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a b s t r a c t

The search of multifunctional epoxy nanocomposites with both strength and toughness combined with
smart features such as electrical conductivity is essential in design of advanced materials. In this work, by
utilizing a binary nanofiller strategy, both strength and toughness as well as high electrical conductivity
are obtained in epoxy with trace nanopolystyrene grafted with epichlorohydrin (nano g-PS) to facilitate
the dispersion of multi-walled carbon nanotubes (MWCNTs). The increased tensile strength (37.6%) and
flexural strength (34.4%) are acquired in nano g-PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy in
contrast to pure epoxy. A remarkably improved tensile toughness up to 379.2% and an increased elon-
gation at break up to 208.3% are obtained in this epoxy nanohybrid. The synergistic interactions among
nano g-PS, MWCNTs and epoxy matrix as well as the state transition of nano g-PS from glassy state to
fluid state provide an improved dispersion of nanofillers which is responsible for the increased electrical
conductivity and enhanced mechanical properties. The decreased surface resistivity allows these
nanohybrids to sufficiently dissipate surface charges as an antistatic material. This work provides an
effective way to disperse carbon nanotubes with small amount of thermoplastic PS to simultaneously
strengthen and toughen the thermosetting epoxy while introducing highly conductive function.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy, as one of the most popular engineering thermosets, has
been widely applied in the fields of adhesive, automobile, coatings,
marine and electronics [1e9]. With the rapid development of
. Gu), weirb10@uestc.edu.cn
utk.edu (Z. Guo).
electronics, automobile and aerospace vector, as an electrical
insulating material, epoxy with relatively high electrical conduc-
tivity is required for effective electrostatic dissipation [10]. There-
fore, a lot of efforts have been dedicated to enhance both
mechanical properties and electrical properties of epoxy.
Numerous nanofillers with various dimensions such as 0D (e.g.
nanoparticles) [11,12], 1D (e.g. carbon nanotubes (CNTs) [13e17],
carbon nanofibers (CNFs) [18,19]), 2D (i.e. graphene) [20], 3D (e.g.
3D graphene foam [21], and 3D CNT sponge [22]) have been
introduced into the polymer matrix to form nanocomposites.
However, most of these nanofillers required a relatively higher
loading (for example, 2.7 vol% of functionalized graphene oxide
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Fig. 1. Preparation procedure of nano g-PS/MWCNTs/epoxy nanohybrids. (A colour
version of this figure can be viewed online.)
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(GO) [23] and 5.0wt% of CNTs [24]), which obviously increased the
cost and reduced the processibility of epoxy.

Owing to high Young's modulus (0.32e1.47 TPa), high strength
(10e52GPa), and toughness around 770 J g�1 [25] together with
exceptional electrical properties and thermal conductivity [26,27],
CNTs exhibit many advantages in the fabrication of multifunctional
epoxy nanocomposites with high electrical and thermal conductiv-
ity. However, the lack of surface functional groups and easy entan-
glement due to high surface energy [28] are detrimental to attain
desired mechanical, electrical, thermal and other properties [29]. In
order to obtain optimum dispersion of CNTs within epoxy matrix
and better compatibility between epoxy and CNTs, chemical modi-
fication including both covalent and noncovalent functionalization
of CNTs is normally used before mixing with epoxy matrix [30].
Generally, covalent functionalization is related to the formation of
fucntional groups on the surface of CNTs such as carboxylic groups
(eCOOH) [31], amine groups (eNH2) [32], hydroxyl groups (eOH)
[33], etc. and noncovalent functionalization involves attaching the
target fucntional groups on the surface of CNTs (e.g. polypyrole (PPy)
[34], polyaniline (PANI) [35], etc.). Although surface functionalization
could boost the interaction between CNTs and epoxymatrix, most of
these chemical methods might damage the chemical structure of
CNTs during the modification process, leading to the formation of
defects and hindering the electrical and thermal conductivity in
CNTs [36]. For example, Gu et al. [37] used PANI as a coupling agent
between multi-walled CNTs (MWCNTs) and epoxy, in which the
tensile strength was increased by 85% compared with pure epoxy,
however, the volume resistivity of MWCNTs/epoxy was still around
1011U cm. Recently, distinctly different binary nanofillers method
has been introduced as the nanoreinforcements to the epoxymatrix.
For instance, Liu et al. [38] utilized clay as an additional additive to
improve the disersion quality of single walled CNTs (SWCNTs) in
epoxy matrix, in which both electrical and mechanical properties
were enhanced. Gu et al. [39] applied nanomagnetite into CNFs/
epoxy nanocomposites, and reported not only significantly reduced
resistivity (102U cm), but also strengthened nanomagnetite/CNFs/
epoxy nanohybrids. Unfortunately, the nanoreinforcement mecha-
nism is still unknown. The understanding of reinforcement mecha-
nism is essential for the design of epoxy nanohybrid structures and
industrial applications [40].

The demand for advanced materials with both strength and
toughness is imperative, especially for engineering epoxy. Although
high crosslinking degree endows epoxy with superior mechanical
properties such as high tensile strength and Young's modulus, the
intrinsic brittleness and poor fracture toughness [41] arising from
internal stresses produced during curing process and restricted
crack growth from plastic deformation [42] severely limit its ap-
plications in the aerospace, automobile, and marine systems as a
structural conterpart [43]. Normally, strength and toughness
contradict each other since the strength describes a resistance of
material to non-recoverable deformation while the toughness is
related to the energy required for dissipating local high stress to
cause the fracture [44]. Recently, thermoplastic materials such as
poly(ether ether ketone) with pendent methyl group (PEEKM) [45],
poly(ethyleneoxide)-poly-(ethylene-alt-propylene) (PEO-PEP)
block copolymer [46] have gained more attentions for toughning
epoxy, in which the typically required high loading of this tougher
(5e20wt%) might result in an apparent reduced mechanical
properties [47]. Even though the aminated polystyrene (PS) [48]
and epoxide grafted PS [49] have been reported to increase both
tensile strength and toughness of epoxy, the insulating nature of
these materials also restricts applications of epoxy in the electronic
devices.

In this work, we developed a nanosized PS particles graftedwith
epichlorohydrin (ECH) through electrospraying to manufacture
epoxy nanohybrids with binary nanofillers of trace nanosized PS
grafted with ECH and MWCNTs without using any chemical treat-
ments. By simply applying this design, a 37.6% enhancement of
ultimate tensile strength and a 34.4% increase in ultimate flexural
strength are attained in the trace nano PS grafted with ECH
(0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids. Further-
more, a 279.2% improvement in tensile toughness and a 108.3%
increase in the elongation at break are achieved in these epoxy
nanohybrids relative to pure epoxy. This nanoreinforcement
mechanism is explored considering the synergistic interactions
among nano PS grafted with ECH, MWCNTs and epoxy matrix as
well as the state transition of nano PS grafted with ECH from galssy
state to fluid state, and major strain distribution.
2. Experimental

2.1. Fabrication of nano g-PS/MWCNTs/epoxy nanohybrids

Fig. 1 shows the preparation procedure of nano g-PS/MWCNTs/
epoxy nanohybrids. Firstly, the PS (Taizhou Suosi education
equipment Co., Ltd.) was firstly grafted with epichlorohydrin (g-PS)
following the procedures as reported in a previous work [49] in
order to increase the compatibility between g-PS and epoxymatrix.
Then the 5.0wt% loading of g-PS/DMF (Sinopharm Chemical Re-
agent Co., Ltd.) solution was electrosprayed to obtain the nano g-PS
particles. After that, the nano g-PS particles and MWCNTs (Sigma
Aldrich) weremixed with epon 862 epoxy resin (bisphenol F epoxy,
Hexion Inc.) under mechanically stirredwith sonication. The curing
agent EK3402 (Hexion Inc.) was added into the above mixture with
a resin/curing agent weight ratio of 100/26.5 following a mechan-
ical stirring and sonication. After increasing temperature to 50 �C,
the well dispersed suspensions were poured into a silicon rubber
mold and cured at 120 �C for 5 h. Finally, the nano g-PS/MWCNTs/
epoxy nanohybrids were obtained after cooling down to room
temperature naturally. In comparison, the pure epoxy, the epoxy
nanocomposites with 0.0677 vol% of g-PS, and the epoxy nano-
composites with 0.0067, 0.0101, 0.0104, 0.0111, 0.0201, 0.0335,
0.0435, 0.0502, 0.0670, 0.0837 vol% of MWCNTs were also synthe-
sized following the same procedures without adding g-PS or
MWCNTs. The detailed experimental is mentioned in the
supporting information.



Fig. 2. Electrical conductivity as a function of MWCNTs loading. (A colour version of
this figure can be viewed online.)
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2.2. Characterizations

The electrical conductivity and surface resistivity of MWCNTs/
epoxy nanocomposites and epoxy nanohybrids were measured by
the DC resistance along the disc samples with a diameter of
appropriate 60mm with a HEST-200 high resistant meter from
Beijing Huace Testing Instrument Co., Ltd. at room temperature. The
reported values were the average value of three valid measure-
ments with a deviation less than 10%. The tensile tests and three
point bending tests were performed using a dog-bone shaped
sample with the American Society for Testing and Materials (ASTM,
standard D412-98a, 2002) and a typical rectangular sample with
dimension of 60� 10� 3mm3 following the ASTM standard
D5023-15 (2015) in a unidirectional tensile test machine (Shanghai
Xieqiang Instrument Technology Co. Ltd.) at room temperature,
respectively. A 3D motion and deformation sensor ARAMIS system
with GOM Correlate software from GOM GmbH was conducted on
the dog-bone shaped samples to record the real-time stress-strain
characteristics. Other detailed characterizations please see
supporting information.

3. Results and discussion

Firstly, with the purpose of increasing the compatibility of PS
with epoxy matrix, the as-received PS was chemically grafted with
ECH to form the ECH grafted PS (g-PS). After that, the g-PS was
electrosprayed into nano g-PS particles via a 5.0wt% g-PS dime-
thylformamide (DMF) solution. As shown in SEM images, Figs. S2A
and S2B, the electrosprayed g-PS particles are particulate with a
diameter around 80e180 nm measured by Nano Measurer soft-
ware. With the evaporation of DMF after electrospraying process,
some of the g-PS particles stick together and form particles with
size bigger than 200 nm. The evident broad peak within the
wavenumber range from3100 to 3700 cm�1 in the FTIR spectrum of
nano g-PS (Figs. S2Ceb) compared to the FTIR spectrum of as-
received PS (Figs. S2Cea) arises from the OeH stretching vibra-
tion [50]. The nano g-PS has an obvious degradation from 200 to
300 �C in contrast with the as-received PS, Figs. S2Deb and
Figs. S2Dea, respectively, which is due to the degradation of
CeOeC group in the nano g-PS as reported in the literature [51,52].
Compared with the deconvoluted high resolution C1s XPS spec-
trum of as-received PS, Fig. S2E, the nano g-PS owns two more
binding energy peaks located at 286.1 and 287.0 eV, corresponding
to the CeOH and CeOeC, accordingly [53,54]. All of these results
confirm the existence of hydroxyl and epoxide groups on the
polymer backbone of nano g-PS. Owing to the chemical reaction
and similar polarity, both hydroxyl and epoxide groups have the
affinity with epoxy matrix.

Subsequently, epoxy nanocomposites filled with different
loadings of MWCNTs from 0.0067 to 0.0837 vol% were prepared in
order to obtain the percolation threshold. The obtained percolation
curve of MWCNTs/epoxy nanocomposites is plotted in Fig. 2. The
electrical conductivity of MWCNTs/epoxy nanocomposites displays
a dramatic change around 7 orders of magnitudes (from 10�13 to
10�6 Sm�1), which is normally induced by the formation of
percolation network [55]. The percolation threshold (fc) can be
computed by percolation theory from eq (1) [56]:

s ¼ s0ðf� fcÞt (1)

where s is the electrical conductivity of the MWCNTs/epoxy
nanocomposites, s0 is a constant, t represents the electrical con-
ductivity exponent that is generally used to express the dimen-
sionality of the systemwith values typically around ～～1.3 and ～～2.0
for two and three-dimensions, respectively [57]. By fitting the
percolation curve with this equation, the estimated fc for the
MWCNTs/epoxy nanocomposites is 0.0117 vol%. As displayed in the
inset of Fig. 2, t is calculated to be 2.26, suggesting a complex
electrical conducting network in the MWCNTs/epoxy nano-
composites. Though the percolation threshold of MWCNTs/epoxy is
pretty low, the scarcity of functional groups on the surface of
MWCNTs and aggolomeration may severely lower the mechanical
property of epoxy matrix. Therefore, our as-prepared electro-
sprayed nano g-PS is introduced into MWCNTs/epoxy to form a
ternary epoxy nanohybrids, aiming to facilitate the dispersion of
MWCNTs within epoxy matrix and strengthen the mechanical
property of epoxy matrix. As aforementioned in Fig. 2, the electrical
conductivity for 0.0335 vol% of MWCNTs/epoxy nanocomposites is
one order of magnitude higher than that of 0.0201 vol% MWCNTs/
epoxy nanocomposites. After further increasing the loading of
MWCNTs, the electrical conductivity has only a little bit change,
whereas the tensile strength is decreased significantly, Fig. S3
(which is a typical example for the scaling law of strength and
toughness of epoxy: materials with lower strength have a tendency
to be tougher). Considering processibility, mechanical properties,
and electrical conductivity of MWCNTs/epoxy nanocomposites,
0.0335 vol% loading of MWCNTs/epoxy nanocomposites was cho-
sen to prepare nano g-PS/MWCNTs (0.0335 vol%)/epoxy nano-
hybrids with different loadings of nano g-PS to investigate their
properties in the following. The obtained electrical conductivity of
nano g-PS (0.0193e0.1160 vol%)/MWCNTs (0.0335 vol%)/epoxy
nanohybrids is illustrated in Fig. S4. With adding nano g-PS into
MWCNTs/epoxy nanocomposites, the electrical conductivity for all
the nano g-PS (varying from 0.0193 to 0.1160 vol%)/MWCNTs
(0.0335 vol%)/epoxy nanohybrids is higher than that of MWCNTs
(0.0335 vol%)/epoxy nanocomposites. Particularly, nano g-PS
(0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy nanohybrid possesses
the highest electrical conductivity, which is one order of magnitude
higher than that of MWCNTs (0.0335 vol%)/epoxy nanocomposites
with same loading of MWCNTs.

The typical stress-strain curves of pure epoxy, MWCNTs
(0.0335 vol%)/epoxy, nano g-PS/epoxy, and nano g-PS
(0.0193e0.1160 vol%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids
are displayed in Fig. 3A and Fig. S6A, and the corresponding tensile
properties including tensile strength, Young's modulus, and the
elongation at break are summarized in Table 1. In the stress-strain
curve of pure epoxy, no noticeable plastic deformation is observed
before fracture, presenting a representative brittle failure. In



Fig. 3. (A) Stress-strain curves of (a) pure epoxy, (b) MWCNTs (0.0335 vol%)/epoxy, (c) nano g-PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy, and (d) nano g-PS (0.0677 vol
%)/epoxy; (B) flexural stress-flexural strain curves of (a) pure epoxy, (b) MWCNTs (0.0335 vol%)/epoxy, (c) nano g-PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy, and (d) nano g-PS
(0.0677 vol%)/epoxy. (A colour version of this figure can be viewed online.)

Table 1
Tensile mechanical properties of pure epoxy and epoxy nanohybrids.

Sample (vol%) Ultimate tensile strength (MPa) Young's modulus (GPa) Elongation at break (%) Modulus of toughness Ut, (MJ m�3 or MPa)

Pure Epoxy 77.6± 0.7 2.4± 0.1 3.6± 0.1 128.7
0.0335 MWCNTs 92.1± 1.5 2.1± 0.1 6.7± 0.4 337.8
0.0193e0.0335 97.3± 1.5 2.2± 0.1 7.1± 0.4 417.6
0.0483e0.0335 98.5± 1.7 2.2± 0.1 6.8± 0.5 410.6
0.0677e0.0335 106.5± 0.8 2.3± 0.1 7.0± 0.3 488.0
0.0773e0.0335 98.0± 1.2 2.0± 0.1 7.2± 0.2 406.3
0.0966e0.0335 95.9± 1.8 2.1± 0.1 7.5± 0.2 446.4
0.1160e0.0335 90.6± 1.9 2.1± 0.1 7.4± 0.2 426.9
0.0677 nano g-PS 89.3± 1.5 2.0± 0.1 8.1± 0.4 446.8
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contrast, after utilizing nano g-PS into 0.0335 vol% loading of
MWCNTs/epoxy, a noticeable extensive plastic deformation occurs
before fracture in their stress-strain curves, Fig. 3Aec, pointing out
a ductile failure feature. Moreover, the average ultimate tensile
strength of nano g-PS/MWCNTs/epoxy nanohybrids increases with
increasing the nano g-PS loading to 0.0677 vol% and then decreases
with further increasing the nano g-PS loading, Fig. S6(B). Especially,
the average ultimate tensile strength for the nano g-PS (0.0677 vol
%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids (106.5MPa) is obvi-
ously improved by 37.6, 15.6, and 16.6% relative to that of pure
epoxy (77.6MPa), MWCNTs (0.0335 vol%)/epoxy nanocomposites
(92.1MPa) and nano g-PS (0.0677 vol%)/epoxy nanocomposites
(91.3MPa), respectively, The Young's modulus of nano g-PS/
MWCNTs/epoxy nanohybrids has no obvious change compared
with pure epoxy (around 2.4 GPa), MWCNTs/epoxy nano-
composites and nano g-PS/epoxy nanocomposites, which may be
due to the trace binary fillers of MWCNTs (0.0335 vol%) and nano g-
PS (0.0193e0.1160 vol%). The Young's modulus is normally related
to the stiff interfacial layer between nanofillers and epoxy matrix.
The 0.0335 vol% loading of MWCNTs is not sufficient enough to
change the elastic property of epoxy [49]. However, it's worth
mentioning that the elongation at break for all the nano g-PS/
MWCNTs/epoxy nanohybrids (around 6.8e7.5%) is much longer
(which is almost 88.9e108.3% increase) than that of pure epoxy
(3.6%), manifesting an evident toughening effect after adding the
nano g-PS into MWCNTs/epoxy nanocomposites. The modulus of
toughness (Ut) calculated from the area under the stress-strain
curve, as an indicator of fracture toughness parameter [39], is
also listed in Table 1. It's noticed that the Ut for all of nano g-PS/
MWCNTs/epoxy nanohybrids is much higher than that of pure
epoxy (128.7MJm�3) and MWCNTs (0.0335 vol%)/epoxy nano-
composites (337.8MJm�3). Especially, for the nano g-PS (0.0677 vol
%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids, the Ut is 279.2 and
44.5% higher than that of pure epoxy and MWCNTs (0.0335 vol
%)/epoxy nanocomposites, accordingly, demonstrating a brilliantly
improved tensile fracture toughness as a verification of irreplace-
able role of nano g-PS in the nano g-PS (0.0677 vol%)/MWCNTs
(0.0335 vol%)/epoxy nanohybrids for the enhancement of tensile
strength.

The flexural properties of pure epoxy, MWCNTs (0.0335 vol
%)/epoxy, nano g-PS (0.0677 vol%)/epoxy, and nano g-PS
(0.02e0.12 wt%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids were
also studied through the three-point bending test. The corre-
sponding flexural stress-flexural strain curves are depicted in
Fig. 3B and Fig. S6C. The obtained flexural properties of these
materials are summarized in Table S1. The Young's modulus from
tensile tests normally describes the stiffness of a solid material,
whereas the flexural modulus is an intensive property of a ma-
terial which expresses a tendency for a material to resist the
bending in the flexural deformation [58]. In this work, the flexural
modulus for nano g-PS (0.0193e0.1160 vol%)/MWCNTs (0.0335 vol
%)/epoxy nanohybrids (2.0e2.6 GPa) is a little higher than that of
pure epoxy (1.9 GPa). The average ultimate flexural strength for
pure epoxy, MWCNTs (0.0335 vol%)/epoxy, and nano g-PS
(0.0677 vol%)/epoxy is 104.5, 110.6, and 119.1MPa, respectively.
Similar to the tensile properties, the average ultimate flexural
strength is increased with increasing the nano g-PS loading to
0.0677 vol% and then decreased as nano g-PS loading increases
further, Fig. S6D. The improved ultimate flexural strength for the
nano g-PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy nano-
hybrids (140.5MPa) is respectively 34.4, 27.0, and 18.0% higher
than that of pure epoxy, MWCNTs (0.0335 vol%)/epoxy, and nano
g-PS (0.0677 vol%)/epoxy. Both tensile test and three-point
bending test results signify that adding nano g-PS into
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MWCNTs/epoxy could effectively produce the reinforced and
toughened epoxy nanohybrids. The mechanical properties of our
nano g-PS/MWCNTs/epoxy nanohybrids and the reported values
are compared and listed in Table 2. It turns out that themechanical
properties including flexural strength and tensile strength are
higher than most of reported values, especially for the tensile
toughness. Although some reported values are higher than our
results, the content of nanofillers in our epoxy nanohybrids is less
than these values, which is beneficial for manufacturing.

With the purpose of investigating exceptional mechanical
properties of nano g-PS/MWCNTs/epoxy nanohybrids, the fracture
surface after tensile tests and the dispersion quality of these epoxy
nanohybrids were carried out, Fig. 4. In the SEM microstructures of
fracture surface for pure epoxy, Figure S7A and S7B, a smooth
fracture surface with “river-like” patterns is acquired as expected,
signifying a representative brittle failure structure resulting from
the rapid crack propagation [59], the same as indicated in the
stress-strain curve, Fig. 3Aea. However, as a consequence of frac-
ture energy dissipation, after applying nano g-PS andMWCNTs into
epoxy, the fracture surface of these nanocomposites becomes
relatively rough. Normally, rough fracture surface is from the in-
hibition of crack propagation and energy dissipation by the exis-
tence of nanofillers [60]. In the SEM image for the fracture surface
of nano g-PS (0.0677 vol%)/epoxy nanocomposites, Fig. 4A, the
small holes from the dispersed nano g-PS in the epoxy matrix are
obviously observed in Fig. 4B. Evidently, in theMWCNTs (0.0335 vol
%)/epoxy nanocomposites, Fig. 4C, the MWCNTs are severely
aggolomerated on the fracture surface, which may serve as the
crack initiators when the external tensile force is applied to the
epoxy nanocomposites and causes the decreased tensile strength.
In addition, there are many holes surroundedMWCNTs as indicated
by the blue circle, Fig. 4D, demonstrating a poor adhesion between
MWCNTs and epoxy. By contrast, in the SEM image for the fracture
surface of nano g-PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy
nanohybrids, Fig. 4E and Fig. S8, many new fracture surfaces are
formed accompanied with more dimples appeared, which could
help dissipate more energies (called extrinsic toughening, which
could effectively resist the crack growth [61]), leading to ductile
failure and increased tensile strength. Moreover, it's worth noting
that the observed many white dots as shown in the blue circle,
Fig. 4F, indicate well dispersed instead of aggolomerated MWCNTs.
Interestingly, the holes observed in Fig. 4D disappear. Instead, the
MWCNTs tightly stick to the epoxy matrix, suggesting that after
adding nano g-PS into epoxy matrix, the synergistic interaction
among nano g-PS, MWCNTs and epoxy matrix could eliminate the
Table 2
Improvement of mechanical properties for epoxy nanocomposites with different fillers.

Fillers Content

CNT sponge [22] 0.66wt%
MWCNTs-COOH [78] 1wt%
Amino-DWCNT [79] 0.5 wt%
Functionalized graphene nanoplatelates [80] 0.1 wt%
3D graphene skeleton [81] 0.2 wt%
3D graphene aerogel [82] 1.4 wt%
Amino-graphene nanoplatelates [83] 1wt%
Epoxide-polystyrene [49] 1.5 wt%
Aminated polystyrene [48] 15wt%
Fe3O4/Carbon nanofibers [39] 10wt%/2.5wt%
Poly(acrylonitrile-co-butadiene-co-styrene)/clay [84] 4wt%/2.5wt%
Cloisite 25A/poly(ether ether ketone) [85] 1wt%/5wt%
Montmorillonite/polyamide [86] 2wt%/20wt%
Nano g-PS/MWCNTsa 0.07wt%/0.1wt%b

a This work.
b The corresponding weight percentage for our as-prepared nano g-PS (0.0677 vol%

nanofillers since the percolation threshold was obtained from the volume percent.
agglomeration of MWCNTs, leading to a better dispersion quality of
nanofillers and enhanced mechanical properties.

In order to further evaluate the dispersion quality of MWCNTs in
the epoxy nanohybrids, the TEM micrographs of MWCNTs
(0.0335 vol%)/epoxy nanocomposites and nano g-PS (0.0677 vol
%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids were performed and
shown in Figs. S9A and S9B. Notably, the as-received MWCNTs are
agglomerated in the epoxy matrix, Fig. S9B, which is consistent
with SEM image, Fig. 4D, whereas the MWCNTs are well distributed
in the epoxy matrix after introducing nano g-PS into MWCNTs
(0.0335 vol%)/epoxy nanocomposites, Fig. S9A. Normally, there are
two methods to increase the interaction between nanofillers and
epoxy matrix and facilitate the dispersion of nanofillers within
epoxy matrix. One is weak physical method of adding polymers
through van der Waals forces, hydrogen bonding, electrostatic,
steric interaction, and Lewis acid-base interactions, which could
diminish the voids between nanofillers andmatrix and increase the
mechanical properties. The other is to use the strong chemical
covalent bonding between nanofillers and matrix [1]. In this work,
both methods might be responsible for the improved mechanical
property. On one hand, the chemically grafted nano g-PS with hy-
droxyl and epoxide groups could increase the chemical covalent
bonding between nano g-PS and epoxy matrix as confirmed in our
previous reported work [49]. On the other hand, the presence of
nano g-PS could improve the dispersion quality of MWCNTs within
epoxy matrix and further result in the enhanced mechanical
properties in the nano g-PS/MWCNTs/epoxy nanohybrids.

With the aim of exploring this reinforcement phenomenon, a 3D
Motion and Deformation sensor ARAMIS system (GOM GmbH),
which is a perfect tool to provide an optimum understanding of the
component behavior, was employed to monitor the real-time
stress-strain variations and the whole process was recorded in
the video program of SI. Fig. 5 depicts the 3D major strain distri-
bution images of pure epoxy, MWCNTs (0.0335 vol%)/epoxy, nano
g-PS (0.0677 vol%)/epoxy and nano g-PS (0.0677 vol%)/MWCNTs
(0.0335 vol%)/epoxy nanohybrids for the moment before fracture
during the tensile process. As shown in 3Dmajor strain distribution
images, under the external stress, the color varies with changing
the strain at different locations as marked on the right side of each
3D major strain distribution image. The red denotes the highly
concentrated major strain. Normally, when the highly concentrated
major strain is achieved, the sample starts to fracture. For pure
epoxy, Fig. 5A, the major strain is highly concentrated to the middle
of dog-bone shaped sample and then the sample begins to fracture.
For the MWCNTs (0.0335 vol%)/epoxy nanocomposites, the major
Flexural Strength Tensile Strength Tensile Toughness

102% 64% 250%
22%
e 8.6% 43%
22% e e
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)/MWCNTs (0.0355 vol%). We used volume percent to express the content of our



Fig. 4. SEM microstructures of fracture surface (A) nano g-PS (0.0677 vol%)/epoxy, (C) MWCNTs (0.0335 vol%)/epoxy, and (E) nano g-PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy
nanohybrids. (B), (D) and (F) are corresponding (A), (C), and (E) SEM images at high magnification. (A colour version of this figure can be viewed online.)
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strain highly focuses on the place above the middle of the sample
before fracture as revealed in Fig. 5B, signifying an uneven distri-
bution of strain under the external stress due to poor dispersion of
MWCNTs within epoxy matrix. For the nano g-PS (0.0677 vol
%)/epoxy, Fig. 5C, the major strain is also highly centered in the
middle of the sample before fracture with a very thin layer as
indicated by red. In comparison, in the nano g-PS (0.0677 vol
%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids, Fig. 5D, the highly
concentrated major strain spreads most of dog-bone shaped sam-
ple before fracture, which suggests that more parts of samples
tolerate the external stress arising from the uniform dispersion of
nano g-PS and MWCNTs, further resulting in the enhanced me-
chanical properties. The 3D Motion and Deformation sensor ARA-
MIS system perfectly records the reinforcement process of nano g-
PS (0.0677 vol%)/MWCNTs (0.0335 vol%)/epoxy nanohybrids and
vividly demonstrates the enhancement mechanism by adding both
nano g-PS and MWCNTs.

Based on the aforementioned SEM, TEM and 3D major strain
distribution images analyses, the strengthening and toughening
mechanism of nano g-PS/MWCNTs/epoxy nanohybrids is proposed.
At the beginning, owing to the grafting chemical reaction (refer to
supporiting materials: Scheme S1), the existence of epoxide and
hydroxyl groups offers interfacial interaction between nano g-PS
and epoxy matrix (the possible reaction is reported in our previous
work [49]). Then MWCNTs tend to wrap outside the nano g-PS
(because of the larger diameter of nano g-PS than that of MWCNTs)
due to the high surface energy of both MWCNT and nano g-PS to
achieve a better dispersion of the nanofillers within epoxy matrix.
Finally, during the curing process at 120 �C, the nano g-PS trans-
forms to fluid state, which allows nano g-PS polymers to flow into
the voids between MWCNTs and epoxy matrix (that explains the
fact that it’s hard to see the nano g-PS particles in the SEM fracture
images, Fig. 4E.) and serves as a bridge to stick MWCNTs and epoxy
together, providing improved mechanical properties. The proposed
mechanism is denoted in Fig. 6. This can also explains why our
system exhibits a bigger improvement than other reported sys-
tems, Table 1. On one hand, the nano g-PS with the functional
groups could help the dispersion of MWCNTs and increase the
compatibility between nanofillers with epoxy; on the other hand,
the MWCNTs without any chemical treatment could well maintain
their original mechanical properties.

Lastly, as a character of antistatic properties [62], the surface
resistivity of MWCNTs (0.0335 vol%)/epoxy nanocomposites and
nano g-PS/MWCNTs (0.0335 vol%)/epoxy nanohybrids with
different loadings of nano g-PS was measured. Similar to the vol-
ume resistivity (the reciprocal of electrical condutivity, Fig. S4), the



Fig. 5. 3D major strain distribution images of (A) pure epoxy, (B) MWCNTs (0.0335 vol%)/epoxy, (C) nano g-PS (0.0677 vol%)/epoxy,and (D) nano g-PS (0.0677 vol%)/MWCNTs
(0.0335 vol%)/epoxy nanohybrids for the moment before fracture during the tensile process. (A colour version of this figure can be viewed online.)

H. Gu et al. / Carbon 142 (2019) 131e140 137
surface resistivity reaches a lower value of 6.8� 104U sq�1 as nano
g-PS loading is 0.0677 vol%, which is one order of magnitude lower
than that of MWCNTs (0.0335 vol%)/epoxy nanocomposites
(3.1� 105U sq�1) because of better dispersion of MWCNTs in the
nano g-PS/MWCNTs (0.0335 vol%)/epoxy nanohybrids as confirmed
in the afromentioned parts, Fig. 7. Generally, sufficient antistatic
properties can be achieved for a surface resistivity of materials in
the range of 104～109U sq�1 [63]. As the surface resistivity falls in
this range, the lower surface resistivity, the higher antistatic
properties will be acquired [64]. Our as-prepared nano g-PS/
MWCNTs (0.0335 vol%)/epoxy nanohybrids possess a surface re-
sistivity in the range of 6.8� 104 to 2.0� 105U sq�1, which is
adequate for sufficient antistatic applications.
4. Conclusion

In summary, a strengthened and toughened epoxy nanohybrid
had been prepared by simply mixing the electrosprayed nano g-PS
particles with MWCNTs in the epoxy matrix. The presence of nano
g-PS facilitated the dispersion of MWCNTs within epoxy and the
synergies among nano g-PS, MWCNTs and epoxy matrix could
efficiently destroy the entanglement of MWCNTs, causing the
effective load transfer fromweek epoxy to the stronger nanofillers.
The state transition of nano g-PS from glassy state to fluid state
made nano g-PS flow into the void between MWCNTs and epoxy
matrix, serving as a glue to tightly stick MWCNTs on the epoxy
matrix, which contributed to the enhanced mechanical properties



Fig. 6. Proposed mechanism for strengthening and toughening phenomenon in nano g-PS/MWCNTs/epoxy nanohybrids. (A colour version of this figure can be viewed online.)

Fig. 7. Surface resistivity of nano g-PS/MWCNTs (0.0335 vol%)/epoxy nanohybrids. (A
colour version of this figure can be viewed online.)
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and increased electrical conductivity. Only 0.0677 vol% of nano g-PS
and 0.0335 vol% loading of MWCNTs could significantly improve
the tensile and flexural strength by 37.6 and 34.4%, respectively. In
addition, these epoxy nanohybrids revealed an outstanding in-
crease in tensile toughness by 279.2% and 108.3% increase in the
elongation at break compared with pure epoxy. Compared with
metals and ceramic materials [65e77], the decreased surface re-
sistivity (104U sq�1) enables nano g-PS/MWCNTs/epoxy nano-
hybrids for sufficient anti-static applications and potentially serve
as the structural parts of aircraft fuselages to dissipate the lightning
current and protect aircraft from the lightning strike.
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