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An overview of multifunctional epoxy
nhanocomposites
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Epoxy is a crucial engineered thermosetting polymer with wide industrial applications in adhesive,
electronics, aerospace and marine systems. In this review, basic knowledge of epoxy resins and the

challenge for the preparation of epoxy nanocomposites are summarized. The state-of-art multifunctional
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epoxy nanocomposites with magnetic, electrically conductive, thermally conductive, and flame retardant
properties of the past few years are critically reviewed with detailed examples. The applications of epoxy
nanocomposites in aerospace, automotives, anti-corrosive coatings, and high voltage fields are briefly

summarized. This knowledge will have great impact on the field and will facilitate researchers in seeking
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1. Introduction

Epoxy, as one of the most widely used conventional thermosetting
plastics, has wide industrial applications including adhesives," ™
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new functions and applications of epoxy resins in the future.

electronic devices (as excellent electrical insulators),” laminates,®
encapsulations (covering the integrated circuitry from harsh
environments’),® coatings,”" marine systems,’*'* and aero-
space parts'®>'® owing to its high tensile strength and Young’s
modulus, thermal stability, solvent resistance, and good thermal
insulation.’®' Liquid epoxy resins, a class of highly reactive
prepolymers with low molecular weight oligomers that contain
oxirane structures as an “epoxy” functionality (Fig. 1(a)), can
contain either aliphatic, aromatic, and/or heterocyclic structures
in the backbone.** Different backbone structures endow epoxy
resins with different physical properties. For example, a short
chain aliphatic epoxy resin (e.g. diglycidyl ether of hexanediol)
has a low viscosity, while an aromatic epoxy resin (e.g. diglycidyl
ether of bisphenol F or A) exhibits better thermal performance
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Fig. 1 Chemical structure of (a) oxirane structure as an “epoxy” functionality,
(b) bisphenol F (Epon 862), and (c) bisphenol A (D.E.R. 331) resin.

such as a high glass transition temperature (T,).>* Examples
of aromatic epoxy resins are diglycidyl ether of bisphenol F
(DGEBPF) and diglycidyl ether of bisphenol A (DGEBPA). DGEBPF,
such as Epon 862 resin, is an epoxidized novolac resin with high
molecular weight variations. DGEBPA, such as D.E.R. 331 resin, is
the largest productive epoxy resin for industrial sites.”® Their
explanatory chemical structures are shown in Fig. 1(b) and (c).
Epoxy resin superiority to polyester, phenolic and melamine
resins lies in its no volatile loss and little shrinkage during the
curing process, good chemical resistance and inertness as well as
versatility in selecting curing agents and conditions.>* The tough,
insoluble, and infusible epoxy is normally formed via a cross-
linking reaction (also called the curing process or solidification)
of liquid epoxy resins with hardeners (also called catalysts or
curing agents) including polyfunctional amines, acids (or acid
anhydrides), phenols, alcohols, and thiols.>® The types of resins
and curing agents are reported to influence the properties of
the final epoxy finish. Generally, higher tensile strengths, glass
transition temperatures and stiffness are obtained in the high-
temperature cured epoxy system compared to those in the low-
temperature cured epoxy system.”® Fig. 2 and 3 show the curing
process of anhydride-D.E.R 331 resin and amine-Epon 862 resin
systems, respectively.

Recently, epoxy nanocomposites have gained great interest
due to their unique physicochemical properties arising from the
combined special characteristics of the nanoparticles and epoxy
into one unity.”® Novel multifunctional epoxy nanocomposites
are defined as the combination of better structural performances
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with smart features such as strain monitoring, sensing, and
actuation capabilities.*® In order to improve the mechanical
properties and to introduce new functionalities such as electrical
conductivity, magnetic and optical properties, various nano-
structural materials including carbon nanofibers (CNFs),” carbon
nanotubes (CNTs),>*>*! iron and iron oxide nanoparticles,*?
graphene,’®** nanoclay,*?*® polyaniline (PANI),*” silica,*®*°
zinc oxide and alumina®® have been used to prepare epoxy
nanocomposites. This can provide epoxy with unique properties
such as optical,** anticorrosive,*® electrical’®*’” and magnetic
properties.*® Though there are several comprehensive reviews on
the thermal decomposition, combustion, and flame-retardancy
of epoxy systems,”” and on epoxy nanocomposites with surface-
modified silicon dioxide nanoparticles,® a review on multi-
functional epoxy nanocomposites is still rare so far. In this
review, the challenges and possible solutions for preparing epoxy
nanocomposites are presented. The multifunctional epoxy nano-

40-42

composites and their applications of the past few years are
critically reviewed with detailed examples in order to provide
basic knowledge to meet the demands of current epoxy nano-
composites in industrial applications.

2. Challenges and solutions for the
preparation of epoxy nanocomposites

Generally, owing to the higher ratio of surface to volume, nano-
particles much prefer to be arranged adjacently and attract each
other to form agglomerations. Therefore, during the preparation
process of multifunctional epoxy nanocomposites, two main
challenges remain in obtaining the strengthened epoxy nano-
composites, i.e., nanofiller dispersion and interfacial nanofiller-
polymer interaction.**>* The polymer-nanofiller interfaces can
serve as crack initiating points to deteriorate the mechanical

Dr Zhanhu Guo, currently an
Associate Professor of Chemical
Engineering at the University of
Tennessee, obtained a Chemical
Engineering PhD degree from
Louisiana  State  University
(2005) and received three-year
(2005-2008) postdoctoral training
in the Mechanical and Aerospace
Engineering Department at the
University of California Los
Angeles. Dr Guo, the Chair of
the Composite Division of the
American Institute of Chemical
Engineers (AIChE, 2010-2011), directs the Integrated Composites
Laboratory (ICL) with more than 20 members. His current research
focuses on fundamental science behind multifunctional nano-
composites for energy harvesting, electronic devices, environmental
remediation, anti-corrosion, fire-retardancy, and electromagnetic
radiation shielding/absorption applications.

Zhanhu Guo

J. Mater. Chem. C, 2016, 4, 5890-5906 | 5891


http://dx.doi.org/10.1039/c6tc01210h

Published on 12 May 2016. Downloaded by University of Tennessee at Knoxville on 23/06/2016 14:12:03.

Journal of Materials Chemistry C

e 9 [ ’\,(u
(:[%o L A \(fc'o“ . (V\O’OV/Q\O/\\}O
o o c-OH l \ /
H tﬁ-’h + u;(ggc.o\/&\,o/(:}\//\?\\o/y?
Oy..0H l JMCL"/\O
w )
_0'(\}J CH

l + n(o—/\o&@o/\v )
u;qi"owé\é@'{

o
/
\‘ PVL"} 0
o] € :
o, jq
/(.‘
H;C q “Hy
/—E/o 0
(@ o 3

View Article Online

Review

o7f~()/ N/CLO \())n .l
: ’ &
uctj:ig EIFOWJ\O/YO O\OO H
/
dn,
n{-dc,o "’C’GC O ! s
s p

HC~
e ;
» - 0 )
H,C £ 0.9 ¢
R Crﬂgo 6 "y
(b) H;C tH

Fig. 2 Curing process of anhydride—D.E.R. 331 system (a) with accelerator, and (b) without accelerator.?’
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Fig. 3 Curing process of amine—Epon 862 system.

properties of the polymer. Normally, a fine nanoparticle dis-
persion can be obtained by surface treatment with proper
surfactants, polymers or coupling agents®*>>7>* and effective
stirring. Different physical stirring methods have been explored
to disperse nanofillers including mechanical stirring, shear
mixing, magnetic stirring, three roller milling, bead milling,
ultrasonic horn stirring, and ultrasonic bath stirring.>> The
results showed that the stirring methods had a significant effect
on the dispersion quality, and even on the microstructures and
properties of the formed products. For example, iron oxide
nanoparticles were etched completely if mechanical stirring
was used for conductive polypyrrole (PPy) formation. However,
ultrasonication resulted in core-shell iron oxide-PPy structural
composites.>®

Meanwhile, voids which exist between the nanofillers and
the hosting polymer matrix, Fig. 4(a), will reduce the mecha-
nical properties of the polymer. Two methods can be used to

5892 | J Mater. Chem. C, 2016, 4, 5890-5906
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Fig. 4 (a) Voids between nanofiller and matrix; (b) polymer wrapping;
(c) covalent bonding; and (d) an enlarged illustration of (c) to show the
increased chemical bonding density.

solve this interaction challenge. One is the weak physical
wrapping of polymer chains on the nanofillers via van der Waals
forces, hydrogen bonding, electrostatic, steric, and Lewis acid-
base interactions. The physically adsorbed polymer chains or
surfactants can minimize voids to enhance the mechanical
properties, Fig. 4(b). The other is to introduce strong chemical
covalent bonding between the nanofillers and the hosting poly-
mer matrix with the aid of a coupling agent, polymer or surfac-
tant, Fig. 4(c). The bonding density of bridging can be increased
by grafting denser coupling agents to improve the mechanical
properties further, Fig. 4(d). The first method is usually used for
preparing inert polyolefin nanocomposites like polypropylene
(PP) reinforced with CNTs.?”*® For example, PP grafted maleic-
anhydride (PP-g-MA) has been used as a coupling agent by
He et al.>® to modify the CNT surface aiming to increase the
compatibility between PP and the CNTs by minimizing voids.

This journal is © The Royal Society of Chemistry 2016
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In the second method, surface modification is a common way
to improve the nanofiller dispersion level and to enhance the
interfacial polymer-nanofiller interactions*® through proper
coupling agents,>**%*! surfactants®* and polymers,'”"'8>1616377 i
which the surface modifiers should be compatible with the hosting
polymers. In this case, the surface modification can be categorized
as two types: covalent and noncovalent functionalization.”® Lee
et al® put noncovalently functionalized hexagonal boron nitride
nanoflakes (BNNF) with 1-pyrenebutyric acid (PBA) into epoxy resin,
which was able to attach the target functional groups on the surface
of the nanofiller without any loss of nanofiller properties. In the
BNNF/epoxy nanocomposites with a BNNF loading of 0.3 wt%, an
elastic modulus of up to 3.34 GPa was obtained and the ultimate
tensile strength was up to 71.9 MPa, which were increased by about
21% and 54% compared with the pure epoxy, respectively.®® This
high performance resulted from the strong affinity between the
nanofiller and the epoxy matrix and the homogeneous dispersion of
nanofiller within the epoxy matrix due to the noncovalent function-
alization. In the following text, the covalent functionalization
method using coupling agents is discussed.

2.1 Silane coupling agents

Commonly used coupling agents are silanes, which contain at
least two different functional groups, Fig. 5(a). One functional
group can form chemical bonds with the nanofiller, and the other
can attach to the hosting matrix, Fig. 5(b). Coupling agents are
normally used to provide a stable bonding bridge between the
nanofiller and the hosting matrix,”® which can transfer the
applied load from the weak polymer to the stronger nanofiller
to yield an enhanced reinforcement performance and provide
the polymer matrix with a longer service life.>”* 3-Aminopropyl-
triethoxysilane (APTES), as one type of silane, has been used to
functionalize the surface of CNFs via salinization to favor CNF
dispersion and improve the interfacial interaction between the
CNFs and the epoxy monomer via the formed chemical bonding,
Fig. 5(c). The alkoxy groups from APTES were found to be attached
to the carboxyl groups on the surface of the CNFs, and the
amine groups on APTES was reacted with the epoxide groups of
the epoxy monomer. However, the required refluxing in the
salinization process might damage the properties of the nano-
filler.> Another kind of silane, 3-glycidoxypropyltrimethoxysilane
(GPTMS), was used as the coupling agent to improve the
dispersion quality of multi-walled carbon nanotubes (MWNTs)
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Fig. 6 SEM images of fracture surfaces for epoxy nanocomposites showing
the dispersion properties of MWNTSs: (a) 0.25 wt% as-received MWNTs; and
(b) 0.25 wt% silane—MWNTs. Reprinted with permission from Elsevier.”?

within an epoxy matrix.”> The fracture surfaces of cured epoxy
nanocomposites are depicted in Fig. 6 in order to provide
insight into the dispersion properties of MWNTSs in epoxy. The
as-received MWNTS are observed to be severely agglomerated in
the epoxy matrix (red colored part with arrow), whereas the silane
treated MWNTSs are more uniformly dispersed within the epoxy
matrix (purple colored part with arrow), illustrating a better
nanofiller dispersion quality after the introduction of silanes on
the surface of the nanofiller. The better MWNT dispersion and
increased interfacial interaction due to the salinization reduced
the mobility of the epoxy matrix around the MWNTs and
improved the thermal stability and storage modulus at elevated
temperatures.

2.2 Conducting polymer coupling agents

Recently, conducting polymers including PANI'®?"%%7* and PPy,'”
which were introduced onto the surface of nanofillers by a surface
initiated polymerization (SIP) method, have been reported to
serve as coupling agents to improve the nanoparticle dispersion
and enhance the interfacial interactions between the nano-
particles and the epoxy. For example, Fig. 7 depicts the cross-
sectional surface of cured as-received, and PANI functionalized
Fe;0,4/epoxy nanocomposites. The as-received Fe;O, nanoparticles
were observed to be agglomerated to form bigger particles due
to few functional groups on the surface of the nanoparticles and
the intraparticle magnetic dipole-dipole interactions, Fig. 7(a).”*
However, the PANI functionalized Fe;O, nanoparticles were
observed to be uniformly dispersed within the epoxy matrix
in the cross-sectional surface image of the cured epoxy nano-

composite, Fig. 7(b),”* confirming the coupling role of PANI.
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Fig. 5 (a) Chemical structures of coupling agent silanes, and (b) the bridging effect between the matrix and the inorganic fillers; (c) salinization process
of the CNFs and curing mechanism of the APTES functionalized CNFs with the epoxy monomer.?

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Particle distribution on the cross-sectional surface of cured epoxy
nanocomposites filled with 5 wt% loading of (a) as-received FezO4 and
(b) PANI functionalized-FesO, nanoparticles after polishing.”*

After functionalization with PANI, the tensile strength of the
epoxy was observed to be increased by 15.7%, 85.0%, and 28.4%
in the epoxy filled with 5.0 wt% Fe;0, nanoparticles,” 0.7 wt%
MWNTs,*! and 1.0 wt% silica nanoparticles, respectively, due to
the improved nanofiller distribution.'® Especially, the T,, which
is used to describe the crosslinking degree of materials, was
improved by about 25 °C in the epoxy system filled with 0.7 wt%
MWNTs.>' The possible chemical reaction between the PANI
functionalized nanofiller and the epoxy monomer was monitored
by DSC measurements, Fig. 8. For the epoxy monomers (Fig. 8A(b)
and B(b)) and the epoxy monomer suspension with the as-received
nanofiller (Fig. 8B(a)), there was no exothermic peak observed
during the whole procedure. However, a curing exothermic peak at
around 110 °C and an endothermic peak at around 90-100 °C were
obviously observed in the epoxy suspension with the PANI func-
tionalized Fe;O, nanoparticles (Fig. 8A(a)) and with the PANI
functionalized MWNTs (Fig. 8B(c)), respectively. These peaks
illustrated that PANI had reacted with the epoxy resin mono-
mers due to the presence of amine groups. The proposed curing
processes of the epoxy nanocomposites in the presence of PANI
and PPy are shown in Fig. 9 and 10, respectively.

3. Applications of multifunctional
epOxXy nanocomposites
3.1 Epoxy nanocomposites with magnetic properties

Normally, magnetic epoxy nanocomposites can be achieved
through the introduction of magnetic nanoparticles into the
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epoxy matrix. This can broaden the engineered applications
of epoxy in the fields of microwave adsorption,””””” magnetic
resonance imaging (MRI),*? electromagnetic interference (EMI)
shielding, and flexible electronics.”® Recently, magnetic nano-
particles, such as iron, cobalt, nickel and their alloys among
them or with others, have received considerable attention in
different chemistry and physics fields’® due to their unique
physicochemical properties including high coercivity (H., Oe)
and inherent active chemical catalysis with their small size and
high specific surface area, which are different from the bulk
materials.”® Generally, in magnetic hysteresis loops, H, stands
for the intensity of the applied external magnetic field that is
required to return the material to zero magnetization conditions
after the materials have reached saturation, and the remnant
magnetization (M) is the residue magnetization after the applied
external magnetic field is removed. Bulk magnetic materials
consist of different magnetic domains, in which the magnetic
moments of atoms are aligned in the same direction. However,
as the size of a magnetic material is reduced, the number of
magnetic domains will be decreased, even to one single domain.
In this case, the magnetic properties of these nanoparticles are
no longer consistent with the bulk magnetic materials.®® Owing
to their small size on the nanoscale, the magnetic nanoparticles
exhibit more efficient interactions with the polymer matrix,
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Fig. 10 Curing process of PPy functionalized FesO4/epoxy hanocomposites.”

which influence the surface energy at the interface between
the magnetic nanoparticles and the matrix.?* Among all the
magnetic nanoparticles, magnetite (Fe;O,) is the strongest
magnetic material of all natural minerals on Earth.*” Park
et al.®® prepared the silane modified Fe;04/epoxy nanocompo-
sites and studied their magnetic properties and wear rates. The
saturation magnetization of the modified Fe;O,/epoxy nano-
composites was observed to be larger than that of the unmodi-
fied Fe;O4/epoxy nanocomposites. The specific wear rate of
the surface modified Fe;O,/epoxy nanocomposites was lower
than that of the unmodified Fe;O4/epoxy nanocomposites due
to the increased nanoparticle dispersion quality within the
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epoxy matrix. Gu et al.”’ prepared magnetic PANI functiona-
lized Fe;0,/epoxy nanocomposites, which showed good mag-
netic properties and could be attracted by a permanent magnet,
Fig. 11(A). In Fig. 11(A), the as-received Fe;O, nanoparticles,
PANI functionalized Fe;O0, nanoparticles, and PANI modified
Fe;0,/epoxy nanocomposites show no magnetic hysteresis loops,
indicating superparamagnetic behavior.** Guo et al.'” fabricated
magnetic PPy functionalized Fe;O,/epoxy nanocomposites. The
calculated magnetic moment based on the Langevin equation
was observed to be similar for the Fe;O, nanoparticles, the
PPy functionalized Fe;O, nanoparticles and the Fe;O,/epoxy
nanocomposites, indicating that the PPy and the epoxy
matrix had little effect on the magnetic moment of the Fe;0,
nanoparticles.

However, owing to the easy oxidation and the flammability
of pure magnetic metal nanoparticles in air, most reported
magnetic nanocomposites have been prepared based on the
magnetic metal oxide (such as Fe;0,).> More often, a protective
layer including carbon or oxide was introduced to the surface of
pure metal to solve the oxidation challenges for pure magnetic
metal nanoparticles. For example, the prepared Fe@FeO,*?
Fe@Fe,03,%° and Fe@C®" nanoparticles were mixed with epoxy
to form the magnetic epoxy nanocomposites. In the Fe@FeO/
epoxy nanocomposites, the tensile strength was well main-
tained even at high nanoparticle loadings of up to 20 wt%.
The H, value for the Fe@FeO nanoparticles was increased from
62.33 to 202.13 Oe after the nanoparticles were dispersed into
the epoxy matrix (as shown in Fig. 11(B)), arising from the
enlarged nanoparticle space distance among the nanoparticles,
which led to a decreased interparticle dipolar interaction.*? In
the Fe@Fe,0s/epoxy nanocomposites, graphene nanosheets
were used as a second nanofiller for the epoxy matrix. In these
epoxy nanocomposites, the tensile strength when filled with
1.0 wt% graphene/Fe@Fe,O; was 58% higher than that of the
pure epoxy. The H. value was seen to decrease with increasing
graphene/Fe@Fe,0; nanoparticle loadings.’® In the Fe@C/
epoxy nanocomposites, the tensile strength with 5.0 wt%
loading of Fe@C nanoparticles was 60% higher than that of
the pure epoxy. The H. value of the Fe@C nanoparticles
exhibited a similar trend to that of the Fe@FeO nanoparticles
in the Fe@FeO/epoxy nanocomposites and increased after
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Fig. 11 Room-temperature hysteresis loops of (A) as-received FezO,4 (u-FezO.), PANI functionalized FesO,4 nanoparticles (f-FesO4) and an epoxy
nanocomposite filled with 15 wt% f-FesO4 nanoparticles. Inset shows that the prepared epoxy nanocomposites could be attracted by a permanent
magnet;”® (B) (a) Fe@FeO nanoparticles and (b) 20 wt% Fe@FeO/epoxy nanocomposite.*
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adding the Fe@C nanoparticles into the epoxy matrix as
compared to the pure Fe@C nanoparticles.

3.2 Epoxy nanocomposites with electrical and thermal
conductivities

The rapid development of the semiconductor electronic industry,
especially wireless telecommunication, demands new multifunc-
tional nanocomposites to achieve the requirements of electronic
devices.®” Therefore, epoxy based nanocomposites with electrical
and thermal conductivities have emerged due to their environ-
mentally friendly and cost effective process/materials, and
potential for large-scale production.*® Normally, nanoparticles
are superior to micron sized particles in electrically and thermally
conductive applications since the higher specific surface area of
nanoparticles can enhance the electrical and thermal properties,
giving, for example, a reduced percolation threshold and
improved electrical and thermal conductivity.** Thus, on one
hand, while different conductive nanofillers® including graphene,
CNTs, CNFs, conducting polymers PANI and PPy, and pure
metal nanoparticles have been applied to improve the electrical
conductivity of epoxy,”* on the other hand, Al,0;,°> boron
nitride,”®®> and graphitic materials such as graphene and
CNTs can also provide epoxy with excellent thermal conductivity.
The good thermal conductivity of materials can efficiently
remove heat and address the heat dissipation problems of
electronic devices.”

Graphene, a single atomic layer of graphitic carbon with a
two-dimensional (2D) hexagonal structure,” has high thermal
conductivity (4.84 x 10°-5.30 x 10> W m~" K~ "), high mechanical
stiffness (130 GPa), a large specific surface area (2600 m> g~ )
and intrinsic carrier mobility (200 000 cm?® V™ !).”® These excel-
lent physical properties allow graphene to serve as an efficient
nanofiller to enhance the mechanical and conductive proper-
ties of epoxy.”>'® For example, Bao et al.*® synthesized hexa-
chlorocyclotriphosphazene and glycidol modified graphene
oxide (GO)/epoxy nanocomposites. The electrical conductivity
of the functionalized graphene oxide/epoxy nanocomposites
was improved by 6.5 orders of magnitude compared with that
of the pure epoxy (10" Q cm). Tang et al'®' introduced a
polyetheramine functionalized reduced GO material to prepare
GO/epoxy nanocomposites, which exhibited very good electrical
conductivity (around 1.0 x 10™* S em ™" with the addition of
2.7 vol% functionalized GO), almost 11 orders of magnitude
higher than that of the pure epoxy. Teng et al.'%> used pyrene
molecules with a functional segmented poly(glycidyl methacrylate)
polymer chain (Py-PGMA) to non-covalently functionalize
graphene nanosheets (GNSs) through n-n stacking. After adding
into epoxy, the thermal conductivity of these nanocomposites
reached up to 1.91 W m ™" K™, which was about 20% and 267%
higher than that of the pristine GNS/epoxy and the pristine
MWNT/epoxy nanocomposites, respectively. Song et al.*®® intro-
duced graphene flakes (GFs) with PBA into epoxy resins, the
thermal conductivity of the GF/epoxy nanocomposites with a GF
loading of 10 wt% achieved up to 1.53 W m™" K™ *. Gu et al.**
prepared graphite nanoplatelets with methanesulfonic acid/
v-glycidoxypropyltrimethoxysilane (f-GNPs) for the nanofiller of
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epoxy and the thermal conductivity was 1.698 W m~" K" with a
30 wt% loading of f-GNPs, which was 8 times higher than that of
the pure epoxy.

CNTs are derived from layers of graphene sheets and formed
by rolling a piece of graphene to create a seamless cylinder, and
have many unique physical properties including a light weight,
large length-to-diameter ratio (132000 000:1),"** outstanding
electrical and thermal conductivity as well as high tensile
strength'®® with the Young’s modulus of an individual CNT
being higher than 1 TPa.'®”'% These properties make CNTs
unique for preparing polymer nanocomposites. For example,
Feng et al.'® reported a mixed-curing-agent assisted layer-by-
layer method to prepare CNT/epoxy nanocomposite films with a
high CNT loading from 15 to 36 wt%. They obtained an electrical
conductivity in the epoxy nanocomposites of up to 12 S cm™ ',
which was much higher than that of the epoxy nanocomposites
with low loadings of CNTs fabricated by a conventional method.
Gu et al.*" reported that the electrical conductivity of cured PANI
functionalized MWNT/epoxy nanocomposites was improved by
5.5 orders of magnitude compared with the cured pure epoxy.

CNFs are composed of stacked truncated conical, or planar,
graphene layers along the filament length.''® CNFs have lower
manufacturing costs than CNTs while maintaining a large aspect
ratio, and high mechanical and electrical properties, which
makes CNFs promising candidates for the development of novel
polymer nanocomposites in large quantities. For example, Zhu
et al’® prepared CNF/epoxy nanocomposites with a uniform
nanofiller dispersion quality by introducing a functional amine
terminated group (from silane) via silanization on the surface of
the CNFs. Even though an enhanced tensile strength and strong
interfacial interaction were obtained for the silanized CNF/epoxy
nanocomposite, the electrical conductivity of the silane function-
alized CNF/epoxy nanocomposite was decreased compared with
that of the as-received CNF/epoxy nanocomposite at the same
CNF loading, Fig. 12(a). The decreased electrical conductivity
was due to the silane organo-layer on the surface of the CNFs,
which partially hindered the effective electron transport pathway
among the CNFs.

Conducting polymers including polyacetylene (PA), PANI,
and PPy have gained more attention in the last few decades due
to their remarkable conductivity''* and wide applications in
electronics,""? electrodes for electrodeposition’™® and super-
capacitors."™* Normally, the conductivity of conducting poly-
mers can be tuned through a doping process.'™> More recently,
Zhang and Guo et al. have developed pure conducting polymers
PANI''® and PPy'” as conducting nanofillers to improve the
electrical conductivity of epoxy. The electrical conductivity of the
epoxy was increased by 5-6 orders of magnitude after adding a
10.0 wt% loading of PANI nanofiller. The effect of different
morphologies of the PANI nanofillers on the electrical conduc-
tivity of the epoxy was compared. The electrical conductivity of
PANI nanofiber/epoxy nanocomposites was two orders of magni-
tude higher than that of the PANI nanosphere/epoxy nano-
composites associated with the contact resistance and percolation
threshold.'® Interestingly, PPy was used to serve as a coupling
agent between Fe;O, nanoparticles and an epoxy matrix.
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Fig. 12 Volume resistivity of (a) the cured pure epoxy and the cured epoxy nanocomposites filled with as-received CNFs (u-CNFs) and silane functionalized
CNFs (s-CNFs);2 (b) the cured pure epoxy and the cured epoxy filled with Fe@FeO nanoparticles. Inset shows the TEM image of Fe@FeO/epoxy
nanocomposites, illustrating the conducting networks of Fe@FeO in the epoxy matrix.*2

The electrical conductivity of the epoxy was improved by almost
7 orders of magnitude after adding 30 wt% of the PPy function-
alized Fe;O, nanoparticles.

Pure metallic nanoparticles have highly mobile electrons,
which yield excellent electrical conductivity. However, owing to
their easy oxidation and flammability in air, it is still challenging
for them to be widely used in industry, most of the reported
works focus on metal oxide nanoparticles.®” For example, Zhu
and Zhang et al. introduced a protecting shell including carbon®’
and metal oxide®* thin layers to stabilize pure Fe nanoparticles.
The volume resistivity of the prepared Fe@C/epoxy nano-
composites was improved by almost 7 orders of magnitude
from 7.8 x 10" (pure epoxy) to 1.2 x 10° Q em (with a 20.0 wt%
loading of Fe@C nanoparticles).’’ Meanwhile, the volume
resistivity of the fabricated Fe@FeO/epoxy nanocomposites
reached around 10° Q cm with a 20.0 wt% loading of Fe@FeO
nanoparticles, Fig. 12(b).>* The percolation threshold was
observed in both the Fe@C and the Fe@FeO epoxy nanocom-
posites, at the 20.0 wt% nanoparticle loading level (the Fe@FeO
nanoparticle loading was around 10.0 wt%), the nanoparticles
constructed an infinite network structure for the electron
transport among the nanoparticles within the epoxy matrix,
leading to a huge change in the electrical conductivity of the
epoxy nanocomposites.

In summary, among these conductive nanofillers, carbon
species such as graphene, CNTs and CNFs could provide epoxy
with the highest and the most efficient electrical conductivity
(up to 11 orders of magnitude higher than that of pure epoxy).
However, a proper functionalization method is required to pre-
pare epoxy nanocomposites with better nanofiller dispersion
quality since the surface modification may damage the struc-
ture of the carbon materials and destroy the electron transport
pathway. Even the conducting polymers PANI and PPy were
able to improve the electrical conductivity of epoxy by up to
7 orders of magnitude, but the presence of nitrogen atoms in
the polymer backbone can provide a chemical reaction oppor-
tunity with the epoxy matrix as aforementioned, which may not
be favorable for achieving high electrical conductivity in the
conducting polymer/epoxy nanocomposites. The electrical con-
ductivity of the metallic nanoparticle/epoxy nanocomposites

This journal is © The Royal Society of Chemistry 2016

could reach up to 7 orders of magnitudes higher than pure
epoxy, which could be beneficial for the potential large quantity
fabrication of electrically conductive epoxy nanocomposites.

In addition, epoxy is currently recognized as one of the most
commonly used electrically conductive adhesives (ECAs) for
microelectronic packaging such as flip-chip integrated circuit
(IC) package assembly to a printed circuit board (PCB) due to
its superior adhesive strength, good chemical and corrosion
resistance, and low cost."’” Normally, ECAs consist of an organic
polymeric binder (such as epoxy) and conductive fillers. The epoxy
serves as the mechanical bond for the interconnections, and the
conductive fillers provide the electrical conductivity through the
physical contact between the conductive fillers. The possible
conductive fillers used include silver (Ag), gold (Au), nickel (Ni),
copper (Cu) and various carbon materials (such as graphites and
carbon nanotubes).*"'**'* Silver flakes are the most commonly
used and commercially available filler because of their high
electrical conductivity and the nature of their conductive oxides.
Even though nickel and copper are cost effective, they are easily
oxidized at elevated temperatures and high humidity. These
problems decrease the performance of the device interconnec-
tions."*® Generally, ECAs can be categorized into isotropically
conductive adhesives (ICAs, with 1-10 pm sized fillers), anisotro-
pically conductive adhesives (ACAs, with typically 3-5 pm sized
conductive fillers), and nonconductive adhesives (NCAs) depend-
ing on the conductive filler loading levels. Electrical conductivity
for ICAs in all x-, y-, and z-directions can be achieved since the
conductive filler loading level exceeds the percolation threshold.
An example of the flip-chip bonding process using an ICA'**'** is
shown in Fig. 13. The conductive filler loading levels are far below
the percolation threshold for ACAs and NCAs, which are not
sufficient for inter-particle contact. Therefore, the electrical con-
ductivity is exhibited only in the z-direction. ECAs have many
advantages compared with conventional solder technology includ-
ing environmental friendliness, mild processing conditions, low
stress on substrates, and lightweight. However, many challenges
still exist including low conductivity, and conductivity fatigue
(decreased conductivity at elevated temperature and humidity
aging) in reliability tests. These are the tasks for the researchers
in this field to be solved in the future.
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3.3 Epoxy nanocomposite flame retardancy

Although epoxy is one of the most important engineering poly-
mers, the untreated epoxy is highly inflammable, which signifi-
cantly limits its applications. Therefore, in order to improve its
flame retardancy, the modification of epoxy is an imperative
issue to be addressed.'*” Normally, reduced polymer flamm-
ability can be achieved through a combination of inherently
flame retardant polymers such as polyimide, poly(p-phenylene-
2,6-benzobisoxazole) (PBO), and poly(p-phenylene-2,6-benzo-
bisthiazole) (PBZT), chemical modification of the existing polymers
(for example, copolymerization of flame retardant monomers
into the polymer chains), and incorporation of flame retardants
into the hosting polymer matrix."** All of these methods can be
applied to improve the flame retardancy of epoxy resins, such
as a hyperbranched polyimide-modified epoxy system,"** epoxy
resin containing phosphorous (phosphorous from a synthesized
silane coupling agent),"*> magnesium hydroxide (Mg(OH),)/epoxy,'*®
functionalized layered double hydroxide (LDH)/epoxy,">”"**®
antimony trioxide (Sb,0;)/epoxy,'*® aluminiumoxide trihydrate
(ATH)/epoxy,"** and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide (DOPO)/epoxy composites.”*' DOPO and its derivatives
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have been reported as novel phosphorous-containing flame
retardants for epoxy resins."*> Liao et al.’** developed DOPO-
reduced graphene oxide (DOPO-rGO) by grafting DOPO onto
the surface of GO, which was then used as the nanofiller to
fabricate epoxy nanocomposites. The DOPO-rGO/epoxy nano-
composites exhibited a significant increase in the char yield and
limiting oxygen index (LOI) of about 81% and 30%, respectively,
with the addition of 10 wt% DOPO-rGO. Yang et al.'®* syn-
thesized tri(phosphaphenanthrene-maleimide-phenoxyl)-triazine
(DOPO-TMT) as flame retardant additives for an epoxy matrix.
The results demonstrated that the phosphorus- and nitrogen-free
radicals released from the decomposition of DOPO-TMT pre-
ferred to form char residues with an intumescent and honey-
combed structure, which endowed the epoxy with excellent flame
retardant properties.

3.3.1 Phosphorus-, nitrogen- and silicon-based flame
retardants. In the past decades, it was found that phosphorus-,
nitrogen- and silicon-based flame retardants'* could exhibit
flame retardant performance in material compounds. Since they
are friendly to the environment compared to halogenated
compounds, these flame retardants are also called green pro-
ducts.'**"**> Normally, silicon can promote char formation in
the condensed phase and trap the active radicals in the gas
phase. The formed stable molecular compounds could stop
decomposition arising from the introduced nitrogen and prevent
the release of flammable gases. The presence of phosphorous
could interrupt exothermic processes in the gas phase and pro-
mote char formation on the material surface in the condensed
phase as a barrier."*® Based on the aforementioned principles,
Zhang et al. explored the flame retardancy performance of epoxy
after mixing with different morphologies of PANI''® and PPy"*® as
the nanofillers (containing nitrogen). The heat release rate (HRR)
results in Fig. 14 indicate that both PANI and PPy can reduce the
HRR peak of the epoxy (with a 51.0% and 48.1% reduction of the
HRR peaks for PANI and PPy, respectively) and the nanofiber
morphology can decrease the HRR peak of the epoxy more than
the nanosphere morphology due to the larger specific surface
area. Gu et al.'® introduced phosphoric acid doped PANI
(containing phosphorous and nitrogen) into the silica/epoxy
nanocomposites (containing silicon) and studied the flame
retardant properties of these epoxy nanocomposites. The HRR
peak of the epoxy nanocomposites filled with phosphoric acid
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under nitrogen conditions from room temperature to 700 °C.*8

doped PANI-silica (454.0 W g~ ') was much lower than that of the
epoxy filled with sulfuric acid doped PANI-silica (478.8 W g~ ') and
the as-received silica nanocomposites (533.8 W g~ '), Fig. 15(A).
Meanwhile, the char residues of the epoxy nanocomposites filled
with phosphoric acid doped PANI-silica were tightly cladded by
the char yield, Fig. 15(B)b. However, the char residues of the
epoxy filled with sulfuric acid doped PANI-silica were observed
to migrate and be pushed to the surface by the volatile products
(Fig. 15(B)c) and the char residues of the epoxy nanocomposites
filled with the as-received silica exhibited a smooth and con-
tinual char layer due to the rapid volatilization (Fig. 15(B)a).
These results further confirmed the role of the phosphorus com-
ponent for the flame retardant performance of epoxy materials,
showing that phosphorus can promote the char yield formation in
the condensed phase.

Tang et al'® used glycidyl methacrylate (GMA) as a shell
material to microencapsulate ammonium polyphosphate (MCAPP)
by in situ polymerization (Fig. 16(a)) in order to link ammonium
polyphosphate (APP) with an epoxy matrix and to provide the
epoxy with the same flame retardant properties as the intumescent
flame retardant. As shown in Fig. 16(b-d), after the cone calori-
metry test, the residual char of the epoxy and MCAPP composite
(Fig. 16(d)) exhibited dramatic intumescentia during the combus-
tion process and formed a compact carbon layer compared
with that of the pure epoxy (Fig. 16(b)) and the APP/epoxy
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Fig. 16 (a) Reaction scheme for the formation of the MCAPP micro-
capsules; residue photos of samples at the end of a cone calorimetry test
(b) pure epoxy, and epoxy nanocomposites (c) with an APP loading of
15 wt%, and (d) with a MCAPP loading of 15 wt%. Reprinted with permission
from ACS publications.*”
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composite (Fig. 16(c)). This indicated that MCAPP could pro-
mote the formation of intumescent carbonaceous char.

3.3.2 Graphene based flame retardants. Graphene is regarded
as a favorable halogen-free flame retardant for epoxy due to its
layered and graphitized structure, in which the graphene can
behave as a physical barrier to adsorb the degraded products to
facilitate the formation of char."*® Normally, as-received graphene
tends to decompose during combustion due to its weak thermal
oxidation stability, which seriously reduces its flame retardant
performance. Therefore, some modification to the as-received
graphene is required to achieve an attractive flame retardant
performance."*® As an example, Qian et al.**° reported a novel
organic-inorganic hybrid flame retardant reduced graphene
oxide material (FRs-rGO) by reacting reduced graphene oxide
with (3-isocyanatopropyl)triethoxysilane and DOPO through an
in situ sol-gel process, Fig. 17(A)a, to serve as the flame retardant
additives to prepare epoxy nanocomposites, Fig. 17(A)b, which
exhibited a significant improvement in the flame retardancy of
the epoxy. Wang et al.™*' designed polyphosphamide covalently
grafted graphene nanosheets (PPA-g-GNS) to serve as flame
retardant additives to epoxy. Owing to the high phosphorous-
nitrogen content, rich aromatic structure and graphitic structure,
the PPA-g-GNS/epoxy composites demonstrated superior flame
retardant properties. After being filled with 8 wt% PPA-g-GNS, the
HRR peak of the epoxy composite was reduced by about 42%
relative to that of the pure epoxy. Jiang et al.'** fabricated Ce
doped MnO,-graphene hybrid sheets by utilizing electrostatic
interactions between the Ce doped MnO, and the graphene
sheets, and then mixed with an epoxy matrix. There are syner-
gistic interactions between the Ce doped MnO, and graphene, in
which the Ce doped MnO, served as a catalyst for the carbon-
ization of degradation products and the graphene acted as a
physical barrier to adsorb the degraded products to extend the
contact time with the Ce doped MnO, catalyst. The Ce doped
MnO,-graphene/epoxy significantly suppressed the decomposi-
tion process of the epoxy during combustion. Wang et al'*?
synthesized a novel graphene-based hybrid (m-SGO) composed of
graphene with nanosilica to alleviate the thermal-oxidation
degradation of the graphitic structure, Fig. 17(B). After being
filled into an epoxy matrix, an improved flame retardant perfor-
mance was obtained because of the structure transformation.
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Especially, the HRR peaks and total heat release of the modified
epoxy filled with 1.5 wt% m-SGO were decreased by 39% and
10%, respectively, compared with those of the pure epoxy resin.
The novel layered hybrid in the matrix was transformed into
silica nanosheets and the obtained high resistance to oxidation
degradation could delay the thermal degradation of the poly-
mer chain segments during the combustion process. Yu et al.***
prepared a functionalized reduced graphene oxide material
(FRGO) wrapped with nitrogen and phosphorous, which was
covalently incorporated into an epoxy matrix to form flame
retardant epoxy nanocomposites, Fig. 18. The results demon-
strated that the HRR peak of the FRGO/epoxy nanocomposites
was diminished by about 43.0% with a FRGO loading of 2 wt%
compared with that of the pure epoxy.

143

3.4 Other applications

3.4.1 Aeronautics and aerospace applications. Normally, the
materials for aeronautic applications are subject to different
environmental conditions including strong humidity, wide tem-
perature variations, and many kinds of mechanical stresses such
as compression, tension, torsion, and creep. Although the con-
ventional materials such as aluminum, titanium, and steel can
reach some of the requirements, they cannot achieve a compro-
mise of low weight."*> In the last few decades, innovative polymer
composites in the aerospace industry have increased significantly
as the load-carrying parts of new aircrafts such as the boeing 787,
airbus 350, and F-35 for efficient weight reduction.'*® Epoxy
based thermosetting nanocomposites are one of the most com-
monly used aeronautic materials in the aviation industry because
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Fig. 18 Preparation procedure of (a) FRGO and (b) FRGO/epoxy nanocomposites. Reprinted with permission from RSC Publishing.***
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of their excellent mechanical performance, chemical and elec-
trical resistance and low shrinkage on curing."”” In addition,
multifunctionality has become an imperative aspect in aerospace
technology in recent years. Multifunctional epoxy nanocompo-
sites, which combine enhanced mechanical and thermal proper-
ties with sensing/actuating abilities, are in demand for the
aerospace sector."*” For example, in order to efficiently dissipate
lightning currents without employing conductive metal fibers or
metal screens, the electrical conductivity of structural parts such
as aircraft fuselages has to reach 1-10 S m~'.'*° Therefore, the
exploitation of new advanced epoxy nanocomposites with addi-
tional functionalities without compromising structural integrity
is required. In the past few years, novel CNT materials have
served as excellent candidates to provide final products with
enhanced structural integrity as well as multifunctionality. As
aforementioned, CNTs have a high tensile strength with a high
aspect ratio and excellent electrical conductivity, which make
them a promising material for the actuation of a new generation
of nano-reinforced composite systems in aerospace applications
to replace the conventional materials. A more detailed review and
analysis about CNT enhanced aerospace composites has been
written by Paipetis and Kostopoulos.'*

3.4.2 Automobile applications. Epoxy resin is one of the
primary thermosetting resins used today in natural-fiber com-
posites for automotive applications since epoxy resins can offer
high performance and resistance to environmental degrada-
tion.'*® Typically, the epoxy based matrix composites used in
the automotive industry serve as the power transmission drive
shaft,*’ passenger car bumper beam,"*° door panels, seat backs,
headliners, package trays, dashboards and interior parts,***and
as an electrical conductive adhesive between a silicon chip and a
lead frame of a package, and as a heat conductive adhesive
between a silicon die and lead frame or substrate.” Normally, the
usage of low-density natural fiber (such as kenaf, hemp, flax,
jute, and sisal)-epoxy composites can reduce the car weight by
about 10-30%. It’s estimated that a 25% reduction of car weight
is equal to saving 250 million barrels of crude oil annually."*°
Meanwhile, the natural fiber-epoxy composites exhibit low costs,
low tool wearing rates, low production energy requirements, low
health and safety risks, and good formability. They are less
susceptible to the effects of stress concentration than metals."*>
Recently, in order to further improve the mechanical perfor-
mance of natural fiber-epoxy composites, carbon nanofibers and
glass fibers were introduced into natural fiber composites to
form hybrid fiber reinforced epoxy composites, which can offer
better fatigue characteristics since the micron cracks in the resin
cannot propagate freely as in metals, but terminate at the strong
hybrid fibers.'>* Therefore, parameters such as fiber orientation
angles, stacking sequences, layer thickness and the number of
layers should be altered in order to reach the required perfor-
mance for automotive usage.*’

3.4.3 Anti-corrosion coatings. Epoxy resins are not only used
in aerospace and automotive applications, but also can be
applied in marine systems, the retrofitting of structurally defi-
cient bridges, the construction of new pedestrian and vehicular
bridges as structural materials and as anti-corrosion coatings."*®
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Nowadays, steel,">* magnesium alloys,"** aluminum,'" and iron*’
are important parts of our daily life in automotive applications,
household appliances, cellular phones, computers, guided
weapons and heavy constructions such as marine and chemical
industries. However, metal corrosion has become one increasingly
severe problem in the metallic finishing industry."® It's esti-
mated that corrosion-related maintenance costs between 70
and 120 billion dollars annually in the U.S.A. according to a
NASA survey.'*® Therefore, many attempts and ingenious pre-
vention methods to prevent corrosion have been invented.'®”
Recently, epoxy coatings, as organic polymer coatings, have
attracted considerable attention due to their excellent adhe-
sion, high corrosion resistance, and environmental friendly
properties.*>® Generally, epoxy coatings act as a physical barrier
to prevent the aggression of deleterious species.'* However,
pristine epoxy cannot provide long-term anti-corrosive perfor-
mance due to the presence of holes and defects over the coating
surface after the curing process which are permeable to oxygen,
water and corrosive ions such as CI~ and H"."*® More recently,
inorganic nanofillers such as Si0,,'** Zr0,,"** Zn0,'®* and
nanoclay'® have been introduced into epoxy matrices to form
epoxy nanocomposites, and to modify the barrier effect of the
epoxy for further boosting the anti-corrosive properties of
the epoxy coating. It’s reported that the nanoparticles could fill up
the holes, micron cracks and defects of epoxy coatings, leading to
improved anti-corrosive performance.'®* For example, Sari et al.'®>
prepared polyester-amide hyperbranched polymer (HBP) modi-
fied nanoclay particles as a nanofiller to enhance the dispersion
quality of nanoclay within an epoxy matrix and obtained an
improved anti-corrosive performance of the epoxy coatings. The
pure nanoclay was hydrophilic, which caused nanoparticle aggre-
gation and poor intercalation in the epoxy coating, the bottom of
Fig. 19. However, the HBP modified nanoclay showed a uniform
distribution of the nanoparticles within the epoxy coating, the
top of Fig. 19, which might effectively increase the length of the

(a)

Modified clay

(b)

Pure clay

[ ]

Steel substrate

Fig. 19 Schematic illustration of (a) HBP modified nanoclay and (b) pure
nanoclay in an epoxy coating. Reprinted with permission from Elsevier.1®®
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diffusion pathways for corrosive electrolytes (such as Cl7, O,
and H,0). To seek a new advanced modification method and a
new type of nanofiller for epoxy nanocomposite coatings is a
future task for researchers in the anti-corrosive field.

3.4.4 High voltage applications. Epoxy resin is one of the
most widely used thermosets in high voltage (HV) apparatus
including HV capacitors, printed circuit boards, generators,
motors, and transformers as insulation because of its good
mechanical and electrical properties, chemical stability and
excellent processability.'®*'®” Normally, the dielectric voltage
breakdown strength (which is used to measure the failure
strength of the insulation against the applied electric field) is
the most important parameter in designing epoxy insulation
materials.'®® Therefore, superior epoxy insulating materials
require a higher thermal stability to avoid the occurrence of
electrical breakdown.'®'7® As a consequence, the epoxy compo-
sites reinforced with micron sized inorganic fillers such as silica,
alumina, etc. have emerged as the preferred insulating materials
for HV applications due to their high dielectric breakdown voltage
and improved thermal resistance compared with pure epoxy.'”*
Recently, increased considerable interest has been dedicated to
using nano-sized fillers as additives in epoxy matrices to form
nanocomposites'’> since nanocomposite insulation can provide
superior performances such as lower dielectric losses and
increased dielectric strength, tracking and erosion resistance,
and surface hydrophobicity compared with conventional micro-
sized epoxy composites."””> Singha et al'’* observed that the
dielectric permittivity in epoxy nanocomposites was lower than
that in the pure epoxy and the epoxy with micro-sized filler at
lower concentration (depending on the filler type and size) over a
wide range of frequencies. Meanwhile, it has been found that the
dielectric properties of insulation is also strongly related to the
surface charge accumulation.'” Nano-sized fillers at the surface
of epoxy materials could result in corresponding changes in the
electrical properties at the surface and suppress the surface charge
accumulation, leading to decreased dielectric properties.'”®'””

4. Conclusion, challenges and
perspective

This work has firstly discussed the challenges and solutions for
the preparation of epoxy nanocomposites. The multifunctional
epoxy nanocomposites with magnetic, electrically conductive,
thermally conductive, and flame retardant properties of the
past few years are reviewed in detail. The applications of epoxy
nanocomposites in the aerospace, automotive, anti-corrosion
coating, and high voltage fields are briefly summarized. In order
to prepare epoxy nanocomposites with enhanced mechanical
properties, the modification of nanofillers with functionalities
to increase the dispersion quality of the nanofillers and to
enhance the interfacial interaction between the nanofillers and
the epoxy matrix is imperatively required. Epoxy nanocomposites
with multifunctionalities still need to be developed to meet the
demands for new applications of epoxy. Recently, Gu et al."’®
reported a strengthened magnetoresistive epoxy nanocomposite
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paper derived from synergistic Fe;0,~CNF nanohybrids, in which
the epoxy nanocomposite paper was firstly observed to exhibit
negative magnetoresistance of around —1.0% at a magnetic field
of 9 T. This finding potentially broadens the application of epoxy
to the flexible electronics, magnetoresistive sensors and printing
industries. Therefore, to seek new functionalities of epoxy nano-
composites is the main task for researchers in the future.
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