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Abstraet The development of acrospace and automotive in-
dustriesrequests lightweight, high-performance materials, and
polyimer nanocomposites are ideal candidates in this case,
which 1is shown by the increasingly more publications in this
reseaxch field over the past two decades. However, the perfor-
mance of nanocomposite not only depend on the properties of

their individual constituents, but on their morphology and

surface characteristics of fillers as well. Selections of

nanofillers geometries, e.g. particulate, fibrous or layered have s

a tremendous influence on the properties of nanocompesites
and their processing methods. In this paper, we review' the
chronological works performed in the field of polyrer nano-
composites, in particular epoxy nanocompositcs ‘reinforced
with layered fillers, such as clay and grdphene. Surprisingly
layered fillers are commercially available and more cost-
effective than nanoparticles and carbon nanofibres, and these
make them to the most extensively stidied fillers that can be
geared toward future applications, particularly in large-scale
polymer nanocomposite production.
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Introduction = T

Developisig hiin#f)erfonnance materials and systems by cost-
effective means is an everlasting topic in science and engi-
negring.- Inspired by this topic, researchers endeavour to

. achieve increasingly higher performances by designing, fab-

ricating and controlling materials with possibly smallest
scales. Nobel Prize laureate Richard P. Feynman once predict-
ed that controlling the arrangement of structural units on a
small scale would bring enormous improvement of properties
that substances can have [1]. His vision not only serves as a
foundation for all the excitement about nanomaterials, but for
the success of modern science. Today, there is no doubt that
the nanomaterials drive the world and affect our daily life.

Last year, the worldwide demand for nanomaterials has
already reached over $4.2 billion [2]. For example, the de-
mand for nanomaterials in Japan is expected to exceed $6.3
billion by 2025 due to the use of nanomaterials beyond their
initial outlets, such as wafer polishing slurries used in semi-
conductor manufacturing, high-performance plastic compos-
ites, superior adhesives, transparent sunscreens, personal care
products and high-end sports equipments. Figure 1 contains a
detailed forecast for nanomaterials’ demand in Japan in 2001—
2025 including the price of nanomaterials per gross domestic
product (GDP); it shows a steady annual increase.

Of all nanomaterials, polymer nanocomposites are the most
well-known and have been broadly investigated for a wide
range of applications, including flame-retardant panels, anti-
scratch coating for surface protection, high-barrier film for
packaging applications and lightweight, high-performance
components used in aerospace and automotive industries
[3-7]. Different to other materials such as metals and ce-
ramics, polymers feature low manufacturing cost and high
specific strength, which means less energy needed for produc-
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Nanocomposite demand In Japan total surface area of nanoparticles (Fig. 2b) enhances signifi-
6000 | from 2001-2025 cantly with their volume fractions when compared to com-
& soool posites. This is because, by being small, nanoparticles have a
o far higher surface area to volume ratio, therefore leading to
g 4000 - more interaction with matrix for higher reinforcement as il-
S 3000 - lustrated in Fig. 3. At very low fractions (typically 0.1—
E 3.0 vol%), the interfacial region of nanoparticles would be
E 2000 | sufficient to interact with matrix molecules for reinforcement
® 000l or toughening of polymers [9-14]. These two structural fea-
tures determine that nanocomposites possess more superior

0
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Fig. 1 Total values of the demand of nanocomposites in Japan per GDP [2]

2001

tion and recycling. In automotive industry, polymers allow
design flexibility and weight saving compared to metals. This
indirectly improves fuel economy and reduces the emission of
exhaust gases. For example, 100 kg of polymer can substitute
200-300 kg of traditional materials, resulting in fuel saving by
7501 over an average lifespan of a vehicle.

In spite of these advantages, the major downsides of poly-
mers include inherently low mechanical properties and thermal

stability and lack of functionality. For instance, automotive.:

polymer parts are not allowed to deform under solar radiatien

and motor heat, the aerocraft parts must be able to dissipate"
lightning strike and a car brake pad used in dynamic loading

environment must be able to dissipate heat build-up in parts.
These requests promote the development of pelymer compos-
ites—a combination of two or more materials has the potential
to provide value-added properties absent in-the neat polymers.

Polymer nanocomposites= -

The advent of nanotechnology leads to a reduction in the filler
size of composites to nanoscale. The consequences of this
reduction conceptually produce an increase in the interfacial
area per volume and a reduction in the surface—surface inter-
particle distance. Nanocomposites produce superior perfor-
mance to their peer composites, and this creates brighter
prospects to polymer nanocomposites with regards to indus-
trial applications. Figure 2 shows the discrepancy between
composites and nanocomposites in terms of total particle
surface area and surface—surface interparticle distance.

As the volume fraction increases, the surface-surface in-
terparticle distance (Fig. 2a) is far more reduced in nanocom-
posites than composite. This means that at a similar volume
fraction, the interaction between nanoparticles is much higher
than that between micron-sized particles. Therefore, nanopar-
ticles under loading are able to interact each other more
effectively to restrain the matrix molecular deformation. The

@ Springer

properties than composites at low filler fractions.

It is undeniable that low fractions of nanoparticles enhance
a variety of properties considerably without sacrificing other
desirable properties of polymer matrix. Examples include
superior mechanical propéftiés, reduction of residual stresses,
lower water sensitivity, lower permeability to gases, better
thermal stability, improved chemical resistance and enhanced
conductivity [15-19%. In spite of these achievements, poor
adhesion betweeh inorganic nanoparticies and polymer matrix
due to théir inért chemical structure still remains a challenge;
therefore limit their applications in industry.

Nylon-6/clay nanocomposites are the first set of polymer

. nanocomposites that have been commercialized by the Toyota
"Central Research Laboratories in Japan, which are now used
~as the heat-resistant timing belt covers in Toyota cars [20-22].

Since this successful achievement, many studies have been
progressively conducted on the synthesis and characterization
of nanocomposites, to understand the fundamentals of
nanofiller interaction with polymer matrix. These studies have
been extended to various types of polymer systeros including
thermoplastics [23—26] and thermosets [27-30], where even-
tually different levels of property enhancement have been
more or less accomplished, depending on the nature of poly-
mer matrix and fillers and the interaction between them.

Epoxy-based nanocomposites

Of thermosets, epoxy resins are by far the most widely used
polymer in industries; typical applications include coating,
structural adhesives and composites. This is due to their
excellent chemical resistance against severe corrosive condi-
tions, high thermal and mechanical properties, excellent ad-
hesion to a wide range of materials and ease of processing.
Using different curing agents (hardeners), epoxy resins can be
tuned to a broad spectrum of properties and thus suit various
applications. The high crosslink density of epoxy resins make
them inherently brittle, which leads to instant crack propaga-
tion causing catastrophic disasters. This spurred extensive
studies for toughening epoxy.

A myriad of attempts have been made to improve the
fracture toughness of epoxy resins by using inorganic parti-
cles. This is proved by over 20,000 publications on epoxy/
inorganic particle composites over the past 10 years as shown
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Fig. 2 Comparison of nanocomposites with composites in terms of a Surface—surface interparticle distance and b Tétal particle surface area in 1 mm? [8]

in Fig. 4. However, these toughening processes cause loss of
other desirable properties such as stiffness, strength and ease
of processing. For example, the use of rubber-toughened
epoxy improved the fracture toughness substantially but it
compromised the thermal stability, yield strength and modulus
of epoxy [31, 32].

Altematively, polymers, containing layered fillers such as
clay or graphene, have demonstrated an impressive potential
for development of new materials possessing high mechanical -
performance and new functionalities that mainly include high
barrier property and thermal/electrical conductivities [33-37].-
The high surface area and uniform dispersion are the two key -
agpects for improvement of the mechanical properties and
fracture toughness. R

Layered structural fillers
The fabrication type of nanofillers is quite important as it

produces significant impact on the interface between fillers

Fig. 3 Uniqueness in

nanostructured materials Macrocomposite

Nanocenposite

25 nm
1 nm g

and matrix. The properties of nanocomposite materials not
only depend on the properties of their individual constit-
uents, but on théir morphology and surface characteristics
of fillers. Sé_lecﬁons of nanofillers, such as filler shape
and filler ;Sigé, have a tremendous influence on the prop-
erties of nanocomposites and their processing methods.
‘There are three main categories of filler geometries that

_;,ifu:avé been adopted in polymer nanocomposites, including

particulate [38, 39], fibrous [40, 41] and layered fillers

~.[42, 43]. Figure 5 shows how these fillers are distin-

guished by their respective total surface area, geometry
and size. As indicated by Hussain et al. [44], any modi-
fication carried out on these three categories of filler
would affect the surface area-to-volume ratio by three
orders of magnitude. By assuming (i) a volume of
10 pm?®, (ii) a filler fraction of 1 vol%, (iii) an average
lateral dimension, / of 1 ym, and (iv) a thickness, ¢ or
diameter, 4 of 1 nm, the total surface area of filler can be
calculated by using the following equations,

Bulk >>R,

Interfacial region, 0 <z<R,
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Fig. 4 Number of publications on epoxy nanocomposites in 2002-2011

+ 1opum’ x 0.01
Total number of fi "~ filler's volume, V
otal number of fillers, n filler's volume, V

referred as particulate or spherical particles as shown in
Fig. 5c. Silica nanoparticles are a typical example. Comparing
these three geometries leads fo a conclusion that the layered
nanofillers have the highest specific surface area.

Moreover, of all nanofillers, clay and graphite are known
for low cost in comparison with carbon nanotubes and
nanospheres-like structure, as tabulated in Table 1. In spite
of the low cost, their performance is comparable to or even
higher than other expensive fillers. Rafiee and co-workers [48]
compared graphite platelets with carbon nanotubes for their

+ effect on the mechanical properties of polymers; the tensile
" strength and fracture toughness were enhanced by 40 % and

53 %, respectively by the platelets, as compared to 14 % and

. 20 % improvement by multi-walled carbon nanotubes. The
& authors suggested that thé-enhancement related to the high

specific surface area and the two-dimensional geometry of the

platelets. S

. Progress in epoxy/clay nanecomposites

W

The ﬁrst set of epoxy/clay nanocomposites was explored in
1994 by Lan and Pinnavia [49]. By compounding modified

7 " -clay with elastomeric epoxy [50], they discovered that a

Total surface area, 4" = filler's surface area, A x v (2)

Figure 5a shows a particle of platelet—ljj:q struicture, also
known layered structure. Its thickness; #is less than a few
nanometers and the lateral dimension, / may,be in the range of
several hundred nanometers to microns. Typical examples
include clay and graphite, each of whith will be discussed in
the following chapters. The second type of geometry is fiber
or tube-like structure, i.e. nanofiber and carbon nanotube.
They possess elongated structure, whereas one dimension

(diameter, d) is in the nanometer scale as illustrated in

Fig. 5b. The third type has all three nanoscale dimensions—

Fig. 5 Geometry and specific a
surface area of nanoparticles

A=2F + 41t
V=7

Specific surface for a given
volume = 2.0 x10* m™*

@ Springer

surfactant containing hydroxyl groups promoted the interca-
lation of epoxy into the layer spacing and thus helped the
exfoliation of layers.

The major challenge in the development of layered poly-
mer nanocomposites is how to achieve a complete exfoliation
of silicate layers and their uniform dispersion in matrix. Ac-
cording to Kommann et al. [51, 52], a key to achieve exfoli-
ation is to design and conduct a higher rate of polymerization
between the layers than that of polymerization outside galler-

ies. This was later supported by a research by Lan et al. which
" showed that chemical reactions in the intergallery can drive

the layers to delaminate [53]. Of the many strategies devel-
oped to fabricate epoxy/clay nanocomposites, the most im-
portant ones are highlighted as below.

A=ad 2+l A=nd
¥ =adii V=ad'i6

Specific surface for given

Specific surface for given
volume = 3.1 x10*m™

volume = 3.1 10" m”’

201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217

218

219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235



t1.1

t1.2

t1.3
t1.4
t1.5
t1.6
t1.7
t1.8

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260

'AUTHOR'S PROOF

J PolymRes (2014) 21:429

JroliD 10965_ArtiD 429_Proof# 1 - 07/04/2014

Page 5 of 11, 429

Table 1 Cost comparison on commonly nsed nanofillers [45-47]

Types of nanofillers Cost

Graphite $210$ 5 per kilograms
Clays $210§ 5 per kilograms
Carbon nanofibres $ 95 to § 1,500 per kilograms
Single-walled carbon nanotubes $ 170,000 per kilograms
Multiple walled carbon nanotubes § 8,000 per kilograms
Nanosilica $ 8.50 per kilograms

In 1995, Pinnavaia et al. [54] reported the exfoliated nano-
composites formed by clay modified with primary and sec-
ondary onium ions, whereas those modified with tertiary and
quatertnary onium ions retained the intercalated structure.
Meanwhile, Zilg et al. [55, 56] dissolved alkylamine with
HCI solution to modify clay; using a similar approach as

Pinnavaia et al. [54], different alkyl chain length was

employed in their study, ranging from butyl (C4) to hexyl
(C6), octyl (CB), decyl (C10), dodecyl (C12), hexadecyl
(C16), and octadecyl (C18). They found a different result
where merely intercalated nanocomposites was observed, al-

though the interlayer distance increased significantly when the

alkyl chain length is over six carbon atoms.

In 2001, Chin et al. [57] compounded epoxy with a: C18\.
alkyl ammonium-modified clay. Intercalated structire was

formed when equivalent molar or higher amount of hardener
was used; by contrast, exfoliation was achje"?éd when less
amourit or no curing agent was used. Nearly at the same
time, Kornmann et al. [58] stated that when organoclay was
combined with an epoxy resin, the mixture would initially
form intercalated structure. Furtheér combination of the mix-
ture with a hardener can produce exfoliation, but the exfo-
Liation degree is dependeng.on the reactivity of the hardener.
Figure 6 shows that a-lower reactivity produced a greater
level of exfoliation, and mioré exfoliation was obtained when

A PACM :
\/k/\ PACM | 30160°C
'g ‘——/\\ h
- 5] d
E 3BCM g ;
@ a 3h 100°C |
=i 2 -

& T | 30 5°C
D-250 a ,
3 66°C
1 s w15 13 0 15 2

28 - Cu (deg) 26 - Cu(deg)

Fig. 6 XRD patterns for different epoxy systems and curing tempera-
tures [58]

a higher temperature of curing is used for the same curing
agent, which is in agreement with Chin et al. [57]. All these
studies proved that curing helps to promote exfoliation.

Later in 2003, Yasmin et al. {59] presented an interesting
method to exfoliate clay layers in epoxy, by combining the
epoxy/clay mixture with an anhydride curing agent and an
accelerator. They found that exfoliation was achieved with the
clay fractions lower than 8 wt% but higher fractions resulted
in the restacking and agglomeration of layers. A similar meth-
od was presented by Zhang et al. [60] in 2004 who used an
alkyl ammonium salt to exchange for inorganic cations in
clay, followed by compounding with epoxy and curing by
an anhydride hardener.

It is noteworthy that Ma- et al. [61] achieved the
disordered exfoliation of-clay layers in epoxy, by modify-
ing clay surface with a diamine hardener—one amine
group grafied with- clay layer by ion exchange and another
subsequently reacted with epoxy during curing as illustrat-
ed in Fig. 7.- However, no mechanical properties and
toughness: were reported, which was due to no sufficient
manpower and facilities available.

A shrry compounding method was developed for nano-

. composites of nylon/clay [22] and recently for epoxy/clay [62,

63)::The basic idea is to first increase the clay interlayer

- spacing through polymerization or suspension in water/

solvents and then intercalate the matrix polymer into this
enlarged spacing. Ma et al. actually used this method to
achieve exfoliation of clay in polymers [64, 65].

Later in 2008, Wang et al. [66] adopted an epoxide-
containing surfactant to modify clay, such as reactive
flame retardant (RPC), Glycidyloxypropyltrimethoxy si-
lane (GPMS) and then compounded with epoxy resins;
the epoxide groups reacted with hardeners to produce
links between layers and matrix, promoting the exfolia-
tion of layers (refer Fig. 8). More recently, a similar study
by Park et al. [67] used a silane coupling agent to carry
out a similar process.

Exfoliated structure is generally believed to produce
higher increment in the modulus, fracture toughness and
glass transition temperatures of epoxy resins than interca-
lated structures. Table 2 tabulates a summary of the me-
chanical properties of epoxy/clay nanocomposites. Obvi-
ously, it can be seen that stiffness (Young’s modulus)
increases when reinforced by clay, and the increment is
more obvious for a softer matrix. Unlike the stiffness, the
tensile strength shows different trends: it increases in
some systems but reduces in others. This is explained as
the following: (1) improvement of tensile strength by clay
is often occurred in an elastomeric matrix [66, 74], while
in a stiff matrix, it showed reduction [68, 69]; (2) weak
interface formed between layers and matrix [70] would
behave as defects in tensile testing; (3) incomplete
degassing causes voids which reduces tensile strength

@ Springer
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Fig. 7 Reaction mechanisims %;tn
using diamine hardener [61] " (M-clay)
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[59]. Meanwhile, the fracture toughness values K. in-
creased substantially for nanocomposites compare to pris-
tine resin. By contrast, the glass transition temperature, 7,
shows inconsistency results. This probably caused by: (1)
inappropriate ratio of epoxy to hardener, (2) variations of
curing condition, such as temperature and time and (3)
excess surfactants left by modification.

Progress in epoxy/graphene nanocomposites

Graphene is well-known for its stiffness 1 ’I‘Iﬁ’a;"inhinrsicr

strength 130 MPa and higher electrical/thermal ¢onductivities
than copper [75, 76]. One of the major means to harvest these
striking properties is to compound graphene with polymers—
the development of polymer/graphene’ nanocomposites. His-
torically, graphene became well-khown: when Nobel prize

@
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Fig. 8 FT-IR spectra of ERPC a Before curing b After curing and
EGPMS ¢ Before curing d After curing [66]
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winners, Prof. A K. Geim and Prof. K. S. Novoselov fabricat-
ed graphene by using a sticky tape to peel off graphene layer—
bylayer from giéphite [77-79].

Since t]»;lisf' bréakthrough, increasingly more researchers
have starfed graphene research. Although both epoxy and
graphene are: based on carbon, it is a great challenge to
develop.epoxy/graphene nanocomposites, because of two

_Timiting factors: (i) costly fabrication of graphene oxide by

< oxidation and reduction and (ii) lack of functional groups on
.- graphene surface for interface modification of polymer nano-

composites [80, 81]. Below is a brief review on the develop-
ment of epoxy/graphene nanocomposite.

The review started from epoxy/graphite nanocomposites,
since graphene is just a single graphite layer of minimum
thickness (as shown in Fig. 9). Research on epoxy/graphite
composites was established 25 years ago, but most of these
focused on utilising graphite fibers in the production of con-
ventional composites [82—84].

Through thermal expansion and/or ultrasonication, graph-
ite oxide or graphite intercalation compounds can produce
platelets of 5-500 nm in thickness, which is named graphite
nanoplatelets (GNP). However, depending on the production
method used, the thickness and lateral dimensions of platelets
could vary widely as great as 10 nm and 15 pm, respectively
[85, 86]. It is emphasized that GNPs have emerged as an
important candidate in polymer nanocomposites because of
its capacity for large-scale production. Although it is a com-
ponent of stacked monolayer graphene sheets, its low cost and
lightweight cultivate GNPs as alternative to metal- and other
carbon-based fillers [87].

Research on epoxy/GNP nanocomposite started in 2004 by
Yasmin and Daniel [88]. They prepared 2.5-5 wi% nanocom-
posites by adopting ~250 nm thick GNP; the composites
showed slightly higher thermal stability and increased char
concentration in comparison with neat epoxy, but there was
reduction in coefficient of thermal expansion and no signifi-
cant enhancement in mechanical properties. Later in 2006,
Asma Yasmin et al. [89] compared the effect of processing
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Table 2 Comparison of previous studies on mechanical properties of epoxy/clay nanocomposites

Reference Filler fraction Percentage property improvement from neat epoxy to its layered nanocomposites

Young modulus (GPa) Tensile strength (MPa) K;. (MPa-m*?) T, (°0)
Zilg etal, [55] 10 wi% 41 % 395 % 35.8% 212 %
Yasmin et al. [59] 10 wt% 66.7 % —60.3 % N/A N/A
Wang etal. [63] 5 wi% 40 % 257 % 80 % -11 %
Wang etal. [66] 5 wit% 40 % —56.6 % N.A -14 %
Frohlichet al. [68] 10 wt% 56 % 392 % 68.7 % -3 %
Zerda and Lesser [69] 12.5 wt% 143 % -30 % 44.4 % N/A
Kornmann et al. [70) 10 wi% 54 % =36 % N/A N/A
Wang etal. [71] 3 wit% 12 % -16.5 % 56.4 % —6.8 %
Triantafilidis et al. {72} 3 wi% 24 % N/A - NA -7 %
Zaman etal. [73] 13 wt% 16.5 % 8% o 144 % +63 %

methods (e.g. direct mixing, sonication mixing, shear mixing,
combined sonication and shear mixing) to observe which one
dispersed better GNP in epoxy, and the composite prepared by
ultrasonication showed proportional increase in modulus and
slightly higher fracture toughness.

By confrast, Lu et al. [90] obtained a low electrical con-

ductivity percolation threshold at 0.015 vol%, which unfortu-. "
nately was achieved at the expense of mechanical properties _:

of epoxy. This low percolation threshold could be explained -
by the large lateral dimension of GNP and the reduction of

mechanical properties caused by: (1) weak interfaéiai intérac- #
tion between GNP and epoxy and (2) the existence of aggre-

i * phase nanocomposites based on epoxy, GnPs and single-
, Wwalled carbon nanotube (SWNT) [93), they proposed that a
¢ further phonon transfer can be established when the contact
. areabetween flexible SWNTSs and planar GnPs is extended via
¢ van der Waals aftraction.

gated GNP. SR

Surface modification of GNP was cénducted by Li et al.
[91] who exposed GNP to uliraviolet/ozone; this treatment
enhanced the interfacial bonding between matrix and fillers,
by creating functional groupson the surface of GNP, although

the chemical reaction invélved has not been identified. In -

Fig. 10, platelets of less than 4 nm in thickness produce much
more total surface area than other thicker platelets. Since these
thin platelets approximate the properties of graphene, they are
name graphene platelets (GnPs).

Graphite
Fig. 9 Atomic structure of graphite and graphene

For GnPs-based ‘nan()composites, a low thickness value is
vital because (i) low thickness implies a maximum possibility
to retain the striking in-place properties of graphene by reduc-
ing the negative effect of its poor through-plane functional and
mechanical properties, and (i) the total number of GnPs and

.-their total surface area in a given volume reduce markedly

with increase in thickness as depicted in Fig. 10. Table 3

' »tabixlates a typical thickness of graphene derivates.

Recently, the thermal expansion of graphite oxide pro-
duced GnPs of ~2 nm in thickness by Yu et al. [92]; at
25 vol%, GnPs improved the epoxy thermal conductivity by
3,000 %. Later in the following year, by studying a three-

Rafiee et al. [94] found that GnPs synthesised from the
rapid heating (>2,000 °C/min) of graphite oxide performed

better than SWNTs and MWNTs; a weight fraction of just
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Fig. 10 The number of graphene platelets and their total surface area at
1 vol% GnPs
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Table 3 Typical thickness of graphene derivations [85, 86]

Graphene derivations Abbreviation Thickness
Graphite - 0.4-60 um
Expanded graphite EG 100-400 nm
Graphite nanoplatelets GNP 5-100 nm
Graphene platelets GnP 0.34-5 nm

0.1 % of GnPs increased the critical buckling load by ~52 %,
outperforming identical weight fractions of SWNTs and
MWNTs. Coincidently in another study, it was found again
that GnPs offered more significant improvements of mechan-
ical properties and fracture toughness than SWNTs and
MWNTs [48]. Table 4 tabulates the mechanical properties
and electrical conductivity of epoxy/graphene nanocompos-
ites, including Young’s modulus, tensile strength, fracture
toughness, glass transition temperatures and electrical perco-
lation threshold. '

It is noticed that the graphene fraction used to toughen
epoxy was lower than silicate layers. This advantage defimite-
ly makes graphene the next generation of layered filler for

polymer nanocomposites that feature high specific strength -

for applications in aerospace, automotive and wind power

industries. Compounding graphene with epoxy results in"

higher improvement in stiffness and fracture toughiiess than
nanotubes [48]. This is because: (i) a planar graphene sheet
possesses considerably more contact surface area with poly-
mer than carbon nanotobes; the top and ‘bottom. surface of
graphene sheet can be in close contact with polymer chain,
while the interior of carbon nanotubes cannot be reached by
polymer chains, (2} the twp—éi_mensional geometry of
graphene sheet is far more effective in producing crack de-
flection than 1-D nanotubes;'When it encounters a crack, the

Graphene conductivity

Lo
-

A\

logo

Poly'mér conductivity

¢ € ¢ graphene

Fig. 11 Schematic model for coﬁductive nanocomposites, where &,
represents the critical ¢oncentration at the percolation threshold [101]

sheet forces the crack to tilt and twist, and this process helps to
absorb-energy to prevent the propagation of a crack. In Table 4,
terisile strength and glass transition temperature show incon-

-gistent results, which have the same explanation to the previ-

ous clay-toughened epoxy. For the electrical conductivity
percolation threshold, the lowest value observed was at
0.5 wt% (~0.25 vol%). This low percolation threshold was
achieved due to highly percolated pathways produced by
graphene sheets for electron transfer as illustrated in Fig. 11,
therefore making the composite electrically conductive.

Prospect of applications

Research on polymer nanocomposites has been intensifying
since 2002 (Fig. 4). Two landmark studies include: (1)

Table 4 Comparison of previous studies on various properties of epoxy/graphene nanocomposites

Reference Filler fraction Percentage property improvement from neat epoxy to its layered nanocomposites FElectrical percolation
threshold
‘Young modulus Tensile strength K. I,
Yasmin and Daniel [88] 5 wt% 25 % 88 % N/A +2.1 % N/A
Jana and Zhong [95] 5 wt% 13 % 452 % 278 % N/A N/A
Lietal [91] 2 wt% 13 % 245 % N/A +3.1% 1 wi%
Yasmin et al. [89] 1 wt% 15 % —6 % N/A N/A N/A
Liang et al. [96] N/A N/A N/A N/A N/A 0.5 vol%
Miller et al. [97] 1 wit% 52 % 305 % -11.0 % ~29 % 0.5 wi%
Rafice et al. [48] 0.1 wi% 1% 41.8 % 53 % N/A N/A
Ganguli et al. [98] 8 wit% N/A N/A N/A +7 % 8 wi%
Zaman et al. [99] 4 wt% 2 vol%) 22% 17% 93 % +124 % N/A
Zaman et al. [100] 1 wi% (0.5 vol%) 27 % 23 % 123 % +14.6 % 0.25 vol%
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Tabele 5 Potential applications of nanolayers and graphene in industry [102-106]

Fillers Area Application

Nanoclays Aerospace and aviation Cryogenic storage systems
Automotive Making timing belt cover, engine covers, structural seat backs and fuel system components
Flame retardants Use as coating systems to reduce flammability in computer and monitor housings
Packaging Food, drink and beverage packaging

Graphene Aerospace and aviation Provide electrostatic discharge and electromagnetic interference shielding

components as well as weight saving

Automotive

Benefit to the electric vehicles to offset adding weight of their batteries

Electrostatic spray painting in the body parts
Next generation Li-ion battery and fuel cell bipolar

Sporting goods
Electronics

Baseball bats, rackets and hockey sticks
Transparent electrodes, LCD screen and infegrated circuits

development of nylon/clay nanocomposites by Toyota re-
search group [21], where the improvements of thermal and
mechanical properties were accomplished at 4.2 wit% clay
loading, and (2) research on a free standing, single-layer
graphene sheet by scientists at the University of Manchester
771-

Now with highly improved properties and ease of-*
manufacturing, the polymer nanocomposites would be ex-
pected to substitute more conventional composites. Indeed, -

these improvements obtained at low filler content make poly-
mer nanocomposites ideal candidates for applicati@ns in high-
performance structural composites, such as tho$e used in
production of aircraft, automotive, marine, spacecraft com-
posites and sporting goods. Table 5 show’ some of the poten-
tial applications of layered polymer nanocomposites. Liqun
Zhang et al. have achieved the commercial production of
rubber/clay nanocomposites (i) in Hainan Province of China
for fabricating the tyre tread used in heavy trucks and the
cover layer of conveyor belts with high chipping- and
chunking-resistance and (i) in Jilin Province of China for
manufacturing the inner tyre layers of low permeability. In
fact, the automotive and aerospace industries are investigating
layered polymer nanocomposites as a potential candidate of
structural materials for the 21st century [3]. Nevertheless, the
commiercial impact of nanocomposites is still not overwhelm-
ing, in spite of the extensive interest and high performance
from research. This is because major discoveries normally
take several decades to reach large commercial scale due to
the cost and performance variables [32], That is why in future
research, facile fabrication is always considered to produce a
combination of excellence in performance and cost-
effectiveness in manufacturing.

Potential applications of layered epoxy nanocomposites in-
clude electronic packaging, coating, adhesives, sport equipment
and advanced composites. These nanocomposites are solutions
to future automotive applications, for instance gas tanks, interior

and exterior panéls, and aircrafi applications such as high per-
formance comporients and flame retardant panels. Some of them
are already commercially employed, such as in golf clubs, tennis
racket and hockey stick. A NASA report described epoxy nano-
cor@poéites as a potential candidate for cryogenic storage appli-

_:‘Ca:\tioq [107]. These manocomposites show more commercial

‘promiinence in advanced composites, since weight reduction is
‘believed to be the primary driving factor to this application.

Functionalities, such as electrical and thermal conductivity
provide advantages to utilization of epoxy nanocomposites. In
aerospace applications, electrically conductive composites are
crucial to mitigate electrical charge i space vehicles in the
charged space environment. On the other hand, thermal con-
ductivity is important to dissipate tremendous heat build-up in
elastomeric products, such as vehicle track pads, which are
used in dynamic loading environment. This improvement is
not only able to improve the service life of thermoset polymer,
but reduces the impact of thermosetting waste on the
environment.

Conclusion

Over the last two decades, polymer nanocomposites have
been remaining the focus of research and development in
materials science and engineering. The demand for polymer
nanocomposites increases every year due to the industrial
leaning for high-performance composite materials used in
applications such as aircrafts, spacecrafts, automobiles and
military and sports facilities. Although some of these nano-
composites have already been commercialized in industries,
there are a number of challenges needed to be addressed in
polymer nanocomposites, including effective toughening or
reinforcement and provision of functionality. In this paper, we
have presented a brief review of the recent works and proper-
ties enhancement in epoxy nanocomposites reinforced with
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layer structured fillers, such as clay and graphene. We antic-
ipate seeing more research activities in this lively field and in
fact, we believe that there is always a room for improvement,

e.g.

the interface of polymer nanocomposites, and this re-

search area is full of challenges, given the complexity of
interface which involves extensive cross-disciplinary
research.
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