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This study focuses on the characterization of MWNT-epoxy composites for different MWNT concentrations of 0–7wt% by
correlating different dynamic analysis techniques, includingDMA, impedance, andDEA.Anoptimumcompositionwas established
at 0.1 wt% MWNTs corresponding to the best MWNT dispersion which resulted in the formation of an optimum MWNT
network. The addition of this low fraction of MWNTs in epoxy resulted in stiffening the molecular structure and suppressing
certain molecular transitions, raising the dielectric constant especially in the low-to-medium frequency range, raising the electrical
conductivity especially at the high frequencies, and increasing the electromagnetic shielding effectiveness.The 0.1%MWNT-epoxy
nanocomposite switched the electromagnetic shielding behaviour from being a very effective absorber at low frequencies to being
an effective reflector at high frequencies. Finally, the Nyquist plot derived from the dynamic impedance spectroscopy proved most
useful at providing evidence of multiple size distribution of MWNT agglomerates.

1. Introduction

Epoxy resin is the polymer matrix used most often with
reinforcing fibres for advanced composite applications and is
widely employed as an insulation material in many electrical
and electronic applications because of its excellent electrical
andmechanical characteristics [1–5]. Resins of this class have
good stiffness, specific strength, dimensional stability, and
chemical resistance. They are usually mixed with appropriate
fillers to enhance the electrical and mechanical properties
showing considerable adhesion to the embedded fibres.Many
attempts have been made to modify epoxy by adding either
rubber particles [6, 7] or fillers [8] to improve the matrix-
dominated composite properties. The addition of the former
improves the fracture toughness of epoxy but decreases its
modulus and strength, whilst the latter improves themodulus
and strength of epoxy but decreases its fracture toughness.
Nanofillers such as nanoparticulates, nanotubes, graphite

nanofibres, grapheme, and other nanofibres [9, 10] blended
with polymer composites have drawnmuch attention because
they are expected to produce high-performance composites
with enhanced properties, including improvements in tough-
ness.

For this reason, carbon nanotubes (CNTs) have generated
much interesting research since their discovery [11] in 1991.
CNTs possess excellent electrical and mechanical [12–15],
thermal [16], and magnetic properties [17] and chemical
stability. Most particularly their nanocomposites with a high
surface area of the CNT network are of low density, high
strength, improved toughness, and electrically conductive
[18].

Some of these properties have been exploited by the
incorporation of nanomaterials into some form of matrix
such as polymers. The initial preparation of carbon nan-
otube/polymer composite materials, which have been inten-
sively investigated in the past few years, involved combining
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Figure 1: DMA: Elastic and viscous shear modulus as a function of frequency: (a) epoxy; (b) 0.1 wt% MWNT-epoxy.
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Figure 2: DMA: tan 𝛿 as a function of frequency: (a) epoxy; (b) 0.1 wt% MWNT-epoxy.

CNTs with various polymer matrices, such as polyurethane
[19, 20], polyamides [21, 22], polypyrrole [23, 24], polythio-
phene [25, 26], polysilsesquioxane [27, 28], polypropylene
[29, 30], and epoxy [31, 32] to produce functional composite
materials with the aim of improving their electrical and
mechanical properties. Furthermore, these composites can
have potential uses in aerospace applications [33], superca-
pacitors [34], sensors [35], actuators [36], luminescent and
photovoltaic devices [37], electrostatic as well as conductive
coatings in optical devices [37], and electromagnetic shield-
ing [37].

Polymer-based nanocomposites derive their advanced
properties from low filler volume fractions due to the high
surface area to volume ratio of the nanosized particles and,
in the case of CNTs, the high aspect ratio which favours
network formation: optimal CNT loading in the matrix
is a key parameter to developing a nanophased structure
composite. A key issue in this area is the dispersion of
nanotubes which tend to form aggregates. Various physical
and chemical methodologies have been proposed to disen-
tangle CNTs by wrapping them with long polymer chains
of polymer additives or surfactants or by functionalizing
them with groups with long organic tails that wrap around
the nanotubes. Although such methods are very effective
at dispersing the CNTs, the wrapping organic chains act as
insulators at the CNT-CNT contacts and reduce the electrical

and thermal conductivity of the network so that the resulting
nanocomposite may have improved mechanical properties
but low electrical and thermal conductivity [38]. Hence,
dispersion is carried out by sonication and high shear mixing
which may be difficult for viscous fluids, in which case
an additional solvent may be used to aid dispersion [39].
Furthermore, multiwall carbon nanotubes (MWNTs) have
been used in this study, which are easier to disperse than
single-wall carbon nanotubes (SWNTs), behave as metallic
due to their large diameter, and are presently of lower cost.

In general, there is a distinction between carbon
nanotube-polymer composites with thermoplastic matrices
versus such composites with thermoset matrices cured in
situ during processing; there are several reasons for this
distinction with the focus on two main factors: (a) the
low viscosity of the prepolymers of thermoset matrices
compared with the very high viscosity of thermoplastic
polymer melts which generally involves different processing
techniques for the mixing and processing of the two different
classes of composites; (b) the high molecular weight of
the starting thermoplastic polymer mixed with the CNTs
which if well dispersed will be wrapped with long molecular
chains at the contact points and form a composite of much
lower electrical conductivity than a corresponding thermoset
polymer composite with the matrix curing taking place
after the CNT dispersion process in a low-molecular-weight
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Figure 3: Impedance analysis: Nyquist plot for (a) epoxy and 0.1 wt% MWNT-epoxy nanocomposite; (b) 0.15 wt% MWNT-epoxy
nanocomposite. Frequency range: from 100 kHz to 12Hz.
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Figure 4: Impedance analysis: loss tangent versus frequency plot for (a) epoxy, (b) 0.1 wt% MWNT-epoxy nanocomposite.
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Figure 5: Impedance analysis: plot of the transition frequencies
as a function of the MWNT concentration in the nanocomposite,
including a pure epoxy specimen (0% concentration).

prepolymer or monomer reactant mixture. This has been
demonstrated in extensive studies by Rebord et al. [38] of

MWNT-thermoplastic polyurethane and MWNT-thermoset
polyurethane composites.

Carbon black has been used traditionally to increase
the conductivity of polymer composites, where it has been
reported [40] that an electrical conductivity 𝜎 = 0.26 S/cm
can be reached with carbon black loadings in epoxy of
over 2 vol% after just ordinary mixing and of 0.6 vol% after
shearmixing. Sandler et al. [41]manufacturedMWNT-epoxy
composites by dispersing the MWNTs in Araldite LY 556
under shear mixing of 2000 rpm for 1 h at room temperature
and for 1 h at dry ice reduced temperatures to increase the
viscous shear forces. The electrical conductivity increased
from𝜎 = 2×10−11 S/cm for epoxy at 1Hz to𝜎 = 4×10−10 S/cm
at the observed MWNT percolation limit of 0.0025wt%,
continuing to 3 × 10−4 S/cm for 0.1 wt% MWNTs and to
2 S/cm for 1 wt% MWNTs. It was interesting to observe the
conductivity of these nanocomposites as a function of AC
frequency, where pure epoxy and MWNT-epoxy composites
at the percolation limit exhibited conductivity increasingwith
frequency, whereas higherMWNT contents above 0.005wt%
had constant electrical conductivity in the range of 1–105Hz.
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Figure 6: DEA: tan 𝛿 spectrum as a function of frequency (0.1 Hz to 1MHz): (a) epoxy; (b) 0.1 wt% MWNT-epoxy nanocomposite.
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Figure 7: DEA: plot of the transition frequencies as a function of
the MWNT concentration in the nanocomposite, including a pure
epoxy specimen (0% concentration).

Chang et al. [42] fabricatedMWNT- (BaytubesC150P)-epoxy
(Araldite LY564 + Aradur HY 2964) nanocomposites of
MWNTs by dispersing the MWNTs in a vacuum dissolver

followed by 3-roll calendering to break the MWNT aggre-
gates. They varied the MWNT content systematically in the
range of 0.01–0.6 vol%where they found that in this range the
nanocomposite obeyed a percolation-like power law with a
theoretical percolation limit predicted from the extrapolation
of the power law to be 0.02 vol% MWNT. A sharp rise
in the measured conductivity was observed at 0.05 vol%
MWNTs (𝜎 = 10−7 S/cm) with a very slow conductivity rise
above 0.1 vol% MWNTs (𝜎 = 10−6 S/cm). Hence, in their
experimental data the value of 0.05 vol% MWNTs looked as
their experimental percolation point.

Apart from these studies, few papers have been published
on the electromagnetic properties of these types of carbon
nanotube nanocomposites. In general, electromagnetic inter-
ference (EMI) shielding may be achieved by three mecha-
nisms [43]: reflection loss which is a function of 𝜎

𝑟

/𝜇
𝑟

(𝜎
𝑟

:
electrical conductivity relative to that of copper; 𝜇

𝑟

: magnetic
permeability relative to that of free space), absorption loss
which is a function of 𝜎

𝑟

𝜇
𝑟

, and multiple reflection loss
at interfaces, the latter maximized in nanocomposites of
large area of interfaces close to each other. Li et al. [44]
investigated the EMI properties of single wall-nanotube
(SWNT) nanocomposites and they found that SWNT-epoxy
has high EMI shielding effectiveness (SE) at low frequencies
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Figure 8: DEA: dielectric constant (real part) as a function of frequency (0.1 Hz to 1MHz): (a) epoxy; (b) 0.1 wt% MWNT-epoxy
nanocomposite.
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Figure 9: DEA: Plot of the dielectric constant (real part) at 0.1 Hz
as a function of the MWNT concentration in the nanocomposite,
including a pure epoxy specimen (0% concentration).

but much lower SE at high frequencies and the EMI SE was
due mainly to reflection dominated by dc conductivity. Yeh
et al. [45] found that the most effective processing route to
use high MWNT contents in epoxy for EMI SE, up to 2wt%
MWNTs, was by spreadingMWNTs onto epoxy surfaces and
creatingMWNT interlayers rather thanmixing in epoxy, due
to MWNT agglomeration problems in bulk MWNT-epoxy
composites.

Dynamic dielectric analysis (DEA) is often used to
monitor curing in polymer matrices but not so much for the
characterization of polymer composites. Guo et al. [46] mea-
sured the dielectric constant of MWNT-epoxy composites as
a function of frequency for different MWNT contents in the
range of 0–4.2 wt%: theymeasured the highest dielectric con-
stant 𝜀

𝑟

= 14 at 1Hz for the 2.2 wt% MWNT specimen, while
𝜀
𝑟

fell with increasing frequency. Cu- and Ag-filled MWNT-
epoxy composites displayed higher 𝜀

𝑟

values, 𝜀
𝑟,Cu-MWNT =

80 and 𝜀
𝑟,Ag-MWNT = 300 for 3.2 wt%and 1.1 wt%, respectively,

and large 𝜀
𝑟

plateau in the range of 1–10Hz and 1–1000Hz,
respectively, before 𝜀

𝑟

fell with increasing frequency.

It has been shown that the addition of MWNTs in
epoxy may improve various mechanical properties if the
MWNTs are well dispersed, the fracture toughness by 60%,
the modulus and flexural strength by 10% at 0.5 wt%MWNT
loading [47]. Functionalisation of MWNTs with polymer
chains, for example, MWNT-PEI functionalized [48], results
in better MWNT dispersion in epoxy and better mechanical
properties but lower electrical conductivity [47], as expected
due to the insulating nature of theMWNTwrapping polymer
chains.

In this work, MWNT-epoxy matrix composites were
manufactured at different MWNT concentrations, ranging
from 0 to 7wt%, with the focus on determining an optimum
concentration. Dynamic dielectric (DEA), impedance, and
mechanical analyses (DMA) were performed to evaluate
the electrical, electromagnetic, andmechanical performance.
Most interesting, these techniques were investigated in com-
bination to elucidate the transition spectrum of the material
in broadband. This is particularly interesting as the various
techniques or available equipment cover different regions
of the frequency range. Finally, the effectiveness of the
electromagnetic shielding of these materials was estimated
over the tested frequency range.

2. Materials and Experimental Techniques

The CNTs used in this study were Elicarb multiwall carbon
nanotubes (MWNTs) from Thomas Swan Ltd. Their spec-
ifications, as provided by their manufacturer, include 10–
30 nm outer diameter, 3–10 nm inner diameter, an average
length of tens of microns, and >92% purity. Furthermore, the
product datasheet provided by the manufacturer includes the
raman spectrum at 514 nm excitation: in this the 𝐷 and 𝐺
peaks can be seen, related to disorder-induced 𝐷 band and
crystalline graphitic structures, respectively, with an intensity
ratio 𝐼

𝐷

/𝐼
𝐺

= 0.96. Gromov et al. [49] characterised the
same Elicarb MWNTs (denoted as “pristine” in their paper
[49] before being functionalised): their XPS analysis [49]
yielded a surface atomic composition of 99.52 at% C and
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Figure 10: DEA: electrical conductivity as a function of frequency (0.1 Hz to 1MHz): (a) epoxy; (b) 0.1 wt% MWNT-epoxy nanocomposite.
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Figure 11: DEA: plot of the electrical conductivity at 1MHz as
a function of the MWNT concentration in the nanocomposite,
including a pure epoxy specimen (0% concentration).

0.48 at% O; FTIR spectra of these “pristine” Elicarb MWNTs
[49] showed no C=O and –COO– group peaks at 2100–
2360 cm−1 [50], a very weak peak around 1700 cm−1 assigned
to the C=O stretching mode of the –COOH groups [50], and
a main distinct peak at 1540 cm−1 related to the stretching
mode of C=C bonds [50] which are the main part of the
CNT shell. The epoxy matrix comprised Araldite LY 564 and
hardenerHY2954 (fromB&KResins Ltd.) in a ratio of 100 : 35
by weight. Composites of 0.05, 0.1, 0.15, 0.5, 2, and 7wt%
MWNT in epoxy were fabricated for this study. The CNTs
were dispersed in the epoxy via the aid of a low-viscosity
solvent as optimised in our previous work [39, 51]. More
specifically CNTs were dispersed in methanol and Araldite
LY 564 first in an ultrasound bath for 60min and afterwards
in a shear mixer at 10000 rpm for 60min. Thereafter, the
methanol was let to evaporate at 55∘C.The hardener was then
added andmixed, and themixturewas poured into themould
cavity and was left to cure at room temperature. Pure epoxy
samples (without CNTs) were also fabricated and tested as
reference samples.

Dynamicmechanical analysis (DMA)was performed in a
Rheometrics RDA II in torsionmode at 20∘C in the frequency
range of 0.05Hz to 79Hz. Impedance measurements, includ-
ing inductance, capacitance, and resistance, were performed
using an ISO-TECH LCR819 meter in the frequency range
of 12Hz to 100 kHz. Finally, dielectric analysis (DEA) was
performed using an Alpha-A dielectric spectrometer (Novo-
control GmbH) in the frequency range of 0.1 Hz to 1MHz.

3. Results

As it will be presented in this section, the 0.1 wt% MWNT-
epoxy composition yielded the best properties. Hence, this
will be the nanocomposite of focus in the presentation of all
graphs related to the detailed discussion of the integration
of dynamic impedance, dielectric (DEA), and mechanical
(DMA) analyses. Figures 1(a) and 1(b) display the elastic
shear modulus, 𝐺, and viscous shear modulus, 𝐺, for the
epoxy and 0.1 wt% MWNT-epoxy, respectively. Figures 2(a)
and 2(b) present the DMA spectrum of tan 𝛿 = 𝐺/𝐺 as a
function of frequency (0.05–79Hz) for the epoxy and 0.1 wt%
MWNT-epoxy, respectively. The DMA spectrum shows that
the epoxy sample has a peak in tan 𝛿 at 31.5Hz and also the
curve rises possibly for another peak after 63Hz. The 0.1%
MWNT-epoxy nanocomposite shows an increase in tan 𝛿
after 63Hz, continuing to the top frequency of 79Hz. The
DMA results indicate a transition starting at 63Hz, common
to both pure epoxy and MWNT-epoxy nanocomposite. Pure
epoxy seems to have another transition peak at 31.5Hz,
which seems to have been suppressed in the MWNT-epoxy
nanocomposite, most probably because the CNT network
stiffens the material and inhibits further molecular transition
at 31.5Hz.

Dynamic impedance analysis involves the measurement
of inductance, 𝐿, capacitance, 𝐶, and resistance, 𝑅. LCR
results can be processed to determine impedance, 𝑍, accord-
ing to the equations:

𝑍 = 𝑍


+ 𝑖𝑍


, (1)
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Figure 12: Measure of the absorption loss as a function of frequency: (a) epoxy; (b) 0.1 wt% MWNT-epoxy nanocomposite.
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Figure 13: Measure of the reflection loss as a function of frequency: (a) epoxy; (b) 0.1 wt% MWNT-epoxy nanocomposite.

where 𝑍 is the real part, representing the resistance, 𝑅. The
imaginary part 𝑍 is reactance, 𝑋, which consists of two
separate parts:

𝑍


= 𝑋 =
𝑋𝐶
 −
𝑋𝐼
 , (2)

𝑋
𝐶

is the capacitive reactance given by

𝑋
𝐶

=
1

𝑖𝜔𝐶
, (3)

𝑋
𝐼

is the inductive reactance given by

𝑋
𝐼

= 𝑖𝜔𝐿, (4)

where𝐶 is the capacitance and 𝐿 is the inductance.The phase
angle 𝜃 is the angle between the 𝑍 vector and 𝑍 and the loss
angle 𝛿 is the angle between 𝑍 and the 𝑍 vector, where the
dielectric loss tangent tan 𝛿 is given by the relation:

tan 𝛿 = 𝑍


𝑋
𝑐

=
𝑅

𝑋
𝑐

. (5)

Figure 3(a) presents the Nyquist plots of epoxy and 0.1 wt%
MWNT-epoxy nanocomposite. The epoxy shows a large

semicircle signifying that it acts as a resistor with a low
frequency interface resistance of about 400 kOhm at 28 kHz.
The 0.1 wt% MWNT-epoxy nanocomposite has a smaller
semicircle showing the lower resistance offered due to
the presence of the network of well-dispersed, electrically
conductive MWNTs. The low-frequency interface resistance
of this CNT-epoxy nanocomposite is 30 kOhm at 20 kHz.
Below 20 kHz, there is a straight line at a phase angle 𝜃 =
84.5
∘, indicating the capacitance of the sample. Figure 3(b)

presents the Nyquist plot of the 0.15 wt% MWNT-epoxy
composite which presents two peaks attributed to insufficient
MWNT dispersion: the first peak comes down to an interface
resistance of 35 kOhm at around 550Hz and it is associated
to the nanodispersed MWNTs; the second peak seems part
of an extended semicircle indicating a size distribution of
MWNT agglomerates yielding an overall interface resistance
of 288 kOhm at 300Hz.This is a clear indication that the con-
centration of 0.1 wt%MWNTs is the highest MWNT content
that could be satisfactorily dispersed in this study following
the experimental procedures described in Section 2.

Figure 4 displays the dielectric loss tangent of epoxy
and MWNT-epoxy nanocomposite, respectively. In general,
epoxy has relatively low loss angle, 𝛿, at high frequencies
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(5–10∘), then 𝛿 rises to high losses during a transition at
29 kHz and stabilises around 50∘ at low frequencies. The
0.1 wt%MWNT-epoxy nanocomposite exhibits very low loss
at low frequencies (where in fact the Nyquist diagram in
Figure 3(a) shows capacitor behaviour) and rising losses at
higher frequencies with 𝛿 = 23∘ at 100 kHz. Figure 5 displays
the transition frequencies of the tan 𝛿 peaks for the epoxy
and MWNT-epoxy composites with concentrations of 0.05,
0.1, 0.15, 0.5, and 2wt% MWNTs. The transition loss peak of
pure epoxy is at the low frequency of 29 kHz. As the MWNT
content is gradually increased, the transition loss peak moves
initially to higher frequencies for the 0.05 and the optimum
dispersed 0.1 wt% MWNT-epoxy samples, it then moves
back to lower frequencies for 0.15 and 0.5 wt% MWNT-
epoxy samples due to the insufficientMWNTdispersion, and
finally it moves to higher frequencies again when theMWNT
content is increased to 2wt%.

DEA is concerned with the determination of the complex
dielectric constant, which consists of the real part, 𝜀, which is
the dielectric permittivity under AC, and the imaginary part,
𝜀
, which is the dielectric loss factor:

𝜀
∗

= 𝜀


− 𝑖𝜀


. (6)

In this case, the dielectric loss tangent is given by the relation:

tan 𝛿 = 𝜀


𝜀
. (7)

Figure 6 presents the tan 𝛿 spectrum from the DEA analysis
in the range of 0.1 Hz to 1MHz. The epoxy sample has a
high transition peak at very low frequency below 0.1Hz,
various small transition peaks in the frequency range of 10
to 100Hz and a loss peak at high frequencies, starting with a
peak below 100 kHz, and increasing loss at frequencies 1MHz
and above. The addition of 0.1 wt% MWNTs eliminates the
various transition peaks between 1Hz and 10 kHz, due to the
good conductivity of the MWNT network; however, there is
a dielectric loss peak at 270 kHz, which is consistent with the
results of the impedance analysis (Figure 4). Figure 7 presents
a plot of the DEA transition peaks frequencies as a function
of the MWNT concentration in the composite specimens.
In general, specimens with MWNT concentrations above
0.1 wt% exhibit transition peaks below 270 kHz, due to the
presence of MWNT agglomerates which are detrimental to
MWNT network formation.

The next step is to determine all the dielectric and
electromagnetic properties of the epoxy and the MWNT-
epoxy nanocomposites. Figure 8 shows the dielectric con-
stant (real part) of the epoxy and the 0.1 wt% MWNT-epoxy
nanocomposite as a function of frequency in the broadband
0.1Hz to 1MHz. The dielectric constant of the epoxy is fairly
constant with frequency, displaying a small decrease as the
frequency increases. The addition of 0.1 wt% MWNTs raises
the dielectric constant from 3.6 for the pure epoxy to 78 for
the MWNT-epoxy nanocomposite at low frequencies. That
value of dielectric constant remains almost constant for the
nanocomposite until about 10 kHz and thereafter it decreases
to a value of 26 at 1MHz (Figure 8(b)). The dielectric
performance of the 0.1 wt%MWNT-epoxy nanocomposite in

this study is much better than in previous reports [45] with
high dielectric constant and long plateau versus frequency at
very low MWNT content. Figure 9 presents the dependence
of the dielectric constant at the low frequency of 0.1 Hz
as a function of the MWNT concentration. It is clear that
the 0.1 wt% MWNT-epoxy composite has the highest value
of dielectric constant, whereas this value falls for MWNT
concentrations higher than 0.1 wt% and lower than 2wt% due
toMWNT dispersion problems, and it rises again after 2wt%
MWNTs but much more slowly, to a value of 18 for 7wt%
MWNTs in epoxy.

The electrical conductivity, 𝜎, of a material under AC is
given by the equation:

𝜎 = 𝜀
𝑜

𝜀


𝜔. (8)
Figure 10 presents the electrical conductivity of the epoxy and
the 0.1 wt% MWNT-epoxy nanocomposite. The addition of
0.1 wt% MWNTs raises the electrical conductivity by about 2
orders of magnitude at very low frequencies (0.1 Hz) but by
much more at higher frequencies, for example, by 4 orders
of magnitude at 1MHz. As the electromagnetic shielding
capability of a material is proportional to its electrical con-
ductivity, a higher increase of the electrical conductivity due
to the addition of MWNTs at high frequencies is significant.
Figure 11 presents the electrical conductivity of the epoxy
and MWNT-epoxy composites at 1MHz as a function of the
MWNT concentration. The specimen with 0.1 wt% MWNTs
has clearly the highest conductivity.

Electromagnetic shielding over the frequency range
examined in this study is used in electronic and electrical
packaging and in a variety of applications.The effectiveness of
electromagnetic shielding, SE, comprises absorption loss and
reflection loss, which are proportional to the product 𝜎𝜇 and
the ratio 𝜎/𝜇, respectively, where 𝜇 is the magnetic perme-
ability of the material [43].These, in turn, are proportional to
𝐿/𝑅 (absorption loss) and 1/RL (reflection loss), respectively.
In this analysis, the calculations have been carried out for
the best MWNT-epoxy nanocomposite at 0.1 wt% MWNTs
and the pure epoxy. Figure 12 presents 𝐿/𝑅 as a measure
of the absorption loss: it seems that epoxy offers negligible
absorption at all frequencies, which is expected due to its low
conductivity; on the other hand, the 0.1 wt% MWNT-epoxy
nanocomposite offers SE via absorption at low frequencies
up to 2 kHz. Figure 13 presents 1/RL as a measure of the
reflection loss: reflection loss rises at high frequencies for
both materials due to the corresponding rise of their electri-
cal conductivity (Figure 10). However, the 0.1 wt% MWNT-
epoxy nanocomposite offers better reflection shielding than
the pure epoxy and this effectiveness rises at high frequencies.
Hence, the 0.1 wt.% MWNT-epoxy nanocomposite offers
enhanced SE at low frequencies below 2 kHz due to higher
absorption loss and it also offers enhanced SE at high
frequencies due to higher reflection loss.

4. Conclusions

A combination of dynamic characterisation techniques have
been applied to MWNT-epoxy composites of different com-
positions and the pure epoxy, including DMA, DEA, and
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impedance spectroscopic analysis. The different techniques
covered different frequency regions, sometimes overlapping.
The dynamic impedance and the DEA techniques proved
particularly useful at determining the quality of MWNT
dispersion as the electrical properties depend specifically on
the formation of MWNT network, whose conductivity rises
as the number of MWNT paths increases. Large MWNT
aggregates, on the other hand, offer few contact points
between these aggregates and deplete the efficient MWNT
network from much needed MWNT line-links. Both the
DEA and the impedance spectroscopy demonstrated that
the optimum MWNT concentration for best dispersion and
best network formation was at 0.1 wt% MWNT. A small
increase to 0.15 wt% yielded MWNT aggregates reducing
dramatically the electrical conductivity of the composite
(see Figure 11); further increase of the MWNT content up
to 7wt% increased the electrical conductivity a little but
never to the optimum point at 0.1 wt% MWNTs. This is a
very important conclusion proving that raising the MWNT
content may be both expensive and detrimental to the
properties of the composite; hence, an optimum composition
should always be established which would apply to a certain
material system and processing procedure and equipment.
The Nyquist impedance plot (Figure 3) is most useful in
establishing the homogeneity of a composite as it exhibits a
single semicircle for homogeneous materials, two semicircles
for dual conductive particle-size distribution, and one or
more distorted or overlapping semicircles for a continuous
particle size distribution.

DMA showed that the addition of 0.1 wt.% MWNTs
in epoxy suppresses a transition tan 𝛿 peak at 31Hz and
a loss modulus peak near 0.1 Hz as the CNT network
stiffens the molecular structure of the material and seems
to inhibit certain molecular transitions. The Nyquist plot
from the impedance analysis revealed that 0.1 wt.% MWNTs
drastically reduces the diameter of the Nyquist semicircle
and it even leads to capacitor behaviour at frequencies
below 20 kHz. The DEA spectrometric analysis yielded the
conclusion that this very low loading of MWNTs suppresses
any dielectric loss peaks in the band of 0.1 Hz to 10 kHz and
leaves the dielectric loss peak at 270 kHz, which is consistent
with the results of the impedance analysis (LCR).

Finally, material properties were determined from the
DMA, impedance analysis, andDEA.The addition of 0.1 wt.%
MWNTs raised the elastic shear modulus by 12%. How-
ever, by adding 0.1 wt.% MWNTs the dielectric constant
was raised much more, from 3.7 (epoxy) to 78 (MWNT-
epoxy nanocomposite) at low frequencies: the latter remained
approximately constant up to about 10 kHz and it decreased
thereafter to a value of 26 at 1MHz. The electrical con-
ductivity increased with frequency for both materials but
much faster for the MWNT-epoxy nanocomposite. Hence,
the addition of 0.1 wt.% MWNTs brought an increase in
the electrical conductivity of about 2 orders of magnitude
at low frequencies (0.1 Hz) and of 4 orders of magnitude
at 1MHz. By adding 0.1 wt. % MWNTs, the effectiveness of
electromagnetic shielding (SE) was dramatically increased
at low-to-medium frequencies (0.1 Hz to 2 kHz) due to a
corresponding increase in the absorption loss whereas a

large increase in SE was also achieved at high frequencies
for the nanocomposite due to the corresponding increase
in the reflection loss. As a result, the 0.1 wt.% MWNT-
epoxy nanocomposite switches electromagnetic shielding
behaviour from a very effective absorber at low frequencies
below 2 kHz to an effective reflector at high frequencies.
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