5 wt% of GPL produced 64%
increase in value from 350 J/m? to 575 J/m®. GNS also increased the mode | fracture
toughness by 20%, which was lower than that produced by GPL. Analysis of the SEM
images revealed that inelastic matrix deformation and voids development by debonding of
the particles from the matrix are accountable for the toughening mechanisms.

The fracture toughness of epoxy based composites with amino-functionalized GO (APTS-
GO) and epoxy-functionalized GO (GPTS-GO) fillers was studied by Li et al. [158]. The neat
epoxy recorded a value of 360 J/m?. The addition of 0.5 wt% of APTS-GO contributed to a
rise in mode | fracture toughness by 8.3% (Figure 11). Significant improvement was
observed; for the instance of APTS-GO, an increase of Gic by 72%. GPTS-GO was more
adequate in enhancing the ductility and fracture toughness performance whilst APTS-GO
was more advantageous for the elastic modulus and tensile strength.

Insert Fig. 11 Effect of graphene nanoplatelet (GPL) loading on fracture toughness of
graphene/epoxy nanocomposites [157]. Reprinted with permission from ref. 157 (Copyright
© 2014 Wiley).
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3.3. Highlights summary of nanocomposites using graphene

Graphene can be used to produce advanced materials due to their excellent
physicochemical properties and the natural abundance of their precursor, graphite. By
exploring the growth, chemical modification, and doping of graphene and by using in new
configurations, more novel applications will emerge. Incorporation of graphene as a
nanofiller considerably contributed to higher stiffness and mode | fracture toughness as
observed by all the 11 reported works. Functionalization such as amino and epoxy
functionalized graphene as investigated by Li et al. [158] significantly contributed to the
improvement of performance in different level. Functionalization is a convenient route to
magnify the enhancements of the material properties if it is applied correctly. This statement
is in good agreement with the work carried out on modified graphene platelets by Zaman et
al. [153], where enhancements on the fracture toughness were reported. More interestingly,
the study carried out by Tongwu et al. [156] showed a value of 865 J/m? for the neat epoxy
DGEBA YD-128 and D-230 acting as a curing agent, noticeably higher than the values
acquired by all the other studies reviewed in this paper.

4.0. Clay

Nanoclays also referred as nano-montmorillonite are highly potential nanofillers due to its
exfoliated arrangements in soft polymer [163, 164, 165, 166, 167]. They provide a good
range of mechanical and fracture properties such as high stiffness [168, 169, 170, 171]. On
the other hand, there exist drawbacks [172] when manufacturing those exfoliated structures.
An innovative nanocomposite discovered by Lau et al. [173] could be an answer to this
problem. The growth of nanotube from nanoclay platelets provided a more robust
reinforcement. It has been documented that the addition of nanoclay to epoxy resin has a
remarkable effect on the interfacial shear strength [174].

Several studies on nanoclay have been carried out, to integrate nanoplatelets for improving
the mechanical properties of epoxy. The results of these studies are summarized in Table 3.
Most of the research works show the increase in Young’s modulus using nanoclay is due to
the orientation of the clay platelets occurring along the loading directions [175, 176]. When
the weight percentage loading of nanoclay as nandfillers is beyond an optimal level, the
mechanical properties of the nanocomposite performances decrease [177]. This very
interesting fact about nanoclay needs to be taken into consideration. A maximum of 5 wt%
loading have been proven to be ideal in order to get good mechanical properties [178].

4.1. Comparative analysis of the mechanical properties of nanocomposite using
nanoclay

Qi et al. [171] investigated the mechanical properties of epoxy when nanoclay additives with

MMT-cetylpyridinium chloride (CPC) were incorporated in the matrix. An increase of 3.0% in

stiffness and a decrease of 30% in tensile strength (TS) and the strain at 5.0 wt% nanoclay

loading were reported. The significant declines in TS and strain to rupture were attributed to

poor dispersion of the nanoclay.

Wang et al. [179] studied an innovative approach of dispersing nanoclay particles into the
epoxy resin using solvent. The resulting nanofiller as known as silane-modified clay (SMC) in
epoxy matrix were prepared and tested to evaluate the mechanical properties of the
nanocomposite. The tensile properties of the neat epoxy were 1.8GPa for the stiffness and
46MPa for the tensile strength. A linear increase in Young’s modulus and UTS was observed
for the nanocomposite with SMC as demonstrated from Figure 12. At 3.0 wt%, an increment
of 31% and 14% for the Young’s modulus and UTS, respectively, were recorded. This trend
is due to the high stiffness of the clay particles. An interesting observation about the tensile
strength was distinguished at 2.0 wt% loading. At this loading SMC faced the highest UTS,
an increase of 25% comparing to the neat epoxy, much higher than that recorded for the one
with 3.0 wt% of SMC. The decline in tensile strength at higher loading was caused by
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weaker boundaries between nanoparticles and matrix and the imperfections with the
nanocomposite.

Insert Fig. 12 Variation of (a) tensile modulus and (b) tensile strength with clay concentration
in nanoclay/epoxy nanocomposite [179]. Reprinted with permission from ref. 179 (Copyright
© 2006 Elsevier).

A similar research based on highly exfoliated clay with epoxy nanocomposite centred on the
change in mechanical properties was reported by Wang et al. [180]. Using the “slurry-
compounding” process, nanoclay incorporated into epoxy with a highly exfoliated
morphology was efficaciously executed. The introduction of nanoclay in the matrix increased
the Young’s modulus of the nanocomposite with increasing nanofiller loadings. At 1.0 wt%
loading, an increase in stiffness by 28% was observed whereas the tensile strength
experienced a decrease of 16% in comparison with the pristine epoxy. This trend was
observed at higher nanoclay loading.

Zappalorto et al. [181] examined the mechanical properties of epoxy/nanoclay composite
(Cloisite 30B). Tensile tests using dog-bone specimen were conducted to evaluate the
elastic modulus, TS and %EL at break of the pristine and modified nanocomposite. The
Young’s modulus is marginally affected by the addition of the nancfiller, an enhancement of
1.5% whereas the tensile strength experienced a decrease in value from 73.3MPa to
68.9MPa, a drop by 6%. Contrarily to improvements in stiffness, the modified resin had an
unfavourable consequence on the tensile strength.

Guevara et al. [182] investigated the mechanical properties of epoxy-clay nanocomposite by
opting for two completely opposite surface-treated montmorillonite. Two different types of
clay, Cloisite 30B and Nanomer |.28E were chosen in their study using the same benchmark
resin. The neat epoxy had a value of 3.53GPa for the elastic modulus and a value of
46.5MPa for the tensile strength. At 5.0 wt% loading, the stiffness of the epoxy-clay
nanocomposite with Nanomer |1.28E decreased by 5.4% whereas an increase of 3.7% was
observed for the epoxy-clay nanocomposite with Cloisite 30B. The decrease in modulus was
associated to voids formation in the material. However, at the same particle loading, the
tensile strength of the epoxy-clay nanocomposite with Nanomer [.28B increased by 8.2%,
and a similar effect for the one with Cloisite 30B was observed, with an increase of 16.8%.

Yang et al. [183] studied the cryogenic mechanical behaviours of Montmorillonite
(MMT)/epoxy nanocomposite. Ultrasonic mixing followed by degassing was used for the
preparation of the nanocomposite. At liquid nitrogen temperature (77K), the mechanical
properties were investigated in terms of modulus and tensile strength. Using transmission
electron microscopy (TEM), the dispersion process of the organo-MMT in epoxy was
analysed, demonstrating intercalation and exfoliation in the resulting nanocomposite. Tensile
testing was carried out under cryogenic condition at 77K. At 1.0 wt% content of organo-
MMT, the tensile strength increased to 120MPa in comparison with the neat epoxy at
104MPa. A sudden drop in the tensile strength was observed with increasing content, a
value of 78 MPa at 2.0 wt%. On the other hand, the cryogenic tensile modulus increased
linearly with increasing content. At 3.0 wt%, the composition of the nanocomposite recorded
the highest value at 5.8 GPa in comparison to the neat epoxy (3.0GPa).

4.2. Comparative analysis of the fracture toughness of nanocomposite using
nanoclay

Qi et al. [171] also investigated the effects of nanoclay additives on the fracture toughness of

epoxy. Different types of nanoclay such as Cloisite 30B, Nanomer [.30E and MMT-
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cetylpyridinium chloride (CPC) were mixed with DGEBA-based epoxy resin and the fracture
properties of the resulting nanocomposites were measured. For the nanocomposite with 5.0
wt% of CPC, a substantial increase of 165% in mode | fracture toughness was observed. All
the different types of nanoclay followed the same trend with increasing fracture toughness
values. SEM analysis shows that the increase in fracture toughness was attributed to the
clay particles delaying the crack propagation.

Wang et al. [179] investigated the fracture properties of epoxy with silane-modified clay
(SMC). Three-point bend tests were carried out in order to evaluate the mode | fracture
toughness. Initial observation revealed that the neat epoxy had a G value of 630 J/m?. By
adding 1 wt% and 2 wt% of SMC, the mode | fracture toughness of epoxy was increased by
140% and 190%, respectively. The fracture toughness dropped with further increase of
nanoclay content to 3 wt%. TEM images showed that clay is highly exfoliated and well-
dispersed into the epoxy resin.

Wang et al. [180] also studied the fracture properties of highly exfoliated clay based epoxy.
Three point bending test was carried out to determine the mode | fracture toughness. An
initial observation revealed that the values of Gc were much higher than that of the pristine
epoxy which demonstrates a toughening mechanisms taking place. At 1.0 wt%, an increase
in the fracture toughness by 52% was noted. At 2.5 wt%, the highest value for the mode |
fracture toughness was recorded as 632 J/m?, an increase by 66% in comparison to the pure
epoxy. Beyond this point of loading, a decrease in G,c was observed as seen from Figure
13.

Insert Fig. 13 Fracture toughness of S-clays/epoxy nanocomposite using SEN-3PB test at
various wt% of clay loading. [180]. Reprinted with permission from ref. 180 (Copyright ©
2005 ACS Publication).

The mode | fracture toughness of epoxy-nanoclay composites was also studied by
Zappalorto et al. [181] using a single edge notch bending test. Primarily, a value of 300 J/m?
for the neat epoxy was reported. The addition of 1.0 wt% of nanoclay made a substantial
improvement from 300 J/m? to 650 J/m? 116% increment. The increases in the mode |
fracture toughness is independent of the loading ratio of the nancfiller at <1.0 wt%. For
mode Il fracture toughness, higher increment, by 24.1% was observed at 1.0 wt%.

SENB tests were used to determine the fracture toughness of two different types of epoxy-
clay composites: (1) Cloisite 30B and (2) Nanomer 1.28B, a study conducted by Guevara et
al. [182]. The neat epoxy had a fracture toughness of 131 J/m?, which is common for brittle
resins. At 5.0 wt% loading, both nanofillers increased the fracture toughness, 36% increases
for the one with Nanomer |.28E whilst the Closite 30B provided an increase of 83%. Voids
formed by debonding of the clay platelets from the matrix were detected by SEM studies.

4.3. Highlights summary of nanocomposites using nanoclay

In majority of published works enhancements in the mechanical and fracture toughness of
epoxy-nanoclay composites reported to occur at nanoclay loading around 5.0 wt% which is
higher in comparison with the CNTs and grapheme nanomaterials. Closite 30B provided the
highest stiffness improvement amongst all the nanoclays that have been reviewed. However,
nanocomposite with silane-modified clay (SMC) had the highest mode | fracture toughness
value. In all of the 6 epoxy-nanoclays composites reports the same epoxy system DGEBA
was used but the mode | fracture toughness of the pristine epoxies were not in the same
range. This could be associated to the molecular weight of the epoxies, the types of
hardeners and curing agent and processing conditions used, resulting in different fracture
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properties. The preparation of epoxy is vitally important in enhancing the toughness of
nanocomposite.

5.0. Silica

The use of silicate-based filler in nanocomposite has been a major interest for many
researchers as there is prospect to yield higher mechanical properties and fracture
toughness [184, 185, 186, 187, 188], [189, 190, 191, 192, 193], also resulting in substantial
enhancements in the elastic modulus and yield strength. Selected results from the studies
on using silicate-based filler in epoxy based nanocomposite are summarized in Table 4. The
nanosilica particles are amply small which benefit the resin transfer moulding manufacturing
process as they are not filtered-out during the process.

Considered as a promising potential material, nanosilica is currently being at the forefront of
nanocomposite applications, industrial formulations and adhesives amongst others. In many
instances, the effect of nanosilica has stiffened, strengthened and toughened the epoxy
matrix system. Studies have point out that the uses of nanosilica particles have a more
significant improvement in the stiffness, better than micro-fillers [194, 195]. Dispersion
processes for nanosilica have been studied by numerous researchers and achieved
homogeneity in most cases.

5.1. Comparative analysis of the mechanical properties of nanocomposite using
nanosilica

Chen et al. [196] studied the incorporation of silica nanoparticles in epoxy resin with the
introduction of graphene oxide (GO) to the interface of the nanocomposite. The interface
interaction is a fundamental phase in achieving high performance nanocomposite materials.
The Young’'s modulus, tensile strength and percentage elongation at break for the neat
epoxy was 1.36GPa, 51MPa and 6.14%, respectively. The addition of 0.1 wt% of silica with
GO functionalization at the interface achieved an increase of 6.6% in stiffness, 15.8% in the
tensile strength and 6% in the strain to rupture in comparison with the neat epoxy. A further
increase in the loading to 5.0 wt% enhanced the improvements in mechanical and fracture
properties (Figure 14). In comparison with the pristine epoxy, the stiffness increased by 19%
higher than that at 1.0 wt%. Similar trend was observed for the tensile strength and the strain
at break. The graphene oxide coated on the surface of the silica nanoparticle was the
primary source of such enhancement in the modulus and strength.

Insert Fig. 14 (a) Stress—strain curves for neat epoxy and epoxy composites; (b) effect of
Si02-GO content on the tensile strength and modulus of epoxy resins. [196]. Reprinted with
permission from ref. 196 (Copyright © 2012 ACS Publication).

Liang and Pearson [197] examined two types of nanosilica particles with varying particle
sizes in an effort to improve the properties of the resin. The Young’s moduli moderately
increase with the addition of the nanoparticle. At 0.1 wt% loading, an increase of 4.5% in
stiffness was observed.

The effect of having multiphase silica and other materials in nanocomposite to improve its
mechanical properties was studied by Liu et al [19]. Binary silica added to epoxy was first
assessed and at a later stage, binary rubber was added to the previous mixture to
appreciate any differences in the mechanical properties. The addition of 2.0 wt% of silica to
epoxy matrix resulted in a moderate increase in stiffness by 2% whilst the tensile strength
had a similar effect, 7.1% increment. Binary rubber added to epoxy at comparable weight
content resulted in a decrease in stiffness, 8% downfall. However, there was a slight
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increase in the tensile strength by 8.3%. The combination of both binary silica and binary
rubber together with the epoxy resin was finally scrutinized. At 6.0 wt% of rubber and 2.0
wt% of silica, the stiffness as expected experienced a decrease by 11.8%. Interestingly, the
tensile strength followed the same inclination by 5%.

The mechanical properties of nanosilica filed epoxy were studied by Blackman et al.
[198].The Young’s modulus of nanosilica based epoxy was found to be increased by 8% in
comparison to the neat epoxy.

Brunner et al. [184] investigated the influence of silicate-based nanofiller on the mechanical
properties of epoxy. At 7.2 wt% loading, the stiffness increased by 51% whilst the tensile
strength and the strain at rupture decreased drastically by 35.8 % and 83%, respectively
when compared to the neat epoxy.

Modified nanosilica particles to enhance the mechanical properties of epoxy were
investigated by Johnsen et al. [199]. Using sol-gel technique, the nanosilica particles was
introduced into the epoxy resin, resulting in a highly homogeneous structure. For the
instance of the unmodified epoxy resin, a value of 2.96GPa for the Young’s modulus was
noted. By adding 4.0 wt% modified nanosilica, the stiffness increased by 8.1 %. Further
increase in concentration of nanosilica revealed a higher stiffness increment by 15.5% at 7.8
wt% content. A maximum value of 3.85GPa was recorded for the one with 13.4 wt% of
nanosilica. They also validated the findings theoretically using the Halpin-Tsai method. Good
agreements between the theory and experimental results were observed.

In a continuation of this work, Kinloch et al. [200] analysed the effect of combining nanosilica
with rubber on the mechanical properties of the thermosetting epoxy polymers. For the neat
epoxy, the Young’'s modulus had a value of 2.96GPa. Adding 4.0 wt% of the carboxyl-
terminated butadiene-acrylonitrile (CTBN) rubber to the epoxy increased the stiffness by
8.1%. When 4.5 wt% of silica was mixed with 9.0 wt% of CTBN modified epoxy, the modulus
surprisingly decreased by 6.4%.

Tang et al. [18] also carried out a similar study on the effect of incorporating submicron
rubber into nanosilica modified epoxy and its influence on the mechanical properties of the
resulting nanocomposite. At 3.0 wt% loading of silica, the Young’s modulus increased from
3.01GPa to 3.39GPa, an increment of 12.6% whilst the tensile strength produced an
increase of 21.6%. The involvement of multi-phase particles indeed had an exceptional
consequence on the stiffness and percentage elongation at break, demonstrating
competences of engineering the mechanical properties of the nanocomposite. With 12.0
wt% of silica and 9.0 wt% of liquid rubber, an increase of 14.9 % in stiffness and 5.9 % in
elongation at break in comparison to the neat epoxy was recorded (Figure 15). He
associated the decrease in tensile strength due to the addition of rubber as secondary filler.

Insert Fig. 15 Tensile properties of the nanocomposite (a) Young's modulus, (b) tensile
strength [18]. Reprinted with permission from ref. 18 (Copyright © 2012 Elsevier).

Zamanian et al. [201] evaluated of the mechanical properties of nonporous nanosilica based
epoxy by varying the particle size of the latter. The effect of different sized nanoparticles of
12nm, 20nm and 40nm diameters were investigated. The neat epoxy had a value of
3.53GPa for the Young's modulus. A moderate increase of 2.2% in the stiffness was
observed for the one with 12nm diameter silica. The diameter of the nano phase decreased
with increasing particle size. Such effect was due to the agglomeration occurring within the
nanosilica particles which reduces the surface to volume ratio.

The influence of the size of nanosilica was also investigated by Dittanet et al. [202].
Nanosilica of 23nm, 74nm, and 170nm in diameter were used at 2.5 wt% loading to study
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the effect of the size on the mechanical properties of the nanocomposites. The tensile
properties of the nanocomposite were determined using dog-bone shaped tensile specimen.
The neat epoxy provided a value of 3.5GPa for the Young’s modulus and 85MPa for the
tensile strength. The one with 74nm silica increased the stiffness by 4% but, the Young’s
modulus dropped back to its original value for the one using 170 nm silica. A decrease in the
tensile strength with increasing the size of the nanofiller was also observed.

Ma et al. [203] studied the effect of inorganic clay nanoparticles on the mechanical
properties for two different epoxy systems. Nanosilica particles have been added to two
epoxies namely J230 and DDS individually and their properties were evaluated. For the
instance of the J230, increasing the content of the silica resulted in an increase in the
stiffness as well as the tensile strength. At 20 wt%, the stiffness increased by 40% and the
tensile strength increased by 4.2%. Similar trends were observed for the DDS but with
higher levels of increase in both properties. At the same concentration of silica (20 wt%), the
stiffness increased by 40%, exactly the same amount as for the other epoxy system but the
UTS was higher, an increment of 21.7%, significantly higher than the J230.

In a similar study, Huang et al. [204] focused on the cryogenic properties of epoxy matrix
system incorporated with silica nanoparticles. Cryogenic tensile properties at 77K and
thermal expansion coefficient of the nanocomposite were studied. Mechanical stirring and
degassing were the approach used for the preparation of the epoxy resin/silica
nanocomposite. Scanning electron microscopy (SEM) was used to analyse the fracture
surfaces. The results obtained from the tensile tests at cryogenic condition showed an
increase in the tensile strength with increasing silica contents. At 2 wt% content, the tensile
strength increases by 16.4% in comparison with the pristine epoxy. A further increase was
noticed at 4 wt% content, a maximum value of 102 MPa. For the instance of the cryogenic
modulus, a linear increase was observed for both 2 wt% and 4 wt% contents, a value of
5.3GPa and 5.9GPa, respectively.

5.2. Comparative analysis of the fracture toughness of nanocomposite using
nanosilica

Interestingly the integration of nanosilica to epoxy and introducing graphene oxide to the
interface of the particles/resin provides a major enhancement in the fracture properties.
Chen et al. [196] studied this phenomenon with for optimizing the mode | fracture toughness.
With the addition of 0.1 wt% of silica and graphene oxide, an increase of 34% in the value of
Gc was noted in comparison with the neat epoxy. More increase in G mode | fracture
toughness was noted at 5.0 wt% loading, 98% increment as compared to the pristine epoxy.
As stated in the previous section, such level of improvement attributed to the GO coated on
the surface of the nanosilica.

The toughening mechanisms of nanosilica epoxy were investigated by Liang and Pearson
[197] to improve the fracture properties of the nanocomposite. A study based on different
particles sizes of nanosilica was initially adapted in an effort to increase the fracture
toughness performance. An increase of 12% in G,c in comparison to the neat epoxy was
noted.

Liu et al. [19] also investigated the effects of combining nanosilica with rubber nanoparticles
in the epoxy system. Using compact tension tests, mode | fracture toughness (Gc) for 2.0
wt% loading of nanosilica with the epoxy has shown an increase of 11%. A further 21%
increase in G,c was noticed when binary rubber was mixed with the epoxy. In comparison
with the pristine epoxy, Gic had a value of 1720 J/m?, 5.1 times higher (Figure 16). From the
SEM micrographs, debonding and pull-out of nanosilica particles and matrix plastic
deformation was apparently noticeable. The energy dissipation from these factors
contributed to the toughening mechanism of the nanocomposite. Further microscopic studies
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on the fracture surface of the binary rubber revealed nanocavitation and shear deformation
as the key reason for significant improvement in the fracture toughness.

Insert Fig. 16 Fracture toughness of the nanocomposite when (a) nanosilica was added, (b)
rubber particle was added [19]. Reprinted with permission from ref. 19 (Copyright © 2011
Elsevier).

Blackman et al. [198] investigated the fracture and fatigue performance of nanosilica
modified epoxy polymers. Interesting observations were made by the authors when the
loading of nanosilica was increased progressively. An increment of 51.7% in mode | fracture
toughness was observed in comparison with the neat epoxy. Microscopic studies were
performed to analyse the nature of such enhancement. Debonding of nanosilica and plastic
void growth were the factors that essentially contributed to the toughening mechanisms of
the nanocomposite.

The fracture toughness of the epoxy with silicate-based nanofiller was studied by Brunner et
al. [184]. The neat epoxy recorded a value of 130 J/m? for mode | fracture toughness. The
addition of 7.2 wt% of nanosilica contributed to an increase in the fracture toughness from
130 J/m? to 160 J/m?, an increase of 23%. The distinct structural features which appeared on
the fracture surface, examined by the SEM images, associated to the improvement in
fracture toughness.

Johnsen et al. [199] examined the toughening mechanisms of epoxy/nanosilica composites.
As specified before, a highly dispersion process resulted in high fracture toughness for the
nanocomposite. Single-edge notch bend (SENB) specimens were used to evaluate the
fracture toughness of the nanocomposite. Initially, the neat epoxy gave a value of 103 J/m?
for mode | fracture toughness. Fracture energy increased from 103 J/m? to 291 J/m? at 4.0
wt% loading, 182% increment. Further increase in nanofiller loading by 7.8 wt% increased
the fracture toughness performance. SEM studies revealed the presence of debonding and
plastic void growth as contributing factors for the enhancement of fracture toughness.

Kinloch et al. [200] demonstrated that the fracture toughness can be increased considerably
in a multiphase epoxy resin containing nanosilica and the carboxyl-terminated butadiene-
acrylonitrile (CTBN) rubber. The findings showed that the addition of nanosilica to the epoxy
resin resulted in an increase in the mode | fracture toughness. At 4.0 wt% of CTBN, mode |
fracture toughness increased by 182%. However, a more substantial increase was observed
with varying wt% loading of nanosilica, alongside the presence of micro-rubber particles.
Adding 4.0 wt% of CTBN and 9.0 wt% of nanosilica together resulted in an increase of 791%
in mode | fracture toughness. Having a multiphase hybrid epoxy polymers could potentially
further increase the toughness if a good appreciation of the mechanisms such as crack
deflection and crack twisting could be achieved.

Fracture mechanisms of rigid-soft particles filled with epoxy was investigated by Tang et al.
[18]. The fracture behaviour of epoxy resin by inclusion of liquid rubber and nanosilica acting
as multi-phase particles were evaluated. The addition of nanosilica alone caused an
increased in mode | fracture toughness by 50%. Addition of 12 wt% of nanosilica and 9.0
wt% of liquid rubber produced an increase in the value of G,c by 670% in comparison with
the pristine epoxy. The rubber particles developed into smaller sizes due to the presence of
nanosilica. The enlarged plastic deformation which occurred around the crack tip was the
key reason associated to the toughening mechanisms of the nanocomposite.

As mentioned in the previous section, Zamanian et al. [201] studied the fracture toughness
of nanosilica based epoxy by changing the particle size. Three point bending test was
carried out to determine the fracture properties of the nanocomposite. In the case of the
pristine epoxy, mode | fracture toughness was determined to be 280 J/m? and a maximum
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value of G was measured with the particles size of 12nm diameter at 1.0 wt% loading.
Further increase in the size of the particles to 20nm diameter revealed a drop in the fracture
toughness. For higher volume concentration of nanosilica, the trend reversed due to
agglomeration of the nanofiller. This is because the surface area of particles will increase
when the diameter is reduced, resulting in higher fracture performance.

Dittanet et al. [202] carried out a similar experiments based on varying the particle size of the
nanosilica. Mode | fracture toughness (Gic) increased from 700 J/m® to 710 J/m? with
increasing size of 23nm to 74nm, respectively. Further studies carried out by Manwar et al.
[205] support this claim. Increasing the particles size increases mode | fracture toughness at
low particle size but reversed when the particle sizes is increased, the same observations as
reported by Zamanian et al. [201].

5.3. Highlights summary of nanocomposites using nanosilica

The involvement of rubber in silica based epoxy has seen major improvements in mode |
fracture toughness but however resulted in poor stiffness performance due to the low
Young’s modulus of rubber particles as highlighted by Liu et al. [19]. This technique could be
highly effective if a compromise for the stiffness could be acceptable. Varying the particle
sizes of the silica could be another prospective way into achieving high performances as
reported by Johnsen et al. [199]. Moreover, values obtained in the instance when silica was
mixed with graphene oxide [196] demonstrated a large offset from the other reported values
as tabulated in the Table 4. Controversially, the neat epoxy epon 828 reported to have a
value of 2408 J/m? in [196] contradict the study conducted by Sun et al. [80] who used the
same epoxy system epon 828 and reported a value of 113 J/m? More work of the same
nature should be carried out in this area in order to eliminate any discrepancies which might
have occurred.

6.0. Conclusion

In engineering structures strength and toughness of materials are two critical properties that
determine the suitability and lifetime of materials. A wide range of particle reinforcements
have been employed to enhance these two properties in polymers, but usually the strength
and toughness changes occur in opposite direction. Nanoparticles with substantial interface
in polymer matrix, strongly influencing the mechanical response of polymer. Hence
nanomaterials have potential to increase both strength and toughness.

The enhancement in strength, stiffness and the fracture toughness by introducing CNTs,
graphene, nanoclay and nanosilica incorporated into the epoxy matrix together with other
materials such as the inclusion of different rubber particles, tailored accordingly to the
engineering needs is a massive bonus for several nanocomposite applications. Past studies
shows that excellent mechanical properties and toughening mechanisms can be achieved by
incorporation of proper type, size and amount of nanoparticles into the epoxy resin. Lots of
critical aspects such as the specific surface area, aspect ratio, filler loading, particle sizes
[206], type of epoxy resin, alignment, functionalization and different techniques of dispersion
process have an effect on the performance of the resulting nanocomposite. Dispersion of the
nanomaterials has been one of the major contributing factor as well as interfacial adhesion
between the nancfillers and the epoxy matrix. Attaining a homogenous dispersion was one
of the main factors in achieving outstanding results. In the instance where either chemical or
physical functionalization was carried out, the values for the stiffness, tensile strength as well
as the fracture toughness substantially increased and those effects were explained
accordingly in the studies carried out, normally attributed due to the presence of molecular
interactions during processing the nanocomposites. Different variants of the epoxy were
used as the resin system.

Numerous toughening mechanisms in epoxy based nanocomposite have been reviewed and
summarized in this paper. Debonding [207] which is currently present in hard particles such
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as clay, silica as well as cavitation [208] in soft particles such as rubber is the main driving
force to trigger other important energy dissipation mechanisms; matrix shear deformation,
crack deflection, crack twisting and crack bridging are amongst those who contributed to this
phenomenon as discussed in the previous sections.

A comparative illustration of the effect of loading content of selected nanoparticles, i.e.
carbon nanotube, graphene, nanoclay and nanosilica, on fracture toughness, stiffness and
tensile strength are shown in Figure 17-19. CNTs showed good effect on fracture toughness
at low loading (0.1-2.0 wt%). Most of the studies on graphene demonstrated very good effect
on fracture toughness properties at very low graphene loading, generally under 1 wt%
loading. For the instance of the nanoclay and nanosilica, improvement in G,c were observed
at much higher loadings (0.5-20 wt%). Interestingly, there were three outliers [20, 19, 200]
whilst plotting the graph with a normalized fracture toughness value ranging from 5.11 to 8.9
due to involvement in a second phase reinforcement using rubber nanoparticles with CNTs
and nanosilica. The fracture toughness performances in those cases were extremely higher
at the expanse of their Young’s modulus.

Insert Fig. 17 Map of fracture toughness of nanoparticles/epoxy nanocomposites with
respect to particles loading.

Insert Fig. 18 Map of stiffness of nanoparticles/epoxy nanocomposites with respect to
particles loading.

Insert Fig. 19 Map of ultimate tensile strength of nanoparticles/epoxy nanocomposites with
respect to particles loading.

As observed previously, improvements for the nanocomposites were achieved at very low
CNTs content loading. In order to achieve optimal mechanical properties, the theory of
stress transfer between CNTs and the matrix resin is fundamentally important. The
importance of the duration and amplitude of sonication was also regarded as a central factor
to the enhancement of the CNT nanocomposite. Reducing the sonication power for instance
resulted in exceptional increase in fracture toughness by 550% as reported by Gkikas et al.
[17]. The importance of functionalization by amino groups has also shown major
improvement in the mechanical properties as confirmed by Gojny et al. [76]. This
improvement was also supported by Tang et al. [112] and Zaman et al. [153] with similar
findings from their studies based on ozone functionalization of MWCNT. The highest
Young’s modulus was noted in the instance of DWCNT when surface functionalization was
carried out. The outcome of multiphase is another great potential route that could be
explored as reported by Tang et al. [20] with the presence of liquid rubber. Significant
increase of 409% in mode | fracture toughness in comparison with pristine epoxy was noted,
the highest increase amongst the 14 CNTs researches reviewed.

The addition of graphene as a nandfiller significantly increased the Young’'s modulus and
mode | fracture toughness as highlighted in all the papers that has been reviewed. The
importance of opting for different types of functionalization has also been scrutinized by Li et
al. [158]. Amino and epoxy functionalized graphene both considerably contributed to
different level of performances. This statement is in good agreement with the work carried
out on modified graphene platelets by Zaman et al. [153], where enhancements in the
fracture toughness were noticed. Rafiee et al. [138] concluded that the fracture toughness of
graphene is more effective in comparison with different nanomaterials. Introduction of
surface modification in a multi-phase environment has benefited the fracture toughness
when graphene oxide was mixed with nanosilica as the interface [196]. Such level of

25



Nanoscale

improvement could be further investigated. Some research has reported exceptional
mechanical properties with graphene at low content as compared to CNTs.

Enhancement in the mechanical and fracture properties of nanoclay occurred at a higher
weight percentage content around 5.0 wt% in comparison with the CNTs and graphene.
Closite 30B provided the highest stiffness increment amongst all the nanoclays. Values
obtained for mode | fracture toughness were lower than that recorded for CNTs and
graphene. In most cases, the tensile strength was decreased whilst the stiffness was
marginally increased. The same epoxy system DGEBA was used for all the nanoclays
reviewed works but the findings for mode | fracture toughness of the pristine epoxies were
not in the same range. This could be associated to the difference in molecular weight, types
and amount of hardeners and curing agent and curing process conditions used. The
preparation of epoxy is thus vitally important into enhancing the nanocomposite.

The effect of having multiphase in nanocomposite is highly beneficial in order to attain good
mechanical and fracture properties of nanocomposite. The involvement of rubber in silica
based epoxy has shown a major improvement in mode | fracture toughness, a value of 1720
J/im?, 5.1 times higher in comparison to the pristine epoxy, but however resulted in poor
stiffness performance due to the low modulus rubber particles as highlighted by Liu et al.
[19]. This technique could be highly effective if a compromise for the stiffness could be
accepted. Varying the particle sizes of silica could be another prospective way into achieving
high performances. A study conducted by Johnsen et al. [199], reported an increase in both
the mechanical and fracture toughness by increasing the size of particles, but after reaching
its peak there was a sudden drop in the performance.

Opting and ideal nanofiller to enhance the nanocomposite is crucial to achieve good
mechanical and fracture properties. Amongst all the CNTs, MWCNT s still the most
interesting candidate with very promising results despite few drawbacks, if only the
appropriate dispersion techniques and functionalization is carefully chosen. Multiphase
nanocomposite could also be potentially explored due to satisfactory results in some cases.
Inclusion of rubber particles could also be another ideal route of improving mode | fracture
toughness if a compromise could be found for its ductility. On the other hand, graphene has
attracted more interest nowadays, being at the forefront of nanotechnology. Graphene can
be synthesized by simple chemical methods at low cost on a large-scale production whereas
CNTs contained large amount of impurities, often more expensive. Homogenous dispersion
is well achieved with graphene in comparison to CNTs due to planar structure which eases
the stress transfer during dispersion. Moreover, both CNTs and graphene require low
content ratio to enhance the nanocomposite whereas much higher loadings are required for
clay and silica.

7.0. Future research challenges for enhancement of mechanical properties of epoxy

Epoxy resin is inherently brittle, and this problem can be mitigated by the incorporation of
nanoadditives. Despite many achievements in the development of novel nanoadditives for
epoxy, challenges still exist in materials selection and process design to full fill the potential
of nanocomposites and improve the performance of FRP composites for advanced industrial
applications.

The research reported in this paper demonstrated that dispersing CNTs, graphene, nanoclay
and nanosilica into the epoxy has the potential to significantly improve the mechanical
characteristics of epoxy resin. However, there still exists underlying concerns that needs to
be fully explored in order to face the future challenges in this evolving field. The reported
experimental studies were carried out using different dispersion techniques and
functionalization methods which restricted the thorough understanding of the reinforcement
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mechanism of CNTs, graphene, nanoclay and nanosilica in epoxy nanocomposite.
Understanding the stress transfer between the matrix system and the respective
nanomaterial is imperative to maximise and enhance the mechanical and fracture properties
of the nanoparticles/epoxy nanocomposite. Despite that a large amount of publications have
been emphasized on analysing the mechanical and fracture characteristic of the
nanocomposite, less effort has been placed on the crucial understanding of stress transfer
mechanisms and interfacial bond strength between nanoparticles and the epoxy system.

Moreover it is essentially important to develop tools and techniques for quantitative analysis
of the extent of dispersion or agglomeration during the preparation stage for particles of
different size and aspect ratio. There is a concern on how the structural distinctive shape of
CNTs for example can be unaffected to retain their anticipated properties after dispersion
and functionalization.

For CNTs nanoparticles, new approaches are required to tackle higher viscosities on
increasing CNT loading. Further, functionalization of CNTs either by chemical [69] or
physical [209, 210] treatments may help to improve the CNT dispersion and aid stress
transfer between CNTs and epoxy matrix [211]. Alternatively, nitrogen-doped CNTs are
reported to be sufficiently chemically reactive, intrinsically, to improve interactions with epoxy
matrix. The very high surface area of SWCNTs might lead to greater impact of the CNTs on
composite performance; the flexibility of SWCNTSs also tends to encourage bundling and this
make it hard to maintain the desired orientation. The tendency of SWCNTSs to form bundles
reduces the ability of the innermost tubes to contribute efficiently to the reinforcement;
similar effects can also occur in MWCNTSs but may be mitigated by local defects [212]. In
addition, the aspect ratio and alignment of CNTs are also important factors that determine
the composite performance and need optimisation [213].

This review has shown that the incorporation of graphene into epoxy in polymer
nanocomposites is crucial to broaden the function and enhance the performance of the
mechanical reinforcement of graphene in epoxy resin. No doubt, graphene and its related
nanomaterials have an exciting future for utilization as reinforcement nanoparticles in epoxy
with regard to specific applications. The outstanding properties of graphene nanoparticles
including excellent large specific surface area, high mechanical strength, and low
manufacturing cost; make them an ideal nanoparticle for enhancing epoxy performance.
More recently research has been focused on functionalized graphene.

Multi-functionalities of a single material for certain applications can be realized by
functionalized graphenes as the major strategy. This new family of 2D carbon materials
offers encouraging and prospective platforms to investigate the structure, chemistry,
properties, engineering, and technological applications of functionalized graphene/epoxy.
More theoretical and experimental efforts are required to investigate the stability, physical
and chemical properties of these nanocomposites. Future work is likely to focus on the
synthesis of graphene at the macroscopic scale, and new or improved methods to realize
the large-scale synthesis of graphene, thereby opening new avenues for the potential
applications of graphene-based epoxy. Limited work has been carried out to investigate how
the matrix is bonded to the graphene surface and effective characterization techniques are
stil in demand. The relationship between the interfacial bonding mode and final
nanocomposite performance needs to be elucidated. However, graphene is very easily
aggregated. Effective interfacial engineering techniques (chemical modification, plasmon
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treatment and etc.) and processing techniques are required for manufacturing high
performance epoxy nanocomposites.

Also experimental investigation of different CNTs/graphene nanoparticles, combined with
modelling, will establish required data for the optimum type, aspect ratio, and orientation of
CNTs/graphene in different composites, which are likely to vary for different properties of
interest. Effective interfacial engineering techniques such as chemical modification, plasmon
treatment and processing techniques are still desired for manufacturing high performance
epoxy nanocomposites.
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Materials Particles | Particle Effect on the Mechanical Properties Type of Production References
loading Size Mechanical Method
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G: ()/m’)  K:(MPaVm)
GIC KIC GIIC KIIC
1 | SWCNT Epoxy 0.1 d<2 NR® | 2.59 | 63.8 163 | 0.65 Tensile Test/ High Shear [76]
(Elicarb) (DGEBA + |V|R3 2.69 66.3 237 0.80 1.82 (SENB) / CT Mixing/Sonication
H137i) ) ) ) ) /SEM/ TEM
2 | SWCNT Epoxy 1.0 NR |2.76 | 64.1 |3.24| 113 | 0.56 Tensile Ultra- [120]
(XD Grade) (Epon 862) MR | 3.49 | 74.7 332 | 124 0.66 Test/(DMA) / Sonication/Degassed
3-PB
3 | DWCNT Epoxy 0.1 2.8 NR |3.28 | 63.8 128 | 0.65 TEM/SEM/ Calanders [79]
(Nanocyl) (MGS MR | 3.37 | 625 171 0.76 Compact (Dispersion). Cured
+NH2 L135i + MR 1351 | 635 174 078 Tension(CT) and post-cured.
H 137i) . : : Sonication
4 | DWCNT Epoxy 0.3 2.8 NR | 2.59 | 63.8 163 | 0.65 Tensile Test/ High Shear [76]
(Elicarb) (DGEBA + MR | 2.89 | 678 250 0.85 (SENB)/ CT Mixing/Sonication
H137i) /SEM/ TEM
5 | MWCNT Epoxy 0.1 15-50 NR |[3.15 | 68.4 833 | 1.62 1.49 Tensile Test/ Sonication./ [121],
(ML-506 + MR | 3.24 | 717 1079 | 1.87 182 | CENB) Degassed in vacuum | 177],
HA-11) [214]
6 | MWCNT - | Epoxy 0.1 15-50 NR | 2.59 | 63.8 163 | 0.65 Tensile Test/ High Shear [76]
NHZ(EHcarb) (DGEBA + MR 2.88 64.7 227 0.81 (SENB) / CcT Mixing/Sonication
H137) ) ' ' /SEM/ TEM
7 | MWCNT Epoxy 0.0 - NR | 2.6 24.0 200 | 0.75 Tensile Test Sonication [17]
(ARKEMA) | (Araldite | 0.5 10-15 | MR [25 [300 390 | 135 SR/ PINRY. | HOTESER @B Tl
LY 564) 50% at 0.5 wt % -2h
0.5-0P | 10-15 MR 1300 | 2.6
8 | MWCNT Epoxy 1.0 10-15 NR 300 1000 (DCB)S/ Torus-mill device / [81]
(ARKEMA") (Araldite ) MR 490 1480 (3ENF’) Vacuum

2 Neat resin
® Modified resin

* Supplied by ARKEMA, France
® Three point end-notched flexure
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TABLE 1: CARBON NANO-TUBE (CONTINUED)

Materials Particles | Particle Effect on the Mechanical Properties Type of Production References
loading Size Mechanical Method
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G: ()/m’)  K:(MPaVm)
GIC KIC GIIC KIIC
9 | MWCNT Epoxy 0.0 4-15 NR (287 (734 |29 |64 0.46 (DMTA®) / High Speed Mixer/ [112]
(C150P) | (Bisphenol- | 0.5-P’ MR [2.89 |72.2 [3.0 |110 |0.59 Tensile Three-roll mill/
A)/ g Test/Quasi- Degassed cured in
Albidur 0.5-F MR [2.88 |89.0 |56 |135 | 0.64 Static / CT Oven.
HE600
10 | MWCNT Epoxy 0.0 120 NR | 2.90 133 | 0.69 Uniaxial Ultrasonic probe/ [115]
(Produced) (DGEBA) 0.1 MR | 3.01 162 0.85 Tensile Vacuum oven
-5 o2 MR | 3.11 188 | 0.88 Test/ (SENB)
0.5 MR | 3.26 223 | 0.98
11 | MWCNT + | Epoxy 0.0 - NR | 2.90 132 | 0.69 Uniaxial Ultrasonic bath/ [116]
Silica (DGEBA) 0.06/2.0 MR | 2.95 176 0.75 Tensile Mechanical stirrer/
(Nanopox LY-556 0.00/6.0 MR | 3.01 181 075 Test / (SENB) vacuum oven
F400) 0.06/6.0 MR | 3.03 195 | 0.96
12 | MWCNT Epoxy 1.0 20-30 NR |295 |764 |31 |89 0.55 Tensile Test/ High-Speed [20]
(Provided by | (DGEBA) MR | 3.06 | 73.5 2.5 140 0.70 Compact Test mixer/Planetary ball
Timestub™) MHHPA mill/ Degassed/
Cured
13 | MWCNT Epoxy 1.0/10.0 | 20-30 NR (295 |764 |3.1 |89 0.55 Tensile Test/ High-Speed [20]
(Provided by | (DGEBA) Compact Test mixer/Planetary ball
Timestub™) = MR |2.66 |70.7 |52 |455 | 1.17 mill/ Degassed)
+LR® Cured
14 | MWCNT Epoxy 1.0 35 NR |1.97 |473 |24 |120 |2.04 Tensile Test/ Ultrasonjt:/ N [215]
(CMW) (Epon MR |1.59 | 464 |32 [270 |28 SENB Mechanical Mixing
828)

® Dynamic Mechanical Thermal Analysis
" Pristine

® Ozone Functionalization
® Submicron Liquid Rubber
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Materials Particles | Particle Effect on the Mechanical Properties Type of Production References
loading Size Mechanical Method
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G: (J/mz) K: (MPa\/m )
Gic Kic Giic Kic
15 | Graphene | Epoxy 0.05 NR | 3.0 53 77 | 0.48 Tensile -Flexural | Sonication/ [151]
(RGOlO) (DGEBA) MR 3.0 56 126 | 0.62 test/ Compact Mechanical
’ ’ Tension Mixing/ Ball Milling
16 | Graphene | Epoxy 0.5 NR | 3.0 66 250 | 0.75 Tensile Test/ [152]
Oxide (Bisphenol MR |32 |75 530 | 1.2 (SENB) /SEM/
AJF TEM
diglycidyl)
17 | TRGO™ Epoxy 0.5 NR 0.82 (3P-ENB™) / Three-roll-mill / [128]
GNP (bisphenol A 20-50 MR 071 SEM Mixing/ Degassed
(Araldite . under vacuum
MWCNT LY556) 9.5 MR 0.62
(NC7000)
18 | GP Epoxy 0.0 NR | 2.7 64 204 | 0.7 Tensile testing/ | Sonication/ [153]
(DGEBA, 1.0GP MR | 3.0 62 298 | 0.95 Com-pact Mechanical Mixer
m-GP® | ArlditeF) [ TomGp MR | 2.8 |59 245 | 0.75 tension (CT)
4.06p MR | 2.9 50 417 | 1.02
4.0 m-GP MR | 3.3 53 613 [ 1.3
19 | m-GnPs Epoxy 0.12 NR | 2.7 64 140 | 0.66 Thefma_| Shocking | [216]
MR |29 |62 300 | 1.00 sonication [154]
20 | EGNP" Epoxy 0.5 NR | 3.8 68 |0.51 (3-PB)/ (SENT™) | Ultrasonic / [155]
(EPIKOTE MR | 4.0 168 | 0.82 3-rolimil
828LVEL)

'° Reduced Graphene Oxide
" Thermally Reduced Graphene Oxide
Three point end notch bending
'3 Surface-modified graphene platelets
" Expanded Graphene Nanoplatelets
' Single Edge Notch Tension
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TABLE 2: GRAPHENE (CONTINUED)

Nanoscale

Materials Particles Particle Effect on the Mechanical Properties Type of Production References
loading Size Mechanical Method
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G: (J/m?)  K:(MPaym)
GIC KIC | GIIC KIIC
21 | GNP + Epoxy 0.0 NR 0.77 1.71 (SENB) Three roll mill/ | [162]
CNT (Araldite | GNP (0.5) GNP | MR 0.96 1.68 D‘5p9f5‘°g )
(XG Sciences | LY564 + GNP(0.7)+ . MR 125 152 process. Cure
+ USRN'®) Aradure CNT (0.3 _ . : and post-cured.
2954) (0.3) CNT=5-
15
22 | Pristine Epoxy 0.1 NR | 2.7 55 250 | 0.95 Compact Sonication [138]
(bisphenol- Tension (CT)
SWNT A 2 MR |26 |62 380 | 1.15
MWNT 20 MR | 2.9 64 420 | 1.86
GPL MR | 3.7 78 580 | 1.43
23 | ATGO" Epoxy 0.0 NR | 2.2 68 865 | 1.38 Tensile Test/ (Modified [156]
(DGEBA) 0.1 MR |24 |71 876 | 1.45 (5012 AT [152]
+ Method) / High-
YD-128 0.5 MR | 3.2 75 1404 | 2.12 speed stirring /
Vacuum mixing
24 | APTS- Epoxy 0.2 0.5-10 | NR | 2.5 70 46 |360 | 1.02 Tensile Test Sonication/ [158]
GOIS Araldite um MR | 3.3 81 8.4 390 1.22 Fatigue test/ Vacuum Drying
LY5052 (SENB)
GPTS- MR | 3.0 79 8.7 | 620 | 1.46
GoY
25 | - Epoxy 0.5 NR | 2.5 61 12.2 | 350 | 0.97 (SENB) Stirring gfinding [157]
GPL ML-526 40-120 |MR |28 |70 [7.8 |[575 |1.35 /Synthesis
(Bisphenol- method
GNS A) 5-10p MR | 3.1 66 7.2 |420 |1.14

'® US Research Nanomaterials Inc

"7 Attached Graphene Oxide

'® Amino functionalized graphene oxide
Epoxy functionalized graphene oxide
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Materials Particles | Particle Effect on the Mechanical Properties
loading Size
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness
Materials (GPa) | (MPa) G: (J/mz) K: (MPa*/m)
GIC KIC GIIC KIIC

smc* Epoxy
Nanomer (DGEBA) MR | 2.32 52.5 820 0.94
PGW DER 332

NR | 3.4 73.3 2.72 | 300 1.01 0.82

MR | 3.46 68.9 2.96 | 650 1.5 1.02

Clay Epoxy 1.0 70-150
(Cloisite 30B) | (DGEBA)

31 | Clay Epoxy 0.0 <10 NR | 3.53 46.5 131 0.68
(Closite 30B)+ | (DGEBA) (um)
MT2EOH +Araldite
A"\";Zi‘:* 2.0 MR | 358 |[54.2 207 |0.92
we17) | 50 MR [3.66 |543 240 | 0.95

Type of
Mechanical

Testing

(DMA)/ (SEN)

Tensile Test
(SENB)

Tensile Test/
(SENB)

Production
Method

Rotary
evaporator/
Vacuum oven

References

[179]

Degassing/ [181]
Milling polishing

Hand-Stirred /
Degassed in
vacuum oven

[182]

20 MMT-cetylpyridinium chloride
Silane-modified clay
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TABLE 4: SILICA

Materials Particles Particle Effect on the Mechanical Properties Type of Production Method References
loading Size Mechanical
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G:()/m?)  K:(MPaVm)
GIC KIC | GIIC | KIIC

Silica Epoxy . Tensile Test/ Mechanical Stirrer/
(Nanopox (DGEBA/F) ] TEM/(3-PB) Vacuum oven/
E430)

Binary Epoxy . Tensile Test/ In situ through sol—gel
Rubber bisphenol (SENB) (CT) process/Mechanical
A (DGEBA) Stirrer/ Vacuum oven

Spherical
rubber

2 Binary Rubber/Binary Silica
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TABLE 4: SILICA (CONTINUED)

Materials Particles Particle Effect on the Mechanical Properties Type of Production References
loading Size Mechanical Method
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G: (J/mz) K: (MPaVm)
GIC | KIC | GIIC | KIIC

38 | CNF Epoxy 0.5 60 NR 250 | 0.78 Three Point High Shear Mixer- | [217]
(Helical-ribbon) (Resoltech MR 550 | 1.25 Flexural Polishing Machine
1800/1805)
40 | Silica Epoxy 0.0 20 NR | 2.96 103 | 0.59 Tensile Test/ Sol-gel Process /
(Nanopox F400) | (DGEBA) | 4.0 MR | 3.20 291 | 1.03 Compact Tensions | Cured [199]
. SENB
ﬁ';ggr 7.8 MR | 3.42 352 | 1.17 / (SENB)

;Z Di-glycidyl ether of bisphenol A
Single edge notched bending
Carboxyl-Terminated Butadiene-Acrylonitrile
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TABLE 4: SILICA (CONTINUED)
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Materials Particles Particle Effect on the Mechanical Properties Type of Production References
loading Size Mechanical Method
Nano - Resin (wt%) (nm) E UTS | %EL Fracture Toughness Testing
Materials (GPa) | (MPa) G:(J/m?)  K:(MPavym)
GIC KIC | GIIC KIIC
42 | Silica Sol Epoxy 3.0 20 NR | 3.01 | 67.49 | 2.69 | 60 | 0.46 Tensile/ Four step curing [18]
(Nanopox E470) (Bisphenol — MR 1339 [ 8209|262 1201 0.68 Compact schedule/ Cured in
— 7% A)/ - . . - test oven
Silica /LR (Anhydride 9.0/9.0 MR | 3.20 | 73.51 | 3.39 | 390 | 1.20
Hardener)
43 | Nonporous Epoxy 0.0 - NR | 3.53 | 88.15 280 | 1.07 Tensile Mixing/ Sonication. | [201]
Silica (aerosil | (DGEBA* |11 0 12 MR | 3.61 380 | 1.25 Test/ Vacuum oven
200,90,and | MTHPAT) 737 20 MR | 3.57 350 | 1.18 (3P0
0X50) : : :
1.5 40 MR | 3.61 330 | 1.17
44 | Silica Epoxy 0.0 - NR | 3.50 | 85 300 | 1.11 Tensile Dilution/ Vacuum [202]
SM* by (DER331+ [ 55 23 MR | 3.50 | 83 700 | 1.70 Test/ oven /Thermally | [71g]
Organo- Piperidine) : = ViR 3.67 31 =10 1'75 (SENB)/SEM | cured.
silicane (DGEBA) - -
170 MR | 3.50 | 83 680 | 1.68
45 | Silica Epoxy 0.0 NR | 2.75 | 57.1 180 | 0.73 (SENB) / Mechanically Mixed | [203]
(Nanopox (DGEBA + Compact /Release agent-
F400) 1230%) 10.0 MR | 3.64 | 58.3 370 | 1.23 test / TEM coated rubber
20.0 MR | 3.85 | 59.5 660 | 1.68 moulds
46 | Silica Epoxy 0.0 NR | 3.2 88.2 70 | 0.51 (SENB) / Mechanically Mixed | [203]
(Nanopox (DGEBA+ Compact /Release agent-
F400] T 10.0 MR | 3.79 | 104.3 110 | 0.69 test / TEM coated rubber
20.0 MR | 4.48 | 107.4 130 | 0.82 moulds

% |iquid Rubber

" Methyl Tetrahydrophthalic Anhydride

% Three-point Bending Test
 surface Modified
% Jeffamine D230

%' 4,40-diaminodipheny! Sulfone
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Fig. 1 Synthesis of epoxy monomer from bisphenol A (DGEBA) and epichlorohydrin [7].
Reprinted with permission from ref. 7 (Copyright © 2014 Taylor & Francis).
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B |
Fig. 2 Water bath sonicator (A); probe/horn sonicator (B) [74]. Reprinted with permission
from ref. 74 (Copyright © 2010 Elsevier).
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(b)
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Fig. 3 SEM images for (a) neat epoxy, (b) 1% of MWCNT, (c) 0.5% of MWCNT and (d) 0.1%
of MWCNT under mode | loading [81]. Reprinted with permission from ref. 81 (Copyright ©
2009 Sage).
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Fig. 4 Schematic diagram showing how a hexagonal sheet of graphene is rolled to form a
CNT with different chiralities (A: armchair; B: zigzag; C: chiral) [74]. Reprinted with

permission from ref. 74 (Copyright © 2010 Elsevier).
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3. Composite

Fig. 5 Scheme of the functionalization process of CNTs showing the whole cycle from the
oxidation to the composite manufacturing. In a first step the nanotubes are oxidised (1) then
functionalised (2) and finally processed to the nanocomposite (3) [107]. Reprinted with
permission from ref. 107 (Copyright © 2005 Elsevier).
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Fig. 6 The fracture energy of the neat epoxy and nanocomposites containing nanosilica and
MWCNTSs as a function of the concentration of MWCNTSs [116]. Reprinted with permission
from ref. 116 (Copyright © 2011 Wiley).



Fig. 7 Fracture toughness of epoxy-based composites containing (a) non-functionalized and
(b) functionalized CNTSs [76]. Reprinted with permission from ref. 76 (Copyright © 2005

Elsevier).
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Fig. 8 Graphene in various forms, it can be wrapped up into 0D buckyballs, rolled into 1D
nanotubes or stacked into 3D graphite [134]. Reprinted with permission from ref. 134
(Copyright © 2007 Nature).
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Fig. 9 Fracture toughness of neat epoxy, epoxy/GP and epoxy/m-GP nanocomposites [153].
Reprinted with permission from ref. 153 (Copyright © 2011 Elsevier).
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Fig. 10 Mechanical properties of neat epoxy and nanocomposite at different loading of re-

functionalized GO [158]. Reprinted with permission from ref. 158 (Copyright © 2013
Elsevier).
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Fig. 12 Variation of (a) tensile modulus and (b) tensile strength with clay concentration in
nanoclay/epoxy nanocomposite [179]. Reprinted with permission from ref. 179 (Copyright ©
2006 Elsevier).
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Fig. 14 (a) Stress—strain curves for neat epoxy and epoxy composites; (b) effect of Si0O2-GO
content on the tensile strength and modulus of epoxy resins. [196]. Reprinted with
permission from ref. 196 (Copyright © 2012 ACS Publication).
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Fig. 16 Fracture toughness of the nanocomposite when (a) nanosilica was added, (b) rubber
particle was added [19]. Reprinted with permission from ref. 19 (Copyright © 2011 Elsevier).
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Fig.17 Map of fracture toughness of nanoparticles/epoxy nanocomposites with respect to particles loading.
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Fig.18 Map of stiffness of nanoparticles/epoxy nanocomposites with respect to particles loading.
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Fig.19 Map of ultimate tensile strength of nanoparticles/epoxy nanocomposites with respect to particles loading.
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