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Abstract

Multiwalled carbon nanotubes have been widely used as mechanical reinforcement fillers for polymers during the past

few decades. However, high electrical conductivity of raw multiwalled carbon nanotubes hampers their application in

some fields demanding not only good mechanical properties and/or high thermal conductivity but also electrical insu-

lation. In this research, carboxyl functionalized multiwalled carbon nanotubes and organically modified montmorillonite

were introduced to prepare epoxy nanocomposites with anhydride as curing agent. The obtained epoxy nanocomposites

possessed improved impact toughness, and the electrical insulation was maintained. Compared to the volume resistivity

of the raw multiwalled carbon nanotubes (0.6 wt%)/epoxy nanocomposites, the volume resistivity of the organically

modified montmorillonite/carboxyl functionalized multiwalled carbon nanotubes (0.6 wt%)/epoxy nanocomposites

increased more than four order of magnitude. These excellent properties were attributed to the synergistic effect of

carboxyl functionalized multiwalled carbon nanotubes and organically modified montmorillonite on toughening epoxy, as

well as the suppression of electron transport by multiwalled carbon nanotubes surface modification and the organically

modified montmorillonite layer in the multiwalled carbon nanotubes conductive network. The effects of adding nano-

fillers on the dielectric constant and dielectric loss values of epoxy nanocomposites were also studied. This work has

demonstrated the feasibility of using multiwalled carbon nanotubes as mechanical reinforcement fillers, while simultan-

eously giving electrical insulation in the polymer nanocomposites.
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Introduction

Carbon nanotubes (CNTs)/polymer nanocomposites
have been well developed over the last two decades.
The CNTs impart good mechanical properties and
high electrical and thermal conductivities to polymer
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materials at low CNT loadings.1–3 Especially for
electrical conductivity, several orders of magnitude
enhancement is achieved at a few vol.% CNT load-
ings.4 When the CNTs content exceeds a critical value
(percolation threshold), the CNTs/polymer nanocom-
posites become conductive because of the formation
of CNTs conductive network within the polymer
matrix.5,6 The percolation thresholds are typically
much less than 1 vol.% for the polymer/CNT compos-
ites, the extremely low percolation threshold for the
CNTs means that almost all the CNTs/polymer nano-
composites are electrically conductive.7 The electrically
conductive polymer nanocomposites are regarded as
promising materials for usage in sensors, actuators
and electromagnetic shielding.8–10 However, high elec-
trical conductivity hampers their application in some
fields demanding not only good mechanical properties
and/or high thermal conductivity but also electrical
insulation (e.g. printed circuit boards, sealants for semi-
conductive devices and light-emitting diodes, insulators
for the coils of motors). The unavoidable electrical
conductivity of the polymer/CNT nanocomposites
limits the extent of the applications. Although there
are numerous studies on the high electrical conductiv-
ity of the polymer/CNT nanocomposites,11,12 few
researches focus on insulating and dielectric properties
of polymer/CNT nanocomposites.13

Although limited research has been done about coat-
ing CNTs with a layer of insulating materials that can
prevent CNTs from contacting each other,14,15 it is still
a challenge to develop simple, effective and economic
methods to achieve similar goal as described above.

Recent research has shown that, compared with
any single nanofiller, the combination of one-
and two-dimensional nanofillers presents better
reinforcing effects for nanocomposites (e.g. CNTs and
graphene for EP).16 That is to say, synergistic effect was
created by one- and two-dimensional nanofillers.17,18

Similar to graphene, montmorillonite (MMT) also has
two-dimensional planar nanostructure, and has
been used in strengthening polymeric matrix over
recent decades.19,20 It is worth noting that MMT has
a much lower electrical conductivity than that of gra-
phene. That is to say, the effect of MMT on insulating
properties of polymer matrix is limited. However, the
CNTs have more advantages than MMT in enhancing
the mechanical properties of nanocomposites. Single
nanocomponent-reinforced polymer composites are diffi-
cult to satisfy the complex requirements of the mechanical
and insulating properties in some specific applications.
Using two or more kinds of nanofillers to modify dielec-
tric composites may broaden the field of applications. In
this study, in order to maintain the high electrical insula-
tion of the epoxy (EP) nanocomposites and utilize the
extraordinary mechanical strength of CNTs to toughen

EP, co-doping of carboxyl functionalized multiwalled
carbon nanotubes (C-MWCNTs) and organically modi-
fied montmorillonite (O-MMT) in EP was employed. The
toughening mechanism and dielectric properties of EP
nanocomposites modified by two different nanofillers
are compared and discussed.

Experimental

Materials

A bisphenol-A EP resin (E-44, Wuxi Resin Factory,
China) was used as polymeric matrix. Raw MWCNTs
(R-MWCNTs) with 5–10mm in length and 40–60nm in
diameter were provided by Shenzhen Nanotech Port Co.,
Ltd. Raw Naþ-montmorillonite (R-MMT) with a cation
exchange capacity (CEC) of 120 meq/100g was purchased
from Zhejiang Fenghong Clay Chemicals Co. Ltd.
Methylhexahydrophthalic anhydride (MeHHPA) and
pyridine, supplied by Tianjin Chemical Reagent Co. Ltd,
were served as curing agent and accelerator, respectively.
Octadecyl hyamine, releasing agent, concentrated sulfuric
acid, nitric acid and AgNO3 were industrial products.

Preparation of O-MMT

O-MMT was prepared by cationic exchange method,
and octadecyl hyamine was used as the organic modi-
fier for sodium montmorillonite (Na-MMT). The
specific steps are briefly stated as follows: First, 10 g
Na-MMT was dispersed into 500ml deionized water
and stirred at 80�C for 2 h. Simultaneously, the solution
of organic modifier was prepared by adding 2.8 g octa-
decyl hyamineinto 50ml deionized water and stirring at
80�C for 2 h, then the solution was poured into the hot
MMT/water suspension and stirred vigorously at 80�C
for 6 h. The suspension was filtrated and washed several
times with deionized water until no chloridion was
detected by dropping 0.1mol/L AgNO3 solutions in
the filtrate. After all, O-MMT was washed with acetone
several times to remove residual water and dried in
vacuum oven.

Preparation of C-MWCNTs

The pristine MWCNTs were first chemically functiona-
lized with a mixture of concentrated sulfuricacid and
nitric acid (3:1, 60mL and 20mL, respectively) under-
reflux at 80�C for 8 h under ultrasonication.Then, the
resulting mixture was diluted with distilled water and
filtered repeatedly for 5–6 times until the pH of the
filtrate was neutral. The sample was then washed with
acetone several times and dried at 60�C overnight under
vacuum. The pristine MWCNTs treated in mixed acid
were denoted as C-MWCNTs.
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Preparation of EP nanocomposites

EP (50ml)was dissolved completely in 50ml acetone, then a
certain amount of O-MMT and (or) C-MWCNTs was
added under high-frequency ultrasonic wave (20 kHz,
600W) at 80�C for 8h. After degasification, an appropriate
amount of curing agent and accelerator was added to the
mixture and stirred to homogenize the resulting material.
This mixture was poured into a preheated steel mold and
cured in vacuum oven at 110�C for 2h and followed by
160�C for 3h. After cooling to room temperature, O-
MMT/EP, C-MWCNTs/EP and O-MMT/C-MWCNTs/
EP nanocomposites were obtained, respectively.

Characterization

The morphologies of MMT, MWCNTs and fracture
surfaces of the specimens were observed by scanning
electron microscopy (SEM) (FEI Sirion-200, FEI,
25 kV). The surface functional groups of nanofillers
were analyzed by Fourier transform infrared spectros-
copy (FTIR) spectrophotometer (Bruker Optics, Vertex
70,Germany).The crystal structures of MMT were
examined by XRD (RIGAKU D/MAX-rb, Japan)
with Cu Ka radiation (�¼ 1.5406 nm) generated at
40 kV and 100mA. The impact properties of nanocom-
posites were evaluated by Charpy impact tester (K-12)
with a dart weight of 2 kg. The dielectric properties of
nanocomposites, including the dielectric coefficient and
dielectric loss, were tested by Agilent 4294A Precision
Impedance Analyzer and Agilent 16451B Dielectric
Test Fixture. The volume resistivity of the nanocompo-
sites was recorded on the ZC-36 high-resistance meter.

Results and discussion

Characterization of R-MWCNTs and C-MWCNTs

The SEM images of R-MWCNTs and C-MWCNTs are
shown in Figure 1. Remarkable differences of the sur-
face topography can be observed between R-MWCNTs

and C-MWCNTs. As shown in Figure 1(a), long
R-MWCNTs seem to entangle with each other. After
the mixed acid treatment, the agglomeration of
MWCNTs was greatly reduced, which could be
interpreted by the increasing polar groups and
the shorter length of C-MWCNTs. Simultaneously,
the surface of C-MWCNTs evidently became rougher
than R-MWCNTs. All the foregoing means the C-
MWCNTs had a higher aspect ratio than R-MWCNTs.

The introduction of a great deal of hydroxyl and
carboxylic groups to C-MWCNT is verified by the
FTIR, Figure 2. The peaks at 3440, 1650, 1450 and
1200 cm�1 are attributed to v(O-H), v(C¼O), d(O-H)
and v(C-O), respectively. The presence of polar groups
on the surface of C-MWCNTs is beneficial to improve
the interfacial compatibility between C-MWCNTs and
EP matrix.

Characterization of raw montmorillonite and
O-MMT

The XRD patterns of raw montmorillonite (R-MMT)
and O-MMT are presented in Figure 3. R-MMT shows

Figure 1. SEM images of (a) R-MWCNTs and (b) C-MWCNTs.

Figure 2. FTIR spectra of R-MWCNTs and C-MWCNTs.

C-MWCNTs: carboxyl functionalized multiwalled carbon

nanotubes.
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a diffraction peak at 7.1�, which disappears after
organic treatment. The diffraction peak (001) of
O-MMT at 3.7� is ascribed to the intercalation of octa-
decyl hyamine. According to the Bragg equation:
2dsin�¼ n�, the interlayer space of R-MMT is about
1.26 nm by using the peak at 7.1�; however, the d-spa-
cing of O-MMT increased to 2.38 nm due to the organic
modification.

The surface morphologies of R-MMT and O-MMT
are observed by SEM, Figure 4. Compared with that of
pristine MMT, O-MMT showed a lower degree of
entanglement (Figure 4(b)), which was attributed
to the organic modification using octadecyl hyamine
as organic modifier.

Figure 5 shows the FTIR spectra of R-MMT and
O-MMT. The characteristic absorption bands of
O-MMT at approximately 2926, 2853 and 1470 cm�1

are ascribed to vas(CH2), vs(CH2) and v(C-N), respect-
ively, indicating that the organic chains of hyamine
have been incorporated in the interlayer of MMT by
means of cation exchange reaction. The introduction of
organic chains on MMT surface is beneficial to improve
the compatibility between O-MMT and EP matrix.

Impact properties

According to previous studies by others and our lab, the
optimal additive amount of O-MMT for EP/anhydride

Figure 3. XRD patterns of R-MMT and O-MMT.

Figure 4. SEM images of (a) R-MMT and (b) O-MMT.
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system has demonstrated that the impact strength
of nanocomposites increased the most when contain
2.0–3.0wt% O-MMT, while O-MMT rarely affects
the electrical properties.21,22 In this condition, the
O-MMT plays the biggest role in enhancing the
impact properties without impacting the insulating
properties of EP/anhydride system. Consequently, in
this research, the content of O-MMT in EP nanocom-
posites is fixed to 3.0wt%. Different contents of nano-
fillers in different EP nanocomposites are listed in
Table1, and A, B and C group represent OMMT/EP,
C-MWCNTs/EP and OMMT/C-MWCNTs/EP nano-
composites, respectively. It is worth mentioning that
the total contents of nanofillers of A group are equal
to that of C group.

Figure 6 illustrates the impact strength of
C-MWCNTs/EP and O-MMT/C-MWCNTs/EP nano-
composites with different C-MWCNTs content. Each
sample was measured for five times, and the average
result of the measurements is taken as there ported
values in this paper. Compared to pristine EP, the
maximum impact strength of C-MWCNTs/EP and

O-MMT/C-MWCNTs/EP significantly improves by
about 62.1% and 92.8%, respectively. Nevertheless,
the impact strength of the C-MWCNTs/EP and
O-MMT/C-MWCNTs/EP emerges as a downward
trend with high levels of nanofiller loadings. This
could be due to the regional agglomeration of the fillers
in the nanocomposites, which limits the efficiency of
reinforcement.

As shown in Table 2, the impact strength of
C-MWCNTs (0.8wt%)/EP is 34.1% higher than that
of O-MMT (3.8wt%)/EP, which confirmed that
the C-MWCNTs had better toughening effect for
EP/anhydride system than O-MMT. Compared with
O-MMT, C-MWCNTs with a large number of carb-
oxyl and hydroxyl groups can effectively enhance the
interfacial adhesion of the EP composites by improving
the resin wettability and increasing the chemical bond-
ing. The existence of carboxyl and hydroxyl groups
would improve the dispersion of C-MWCNTs in the
EP matrix. Simultaneously, unique hollow tubular
structures of the C-MWCNTs could effectively
absorb impact energy under external forces by elastical
deformation. Moreover, numerous CNTs could induce

Figure 6. Impact strength of C-MWCNTs/EP and O-MMT/C-

MWCNTs/EP nanocomposites.

Figure 5. FTIR spectra of R-MMT and O-MMT.

R-MMT: raw montmorillonite; O-MMT: organically modified

montmorillonite.

Table 1. Content of nanofillers in EP nanocomposites.

A group A1 A2 A3 A4 A5

O-MMT (wt%) 3.2 3.4 3.6 3.8 4.0

B group B1 B2 B3 B4 B5

C-MWCNTs (wt%) 0.2 0.4 0.6 0.8 1.0

C Group C1 C2 C3 C4 C5

O-MMT (wt%) 3.0 3.0 3.0 3.0 3.0

C-MWCNTs (wt%) 0.2 0.4 0.6 0.8 1.0

Total nanofillers (wt%) 3.2 3.4 3.6 3.8 4.0

C-MWCNTs: carboxyl functionalized multiwalled carbon nanotubes;

O-MMT: organically modified montmorillonite.

Table 2. Impact strength of O-MMT/EP nanocomposites.

Sample number O-MMT (wt%)

Impact

strength (kJ�m�2)

A1 3.2 18.6

A2 3.4 18.4

A3 3.6 18.5

A4 3.8 18.0

A5 4.0 17.7

O-MMT: organo-montmorillonite.
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more cracks when the major crack passed them. This
could efficiently absorb fracture energy. Compared with
C-MWCNTs/EP, the impact strength of the O-MMT/
C-MWCNTs/EP is improved by about 20.0%
under the condition of containing the same
C-MWCNTs content. Furthermore, the maximum
impact strength of the O-MMT/C-MWCNTs/EP is sig-
nificantly improved by about 59.1% than that of the
O-MMT/EP. This could be ascribed to the mechanical
interlocking of the O-MMT and the C-MWCNTs
occurring within the matrix.

The SEM images obtained from the cross-section of
the composites reinforced by different nanoparticles are
shown in Figure 7. Striking differences between the
cross-section morphology are observed. Figure 7(a)
shows the relatively smooth cross-section morphology,
representing a typical brittle fracture.23 Obvious scaly
fracture surface is found, and the surface roughness
is significantly improved throughout the cross-section
region (Figure 7(b)), which is attributed to the existence
of clay nanoplatelets within the EP matrix.

However, two different types of fracture patterns were
observed in the cross-section morphology of the nano-
composites. Figure 7(b) and (c) represent two different
models of crack evolution in ductile failure process. The
cross-section morphology of the MWCNTs/EP compos-
ites seems much rougher than that of the O-MMT/EP
composites. It should be noted that the MWCNTs con-
tent is only 0.8wt%, far less than the O-MMT content in

EP (Figure 7(b)). Unlike Figure 7(b), plenty of nest-like
patterns were observed in Figure 7(c). The increased sur-
face roughness and the nest-like patterns indicate that the
path of the crack is distorted by MWCNTs in the EP
matrix. TheMWCNTs prevent the impact crack propaga-
tion and make the crack path deviate away from the ori-
ginal transfer direction to the MWCNTs orientation in
the matrix. In theory, the elastic hollow tubular structure
and larger surface area of the C-MWCNTs make them
more conductive to absorb impact energy.24 The
morphologies of the impact fractured surface of the O-
MMT/C-MWCNTs/EP composites with different C-
MWCNTs contents are shown in Figure 8. Compared
with Figure 8(a), the depth of impact fracture crack
increases with increasing the C-MWCNTs content in
the O-MMT/C-MWCNTs/EP composites, but the overall
appearance is still mainly flaky morphology (Figure 8(b)).
When the C-MWCNTs content reached 0.6wt%, the
flaky pattern, as shown in Figure 8(a) and (b) becomes
not obvious and the nest-like pattern tends to become
evident. The appearance of two fractures occurring simul-
taneously means that the mechanical interlocking struc-
ture between the O-MMT and the C-MWCNTs was
formed in the EP matrix.

Insulating and dielectric properties

The volume resistivity of the C-MWCNTs/EP and
O-MMT/C-MWCNTs/EP nanocomposites with

Figure 8. The fracture morphology of (a) O-MMT/C-MWCNTs (0.2 wt%)/EP; (b) O-MMT/C-MWCNTs (0.4 wt%)/EP and

(c) O-MMT/C-MWCNTs (0.6 wt%)/EP nanocomposites.

Figure 7. The fracture morphology of (a) pristine EP; (b) O-MMT (3.8 wt%)/EP and (c) MWCNTs (0.8 wt%)/EP nanocomposites.
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different nanofillers loading was shown in Figure 9.
Compared to the pristine EP, the volume resistivity of
the R-MWCNTs (0.6wt%)/EP nanocomposites was
decreased nine orders of magnitude from 9.55� 1013

to 4.67� 104 ��m. It is noted that the volume resistivity
of the C-MWCNTs (0.6wt%)/EP nanocomposites has
been improved to a certain extent, which may be attrib-
uted to the structural damages of MWCNTs and thus
restrain the conductivity of the MWCNTs in the EP
matrix. When the C-MWCNTs loading is 0.6wt%,
the measured volume resistivity of the O-MMT/C-
MWCNTs/EP nanocomposites is 1.07� 109 ��m,
higher by approximately three orders of magnitude
than that of the C-MWCNTs/EP nanocomposites at
the same C-MWCNTs loading, indicating that it is
still an insulator (>1.0� 109 ��m). However, further
increase of the C-MWCNTs loading in the O-MMT/
C-MWCNTs/EP nanocomposites leads to a decreased
volume resistivity to less than 1.0� 109 ��m, suggesting
that the nanocomposites were not insulated. The satis-
factory insulating properties were attributed to the sup-
pression of electron transport by MWCNTs surface
oxidation treatment and O-MMT layer inserted in the
MWCNTs conductive network, which could be
expressed as a schematic diagram (Figure 10).

The miniaturization of electronic devices integrated
in the printed circuits substrates has resulted in the
rapid increase of the propagation delay caused by inter-
connection. In order to reduce the resistance–capaci-
tance (RC) delay, low dielectric constant and loss of
insulating materials are urgently desired. As shown in
Figure 11(a) and (b), nearly all the nanocomposites
show an obvious reduction of dielectric constant
at low nanoparticles content and their dielectric con-
stants increase with increasing the nanoparticles load-
ing amount. Overall, at the same nanoparticles loading,

the dielectric constant of the O-MMT/C-MWCNTs/EP
nanocomposites is lower than that of O-MMT/EP
nanocomposites. Compared to the pristine EP, the
interfacial polarization has become a new factor influ-
encing the dielectric constant of the modified EP com-
posites. Based on the dielectric theory, the interfacial
polarization occurs in the low-frequency region (1–103

Hz) and contributes to the increased dielectric constant
of the nanocomposites. However, nearly all the nano-
composites show an obvious reduction of dielectric
constant at low frequency region. The lowest dielectric
constant of the O-MMT/C-MWCNTs/EP and
O-MMT/EP composites at 103Hz is 2.940 and 3.340,
respectively, far less than that of the pristine EP.
One reasonable explanation for the dielectric constant
reduction is that the nanoparticles with larger surface
area and increased interfacial strength can effectively
limit the dipole orientation and movement in the inter-
face zone, resulting in low energy storage in an electro-
magnetic field.25 The variation tendency of the
dielectric constant of the O-MMT/C-MWCNTs/EP
composites is different from the O-MMT/EP compos-
ites, which is attributed to the formation of new inter-
facial structure. The new interfacial structure
constructed with the O-MMT and C-MWCNTs
can play a greater role in limiting the dipole movement.
This is based on the fact that the free volume increases
with increasing the nanofillers loading, and the dielec-
tric constant of nanocomposites is inversely propor-
tional to the free volume.26 In other words, the free
volume has a negative effect on the dielectric constant
of the nanocomposites; however, the experimen-
tal results for the EP nanocomposites are contrary to
the above conclusions. The dielectric constant of the
nanocomposites increases with increasing the nanofil-
lers loading. Regardless of the effect of free volume on
the dielectric constant, the nanofillers are beneficial for
improving the dielectric constant of the nanocompo-
sites owing to their higher dielectric constant. The
higher dielectric constant of the C-MWCNTs played
a major role in the dielectric constants of nanocompo-
sites at high filler loadings.

The dielectric loss of the O-MMT/EP and
O-MMT/C-MWCNTs/EP nanocomposites at different
C-MWCNTs loadings is shown in Figure 11(c) and (d).
The dielectric loss of O-MMT/EP nanocomposites is
less than that of the pristine EP for all nanofillers load-
ings among the range of full frequency. As shown in
Figure 11(d), the dielectric loss of the O-MMT/C-
MWCNTs/EP nanocomposites is less than that of the
pristine EP when the C-MWCNTs loading is under
0.6wt%. The reduced dielectric loss in both nanocom-
posites systems could be attributed to the reduction of
their charge transportation. The strong interfaces
between the nanofillers and the polymer and the

Figure 9. Volume resistivity of the C-MWCNTs/EP and

O-MMT/C-MWCNTs/EP nanocomposites with different filler

loadings.
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entanglements of the EP molecular chains are beneficial
to restrain the motion of charge carriers. With further
increasing the C-MWCNTs content, the dielectric loss
of the O-MMT/C-MWCNTs/EP nanocomposites
became higher than that of the pristine EP in the
high-frequency region, which may be attributed to the

poorer dispersion of the O-MMT and C-MWCNTs in
the EP resins, causing the regional formation of a
conductive network of CNT within the polymer
matrix. Furthermore, the C-MWCNTs possess a
higher dielectric constants compared with the
O-MMT, which could introduce more free charges in

Figure 11. Dielectric constant and loss of the C-MWCNTs/EP and O-MMT/C-MWCNTs/EP nanocomposites with different filler

loadings.

Figure 10. Schematic diagram of the inhibitory effect of O-MMT on the formation of MWCNTs conductive network.
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the system at high filler loadings and cause an enhance-
ment in the dielectric loss.

Conclusion

Reinforced epoxy nanocomposites by MWCNTs
were reported with high mechanical strength and
electrical insulation by multi-doping of O-MMT and
C-MWCNTs. Compared with the pristine EP, the
impact strength of the O-MMT/EP, C-MWCNTs
(0.8wt%)/EP and O-MMT (3.0wt%)/C-MWCNTs
(0.8wt%)/EP nanocomposites was extremely improved
by 21.6%, 62.1% and 92.8%, respectively. Meanwhile,
the volume resistivity of O-MMT/C-MWCNTs/EP
nanocomposites was improved significantly when com-
pared with that of the C-MWCNTs/EP nanocompo-
sites. These improvements were attributed to the
synergistic toughening effect of the C-MWCNTs and
the O-MMT in the EP matrix, as well as the suppres-
sion of electron transport by MWCNTs surface modi-
fication and the O-MMT layer in the MWCNTs
conductive network. The decreased dielectric constant
of the EP composites at low filler loadings was ascribed
to the restriction of dipoles orientation and movement.
The higher dielectric constant of C-MWCNTs played
a major role in the final dielectric constant of the nano-
composites at high filler loadings. The reduction of the
dielectric loss in both nanocomposites systems at low
nanoparticles loadings could be attributed to the reduc-
tion of their charge transportation. The C-MWCNTs
with high dielectric constants could introduce more free
charges into the system at high filler loadings and cause
an enhancement in the dielectric loss.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this

article: The authors gratefully acknowledge financial supports
from the frontier project of the State Key Laboratory
Breeding Base of Dielectrics Engineering of China

(DE2012B02).

References

1. Naik NK, Pandya KS, Kavala VR, et al. High-strain rate

compressive behavior of multi-walled carbon nanotube

dispersed thermoset epoxy resin. J Compos Mater 2015;

49: 903–910.
2. Souier T, Maragliano C, Stefancich, et al. How to achieve

high electrical conductivity in aligned carbon nanotube

polymer composites. Carbon 2013; 64: 150–157.

3. Salem KS, Lubna MM, Rahman AM, et al. The effect of
multiwall carbon nanotube additions on the thermo-
mechanical, electrical, and morphological properties of

gelatin–polyvinyl alcohol blend nanocomposite.
J Compos Mater 2015; 49: 1379–1391.

4. Hollertz R, Chatterjee S, Gutmann H, et al. Improvement
of toughness and electrical properties of epoxy compos-

ites with carbon nanotubes prepared by industrially rele-
vant processes. Nanotechnology 2011; 22: 125702–125710.

5. Bouchard J, Cayla A, Devaux E, et al. Electrical and

thermal conductivities of multiwalled carbon nanotubes-
reinforced high performance polymer nanocomposites.
Compos Sci Technol 2013; 86: 177–184.

6. Zhang X, Yan X, Guo J, et al. Polypyrrole doped epoxy
resin nanocomposites with enhanced mechanical proper-
ties and reduced flammability. J Mater Chem C 2015; 3:

162–176.
7. Spitalsky Z, Tasis D, Papagelis K, et al. Carbon nano-

tube–polymer composites: chemistry, processing, mech-
anical and electrical properties. Prog Polym Sci 2010;

35: 357–401.
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