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Abstract

The dispersion of electrically conductive nanoparticles in a polymer matrix
enables the production of an useful class of materials: electrically conduc-
tive polymeric composites. However, tuning the electrical conductivity of
the final conductive composite is not trivial: many variables play a role
in view of the final particle network structure in the composite, which
governs the electrical conductivity. In this work, the electrical properties of
epoxy nanocomposites with carbon nanoparticles as conductive filler are
investigated for different processing conditions.
Compared to a classical shaping process for epoxy materials, the appli-
cation of electric fields during the curing process is used as an additional
process parameter. Electric fields are applied to the nanocomposites
during curing, influencing the electrical properties of the final material
by inducing polarization and dipole interactions between the conductive
particles (dielectrophoresis), leading to a new micro- and nanostructure
of the conductive network. This phenomenon is studied for a system of
single-wall carbon nanotube and the impact of processing parameters on
the electrical response of the system is evaluated.
A scalable process based on resin transfer moulding for producing
nanocomposites under electric fields is developed.
This processing technique presents promising results for enhancing and
tailoring the electrical conductivity of polymer nanocomposites.
For a better understanding of the effect of electric fields on the rotation
and interconnection of SWCNTs, the own findings are compared to simu-
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lations of cooperating scientists from Anáhuac Mayab University (Merida,
Mexico) and Imperial College London (United Kingdom).
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Zusammenfassung

Die Dispersion elektrisch leitfähiger Nanopartikel in einer Polymermatrix
ermöglicht die Herstellung einer nützlichen Materialklasse: elektrisch
leitfähige Polymerkomposite. Die gezielte Einstellung der elektrischen
Leitfähigkeit des leitfähigen Komposits ist jedoch nicht trivial, da viele
Material- und Verarbeitungsparameter die Partikel-Netzwerkstruktur im
Komposit beeinflussen die letztlich für die elektrische Leitfähigkeit auss-
chlaggebend ist. In dieser Arbeit werden die elektrischen Eigenschaften von
Epoxid-Nanokompositen mit Kohlenstoff-Nanopartikeln als leitfähigem
Füllstoff für verschiedene Verarbeitungsbedingungen untersucht.
Im Unterschied zu einem klassischen Formgebungsverfahren für Epox-
idmaterialien wird die Anwendung von elektrischen Feldern während
des Aushärtungsprozesses als zusätzlicher Prozessparameter benutzt.
Elektrische Felder werden während des Aushärtens an die Nanokomposite
angelegt, wodurch die elektrischen Eigenschaften des Endmaterials durch
Induktion von Polarisations- und Dipol-Wechselwirkungen zwischen den
leitenden Partikeln (Dielektrophorese) beeinflusst werden. Diese führen zu
einer neuen, und im Hinblick auf die elektrische Leitfähigkeit vorteilhaften
Mikro- und Nanostruktur des leitfähigen Netzwerks. Dieses Phänomen
wird für ein System von einwandigen Kohlenstoff-Nanoröhren in einer
Epoxidharzmatrix im Hinblick auf den Einfluss verschiedener Verar-
beitungsparameter auf die elektrische Leitfähigkeit des Systems untersucht.
Darauf aufbauend wird ein skalierbares Verfahren auf der Grundlage
des Harzinjektionsverfahrens zur Herstellung von Nanokompositen unter
elektrischen Feldern entwickelt.
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Zusammenfassung

Für ein besseres Verständnis der Mechanismen, die der Wirkung elek-
trischer Felder auf die Rotation und die Verschaltung von SWCNTs werden
die eigenen Ergebnisse mit Simulationen kooperierender Wissenschaftler
der Anáhuac Mayab Universit1̈t (Merida, Mexiko) und das Imperial College
London (Vereinigtes Königreich) verglichen.
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1 Introduction

A polymer composite is a material composed of a variety of particles,
platelets, short or continuous fibres embedded in an organic polymer
matrix. This allows engineers to tailor the mechanical behaviour of
the material system by combining different properties in only one final
product. When the fibres, or functional fillers, have their size in the
nanometre range (1×10−9 m), the material can be defined as a polymer
nanocomposite. Unlike metals, which tend to have a defined conductivity
depending on their elemental properties1, electrically conductive polymer
nanocomposites encompass a wide conductivity range, from insulator to
almost metallic behaviour [3] (see figure 1.1). This is because the electrical
conductivity arises from conductive nanoparticles, which can be added to
virtually any polymer matrix in different concentrations according to the
desired final electrical properties. Adding this electrical functionality to the
other properties of the polymer matrix, together with versatile processing
technologies, leads to two main industrial opportunities for electrical
conductive nanocomposites:

• adding electrical functionality to existent non-conductive systems -
expanding the possibilities for integration of sensing and connectivity
capabilities

• replacement of metals for electrical conductivity - allowing the intro-
duction of new materials in novel battery concepts (e.g. in bipolar

1 aluminium, gold, copper and silver have a conductivity in the range 3.8×105 Scm−1 to
6.3×105 Scm−1 [1, 2]
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1 Introduction

plates for redox-flow batteries) and enabling considerable weight re-
duction in conductive components

These two possibilities have motivated the use of electrically conductive
polymer nanocomposites in diverse fields of application such as heating el-
ements [4], electromagnetic interference shielding [5, 6], electrostatic dis-
sipation [7], battery technology [8] and fuel cells [9]. Furthermore, their
electrical response to external stimuli (e.g. mechanical, thermal, chemical)
enables several kinds of sensing applications [3, 10], such as monitoring
strain and damage for structural health monitoring systems [11], gas [12],
or biodegradation [13], amongst others.
Amongst the large variety of nanoparticles available, carbon-based particles
are a great example of multi-functionality, promising remarkable electrical,
thermal and mechanical properties. These include carbon nanotubes (CNTs)
and graphene nano-platelets (GNPs). Their electrical properties arise due to
the carbon atomic structure, which allows for an electron conduction band
resulting in metallic or semiconducting properties (depending on their chi-
rality and wall structure in the case of CNTs) [14, 15]. Furthermore, their
dimensions in the nanometer range, practically at the atomic scale, com-
bined with very low density and aspect ratios (orders of 100 to 3000) lead
to very high properties per unit weight. This enables considerable improve-
ments in composites already by relatively low concentrations [15, 16]. An
illustration of this effect is the transition from an electrically insulative state
to conductive in polymer composites with less than 0.1 wt% CNTs [16].

Figure 1.1: Conductivity range of conductive polymers and polymeric composites [3]

2



1 Introduction

However, tuning the electrical conductivity of the final conductive compos-
ite is not trivial. According to the percolation theory [17], for each material
system there is a minimum concentration threshold that enables the flow
of electrons through the material. Below this concentration, the material
is electrically insulating, since there are no pathways for current to pass
through. Then, at the percolation concentration, an abrupt increase of many
orders of magnitude in the conductivity takes place. Around this concentra-
tion, only a few conductive paths exist and therefore the influence of contact
resistance is more significant. Far above the critical concentration, adding
more CNTs results in more parallel conductive paths, and therefore these
pathways become the dominant conductivity mechanism [18, 19]. This is
represented in figure 1.2. Nonetheless, it should be noted that this theory
does not take the processing method used to produce the composite into
account.
In literature it is possible to find numerous reports of percolation thresholds
for different polymer-particle matrix systems [16, 19]. This value mainly
depends on the particle shape and properties as well as on the matrix and
the selected processing technique. Many variables play a role on the final
particle network structure such as the original state of agglomeration and
geometry of the particles, viscosity of the matrix, processing parameters
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Figure 1.2: Evolution of electrical conductivity with CNT content in a composite - percolation
behaviour
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1 Introduction

such as temperature and shear stresses undergone by the material [20, 21,
22]. For example, taking a thermoplastic-based composite and producing
samples with compression moulding, usually leads to samples with a higher
conductivity as their injection moulded counterparts, given the flow in the
mould and the high shear stresses in the process [23].
Understanding the role of different processing parameters on the resultant
nanoparticle network structure, and how this influences the final effective
properties of the composites, is therefore of paramount importance for ex-
ploring their full potential and enabling their industrial widespread use. This
will allow the concentration of particles required to be decreased, optimiz-
ing and improving the quality of processing and hence achieving commer-
cial feasibility.
One convenient approach for influencing nanoparticles dispersed in liquid
medium is the use of electric fields: inducing polarisation of the particles
leads to dipole interactions between them in a phenomenon governed by the
dielectrophoretic theory (see Figure 1.3). Since the pioneer reports of Ya-
mamoto et al. [24, 25], the use of electric fields for CNT manipulation has
been frequently addressed in the literature. However, up until the work of
Martin et al. [26] in 2005, electric fields had only been applied to dispersions
of nanotubes in different solvents such as ethanol and dimethylformamide.
Following their experiments, dielectrophoresis has been reported to influ-
ence the network structure of CNTs in different polymer matrices and hence
the electrical properties (see chapter 2).
The present study focuses on the improvement of the electrical conductiv-
ity of nanocomposites, namely in a system of epoxy and single-wall carbon
nanotubes (SWCNTs). SWCNTs were chosen because of their extremely
high aspect ratio (2777) and reported percolation at 0.01 wt% [27]. The
goal here is to enhance the network by influencing the SWCNTs orientation
within the polymer matrix and hence improve the electrical conductivity in
the through-plane direction. Moreover, this improvement is to be achieved
by modifying the processing method for a specific composite part. This
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Figure 1.3: Randomly dispersed CNTs become polarized and orient under dielectrophoretic
forces and torque, interact due to attractive and repulsive Coulomb forces, and
assemble in conductive chains

means developing a way of affecting the nanostructure of the CNTs dur-
ing the moulding of the composite such that the process could be easily
integrated with available technology. This will potentiate its industrial im-
plementation.
The strategy employed to attain the aforementioned goals is to apply an
electric field to the SWCNT/epoxy resin while it is still in the liquid form
and then cure the composite. Experimental set-ups were therefore devel-
oped for this purpose and the effect of different electric field and process
parameters on the final electrical resistivity of the composites was investi-
gated. A decrease of up to more than tenfold in the electrical resistivity was
verified. This suggests that the electric field improves the inter-particle con-
tacts, therefore creating more conductive pathways between the electrodes
and improving the conductive network for the same amount of nanoparti-
cles.
In this work, an extensive experimental study was carried out, while
complementary simulation studies were performed by Andrés Oliva-Avilés
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(Anáhuac Mayab University, Mexico) and Miguel Matos (Imperial College
London, United Kingdom) in order to support the interpretation of the
experimental observations. In this context, Andrés Oliva-Avilés studied the
influence of the electric field on the CNT rotation and interconnection by
modelling the interaction between two SWCNTs using classical mechanics
and dielectrophoresis theory. Furthermore, Miguel Matos explored the
impact of the distance between adjacent CNTs in the bulk on the electrical
properties using finite element analysis for a variety of particle concen-
trations, revealing resistivity changes compatible with the experimental
observations.
Furthermore, the experimental methodology hereby developed was used to
investigate dielectrophoresis of graphene nanoplates under electric fields in
the same epoxy resin for different concentrations.

1.1 Motivation

Previous studies not only demonstrate the potential of dielectrophoresis for
the manipulation of carbon nanotubes within a low viscosity polymeric ma-
trix – promoting nanocomposites with improved particle networks and lower
electrical resistivity – but also point out the challenging complexity of the
process. Many parameters play a role in this phenomenon, such as electrode
material and spacing, CNT type, the liquid medium, particle concentration,
electric field voltage and frequency, and duration of exposure to the electric
field (see chapter 2).
The dependency of this process on the electric field parameters (strength
and frequency), as well as its limitations in terms of the range of particle
concentrations where it can be applied (e.g. effectiveness below and above
percolation) remain to be addressed. Moreover, there is no study that inves-
tigates the influence of the interface material between the electrodes and the
nanocomposite.
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This thesis aims to provide a clearer understanding of these questions and
develop a technology allowing for its implementation in an industrial-
relevant environment.

1.2 Objectives

The main objectives of this work are the following:

• Develop a scalable process for producing nanocomposites with car-
bon based nanoparticles utilizing electric fields

• Produce SWCNT and GNP nanocomposites with decreased electrical
resistivity for the same filler ratio by influencing the nanostructure
with electric fields

• Understand the role of the electric field parameters (strength and fre-
quency) on the electrical resistivity of SWCNT/epoxy

• Understand the influence of SWCNT concentration on the improve-
ment in resistivity of epoxy nanocomposites

1.3 Outline

This thesis has been divided in 6 chapters. The subject, motivation and
objectives of the work have been introduced in Chapter 1. Chapter 2 presents
the theory of dielectrophoresis and a review of the state-of-the-art of CNT
dielectrophoresis. The experimental methodology is described in chapter 3.
Chapter 4 presents the results and discussion of the experiments undertaken.
Section 5.2 of Chapter 5 discusses the results of modelling the interactions
between two SWCNTs in an electric field using classical mechanics and
dielectrophoresis theory and section 5.3 explores the impact of the contact
distance between adjacent SWCNTs influenced by these interactions on the
composite bulk electrical properties using finite element simulations of the

7



1 Introduction

SWCNT networks. Finally, the main conclusions from the work are drawn
in Chapter 6.
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2 State-of-the-art

The goal of this work is to create electrically improved nanoparticle net-
works in polymer composites during processing. The strategy to be followed
for this purpose is the application of electric fields to polymer systems in liq-
uid state containing carbon nanotubes.
The application of electric fields to a polymer/nanoparticle system in liq-
uid state for influencing its electrical properties constitutes a complex sys-
tem with many variables playing relevant roles that need to be considered.
Therefore, such a problem requires a thorough understanding of the physical
phenomena involved, which implies familiarity with different fields such as
material and polymer science, electrokinetics and electronics. In addition,
the engineering of nano-composites with particles like carbon-nanotubes is
a quite recent practice, in constant development and with many open ques-
tions. Nevertheless, given the outstanding theoretical possibilities that this
sort of composites promises, there has been a great academic and even in-
dustrial interest in the topic. Much literature on it has been produced, and
one does not take too long before becoming overwhelmed and realize the
disparity of results published.
In order to understand and develop experimental tools to pursue the ob-
jectives proposed in the work, this chapter starts by introducing some fun-
damental concepts of the field of electrokinetics (section 2.1) explaining
polarisation and dielectrophoresis. Furthermore, pertinent literature on us-
ing electric fields to manipulate the orientation of carbon nanoparticles in
liquid dispersions and influence the electrical properties of carbon-based
nanocomposites is reviewed. Particular attention is given to the material
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2 State-of-the-art

system used (nanoparticle and matrix), the electric field parameters and the
electrical properties of the composites produced. The most relevant articles
for this study are described in detail in section 2.2. Section 2.3 concludes
with a summary of the fundamental theoretical concepts found in literature
and which form the basis for the hypotheses investigated in this work.

2.1 Polarisation and dielectrophoresis

If an electric field is applied to a system composed by particles in a suspend-
ing fluid, electrical forces can act both on the particles and on the fluid. The
most significant electrical forces acting on small particles are electrophore-
sis and dielectrophoresis [28, 29]. The former occurs when the electric field
interacts with the net charge of the particles (i.e. the particles are charged).
On the other hand, dielectrophoresis takes place when there are induced
charges, leading to particle motion. As for the signal to generate the field, it
can be either direct current (DC) or alternate current (AC).
When two opposite potentials (voltage) are applied on two non-contacting
parallel electric conductors (electrodes) an electric field is established be-
tween them. This means that one of the electrodes is supplied with an extra
amount of negative charges (electrons). Consequently, the other electrode
lacks on electrons. Therefore, if a material sample is placed in between the
electrodes, all the electric charges present within the material are attracted to
the opposite poled electrodes. This phenomenon is called polarisation. The
higher the voltage applied, the higher the amount of charges being placed
on the electrodes, and the stronger the electric field and the polarisation.
Such a material, containing charges which polarise upon the application of
an electric field, is called a dielectric. The charges are bound in the material
and are only able to travel limited distances when the field is applied, the
positive and negative charges forming dipoles by moving in opposite direc-
tions. Figure 2.1 shows a scheme of a dielectric particle being polarised in
a dielectric medium when subjected to a uniform electric field E.
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2.1 Polarisation and dielectrophoresis

There are basically four essential mechanisms for polarisation [29]:

• electronic - attraction of electrons surrounding each atom on the ma-
terial and hence dislocation of the electron cloud charge centre in re-
spect to the nucleus (depicted in figure 2.2)

• ionic (or atomic) - by acting on the ionic bonds in ionic molecules,
which can be tensioned or compressed

• orientational - corresponding to the rotation and reorientation of
molecules with permanent dipoles by nature (like water)

• interfacial - due to long-range charge transport, charges are trapped at
internal interfaces or at the surface of the dielectric, leading to macro-
scopic distortion of the field

All non-conducting materials are capable of electronic polarisation. In con-
trast, ionic and orientational polarisation is only possible in materials that
possess ions and permanent dipoles, respectively. Real systems are usually
complex and consist of different dielectrics, each one with distinct electrical
properties. Due to these differences, when the system is submitted to an
electric field, surface charge gathers at the interfaces between the dielectrics
leading to interfacial polarisation.

Figure 2.1: Schematic diagram of how a dielectric particle suspended in a dielectric fluid
polarises in a uniform applied electric field [29]

11



2 State-of-the-art

Figure 2.2: Electronic polarisation of an atom [29]

In order to understand the phenomenon of dielectrophoresis one needs to
consider the charge distribution at the interface between two different mate-
rials with distinct conductivity and/or permittivity. Conductivity (σ ) is the
measure of ease with which charges are able to flow through a material. Per-
mittivity (ε) is the measure of the ability of a material/system to store energy
in the polarisation of the medium [29]. At a local scale, polarisability is the
ability of molecules to form dipoles, i.e. to react to a field (polarise). If
we regard a simple spherical dielectric particle suspended in an electrolyte1,
then there are three cases to account for:

• The polarisability of the particle is much higher than the medium (Fig-
ure 2.3a) - more charges accumulate just inside the interface between
the particle and medium rather than outside, leading to a difference
in the charge density on both sides of the particle and hence to an in-
duced dipole across it, aligned with the electric field. Examples of this
situation would be a conducting particle (or with high permittivity) in
an insulating liquid (or with low permittivity).

• The polarisability of the medium is much higher than the particle (Fig-
ure 2.3b) - more charges accumulate just outside of the interface rather
than inside, also leading to an induced dipole in the particle but in op-
posite direction of the field. This would be the case of an insulating
particle in a highly conductive medium (or with a high permittivity).

1 a nonmetallic electric conductor in which current is carried by the movement of ions
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2.1 Polarisation and dielectrophoresis

• The particle and the medium have the same polarisability (not repre-
sented) - in this case there would be no induced dipole.

These schemes present the charge distribution in an equilibrium state only,
i.e. some time after the electric field has been applied. If one would reverse
the direction of the field and wait for a steady state to be achieved again, the
same exact charge distributions would be found but in the opposite direc-
tion. After the field application, charges do not move instantaneously, but
rather take some microseconds to reach a stable state [29]. If the electric
field direction is changed at low frequency, all the free charges are able to
follow up and reorganize. However, as the frequency is increased, a point
is reached in which the charges cannot keep pace with the changing direc-
tion of the field. At high frequencies, polarisation of the bound charges
(permittivity) becomes the dominant mechanism for charging the interface,
instead of free charge mobility. An example is a high conductivity and low
permittivity spherical particle suspended in a low conductivity and high per-
mittivity electrolyte (e.g. pure water). At low frequencies, the dominant
mechanism would be conductivity, so the particle forms a dipole aligned

Figure 2.3: Scheme of polarisation for different dielectric particles when they have a much
higher (a) or lower (b) polarisability than the suspending medium. When the par-
ticle polarisability is higher, more charges gather on the inside of the particle/fluid
interface and a net dipole in the direction of the field forms across the particle. If
the polarisability is lower, more charges are produced on the outer interface and
the net dipole points in the opposite direction of the field [29]
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with the electric field as depicted in Figure 2.3a. On the other hand, at high
frequencies conductivities no longer play a role and so the interface polar-
isation is governed by permittivity, as in Figure 2.3b, i.e. the dipole with
be in opposite direction relatively to the field. This example illustrates well
the fact that interfacial polarisation and induced particle dipoles are also fre-
quency dependant, which is related to the frequency-dependant nature of the
different polarisation mechanisms, as depicted in figure 2.4.
If the material is solid, its constituent particles have only the restricted move-
ment allowed by the packing of the molecules and molecular structure. This
means that after a material has been polarised between two electrodes, like
described, the removal of the electric field will lead do the discharge of the
electrodes and therefore the return of the system to the previous state. This
constitutes the idea behind the concept of a capacitor. However, if the ma-
terial system is a suspension of dielectric particles in a dielectric fluid and
there is mobility of the particles, then such an application of an electric field
will promote migration of the particles according to their polarisation mech-
anism and the conditions of the electric field (electrophoresis and or dielec-
trophoresis). A higher voltage would simply result in stronger electronic

Figure 2.4: Frequency variation of the complex permittivity of a dielectric, considering typical
relaxation mechanisms [29]
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2.1 Polarisation and dielectrophoresis

interactions and forces, i.e., all the consequent phenomena would be accel-
erated, depending on the degree of mobility in that material state (which can
be evaluated by the concept of viscosity for viscous fluids).
Due to the fact that particles with distinct electric and dielectric properties
in a suspension behave differently when subjected to inhomogeneous elec-
tric fields, i.e. can form dipoles and migrate in different directions, dielec-
trophoresis is an interesting technique to align and/or separate uncharged
particles in a medium, what can be used for several ends. Nevertheless, the
case of CNTs in a liquid medium present a much more complex system than
the simplified case of a single round particle in a homogeneous electric field.
It is easy to imagine that long CNTs (with an aspect ratio of 200-3000) in
an electric field will become polarised and form long dipoles. These dipoles
could lead to particle motion (translation or rotation) depending on the elec-
tric field, which could theoretically lead to CNT alignment and dipolar (or
Coulomb) interactions with one another. Since particle alignment is not the
sole purpose of this work, but rather improving the electrical conductivity
of CNT composites, the possibility of inducing dipolar interactions between
CNTs presents itself as a promising method. Such interactions might theo-
retically lead to anchoring of the particles together and so contribute to the
improvement of the electrical conductivity of the macroscopic system.
The next section presents a comprehensive review of scientific articles
which have used electric fields to manipulate CNTs in different mediums.
Most of them attempt to prove the phenomenon of alignment and some
of them further explore the theory of dielectrophoresis applied to CNTs
to explain the results. The focus of this literature study is to identify the
potential of electric fields for improving electrical conductivity of CNT
composites (not necessarily alignment) and understand what are the most
interesting electric field parameters to be investigated.
For a more detailed description of the main theoretical concepts of dielec-
trophoresis see section 5.2.
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2.2 Dielectrophoresis of CNTs

This work focuses on the manipulation of CNTs in a bulk matrix. This ap-
proach has the advantages of freedom of choice in terms of nanoparticles
and matrix used, and potential scalability for composite parts with complex
geometries. The following subsections present a detailed description of dif-
ferent studies where electric fields have been applied to CNTs in different
mediums.

2.2.1 Solvents

A convenient approach for studying the influence of electric fields on nan-
otubes is their dispersion in a liquid solvent (such as ethanol and dimethyl-
formamide) allowing for high mobility. Since Yamamoto et al. reported
in 1996 [24, 25] the purification and orientation of CNTs dispersed in iso-
propyl alcohol under an alternating current field, the use of electric fields for
CNT manipulation has been frequently addressed in literature, usually in the
field of nano-electromechanical and sensor systems, where CNTs have been
manipulated to bridge micro-electrode structures [30, 31, 32, 33, 34].
These are some of the very first reports on the effect of electric fields on
CNTs, which induce polarisation of the particles, leading to dipole interac-
tions between them in a phenomenon governed by the dielectrophoretic the-
ory (further described in see section 5.2). CNTs were hereby deposited on
top of interdigitated electrodes and the final arrangement was investigated
with electron microscopy. Not only orientation of the CNTs was verified
between the electrodes, but also induced interconnections between adjacent
CNTs bridging the electrodes (figure 2.5). This effect, if also present in CNT
dispersions in bulk material, could be used to enhance the contacting points
in a CNT network and hence decrease the resistivity of the bulk composite.
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2.2 Dielectrophoresis of CNTs

2.2.2 Low viscosity reactive polymer systems

Martin et al. 2005 [26]

Up until the work of Martin et al. in 2005, electric fields had only been
applied to dispersions of nanotubes in solvents. For this reason, the authors
investigated the curing of an epoxy system based on a bisphenol-A resin and
an amine harder filled with 0.01 wt% MWCNTs when subjected to DC and
AC electric fields in an attempt to induce the formation of aligned conduc-
tive nanotube networks. Based on the previous trials with both SWCNTs
and multi-wall carbon nanotubes (MWCNTs)s dispersed in isopropyl alco-
hol or ethanol [30, 35, 24, 25], the goal was to obtain more efficient net-
works that would render interesting anisotropic conductivities and optical
properties.
For this purpose, MWCNTs were dispersed in epoxy resin using a dissolver
disk. After this, the mixture was equilibrated at 60 °C and hardener was
added. In order to observe the nanotube network formation in situ, elec-
trodes were produced from optical microscopy slides sputtered with gold
and placed with a spacing of 400 µm. These were then placed on a hot stage
set at 80 °C, where droplets of the nanotube-epoxy dispersions were exposed
to DC and sinusoidal AC electric fields of 10 Vmm−1. The alternate electric
fields were applied with a signal generator with the frequency of 1 kHz. The
formation of the networks with time was observed and recorded with a light

Figure 2.5: Interconnection of three SWCNT strands bridging two electrodes in dimethyl-
formamide (DMF) dispersions under a 88 VRMS/mm field @ 5 MHz (right-hand
image is a closeup of the left one)[34]
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microscope coupled with a digital video camera, and the electrical current
was measured.
Additionally, a distinct set of samples was cast in silicone rubber moulds to
produce bulk nanocomposites. The same dispersion was in between two
rectangular copper electrodes with a cross-sectional area of 2 cm2 and a
spacing of 1 mm, and this set-up was used to apply DC and AC fields of
5 Vmm−1, 10 Vmm−1 and 20 Vmm−1, while curing inside an oven for 4 h
at 80 °C. The effects of loading fraction were explored with the production
of bulk specimens with 0.005 wt% to 0.02 wt% nanotubes cured in DC and
AC fields of 10 Vmm−1.
Both AC and DC fields have shown to induce the formation of oriented
CNT networks during the curing of the epoxy, with the samples displaying
a sharp improvement in current density with time. This was an indication of
the formation of permanent electric field-induced networks.
When DC electric fields were applied, a migration of the nanotubes towards
the anode, under electrophoresis, was observed, attributed to the presence of
negative surface charges on the nanotubes in an epoxy matrix (supposed to
be due to the basic character of the epoxy). When these nanotubes get close
enough to the electrode to allow the transfer of charges, they discharge and
adsorb onto the anode. Then, the tips of the nanotubes connected to the
electrode become sources of high field strengths, constituting points for ad-
sorption of more particles. The subsequent addition of more carbon nan-
otubes leads ultimately to a ramified network structure extending from the
anode and reaching the cathode, providing conductive pathways throughout
the specimen. Figures 2.6a and 2.6b display two transmission optical mi-
croscopy pictures of samples with 0.01 wt% nanotubes cured under a DC
field of 10 Vmm−1. There, one can observe the dendritic structures at the
anode after 5 min, and the final inhomogeneous nanotube structure formed
after 240 min, respectively. Clearly, the particle network is denser in the
area near the anode. These observations were confirmed with transmission
electron microscopy (TEM) to thin sections of the bulk samples.
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(a) DC - after 5 min curing (b) DC - after 240 min curing

(c) AC - after 5 min curing (d) AC - after 240 min curing

Figure 2.6: Transmission optical microscopy images of epoxy/MWCNT 0.01 wt% dur-
ing curing at 80 °C under (a)(b) DC field of 10 Vmm−1 and (c)(d) AC field of
10 Vmm−1 @ 1 kHz [26].

With alternate fields, more uniform and aligned nanotube structures were
obtained, even though the initial onset was slower (around 10 min). The ag-
glomerates were also ramified and extending along the electric field lines,
and forming conductive connections between the electrodes, such as de-
picted in figures 2.6c and 2.6d. A similar phenomenon was observed in the
bulk samples as well. The formation of such networks results from the polar-
isation of the CNTs, leading to an additional attractive interaction (dielec-
trophoresis) between the individual dispersed particles and/or the already
formed network branches.
In situ current density measurements revealed pronounced changes with
time, as it can be seen in Figure 2.7a, where also the viscosity of the mix-
ture is plotted, to evaluate the progress of the curing reaction. After 600 s,
the sample cured in a DC field displays a progressing increase in current
density. On the other hand, in the AC field cured sample, the nanotube net-
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work formation occurred earlier due to the reason that it grew from both
the electrodes, despite the fact that the onset for agglomeration was slower.
Since the AC fields render a more homogeneous final network structure, the
maximum current density was higher than for the DC fields.
Furthermore, increasing the loading fraction has led to an earlier onset of
network formation, given the higher chance of nanotube contacts and ag-

(a)

(b)

Figure 2.7: In situ current density of bulk epoxy/MWCNT systems during curing at 80 °C
under a AC (@ 1 kHz) and DC fields of 10 Vmm−1, (a) comparing to pristine
epoxy (viscosity as a function of time at 80 °C as a reference) and (b) For different
weight fractions of MWCNTs [26]
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glomeration, leading to a higher number of pathways for the current and
thus a higher maximum current density. This can be observed in Figure
2.7b. After an initial step increase in current density, it reached a plateau
behaviour for all the specimens. This is an indication of stability of the net-
works in spite of the incompletion of curing. Additionally, all of them also
displayed a step decrease in the final conductivity, as the curing cycle was
finished. This can be attributed to the shrinkage associated with the final
cross-linking of the epoxy matrix, distorting the nanotube network.
Increasing the electric field strength also proved to enhance the electrical
properties of the composites produced, leading to a rise of the specific bulk
conductivity. Here it is also evident that AC fields lead to conductivity val-
ues of up to an order of magnitude higher than DC fields, confirming the
results of the in-situ observations.
In a concluding remark, the authors indicate that even though the resulting
specific conductivity of the bulk epoxy/MWCNTs is suitable for electro-
static dissipation, it is still considerably low compared to the conductiv-
ity values for pure multi-walled carbon nanotubes, indicating the presence
of polymer barriers that hinder the contact between each other. In addi-
tion, they mention that the conductivities obtained are still lower than the
maximum conductivities achievable for the same weight fraction of nan-
otubes when randomly dispersed in optimized processing conditions for
epoxy composites. A possibility for this, according to them, is the effi-
ciency of the ramified network, whose dendritic structure might lead do the
production of a large number of dead ends.

Park et al. 2006 [36]

Later on, in 2006, Park et al. presented a novel method for controlling the
orientation of SWCNTs in a photopolymerizable monomer solution by pro-
cessing it under an alternate electric field, adjusting its strength, frequency
and application time. They used sonication in order to disperse 3 wt% nan-
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otubes in a solution of UDMA/HDDMA2 and cured it in a 1 mm deep micro-
cuvet cell with electrodes on two narrow sides, spaced at 2.3 mm. The im-
pact of alternate field parameters was investigated by varying voltage from
10 to 250 Vp-p (2.2 to 54.3 Vmm−1) as a step function for a time range from
1 min to 60 min and changing its frequency from 1×10−3 to 1×105 Hz.
A strong dependency of the degree of alignment on the electric strength was
found, which became noticeable at 75 Vp-p (16 Vmm−1). Increasing the
applied voltage led to an improvement of the alignment up to the value of
200 Vp-p (43.5 Vmm−1), after which a skewed form of alignment was ob-
tained close to the electrodes, perhaps due to excessive thermal energy. For
voltages higher than 300 Vp-p, Joule heating led to temperatures higher than
100 °C, promoting local disruption or bending of the aligned nanotubes. In
order to understand the time component on this phenomenon, a 200 Vp-p and
10 kHz field was applied for different durations. Alignment was reported
to begin almost immediately, increasing with time up until saturation after
around 12 min. In addition, increasing frequency was shown to improve the
degree of alignment, with saturation at 100 Hz.
High-resolution SEM enabled the investigation of aligned SWCNT mi-
crostructures for samples cured under an AC field of 200 Vp-p and 10 Hz
for 10 min, where clusters aligned along the field direction, with a length
of several hundred micrometers, can be found. These clusters seemed to
be composed by smaller SWCNT clusters ranging from tens of nanometers
to a few micrometers, with some of them lying parallel to each other and
connected with aligned clusters, described as a coarsening effect, which
is stated to be due to lateral migration among the aligned nanotubes,
leading to conductive percolation paths at loadings as low as 0.03 wt%.
The anisotropic nanotubes structure was confirmed by the images obtained
when the samples where microtomed perpendicular to the electric field

2 urethane dimethacrylate/1,6-hexanediol dimethacrylate
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direction: round SWCNT clusters were reported, likely to be the cross
sections of the aligned clusters observed.
For a 100 Hz field applied during 10 min, it was observed that it improved
marginally up to 50 Vp-p (1.4×10−12 Scm−1), increasing consider-
ably at 100 Vp-p (3×10−9 Scm−1) and saturating at around 150 Vp-p

(1×10−7 Scm−1) - the latter corresponding to an electric field of
65.2 Vmm−1. This constitutes an increase in 6 orders of magnitude
when compared to the unaligned composite, with only 3.3×10−13 Scm−1

(not even an order higher than the conductivity of the pristine resin,
1.4×10−13 Scm−1). It is important to recall that these samples were
produced with a low content of 0.03 wt% of nanotubes, which was selected
because it was expected to be below the percolation threshold. Moreover,
the relatively constant conductivities at frequencies below 100 Hz indicated
a metallic behavior for the samples produced under electric fields above
100 Vp-p. The frequency of the electric field also played a crucial role,
having being compared for samples produced with a voltage of 200 Vp-p

for 10 min. This revealed a transition from insulating to metallic at 1 Hz,
with the conductivity increasing from 3.3×10−13 Scm−1 (no field) to
4.6×10−9 Scm−1. At 10 Hz it increased to 1.4×10−7 Scm−1, reaching
a plateau of 1×10−6 Scm−1 at 100 Hz, and eventually saturating at
higher frequencies. They suggest that this might be an indication that at
very low frequencies the misaligning forces (like Brownian motion and
electrophoretic force), prevail over the aligning dielectrophoretic one, hin-
dering the alignment. On the other hand, for frequencies higher than 1 Hz
electrophoresis becomes insignificant and the aligning dielectrophoretic
force dominates, saturating above 100 Hz.
The phenomenon of enhancing the conductivity due to increase in nanotube
alignment can be further explained by interactions between the aligned
SWCNTs, increasing the effective aspect ratio of the CNT groupings.
Additionally, it is also probable that the lateral contacts between aligned
clusters contribute to the conductive network. This can be concluded
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from the conductivity measurements in the direction perpendicular to the
electric field alignment direction, which also increased about two orders
of magnitude, indicating that the aligned clusters are also attracted to each
other laterally. This coarsening effect might contribute to a substantial
improvement of the overall conductivity.
Furthermore, Park et al. also performed dielectric measurements of the
aligned samples, obtaining results consistent with the conductivity and con-
cluding that the dielectric constant of the composites can be simply adjusted
over three orders of magnitude by controlling the frequency and strength of
the alternate electric field applied.

Zhu et al. 2009 [37]

In 2009, Zhu et al. have been able to obtain anisotropic properties with
aligned MWCNT networks in epoxy composites by applying an electric
field during the photopolymerization of a thermosetting resin with ultra vio-
let (UV) light. The main goals of this paper were to address two issues from
former investigations [38, 39]: the undesired agglomeration of the CNTs in
suspensions, forming thick bundles; and the fact that up until that time the
nanocomposite samples produced with electric fields were usually too small
to perform macroscopic tests or measurements, hindering their macroscopic
application.
In order to produce the samples, with 0.1 wt% and 0.5 wt% CNT content,
they used a macro-layer-by-layer method by first dispersing the nanotubes
in liquid epoxy using ultrasonication and then pouring the suspension into a
teflon mould (base interior area of 25×50 mm) with two copper electrodes
on opposite side walls, applying an electric field for around 10 min to the
suspension. Then, UV light was set to irradiate the samples in order to
cure the suspension for an additional 10 min, after which a new layer of
suspension was added and the process repeated five times.
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This strategy was used in order to achieve a fast curing of the matrix in an
attempt to preserve the aligned CNT structure. In addition, they have also
decided to study the effect of amine functionalization of the nanotubes in
order to not only improve compatibility between the MWCNTs and matrix,
but also promote their repulsion between each other and thus retard their
agglomeration. This is due to the charging of the nanotubes because of the
functional groups introduced to their surface, causing them to repel each
other.
The electric field applied to the composite was always the same, with an AC
voltage of 2 kVp-p at 2 kHz during approximately 10 min. Since the spacing
in between the copper electrodes was of 25 mm, this means that a field of
80 Vmm−1 was applied. Furthermore, liquid state viscosity of the epoxy
was around 100 Pas. Optical photographs taken to the alignment process at
different stages clearly demonstrate the formation of nanotubes network, as
seen in Figure 2.8.
Additionally, they measured the storage modulus of the produced specimens
in a rheometer, concluding that its value was considerably larger when it was
measured parallel to the electric field, comparing with perpendicular to the
field and without field. This denotes anisotropy in the dispersion of the nan-
otubes due to the electric field application. Conductivity measurements at

(a) pristine MWCNTs
(b) amine functionalised

MWCNTs

Figure 2.8: Optical photographs of 0.1 wt% MWCNT networks in epoxy after cure with UV
light under AC field 80 Vmm−1 (@ 2 kHz) [37]
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a series of different frequencies were done in a wide frequency LCR meter.
Interestingly, while the samples without exposure to the electric field exhibit
a typical dielectric behaviour, with conductivity increasing linearly with the
frequency (as the pure epoxy), the same was not verified with the samples
processed under the electric field, displaying nearly constant conductivities
in the low frequency range. This effect becomes more evident for higher fre-
quencies in the direction parallel to the electric field, when compared to the
perpendicular direction, which is an indication of conductivity anisotropy,
and alignment. Such result goes in agreement to the measurements done by
Park et al [36]. Moreover, they measured a conductivity of about two orders
of magnitude higher on the composites produced with pristine MWCNTs to
the ones with functionalized MWCNTs. They suggest that this effect was
likely due to two reasons: firstly, the significant length reduction of the nan-
otubes during chemical functionalization, particularly the oxidation process,
which then hinders the formation of the conductive network required for the
flow of electrons; and secondly, the possibility of functional groups having
an impact on the geometry and electrical conductivity of the nanotubes. An-
other possibility, not considered by the authors, is that the repulsion effect
introduced by the amine groups, intended to prevent agglomeration, might
also prevent physical contacts between the nanotubes, much required for the
conduction of electric current.

Oliva-Avilés et al. 2012 [40]

In spite of the fact that these results appear to be promising for the align-
ment of carbon nanotubes within a low viscosity polymeric matrix, they do
not provide clear insight into the dependency of the phenomenon on the
characteristics of the medium/polymer. In [40], Oliva-Avilés et al. looked
further into this matter, together with the influence of electric field parame-
ters. They did this by investigating the effects of magnitude and frequency
of the field on the network formation in two different systems: a liquid so-

26



2.2 Dielectrophoresis of CNTs

lution of deionised water (DIW) and dissolved polysulfone (DPSF), with
room temperature (RT) viscosities of 1×10−3 Pas and 30 Pas, respectively.
The setup used consisted of a custom-made glass mould with aluminium
electrodes separated by 30 mm. In different experiments, continuous and
alternate voltages were applied, both of which were amplified by a high-
voltage power amplifier. DC voltages of 50 V, 100 V and 200 V were ap-
plied, corresponding to electric field strengths of 1.6 Vmm−1, 3.3 Vmm−1

and 6.6 Vmm−1, respectively. For the AC fields, the voltage was applied
in steps of 50 Vp-p from 50 to 400 Vp-p, yielding magnitudes of the field
in range of 0.6 VRMSmm−1 to 4.7 VRMSmm−1.In addition, the frequency
was also varied from 10 Hz to 100 kHz. While applying the fields, electric
current between the electrodes was measured in series with the system, in
order to obtain curves of the current versus time. Composites for the electric
field alignment were prepared with low concentration (0.1 wt% to 0.5 wt%
by dispersing the nanotubes in solutions using an ultrasonic bath followed
by mechanical stirring. Furthermore, MWCNT/PSF solid composites were
produced under the influence of fields, and their final properties investigated.
In agreement to the previous works, the application of a DC electric field to
the composites proved to be rather infeasible for the final particle distribu-
tion, since it led to migration of the nanotubes towards the negative electrode
due to electrophoresis. On the other hand, when subjected to an AC field, the
nanotubes have preserved their dispersion state, forming an electro-induced
chained system similar to the ones reported earlier, as depicted in Figure
2.9.
According to the macroscopic observations, the formation of an aligned net-
work in the CNT/PSF composites occurred for electric fields higher than
1.8 VRMSmm−1 (150 Vpp), and it got faster with the increase of field fre-
quency. For frequencies of 1 kHz and higher, an almost instantaneous align-
ment was observed. In situ current measurements provide valuable insight
into the timings of this phenomenon, strongly dependent on the character-
istics of the field, as it can be observed in Figure 2.10. Here, the electric
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current was normalized with the maximum current measured (imax) for each
frequency, reached after 3 min at the maximum voltage (400 Vpp). Interest-
ingly, it can be seen that increasing the field frequency leads especially to
a faster reach of the final state for the higher field strengths, while actually
enabling current flow for the lower voltages. This can be exemplified by
the fact that at 10 Hz the voltage of 400 Vpp allows the current flowing to
almost reaching its final value after 3 min, while this happens almost instan-
taneously for the frequencies of 10 and 100 kHz. On the other hand, for the
low voltage of 50 Vpp, there is only measured current crossing the samples
when the frequency of the field is higher than 10 kHz. The currents mea-
sured were on the order of µA. The authors suggest a relation between the
minimum voltage required to promote an immediate effect on the nanotube
network and the electric field screening effects among the MWCNTs within
and among the bundles, referring to [41].
In these graphs (Figure 2.10) it is also noticeable that the voltage applied
determines the final magnitude of the electrical current flowing in the sys-
tem. Current increases with the voltage for all the frequencies, with nearly
linear (ohmic) changes, particularly for higher frequencies.

(a) E = 0 Vmm−1 (b) EDC = 6.6 Vmm−1 (c) EAC = 4.7 VRMSmm−1

Figure 2.9: Optical photographs of MWCNT/DIW solutions under application of electric
fields [40]
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In order to investigate the role of the fluid viscosity on the alignment of the
MWCNTs, these experiments were repeated but using deionized water. In
this case, it was observed a similar electrical current behaviour for the whole
frequency range, so they have presented only the curves for the lowest and
highest frequencies (10 Hz and 100 kHz, respectively). Remarkably, for all
the measurements performed, there was an instant response of the current
across the electrodes as soon as a voltage was applied, suggesting a very fast
formation of the conductive network. This is a clear indication that viscosity
plays a key role such that when it is very low (like water, 1×10−3 Pas),
there is an immediate reaction to the field at any frequency, while for a
more viscous solution (in this case DPSF - 30 Pas), the time required for
the phenomenon of alignment and network formation depends highly on the
field frequency.
Additionally, MWCNT/PSF solid composites produced under an electric
field of 4.7 VRMSmm−1 (400 Vpp) and different frequencies were inves-
tigated. Even though macroscopically aligned nanotube networks were
achieved for the whole range of frequencies, a more aligned network was
obtained for 1 kHz and higher. Figure 2.11 shows optical micrographs to
composites with 0.5 wt% MWCNTs produced with 10 Hz and 1 kHz where
this fact is evidenced.

(a) f = 10 Hz (b) f = 1 kHz (c) f = 100 kHz

Figure 2.10: Time dependency of normalised electrical current measured in situ during AC
electric field application to MWCNT/DPSF solutions at different field frequen-
cies. (imax) is the maximum current measured reached after 3 min at the maxi-
mum voltage (400 Vpp), for each frequency [40]
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(a) 10 Hz (b) 1 kHz

Figure 2.11: Optical photographs of 0.5 wt% MWCNT networks in PSF cured under AC field
of 13.3 V/mm [40].

At last, the electrical anisotropy of the samples produced was investigated
through DC electrical conductivity measurements to the MWCNT/PSF solid
composites with different particle concentrations measured in parallel (σpar)
and perpendicular (σperp) directions with respect to the electric field direc-
tion. For 0.1 wt%, there was an increase of 11 orders of magnitude in σpar

and of 7 orders of magnitude in σperp with respect to the conductivity of the
neat polymer (1×10−15 Sm−1). An interesting result found was that this
anisotropy persisted until 0.3 wt%, but was lost for the MWCNT concentra-
tion of 0.5 wt%. Apparently, this means that above a certain critical network
density, the separation gaps between parallel nanotubes become negligible,
and so the electrons can flow easily in both directions.
In what comes to the physical mechanisms involved in this phenomenon of
electric field alignment, the theory proposed by this group will be addressed
further on in section 5.2, together with a model developed within a cooper-
ation for the work in this dissertation.

2.2.3 High viscosity liquid polymer systems

In two publications in 2014 and 2015 [42, 43], O. Osazuwa contributed
to the limited work on alignment of CNTs in thermoplastic melts that had
been done so far. He investigated the network formation of MWCNTs in
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2.2 Dielectrophoresis of CNTs

composites with EOC3, a matrix with MFI4 1g/10 min at 190 °C and a melt
temperature of 60◦C, under the application of AC electric fields and studied
the conductivity of the resulting samples. In addition, the effect of non-
covalent functionalization with HBPE5 was also analysed.
A custom-made mould was developed in order to apply the electric field
while the melt was kept at a temperature between 160 and 200◦C with the
aid of a heating plate. It consisted of two stainless steel electrodes spaced
by a perforated teflon sheet with a thickness of 500 µm to get a thin film
of 6 cm diameter. Polymer and MWCNTs were mixed together in a micro-
compounder at 150◦C at a screw speed of 90 rpm for 10 min. Composites
were then melt pressed into thin films to fit the mould (600 µm). Samples
with a MWCNT content ranging from 0.1 wt% to 3 wt% were produced.
As for the electric field, it was provided by a function generator coupled
with a high power amplifier generating an AC field of magnitudes from 50
to 600 Vp-p at the frequency of 1 kHz. The effect of the field on the sample
was monitored in situ through the measurement of voltage drop across it.
Resistivity measurements were made with a multimeter, by calculating it
based on the resistance, area of contact surface and thickness. The appli-
cation of an electric field of 212.1 Vmm−1 led to a drop in resistivity from
around 8 (0.5 wt%) to 4 (3 wt%) orders of magnitude. SEM pictures to these
specimens show, in accordance, the typical chaining phenomenon resulting
in columnar structures aligning in the direction of the applied electric field.
The increase in electric field intensity and MWCNT loading were reported
to decrease the insulator-to-conductor transition times. On the other hand,
and has expected, higher viscosities had the effect of increasing these times.
It can be noticed that the viscosity range tested was relatively high, with
values from 1×104 Pas onwards. This is likely to be the reason for such
the long durations obtained, when compared with [40]. In fact, the authors

3 ethylene-octene copolymer
4 Melt flow index
5 hyperbranched polyethylene
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suggest that the process of network formation might take hours to be com-
pleted: it is possible to see a great difference between samples treated for
20 min and 6 h, something that would not be expected following the work
in [40]. In addition, the fact that specimens annealed for 6 h present better
conductivity than the ones subjected to 212.1 Vmm−1 electric fields remains
unexplained.
Unfortunately, O. Osazuwa et al. did not focus on the aspects considered
fundamental on the previous work of A. Oliva-Avilés, namely the viscos-
ity of host polymer and frequency of the electrical field applied. Therefore,
some results diverge considerably. The former have also put some effort on
the attempt to model the complete process. However, rather than starting
from a force equilibrium perspective, such as done in [40, 44], they derived
several scaling relations and made order-of-magnitude calculations. For ex-
ample, in order to estimate the translational motion driven by nanotube at-
traction, they referred to an expression derived by Monti el al. [45], which
had actually been calculated based on measurements with single-walled car-
bon nanotubes in a DC electric field. Given the differences verified so far
in the behaviour of carbon nanotubes according to the type and characteris-
tics of the applied electric field, care should be taken with the conclusions
arising from the comparison of such relations with the experimental results.
Despite that fact, their theory for the assembly of nanotubes based on the
contributions of the electric field applied and the Brownian motion consti-
tutes an interesting approach to explain the dynamics of this phenomenon.

2.3 Concluding remarks on electric field
manipulation of nanoparticles in
composites

Through the examples hereby presented, it was shown that alignment of car-
bon nanotubes with electric fields under dielectrophoresis has successfully
worked for improvement of electrical properties of composites with this sort
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of nanoparticles. Table 2.1 presents relevant data from some of the work
done until now on the alignment of carbon nanotubes in composites, com-
paring different attempts in terms of the many parameters that play a role
in this phenomenon such as: CNT type, liquid medium, particle concentra-
tion, electrode material and spacing, electric field voltage and frequency, and
duration of exposure to the electric field. Several researchers have accom-
plished it by trying different strategies, and from these works some initial
conclusions can already be drawn:

• Under the influence of an electric field inside a viscous medium, car-
bon nanotubes undergo distinct effects:

– migration towards an electrode (electrophoresis)

– alignment in the direction of the field (dielectrophoresis-induced
torque)

– chaining with other nanotubes (due to Coulombic interactions)

• Due to the electric fields, the resistivity of CNT composites has been
reported to decrease up to 5 orders of magnitude, which is expected
to result from the formation of improved conductive networks

• As expected from the dielectrophoresis theory, the frequency of the
field plays a role - in [40] there was a clear improvement on the dy-
namics of the network forming for higher frequencies (for more than
1 kHz, the process was almost instantaneous)

• AC electric fields appear to be more indicated for the chaining effect -
DC fields lead to migration of the nanotubes to the electrodes, which
is something to be avoided if one is aiming at a uniform network

• Viscosity of the host matrix is crucial - only with enough mobility
will the CNTs be allowed to rotate and change their configuration
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These results not only demonstrate the potential of dielectrophoresis for
the manipulation of carbon nanotubes within a low viscosity polymeric
matrix, but also point out to the challenging complexity of the process.
Although some effects appear to be quite intuitively explained, such as the
viscosity of medium (inversely proportional to the mobility of the particles)
and the electric field strength (dielectrophoretic force is proportional to
the force square), others appear to be highly system dependent, given the
disparity of results. Clear insight into the dependency of this process on
the electric field frequency, as well as its limitations in terms of range of
particle concentration where it can be applied (e.g. effectiveness below and
above percolation) are questions which remain to be addressed. Moreover,
no mention has been found about the effect of the electrode material used
for applying the field.
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Table 2.1: Overview of previous studies on electric field manipulation of CNTs and experimental conditions

Source Nanoparticles Medium Concentration[
wt%

] Sample Electrode
material

Spacing[
mm
] Strength[

VRMSmm−1] Frequency[
Hz
] Time[

min
] Resistivity

decrease
Comments

Bubkte et al.
1997 [35]

Low purity
CNT

Ethanol -
No sample
produced

Aluminium -
25-225 (AC),

250 (DC)
300 and 1×104 0.0125-0.5 -

Anisotropy of dispersion
observed w/ TEM

Chen et al.
2001 [30]

SWCNT Ethanol -
No sample
produced

Gold on Si/SiO2
substrate

0.025 85-141 5×103 to 5×106 15 -
Alignment observed

w/ SEM

Krupke et al.
2003 [31]

SWCNT
Deuterium

oxide
10 mgL−1 No sample

produced
Gold on p-type
silicon substrate

- 3.5 1×106 10 -
Alignment observed

w/ Raman
spectroscopy

Chung et al.
2004 [46]

MWCNT, d=22 nm,
l=7 µm

Ethanol -
No sample
produced

Aluminium on Si/SiO2
substrate

0.004
0-1590 (AC)
0-2500 (DC)

5×106 - -
Alignment observed

w/ SEM

Kumar et al.
2004 [32]

SWCNT, d=10-15 nm,
l=3-5µm

DMF
2.1×10−8 to

1.3×10−5
No sample
produced

Titanium/gold (40:160 nm)
on gallium arsenide

and Si/SiO2

0.002-0.004
0-1590 (AC),
0-2500 (DC)

10 to 1×106 3 -
Alignment observed

w/ SEM

Li et al.
2005 [33]

SWCNT Isopropanol 2.5×10−6 No sample
produced

Titanium/gold (20:40 nm)
on Si/SiO2

0.001-0.004 530-2120 1×106 0.5-6.7 -
Alignment observed

w/ AFM

Martin et al.
2005 [26]

MWCNT, d=50 nm,
l=43 µm

Epoxy 0.005-0.02 30×1×1 mm Copper 1 5-20 (AC,DC) 1×103 240
Up to 5 orders

magnitude

Bulk samples
produced by dipping

in epoxy solution

Chen et al.
2005 [34]

SWCNT, 500 nm to
2 µm long

DMF -
No sample
produced

Gold 0.005 88 5×106 20 -
Interconnection of
CNT observed w/

SEM

Park et al.
2006 [36]

SWCNT, l=3 µm
UDMA:HDDMAa

(photo curable)
0.03

1×2.3×1 mm
(casting in

microcuvet)

- 2.3 1.5-38 1×10−3 to 1×105 1-60
Up to 6 orders

magnitude

Alignment observed
w/ optical microscope

and SEM

a Urethane dimethacrylate (UDMA) and 1,6-hexanediol dimethacrylate (HDDMA) b Ethylene-octene copolymer c Polyvinylidene difluoride d Highly ordered pyrolytic graphite e Highly structured carbon black
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Continuation of Table 2.1

Source Nanoparticles Medium Concentration[
wt%

] Sample Electrode
material

Spacing[
mm
] Strength[

VRMSmm−1] Frequency[
Hz
] Time[

min
] Resistivity

decrease
Comments

Zhu et al.
2009 [37]

MWCNT, d=20 nm,
l=10 µm

Epoxy
(photo curable)

0.1-0.5
50×25mm

section
Copper 25 28 2×103 10 per layer

(5 layers)
Up to 4 orders

magnitude

Layer-by-layer
UV curing

Alignment observed
w/ optical microscope

Sarker et al.
2011 [47]

SWCNT, d=1.7 nm,
l=1.5 µm

Water -
No sample
produced

Chromium:Paladium
(3:27 nm) on Si/SiO2

>0.025 70 3×105 0.5 -
Alignment of CNT
array for organic

field effect transistor

Sun et al.
2011 [48]

MWCNT, d=7-15 nm,
l=0.5-200 µm

Epoxy 0.05
150×150×0.4 mm

film
Tungsten wire 10 177 4×103 10

Up to 3 orders
magnitude

Interdigitated wire
electrodes for in-plane

aligned CNT

Felisberto et al.
2012 [49]

MWCNT Epoxy 0.06-0.5
30 mm diameter,
3 mm thick disks

- 3 83 50 3333
Up to 5 orders

magnitude
Alignment observed

w/ optical microscope

Oliva-Avilés et al.
2012 [40]

MWCNT, d=4-13 nm,
l=1-4 µm

Water, DPSF 0.1-0.5
30×30×25 mm

(liquid)
15×9 mm (film)

Aluminium 30
1.6-13 (AC),
1.6-6.7 (DC)

10 to 1×105 3 -

Solid films produced
by solution casting

Anisotropic properties
measured

Romyen et al.
2012 [50]

SWCNT, d=1-2 nm,
l=5-30 µm

Polyimide 0.5 Film Glass 1
15-60 (DC) + 2 T

magnetic field
DC 7 -

Electric + magnetic field
Orientation verified w/
Raman spectroscopy

Monti et al.
2012 [45]

SWCNT, d=0.9-1.7 nm,
l=890 nm

Epoxy 0.025 - - 1 800 (DC) DC 12 -
Extensive modelling

but only for DC
case

Osazuwa et al.
2014 [42]

MWCNT, d=30 nm,
l=1-5 µm

EOCb 0.1-3
60 mm diameter,
0.6 mm thick film

- 0.5 35-424 1×103 0-360
Up to 8 orders

magnitude
Melt compounding
and film pressing

a Urethane dimethacrylate (UDMA) and 1,6-hexanediol dimethacrylate (HDDMA) b Ethylene-octene copolymer c Polyvinylidene difluoride d Highly ordered pyrolytic graphite e Highly structured carbon black
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Continuation of Table 2.1

Source Nanoparticles Medium Concentration[
wt%

] Sample Electrode
material

Spacing[
mm
] Strength[

VRMSmm−1] Frequency[
Hz
] Time[

min
] Resistivity

decrease
Comments

Wu et al.
2015 [51]

GNP, d=25 µm,
t=6-8 nm

Epoxy 0.27-1.08 vol% -
Aluminium and carbon

fibre composite
2 25 1×104 0-60

Up to 3 orders
magnitude

Fracture toughness
improvement

Remillard et al.
2016 [52]

MWCNT, d=29 nm,
l=2.2 µm

Water 0.002-0.01
Coating on

PVDFc Titanium 5 0-22 3×105 5 -
Combination w/
vacuum filtration

for membrane coating

Nguyen et al.
2016 [53]

HOPGd

2×4×7 µm
Water

Measurement of
individual particles

No sample
produced

Copper wires 0.150
20 (AC) + 240 mT

magnetic field
1 to 70×106 15 -

Measurement of
rotational Brownian motion

of individual particles

Knite et al.
2017 [54]

HSCBe

d=30 nm
Silicon oil

3 viscosities
0.0125-0.8 20×20×10 mm - 20 10 DC 10

Up to 3 orders
magnitude

Investigation of
viscosity effect

a Urethane dimethacrylate (UDMA) and 1,6-hexanediol dimethacrylate (HDDMA) b Ethylene-octene copolymer c Polyvinylidene difluoride d Highly ordered pyrolytic graphite e Highly structured carbon black

37



3 Experimental Methodology

3.1 Materials

3.1.1 Carbon nanotubes

For this investigation, SWCNTs were chosen given their high aspect ratio
(in comparison with MWCNT) which allows for significant changes in the
electric properties of a composite at very low concentrations (already at only
0.001 wt%). Commercial pristine SWCNTs TUBALL in powder form pro-
vided by Ocsial were used as received. Figure 3.1 shows two SEM images
of these SWCNT and table 3.1 presents their properties.

(a) (b)

Figure 3.1: SEM images of SWCNTs in powder form as received
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3.1 Materials

Table 3.1: Properties of SWCNTs used in this work [55]

Carbon content
[
wt%

]
> 85

CNT content
[
wt%

]
≥ 75

Number of walls 1

Mean diameter
[
nm
]

1.6 ± 0.4

Length
[
µm
]

> 5

Metal impurities
[
wt%

]
< 15

3.1.2 Graphene nano-platelets

Graphene nano-platelets (GNP) were also used for experiments with electric
fields. A research grade (TL-E1-B, properties in table 3.2) was provided
from company Avanzare (Spain), partner of TheLink consortium1.

3.1.3 Epoxy resin

Epoxy resin Epikote MGS RIMR426 and curing agent Epikure RIHMH433
were obtained from Lange-Ritter GmbH (properties in table 3.3). This
epoxy system is normally used in industry for injection in processes for
glass, carbon or aramid fibre composites and has been chosen for its low
viscosity, to allow for mobility of the nanoparticles. The amine curing agent
was selected among the available ones for its relatively fast curing time.

3.1.4 Surfactant

A non-ionic surfactant, TritonX-100 (C14H22O(C2H4O)n) was added
to SWCNT/composites for investigating its effect on the final electrical
properties of samples produced.

1 This project (TheLink, www.thelink-project.eu) has received funding from the European
Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-
Curie Grant Agreement no. 642890.
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Table 3.2: Properties of GNPs used in this work (info provided by Avanzare)

Production oxidation, exfoliation, reduction

Lateral size
[
µm
]

40

Thickness
[
nm
]

> 2

Layers 5 to 6

Oxygen content
[
%
]

1

BET2surface
[
m2 g−1] 280-350

Table 3.3: Properties of epoxy resin used in this work [56]

Specification Resin RIMR426 Curing agent RIMH433

Density3[gcm−1] 1.14-1.18 0.930-0.965

Viscosity3 [mPas
]

500-900 5-40

Epoxy equivalent weight3[
g/equivalent

] 158-172 -

Refractive index3 [-] 1.5530-1.5560 1.4830-1.4860

Amine value3 [mg KOH/g
]

- 750-800

Pot life3 [min
]

25-55

Tg midpoint
[
°C
]

≥80

Mixing ratio 100 : 26±2 (weight)
100 : 32±2 (volume)

3 Brunauer-Emmett-Teller (BET) surface area analysis provides a specific surface area evalu-
ation by nitrogen multilayer adsorption measured as a function of relative pressure using an
automated analyser

3 Measured at 25 °C
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3.2 Processing of CNT dispersions

3.1.5 Mould release agent

To prevent the attachment of epoxy samples to the electrodes in the mould,
3 distinct materials were used as interface between the electrodes and the
nanocomposites:

1. mould release agent 1 (MR1) - mechanical grease (calcium sulfonate
Ceran XM 220, Total)

2. mould release agent 2 (MR2) - mechanical grease with carbon black
(CB) (Printex CB80)

3. mould release agent 3 (MR3) - silver paint (RS Components)

3.2 Processing of CNT dispersions

The experimental procedure for production of bulk epoxy nanocomposites
was done in the following steps:

1. Dispersion of nanoparticles in the liquid resin (with three roll mill)

2. Addition of the curing agent in the correct stoichiometric amount
(manually)

3. Feeding the mould, setting the electric field and the curing tempera-
ture

4. After reaction completion, removal of the field and retrieval of the
samples

Given the initial agglomerate state of the CNTs in powder form [16, 19, 27],
the first mixing step is absolutely crucial to guarantee that the CNTs are
sufficiently dispersed in the resin and ensure reproducibility of results. This
was the motivation to use a three roll mill (Exakt 80E, Germany). Compar-
ing to other dispersion techniques (such as ultrasonication or ball milling),
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3 Experimental Methodology

it provides more process control in the mixing, which constitutes a great
advantage in what comes to reproducibility in sample production. This is
achieved by fine tuning of the rotation speed of the rolls together with the
gaps between them. Moreover, it is a scalable production method because
the mixing energy does not depend on the amount of material, in contrast
with other dispersion technologies like ultrasonication, for example, and so
it is more relevant for industrial applications.

3.2.1 Three roll mill

A three-roll mill (rolls of 80 mm diameter and 200 mm length made of
chemically neutral silicon carbide) throughput capacity of 20-20000 cmh−1

and a minimum gap between rolls of 5 µm, was used to disperse nanoparti-
cles in the epoxy resin. As depicted in figure 3.2, the mill is composed of
three rolls coupled together to operate at distinct velocities: the set speed is
given for the apron roll, while the centre and feed rolls follow with 3 and 9
times slower, respectively. The suspension is fed on the feed roll, that forces
it to pass through the first gap while undergoing shear forces generated by
the rotation at different speed of the centre roll. The suspension then goes
through a second smaller gap (usually set to be three times smaller than the
first gap) and is finally collected by a sharp blade in contact with the apron
roll, ending a cyclic process hereby called pass. For this study, the speed of
the apron roll was set to 180 rpm (argued to be more suitable to preserve a
longer aspect ratio of the CNTs in [21, 22]). The number of mixing passes
and influence of the gap distances between the rolls on the electrical resis-
tivity of different dispersions was investigated and is presented in section
4.1. The goal was to obtain the lowest electrical resistivity (indicator of op-
timised dispersion) and, as important, a stable and reproducible electrical
response of the samples produced. Only so it is possible to take conclusions
from the electric field experiments performed later on with the composite
resin.
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Gap 1 Gap 2

Initial nanoparticle/epoxy
suspension

Agglomerate rupture

Dispersed nanoparticle/epoxy 
solution

Feed roll Centre roll Apron roll

Figure 3.2: Dispersion of the nanoparticles in the three-roll mill - nanoparticle/epoxy suspen-
sion is poured between the feed and center rolls (gap 1), passes through the two
adjustable gaps and is collected on the apron roll

3.3 Experimental procedure and set-ups

3.3.1 Optimisation of dispersion

For understanding and improving the dispersion of nanoparticles in view
of electrical properties, the influence of gap configuration between the rolls
and number of passes was investigated. Therefore, epoxy/nanoparticle dis-
persions were used to produce bar-shaped samples (5× 2× 40 mm) in a
silicone mould (mould A). For each experimental configuration, the elec-
trical resistivity of 6 samples was measured using the four-point method
(described in section 3.5.1). The results of this investigation are presented
in chapter 4.1.
The presence of air voids was tested by comparing samples made from the
same suspension treated in two different ways after the curing agent hand-
mixing:

• resting for 10 min and then curing in the oven at 80 °C

• degassing under vacuum for 10 min and then curing in the oven at
80 °C

No visible air holes nor differences in resistance measurements were ob-
served, so that a careful slow mixing of curing agent and suspension was
taken as a standard procedure while the degassing step was left out.
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3 Experimental Methodology

As for the experimental set-ups for the application of electric fields on the
CNT dispersions, two types were developed:

• Mould B - for curing of two vertical plates (22.5× 12× 1.65 mm)
(figure 3.3)

• Mould C - Resin transfer moulding arrangement for curing of multiple
plates (3.4)

3.3.2 Mould B - Silicone moulds for electric field
application during curing of epoxy nanocomposites

A silicone mould containing an aluminium heating block between two sam-
ple gaps (figure 3.3) was used for the application of electric fields to com-
posites during curing. Two specimens (22.5× 12× 1.65 mm) were simul-
taneously produced under the same curing conditions but only one of them
was under the influence of the electric field by connecting the electrodes to
the voltage source (the other was used as a reference, i.e. without electric
field). Gold-coated copper plates with dimensions 24× 14× 1.5 mm were
used as electrodes for field application. The electrodes were covered with
silver paint as an electrically conductive mould release agent, i.e. to be able
to recover the samples after the reaction.
The following procedure was executed for each experiment: ca. 2 g of epoxy
resin filled with SWCNTs (previously dispersed in the three-roll mill) were
hand-mixed with the curing agent in the weight ratio 100:26, and fed into
the two spaces between the electrodes (figure 3.3) with a volumetric pipette.
The electrode of the test sample was then connected to the voltage supply.
The desired electric field parameters were set (strength and frequency) and,
as soon as the power supply was on, the temperature was set on the heating
block (around 1 min to reach in the case of 80 °C). After approximately 1 h,
the voltage was shut down and, as soon as the samples had cooled down to
room temperature, the electrical resistance of both (test and reference) was
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3.3 Experimental procedure and set-ups

measured by attaching a multimeter to the two respective electrode pairs (ex

situ measurement, explained in section 3.5.1).
Using this set-up, the following effects were investigated on SWCNT/epoxy
composites: electric field strength and frequency, curing temperature, and
SWCNT concentration. Results are presented in section 4.2.

3.3.3 Mould C - Resin Transfer Moulding with electric field

A set-up for simultaneous production of multiple disk samples was devel-
oped inspired on resin transfer moulding, depicted in figure 3.4.
A silicone form for six disk samples of 20 mm diameter and 1.5 mm thick-
ness (3 in fig. 3.4) was placed between two gold-coated electrodes (2 in fig.
3.4). Together with another layer of silicone (4 in fig. 3.4), which served as
sealing, the four layers were placed between two steel plates (1 in fig. 3.4).
The outer plates were fitted with four nuts screwed together and used for
clamping the structure. The inner arrangement was additionally fixed with
3 guiding pins, in order to prevent slipping or warping of the silicone form
and thus avoiding the clogging of the narrow flowing channels between the
disk moulds.

b)a)
SWCNT/epoxy

suspension Curing agent

Heating 
Block

+ -

Electrodes

12 mm

1.65 mm

1.75 mm

30 mm

mheating block >> msample

Figure 3.3: For sample production: a) the SWCNT/epoxy suspension was mixed with the
curing agent and then fed into the two sample forms, b) silicone mould (B) used
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Figure 3.4: Mould C - RTM set-up for application of electric fields during resin curing

After mounting the system together, two hose couplings (5 in fig. 3.4) were
screwed on the top plate, each then connecting a feeding tube (6 in fig. 3.4)
fastened with a tightening nut (7 in fig. 3.4). One of the hoses was closed
with a clamp, the other one connected to a syringe with double sealing ring.
With the syringe a negative pressure is generated in the mould. Particular
attention had to be paid to the torque with which the nuts of the steel plates
were tightened. If they were too tight, it was possible that the negative pres-
sure generated by the syringe was not present in the entire mould cavity, i.e.
that some of the flowing channels got closed by a dislocation of the silicone.
On the other hand, if they were too loose, the cavity was not airtight, which
could lead to leakage.
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3.4 Electric field

Subsequently, the epoxy dispersion was mixed with the curing agent and,
in order to avoid air bubbles in the samples, degassed under vacuum in a
desiccator. The composition was then filled into a second syringe, connected
to the feeding tube and fed to the cavity until it emerged from the other tube.
The electrodes were connected to the voltage source through a temperature
resistant silicone coated cable. Finally, the complete mould was placed on
top of an aluminium heating plate set to the desired curing temperature.
In order to be able to remove the samples from the electrodes, mould release
agent had to be used. Standard mould release agent is either silicone or
polytetrafluoroethylene (PTFE) based and so electrically non conductive.
For this reason, experiments were performed with conductive silver paint,
mechanical grease and carbon black filled grease.

3.4 Electric field

To generate the electric field, a voltage of up to 60 Vpp and frequency of up
to 10 MHz was applied. A DC offset of 1 Vpp was used for in situ resis-
tance measurements, as illustrated in figure 3.5. For each experiment, the
wave (input) signal was defined in the function generator (Agilent 33250A)
by setting the desired voltage and frequency, which was then connected to
the high frequency power amplifier (Tabor 9260). This amplifier is able to
increase the voltage signal by either a factor of 10 (up to 36 Vpp in normal
mode or a factor of 20 in differential mode), with a current of up to 1 A.
One commonly used definition for AC time varying sinusoidal voltages is
the root mean square (RMS), also denoted by effective value for the fact that
it can be used for comparison with an equivalent DC circuit which would
generate the same electrical power (fig. 3.5a). For the peak voltage of Vpeak,
one can easily calculate VRMS through: VRMS =

Vpeak√
2

= 0.707×Vpeak. In
case there is a superposition of an AC voltage with a DC offset, the total
RMS voltage is computed with VRMS =

√
V 2

AC +V 2
DC [57].
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3 Experimental Methodology

The in situ DC voltage and current were tracked with two Metrix MTX
3283B Multimeters (V and A in fig. 3.5a, resp.). In addition to the electrical
settings, also the distance between the electrodes plays a crucial role in the
experiments since it defines the electric field strength according to E = VRMS

d ,
where VRMS is voltage and d distance. For an average sample thickness
of 1.65 mmand a voltage of 10.7 VRMS, the effective electric field over the
samples is 6.5 VRMS/mm.
With mould C, the amplifier was used in differential mode and so a voltage
of 21.2 VRMS was applied to samples of an average thickness of 1.5 mm.
This equates an effective electric field of 14.1 VRMS/mm. To prevent un-
desired high frequency-related inductive effects, frequencies above 10 MHz
were not tested.

a) b)

 10.7 VRMS

 1 V   offsetDC

 16 Vpeak

 -14 Vpeak

Function 
generator

Multimeters Device 
Under Test 

Power amplifier 

V DUT OP

A

Figure 3.5: Schematic of: a) the electrical setup, and b) the respective AC signal used for the
experiments: a DC offset of 1 V was added to the 30 Vpp sinus, allowing measure-
ment of the resistance improvement in situ

48



3.5 Characterisation

3.5 Characterisation

3.5.1 Measurement of electrical properties

Four-point method

The four-point method (also known as Kelvin sensing) is an electrical
impedance measuring technique that uses two separate pairs of electrodes:
the outer ones supply current and the inner measure voltage, as shown in
figure 3.6. The method works on the simple principle of the Ohm law: if a
determined quantity of flowing current is assured and the voltage is sensed
using a different high impedance voltmeter it is possible to calculate the
electrical resistance. This allows to make more accurate measurements than
the simpler two-terminal sensing: separation of current and voltage pins
eliminates contact resistance from the measurement, which is an advantage
for measuring low resistance values.
A comparison of resistance values measured with the four-point method for
a fixed sample geometry gives insights into the relation between material,
process parameters and electrical properties. However, to calculate the ac-
tual resistivity of the processed material and to compare results with other
shaped samples, geometrical correction factors have to be taken in consid-
eration. This is discussed in annex A.1.

Figure 3.6: Schematic of four-point method for resistance measurements [58]
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Through-plane resistivity of samples cured under electric fields

The effect of electric fields on the electrical properties of epoxy nanocom-
posites was investigated by measuring their electrical resistance with two
different techniques:

1. with a multimeter after the curing process (ex situ)

2. by tracking the direct current (DC) flowing through the specimen dur-
ing the application of the electric field (in situ)

In situ resistance measurements were performed to investigate the dynamics
of particle interconnection and network formation during the curing process.
A suitable approach to follow the DC resistivity was to add an offset of
1 VDC to the AC voltage applied and measure the respective current (DC)
with a multimeter connected in series (A in figure 3.5a). An extra multimeter
connected in parallel (V in figure 3.5b) recorded the DC voltage offset. Both
multimeters are able to filter out the AC voltage and current when measuring
in DC mode. Adding 1 VDC to the AC signal (fig. 3.5b) only changes the
total RMS voltage by 1% (in this example from 10.6 VRMS to 10.7 VRMS,
which is a negligible difference. These measurements resulted in a time
vector of DC voltage (1 V) and DC current. DC resistivity was computed
using Ohm’s law U = R× I, along with the relation for volume resistivity
ρ = R× A

d , where U is voltage, R resistance, I current, ρ volume resistivity,
A the area and d the sample thickness, respectively.
The measured electrical current was in different ranges according to the
SWCNT concentration: 0 to 700 nA (for 0.001 wt%); 20 nA to 6 µA
(0.005 wt%); 30 µA to 3 mA (0.01 wt%) and 7 mA to 180 mA (0.1 wt%).
This method for in situ measurement of electrical resistivity while applying
an electric field to the samples was validated using electrical resistances.
The results are displayed in annex A.2. Additionally, the effect of using a
DC offset on the final resistivity of samples cured under AC electric fields
was also evaluated (annex A.3).
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3.5 Characterisation

3.5.2 Rheological characterisation

The rheological properties of epoxy and SWCNT/epoxy suspensions, as
well as of the reacting system mixed with curing agent, were investigated
at 20 °C (RT), 80 °C and 100 °C using an Anton Paar MCR 501 rheometer.
The complex viscosity was measured in a 25 mm diameter cell by operating
the rheometer in oscillatory shear mode with parallel plate configuration.

3.5.3 Scanning electron microscopy

Composite specimens were investigated using a Carl Zeiss Supra 55-VP
SEM equipped with an in-lens detector and operating at 3 kV. Before the
measurements, samples were gold-sputtered for 10 s using a Cressington
208HR high-resolution sputter coater.

3.5.4 Further characterisation techniques

Apart from the aforementioned methods used to investigate the morphology
of the CNT networks in the composite samples, also the following tech-
niques were employed:

• Raman spectroscopy - in collaboration with Sandy Fisher at Imperial
College London (part of TheLink network)

• Optical coherence tomography - in collaboration with Denis Ganin at
the Karlsruhe Institute of Technology (part of TheLink network)

• Atomic force spectroscopy - with Hubert Weyrauch at the department
for Applied Electrochemistry at Fraunhofer ICT

• X-ray micro computer tomography - with Hartmut Kröber at the de-
partment for Energetic Materials at Fraunhofer ICT

However, no relevant information about the morphology of the nanoparticle
networks (eventual alignment) could be obtained from these experiments.
The difficulties encountered were mainly due to the following factors:
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• Very low concentration of SWCNT - down to 0.01 wt%

• Very low dimensions of the SWCNTs used - diameter of 1.6 nm and
length of around 5 µm

• Molecular similarity between the particle and matrix (both carbon
based)
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4 Experimental Results and
Discussion

This chapter presents the results of experiments performed according to the
methodology described in chapter 3 together with a discussion of the ob-
served outcomes. Firstly, the dispersion results of SWCNT and GNP in
epoxy are presented (4.1). The effect of electric field on SWCNT/epoxy
dispersions during curing under different conditions is then discussed in
section 4.2. Section 4.3 contains the results of rheological measurements
of epoxy resins with different SWCNT concentrations and cured at different
temperatures for 0.01 wt%, following by a discussion on the morpholog-
ical characterisation of SWCNT/epoxy composites with SEM. Finally, in
section 4.4, some results of electric field experiments with GNP/epoxy are
presented.

4.1 Dispersion and electrical properties of
epoxy nanocomposites

Gap mode in three-roll mill

Two mixing modes were investigated in the three-roll mill:

• Constant gap - the suspension was passed 8 times with a fixed gap 1
of 15 µm (between the feed and centre rolls - refer to fig. 3.2) and a
gap 2 of 5 µm (between the centre and apron rolls).1

1 For simplicity, this gap configuration will be here designated as 15-5 and the following gap
configurations will be referred accordingly
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4 Experimental Results and Discussion

• Regressive gap - starting with a larger gap between rolls (60-20), and
then every two passes halving the distance until reaching the physical
limit used on constant gap mode, 15-5 µm.

The 8 total suspension pass gaps are resumed in table 4.1.
To avoid an excessive promotion of rupture mechanism that could damage
the aspect ratio of the nanoparticles [21], the speed of 180 rpm was always
set (on the apron roll).

4.1.1 Single-wall carbon nanotubes (SWCNTs)

Gap mode in three-roll mill

Resistivity measurements for the two gap modes investigated are plotted in
figure 4.1. While the difference in first passes is still not perceivable, it
reaches one order of magnitude after 8 passes. Using the regressive gap
mode seems to promote lower electrical resistivity of SWCNT/epoxy com-
posites for the same curing process parameters and without increasing the
particle concentration.
This is expected to result from the different agglomerate dispersion mech-
anisms [21]. The constant mode (gaps of 15-5 µm for all passes) imposes
high shear forces to the (big) initial CNT agglomerates, promoting their
rupture and, most likely, of the nanotubes. On the other hand, starting with
wider gaps in the regressive mode favours erosion of the agglomerates over
rupture, limiting the breakage of CNTs. A higher CNT aspect ratio for the
same concentration seems to help the formation of more efficient secondary

Table 4.1: Three-roll mix mixing modes investigated

Pass 1 2 3 4 5 6 7 8

Constant gap
[
µm
]

15-5 15-5 15-5 15-5 15-5 15-5 15-5 15-5

Regressive gap
[
µm
]

60-20 60-20 30-10 30-10 15-5 15-5 15-5 15-5
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Figure 4.1: Electrical resistivity of SWCNT/epoxy 0.1 wt% produced with two gap modes in
the three-roll mill (samples cured in mould A at 80 °C)

networks for electrons to flow across the bulk composite, by enhancing the
chances of contact between adjacent particles.

Percolation behaviour

Figure 4.2a shows the evolution of electrical resistivity of SWCNT/epoxy
composites above the concentration of 0.01 wt% along the dispersion pro-
cess in the three roll mill, i.e. for samples collected after each pass in the
machine (operated in 15-5 µm constant gap mode). Here it is noticeable that
the difference after each pass is more significant for the lowest concentra-
tions and becomes less relevant above 0.5 wt% (difference between the lines
for the same concentration). This is an indication of the importance of the
dispersion state closer to the percolation range, where the resistivity is very
sensitive to the dispersion quality. Above 1 wt%, the resistivity does not
decrease considerably. In particular, despite a difference of 50% in concen-
tration, SWCNT/epoxy 1 wt% and 1.5 wt% display very similar electrical
properties. Concentrations higher than 1.5 wt% were not investigated due to
difficulty of incorporation of curing agent in the SWCNT/epoxy resin, given
its high viscosity.
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Figure 4.2: Electrical resistivity of SWCNT/epoxy as a function of particle concentration for
(a) different dispersion states (cured at RT in mould B) and (b) 8 passes cured at
80 °C in mould B (all produced with gap mode in three-roll mill)

Additionally, figure 4.2b depicts the through-plane electrical resistivity of
SWCNT/epoxy nanocomposites at different concentrations produced in
mould B. For the lowest amount of SWCNTs, 0.001 wt%, the electrical
resistivity was too high to be measured by the multimeter in resistance
mode (limited to 50 MΩ) and hence the value presented corresponds to
the multimeter range limit. This means that the percolation concentration
lies between 0.001 wt% and 0.005 wt% for samples cured at 80 °C. The
same trend was found for specimens cured at room temperature, with
SWCNT/epoxy 0.005 wt% also being conductive.

Curing Temperature

The influence of curing temperature of SWCNT/epoxy composites on the
final electrical resistivity was investigated for samples collected after differ-
ent passes in the three-roll mill. Specimens of SWCNT/epoxy at a concen-
tration of 0.1 wt% (mixed in constant gap mode) and at 4 different passes
number were cured both at room temperature and in the oven at 80 °C. The
resistivity measurements are depicted in figure 4.3a.
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By increasing the curing temperature in the oven, the electrical resistivity of
the SWCNT/epoxy 0.1 wt% composites appears to decrease around 50%.
Moreover, the constant gap mode confirms the beginning of a plateau at 6
passes, after which no improvements come from additional mixing in the
three-roll mill. Further results and discussion on the effect of temperature
on the electrical resistivity of SWCNT/epoxy follows in section 4.2.2, for
experiments in the silicone mould for application of electric fields, and in
section 4.3.1, for rheological measurements.

Addition of surfactant

Three different combinations of surfactant/suspension were examined: no
surfactant, 0.1 wt% (same quantity of SWCNT) and 1 wt% of the suspension
(10 times the content of SWCNT).
The resistivity results in figure 4.3b show that both high and low concen-
tration of surfactant lead to less conductive material. A low concentration
(0.1 wt%) of surfactant rises the average sample resistance up to 215% of the
starting value. This suggests that the surfactant does not infiltrate CNT clus-
ters, helping their dispersion, but instead acts only on already dispersed bun-
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Figure 4.3: SWCNT/epoxy 0.1 wt%: (a) influence of curing temperature (mould A) and (b)
surfactant concentration (mould C 80 °C) on the electrical resistivity
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dles of nanotubes. One possible explanation could be the surfactant causing
repulsion and pushing away entangled bundles of nanotubes, limiting the
contact points that allow electrical current to flow [59]. At higher concen-
tration (1 wt%) the resistivity increment is smaller but still considerable.
This may be caused by the excess of surfactant forming aggregations and
interacting with the SWCNT network [59].

4.1.2 Graphene nanoplatelets GNPs

Gap mode in three-roll mill

Electrical resistivity measurements of GNP/epoxy samples after 2, 4, 6, and
8 passes are represented in figure 4.4a. Both gap modes demonstrated a lin-
ear decrease of the resistivity for each 2 additional passes. Regressive gap
mode produced a suspension that once cured has a lower electrical resistiv-
ity compared to the same suspension processed in constant gap mode; this
difference is more significant after 6 or 8 passes. This is likely caused by a
dispersion mechanism that preserved more efficiently the high aspect ratio
of the GNPs, similarly to what happened with the SWCNT/epoxy suspen-
sions. A higher particle aspect ratio is expected to promote an improved net-
work of graphene nanoplatelets during the curing process, leading to more
conductive paths for electrical current to flow.

Percolation behaviour

Figure 4.4b depicts the electrical resistivity of GNP/epoxy nanocomposites
at different concentrations. Samples were all produced in 8 passes in the
three-roll mill in regressive gap mode and cured overnight at room temper-
ature. The electrical resistivity of samples with 0.5 wt% GNPs was too high
to be measured (overflow), meaning that it reached values over 3×107 Ωcm
and thus was regarded as non-conductive. The percolation threshold for this
system was therefore estimated to be between 0.5 wt% and 0.75 wt%. Con-
centrations higher than 2 wt% were not investigated due to the impossibility
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Figure 4.4: Electrical resistivity of GNP/epoxy composites: (a) influence of gap mode in
three-roll mill dispersion for 1 wt% (mould A) and (b) dependancy on concentra-
tion for samples produced in regressive gap mode and cured in mould A at RT

of efficiently incorporating the curing agent in the GNP/epoxy resin because
of the viscosity.

Curing Temperature

The effect of processing temperature on the resistivity of GNP/epoxy 2 wt%
composites was explored by curing in the oven at the temperatures of 20, 80
and 100 °C. The results, measured with the four-point method, are presented
in figure 4.5a and confirm the tendencies also found for SWCNT/epoxy
composites: higher curing temperature leads to nanocomposites with de-
creased resistivity. On the other hand, this improvement seems to be similar
for both 80 °C and 100 °C.
Figure 4.5b shows the influence of curing temperature for GNP/epoxy
nanocomposites at the concentrations of 0.75 wt%, 1.5 wt% and 2 wt%.
Given the negligible difference between 80 °C and 100 °C (figure 4.5a),
only RT and 80 °C were further investigated.
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Figure 4.5: Electrical resistivity of GNP/epoxy composites (8 passes in regressive gap mode,
mould A): influence of curing temperature for (a) 2 wt% GNPs and (b) for differ-
ent concentrations

In general, samples cured in the oven at 80 °C showed a lower resistivity
than RT cured ones. A decrease of around one order of magnitude was
measured for the concentrations of 1.5 wt% and 2 wt%.
This behaviour is likely related to the viscosity development with temper-
ature, achieving the lowest values (and hence highest particle mobility) at
high temperatures. Further results and discussion on the effect of temper-
ature on the electrical resistivity of epoxy nanocomposites can be found in
sections 4.2.2 (SWCNT/epoxy) and 4.3.1 (rheological measurements).

4.2 Electric field application to SWCNT/epoxy
nanocomposites

Electric fields were applied to epoxy nanocomposites during curing accord-
ing to the methodology described in section 3.4.
For SWCNT/epoxy composites, the effects of varying the electric field
strength, frequency, curing temperature and SWCNT concentration were
studied and are presented in the next subsections.
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4.2 Electric field application to SWCNT/epoxy nanocomposites

4.2.1 Influence of electric field parameters

Electric field strength

Figure 4.6a showcases the impact of varying the electric field strength dur-
ing curing at 80 °C on the final electrical resistivity of SWCNT/epoxy com-
posites at 0.01 wt%, obtained by varying the applied voltage, at a frequency
of 10 MHz. A clear effect of the field strength on this electrical property is
verified from the comparison of the three steps. Reduced electrical resistiv-
ity of the solid nanocomposites was observed with increased field strength,
being understood in terms of the induced electrical force on the nanoparti-
cles (which is directly proportional to the square of field strength, see equa-
tion 5.2 in section 5.2).
These results (Fig. 4.6a) also suggest a decrease in scatter of resistivity val-
ues for higher field strength as the difference between maximum and mini-
mum values decreases notoriously (see error bars). This represents another
indication of the importance of this parameter for the formation of more
stable and effective CNT conductive networks within the polymer, thus im-
proving reproducibility of the results.
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Figure 4.6: Impact of electric field strength (@10 MHz) on the final electrical resistivity of
epoxy/SWCNTs 0.01 wt% solid composites cured at a set temperature of 80 °C
(mould B)
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It is important to notice that two processes are taking place simultaneously,
affecting the resistivity measurements. On one hand there is the crosslink-
ing reaction of the epoxy resin, whose dynamics might affect the nanotube
dispersion state and hence the electrical resistivity. On the other hand, there
is the electric field affecting the nanoparticle distribution. In addition, both
of these processes are coupled with the viscosity behaviour, which is tem-
perature dependent. In-situ curves provide valuable information about the
time dynamics of these processes happening during the experiments.
The respective in-situ evolution of the DC resistivity with time for the sam-
ples in figure 4.6a is represented fig. 4.6b (time plotted in logarithmic scale
in the horizontal axis). The first important remark is the agreement between
the final resistivity values and the ex situ measurements in Fig. 4.6a. It is
also possible to clearly distinguish 4 different stages for all the investigated
electric field strengths (see Fig. 4.6b) that the resistivity undergoes while
the resin is curing:

1. an initial gradual decrease in the first minute;

2. a pronounced drop until a minimum is reached around 10 min;

3. an additional increase lasting up to 10 min;

4. a final plateau corresponding to the final ex situ resistivity

This non-monotonic behaviour of resistivity (slight increase in phase 3) is
likely related to the final stage of the epoxy cross-linking process: the reduc-
tion in the concentration of unreacted amine and epoxy molecules (potential
charge carriers) decreases the ionic conductivity [26] and leads to shrinkage,
distorting the SWCNT network [26]. Interestingly, the time that resistivity
takes to stabilize around its final value decreases with the field strength. This
behaviour might be an indication of a faster epoxy-amine reaction comple-
tion for the case of 6.5 VRMS/mm, as opposed to a longer network consol-
idation for 4.3 VRMS/mm and 2.2 VRMS/mm, possibly induced by higher
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4.2 Electric field application to SWCNT/epoxy nanocomposites

electrical currents flowing through the sample and resulting electro-thermal
mechanisms such as Joule effect [60].

Electric field frequency

In a second stage, the electric field strength was fixed at 6.5 VRMS/mm (cor-
responding to 30 Vpp) and the frequency was varied to investigate its impact
on the through-plane electrical resistivity of the SWCNT/epoxy nanocom-
posites. Results are depicted in figure 4.7. While the DC field does not show
significant changes on the resistivity as compared with the reference case
(without electric field), a decrease in resistivity with increased frequency
is clearly observed, with a resistivity plateau starting after 50 kHz. A high
scatter of data for the reference samples cured without any electric field and
the DC ones was observed, in contrast with the stable measurements no-
ticed when AC electric field was used. This decreasing behaviour of the
scatter might additionally point to an improvement of the carbon nanotube
networks that are settled between the electrodes during the process.
Following the experiments depicted in 4.7, while DC fields did not lead
to much decrease in the electrical resistivity of the final composites, AC
electric fields promoted an improvement of up to one order of magnitude.
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Figure 4.7: Impact of electric field frequency (6.5 VRMS/mm) on the final electrical resistivity
of SWCNT/epoxy 0.01 wt% composites cured at 80 °C (mould B)
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Such enhanced networks could be interpreted, based on the illustration pre-
sented in figure 1.3, as follows: due to the electric field, polarisation of the
SWCNTs takes place, leading to interactions with the field and other nan-
otubes, according to the theory of dielectrophoresis. When these nanotubes
get close enough to the electrodes to allow the transfer of charges, they dis-
charge and adsorb onto them. Then, the tips of the nanotubes connected to
the electrodes become sources of high field strengths, constituting points for
adsorption of more filler particles. The subsequent addition of more carbon
nanotubes ultimately leads to a network structure extending from one elec-
trode and reaching the other, providing conductive pathways throughout the
specimen.
When DC electric fields were applied, however, no significant decrease of
the electrical resistivity was observed (Fig. 4.7). This could be possibility
explained by migration of charged nanotubes towards the electrodes under
electrophoresis. Charging of the SWCNTs might be attributed to electro-
static interactions arising in the mixing process or due to the presence of
negative surface charges on the nanotubes in an epoxy matrix. This effect
was also observed in [26, 40], with nanotubes migrating towards the anode.
Further discussion on the effect of the electric field frequency can be found
in section 5.2.3, in the context of the results of dielectrophoresis simula-
tions based on this SWCNT/epoxy system. Additionally, the resistivity of
SWCNT/epoxy resin without curing agent was investigated at different field
frequencies (annex A.4).

4.2.2 Influence of curing temperature

To understand the role of epoxy curing dynamics on the formation of electri-
cally conductive networks, the curing temperature was varied by changing
the set temperature on the heating block in mould B. Samples were cured
at RT, 80 °C and 100 °C, with final resistivities presented in figure 4.8a, for
an electric field with 6.5 VRMS/mm and frequency 10 MHz. For the experi-
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4.2 Electric field application to SWCNT/epoxy nanocomposites

ments without application of electric field, increasing the curing temperature
from RT to 100 °C shows a remarkable decrease in resistivity, by almost an
order of magnitude, falling from more than 100 kΩcm to almost 20 kΩcm.
The resistivity was further reduced when cured in the presence of an AC
field, as described in figure 4.8a.
As depicted in figure 4.8b, the curing temperature also seems to strongly
influence the duration, the slope and resistivity interval of each of the 4
dynamic phases and, overall, there is good agreement between the four ex-
periments for each temperature setting. For this epoxy system, higher tem-
peratures favour states of lower viscosity (see section 4.3.1), which might
allow an improved mobility of the CNTs and hence more effective action of
the electric field on the induced assembly.
It is essential to realize that for reducing the electrical resistivity of the
SWCNT/epoxy composites two experimental instruments were applied: the
curing temperature and the electric field. As a matter of fact, Fig. 4.8a shows
that a decay in the resistivity of one order of magnitude was achieved solely
through increase of the curing temperature. An additional improvement of
the same magnitude is thereafter attained by exposing the SWCNT/epoxy to
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Figure 4.8: Impact of AC electric field (6.5 VRMS/mm @ 10 MHz) during curing at differ-
ent temperatures on the through-plane electrical resistivity of epoxy/SWCNTs
0.01 wt% nanocomposites (mould B)
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AC electric fields during curing. This reveals two independent phenomena
which, when combined, allow for a two order of magnitude decrease in elec-
trical resistivity for composites with the same concentration of conductive
nanoparticles.
One additional possibility has yet to be considered: the electric field result-
ing in resin heating. Indeed, a temperature difference of around 20 °C was
verified between the samples cured at RT with and without electric field (us-
ing a thermal camera). This means that samples cured at 80 °C under effect
of electric fields reach a temperature of around 100 °C. If the resistivity
decrease was related to temperature only, then samples cured at 80 °C un-
der effect of electric fields should have a similar resistivity value to samples
cured at 100 °C without electric fields. This is not the case, as it can be ob-
served in figure 4.8a. To further exclude the hypothesis that the resistivity
decay in the samples cured under electric field is related only to tempera-
ture, further samples were cured at 140 °C (please see annex B.1). If the
resistivity decrease was merely a temperature effect, then the resistivity of
both samples with and without field should be more similar for a temper-
ature high enough to prevail over the heating generated from the electric
field. However, samples cured under an electric field and curing temper-
ature of 140 °C also show a resistivity one order of magnitude lower than
those without field. This fact gives additional confidence that the decrease
of resistivity measured in this investigation comes from two independent
effects: electric field and temperature.

4.2.3 Influence of concentration

To evaluate the effect of nanotube concentration on the resistivity, samples
with CNT concentrations of 0.001 wt%, 0.005 wt%, 0.01 wt% and 0.1 wt%
were fabricated at 80 °C, with and without AC electric field application. Fig-
ure 4.9a shows that the electrical resistivity decreases with increased CNT
concentration. The effect of the electric field application becomes signifi-
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4.2 Electric field application to SWCNT/epoxy nanocomposites

cant at 0.01 wt% and above. No differences are noticed for the composite at
the lowest (0.005 wt%) concentration.
The in situ evolution of the DC resistivity with elapsed time for the sam-
ples produced with different concentrations is represented in figure 4.9b.
Despite the fact that no ex situ resistivity values could be obtained from
the composite samples with 0.001 wt%, in situ measurements are not only
able to provide additional information for this concentration, but also for the
pure epoxy resin. The evolution of resistivity with time is able to provide
valuable insight into the curing dynamics of the resin, showing a similar be-
haviour with four different phases. Furthermore, this indicates that the slight
increase in resistivity after the minimum - pointed out as phase 3 - must be
related to the crosslinking process, since it also happens for the pure resin.
In the case of pristine epoxy this is related to a reduction in concentration of
unreacted amine and epoxy molecules, potential charge carriers [26].
From these results it can be inferred that the possibility of decreasing the
electrical resistivity for this SWCNT/epoxy nanocomposite system is lim-
ited to CNT concentrations of 0.01 wt% and above. Moreover, this improve-
ment seems to be less effective for 0.1 wt%. This could be caused by the sig-
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Figure 4.9: Impact of AC electric field (6.5 VRMS/mm @ 10 MHz) during curing (at 80 °C)
of epoxy/SWCNTs with different concentrations on the through-plane electrical
resistivity (mould B)
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nificant increase in viscosity (see rheology measurements in section 4.3.1),
hindering the mobility of carbon nanotubes, or due to the fact that at this
concentration, well above percolation (between 0.001 wt% and 0.005 wt%),
there are already so many contacting points between the CNTs that the fi-
nal resistivity is not significantly altered by additional ones. This question
is further investigated with finite element simulations in sections 5.3.2 and
5.3.3.

4.2.4 Influence of interface electrode/nanocomposite

Following the previously described experiments, mainly performed in
mould B (fig. 3.3), dielectrophoresis experiments were further performed
in Mould C (fig. 3.4) with SWCNT/epoxy 0.01 wt% composites. The main
goal of this set-up was to produce multiple plate specimens simultaneously
and with a shape defined by the silicone mould, which is a scalable process.
In this case, Mould C was used to produce 6 disk samples (20 mm diameter
and 1.5 mm thickness). Furthermore, the influence of distinct mould release
agents was investigated (see 3.1.5).
Figure 4.10 shows the resistivity values measured between the electrodes
after the curing of SWCNT/epoxy 0.01 wt% at 100 °C, with and without
electric field (E=14.1 VRMS/mm). The measurement was done here before
opening the mould, so the values represent the total resistivity of the material
connecting the electrodes. In accordance to the experiments with Mould C,
one order of magnitude decrease in the resistivity was measured. However,
a clear difference was noticeable when different mould release agents were
used. With MR3 (silver paint), the most conductive one, both the resistivity
with and without electric field were two orders of magnitude lower than that
of MR1. MR2 (intermediate conductivity) appeared to be in between the
two and showed a smaller difference between field and no field. This likely
related to the contact resistance of the interface between the electrodes and
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Figure 4.10: Impact of mould release agent on plate resistivity measured at the electrodes (af-
ter cure) for SWCNT/epoxy 0.01 wt% composites cured under 14.1 VRMS/mm
@ 10 MHz at 100 °C in Mould C

the SWCNT/epoxy composite, which is presumably higher for MR1 and
MR2.
After specimen retrieval from the mould, cleaning and gold sputtering for
through-plane resistivity measurements, this property was evaluated for the
individual disk samples. Figure 4.11 displays the average resistivity of
individual samples corresponding to the experiments in figure 4.10. Not
only seems the difference between electric field and no field to be less pro-
nounced than in fig. 4.10, but also the resistivity values show the opposite
trend: MR3 leads to the highest average resistivity and MR1 to the lowest.
This behaviour can be explained by considering the properties of the indi-
vidual samples after curing under the electric field, depicted in figure 4.12.
In these graphs, the electrical resistivity of samples is plotted according to
their fixed position in the mould, numbered from 1 to 6. For samples pro-
duced without electric field 4.12a, the electrical resistivity of six samples
for each mould release agent does not vary considerably. However, when
an electric field is applied (4.12b), it is possible to observe that MR3 and
MR2 show a great disparity of results between the six samples. MR3, for
example, has specimen 4 with a resistivity of only 1.7 kΩcm, being the most
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Figure 4.11: Impact of mould release agent on average resistivity of SWCNT/epoxy 0.01 wt%
samples cured under 14.1 VRMS/mm @ 10 MHz at 100 °C in mould C

conductive sample produced. However, samples 1,2,5 and 6 are all above
10 kΩcm.
A possible explanation for the measurements of total resistivity in fig. 4.10
is the following phenomenon: given the very low contact resistance of silver
paint (MR3), more electrical current is able to flow between the electrodes.
Due to this current, the electric field propagates in the material across the
sample thickness as new conductive paths are generated in the material due
to CNT dielectrophoresis (see 5 for more on dielectrophoresis of CNTs).
However, as soon as one of the samples becomes more conductive (sample
4 of MR3 in fig. 4.12b), more and more current starts flowing only through
it, since it offers less resistivity, and less through the other samples (like
1, 2, 5 and 6 of MR3 in fig. 4.12b). This would explain the scatter in the
resistivity values of samples MR3 and MR2 (fig. 4.12b) and also the lower
complete resistivity presented in fig. 4.10.
These results highlight the importance of the contact interface (more specifi-
cally its resistivity) between the electrodes and the composite for influencing
the electrical resistivity of SWCNT nanocomposites with electric fields.
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Figure 4.12: Impact of mould release agent on resistivity of SWCNT/epoxy 0.01 wt% individ-
ual samples cured under 14.1 VRMS/mm @ 10 MHz at 100 °C in mould C

4.3 Characterisation of SWCNT/epoxy
composites

4.3.1 Rheology of SWCNT/epoxy dispersions

Figure 4.13 depicts the viscosity measurements of the epoxy and compos-
ite resin as a function of temperature. As expected, a strong dependency of
viscosity on temperature was found - for pure epoxy it decreased two orders
of magnitude, from around 1 Pas at 20 °C to 10 mPas at 100 °C. The addi-
tion of only 0.01 wt% SWCNTs leads to a slight increase of viscosity of the
composite resin, whereas for 0.1 wt% there is a remarkable difference (one
order of magnitude higher at 100 °C). Given the fact that viscosity of a fluid
provides an indication of its mobility and that of the particles immersed in it,
these results might explain the tendencies found when curing the materials
at different temperatures (figs. 4.8a and 4.8b). Higher temperatures lead to
a lower viscosity and hence increased mobility of the SWCNTs, promoting
reduced CNT-to-CNT separation distances and CNT chaining and therefore
lower resistivity. As such, the viscosity of the SWCNT/epoxy system (with
the curing agent) was evaluated. The complex viscosity (η∗) of the reacting
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system was investigated for the three different temperatures (20 °C, 80 °C
and 100 °C) by curing it on a rheometer in oscillatory shear mode at 1 Hz.
In figure 4.14, the modulus of the complex viscosity | η∗ | and the loss fac-
tor tanδ of the three curing processes are presented as a function of time.
The initial value of | η∗ | was found similar for 80 °C and 100 °C, while a
higher value was observed at 20 °C. In accordance with the in situ resistiv-
ity measurements depicted in fig. 4.8b, it was observed that the onset of the
reaction takes place before and its duration becomes shorter at higher tem-
peratures: at 100 °C (red curves), | η∗ | starts increasing and stabilizes faster
and so does the corresponding peak of tanδ (an indication of the energy
dissipation during the reaction).
These rheological data provide valuable insight for understanding the
behaviour of the electrical resistivity of SWCNT/epoxy composites when
cured at different temperatures. Indeed, accounting for the curing dynamics
and the onset of the reaction only, lower curing temperature would theoreti-
cally allow more time for the electric field to influence the CNTs and hence
promote lower electrical resistivity of the final composite. Nonetheless,
despite faster reaction times, higher curing temperatures have shown to
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Figure 4.13: Viscosity measurements of the pristine epoxy and SWCNT/epoxy composite
resin with temperature (without curing agent)
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Figure 4.14: Modulus of complex viscosity | η∗ | and loss factor tanδ of SWCNT/epoxy
0.01 wt% during curing reaction

promote lower electrical resistivity, as distinctly observed in the in situ

resistivity curves plotted in fig. 4.8b. This can be noticed also for the
difference between the samples cured at 80 °C and 100 °C. Even though
the reaction is faster at the higher temperature - tanδ peak takes place
around 4 min before (fig. 4.14) - i.e. the time window for the electric
field to act reduces from 9 min to 5 min (almost 50 %) - the final resistivity
values are still slightly lower for 100 °C (figs. 4.8a and 4.8b). One likely
explanation for this phenomenon is the decreasing viscosity with increased
temperature, as depicted in fig. 4.13, allowing for particle mobility and
therefore van der Waals and π−π interactions [40, 45, 44]. In general, low
viscosity systems promote more CNT-CNT connections due to the particle
interactions and enhanced CNT mobilities, rendering lower resistivities
and percolation thresholds on such systems [61]. Another possibility is the
temperature dependency of Brownian motion, which also plays a role in
particle dynamics [26, 45, 28, 29].
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4.3.2 Morphology characterisation

To evaluate the morphology of SWCNT networks in SWCNT/epoxy sam-
ples, specimens were both cryo-fractured and cut using a diamond blade
and investigated using SEM and atomic force microscopy. Unfortunately,
due to the very low filler content (0.01 wt%), it was very challenging to get
meaningful results. For SEM, it was found that samples had to be gold sput-
tered for exactly 10 s only: either without sputtering, or with longer than
10 s (20 s) it was impossible to visualize the SWCNTs. AFM investigations
of diamond cuts from the same samples did not allow for further inferences
on the nanostructure of SWCNTs.
Figure 4.15 shows the SWCNTs in their as-received powder form (a) and
a cryo-fractured surface of a SWCNT/epoxy 0.01 wt% specimen cured un-
der the effect of an AC field (b). Thin and long individual structures can
be clearly seen in fig. 4.15b, confirming the SWCNTs dispersion by the
three-roll mill technique and subsequent composite fabrication process. Ac-
cording to transmission electron microscope observations of the SWCNTs
from literature [62], it is generally expected that the individual structures
are actually strands (microcrystals) of SWCNTs with a thickness of around
20 nm as a consequence of the manufacturing process. As it is possible to
observe in 4.15, these strands display a wavy and flexible shape quite dis-
tinct from the ideal conception of rigid tubes at the macro scale.
Moreover, on the samples treated with an electric field, SWCNTs do not ap-
pear to present a defined preferential orientation along the field’s direction
(indicated on the top right-hand side corner), despite the clear decay in elec-
trical resistivity measured. This could be due to the nanotubes’ long aspect
ratio and curvy shape: due to the electric field, SWCNTs become polarized
and the local dipoles interact with each other. As soon as a nanotube finds
another one in its vicinity and a contact between them is established, the
interaction is ceased and their displacement stops before each of them has
the chance to adopt a clear oriented placement within the epoxy matrix.
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It should be noted that these images represent only a reduced two-
dimensional perspective of the bulk material and that the chance of getting
representative results in exactly the fracture surface is extremely low. Nev-
ertheless, one can presume to recognize some contacting points between
neighbouring particles (marked in red in 4.15b). An improvement on the
electrical conductivity of the final bulk material could be thereby explained
by changes in these CNT-to-CNT contacts. This hypothesis is investigated
in section 5.3 with a finite element model of CNTs for computation of their
electrical properties.

4.4 Electric field application to GNP/epoxy
nanocomposites

Figure 4.16 compares electrical resistivity values of GNP/epoxy nanocom-
posites at different concentrations produced with and without electric field
(7 VRMS/mm @ 1 MHz). For each of concentration, 4 disc-shaped samples
under electric field effect and 4 reference samples with no field applied were
cured in an oven at 80 °C.

E

a b

Figure 4.15: SEM images of a) the pristine SWCNT powder and b) cryo-fractured
SWCNT/epoxy 0.01 wt% specimen produced under effect of electric field (di-
rection indicated by red arrow) - red circles indicate possible bridging point
between adjacent SWCNTs
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Figure 4.16: Resistivity of GNP/epoxy nanocomposites under effect of electric field
(7 VRMS/mm @ 1 MHz) for different concentrations

The enhancement of through-plane electrical conductivity is present at all
concentrations, with a slightly lower effect for the highest load of GNPs
(2 wt%). Even if the resistivity decrease is lower than expected, when
considering the order of magnitude difference verified for SWCNT/epoxy
0.01 wt%, in the case of GNPs it appears to span over a broader range of
concentrations.
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5.1 Acknowledgements

This chapter presents some results of a collaborative effort with two scien-
tists which ultimately led to the submission of a joint article for the journal
Carbon.
Inspired by his work on dielectrophoresis of CNTs [63, 40, 44, 64], I con-
tacted Dr. Andrés Oliva-Avilés and told him about my ideas and plans to do
experiments with SWCNT/epoxy dispersions in electric fields. This was the
beginning of a very successful joint work and I am deeply grateful for all
his help, patience and advice. He used a dielectrophoresis model to simu-
late a system under similar conditions to my experiments at the Fraunhofer
ICT. Some of the work done by Dr. Andrés Oliva-Avilés published in [65]
is presented in section 5.2.
The second collaboration started within the European project TheLink,
which funded this research, with fellow researcher Miguel Matos. For his
PhD, he has used finite element analysis to simulate CNT networks and
compute macroscopic properties as electrical resistivity and its change
with mechanical deformation. Taking his simulation as a starting point,
we decided to investigate the theoretical implications of changing the
minimum contact distance between CNTs dispersed in an epoxy matrix
on the electrical resistivity of the bulk composites. This could help us
understanding the changes in resistivity observed in the experiments with
SWCNT/epoxy. Miguel’s ideas, hard work, and willingness to help were
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extremely valuable for this work and for that I am really thankful. Some of
the work of Miguel Matos published in [65] is presented in section 5.3.

5.2 Dielectrophoretic model of interacting
SWCNTs in a fluid

As introduced in section 2.1, applying an electric field to a non-charged par-
ticle in a liquid medium might lead to the generation of a dielectrophoretic
force, depending on the particle’s and medium’s dielectric and electric prop-
erties. If the particle has an aspect ratio, this force can cause rotation and
translation of the particle in the medium depending on the frictional resis-
tance between the two.
In section 4.2, several electric field and processing parameters have been in-
vestigated for the production of electrical conductive SWCNT/epoxy com-
posites. In an attempt to further understand the observed decrease of the
electrical resistivity of these materials due to the electric field, its influence
on the rotation and interconnection was studied by modelling the interaction
between two SWCNTs using classical mechanics and dielectrophoresis the-
ory. The main goal was to investigate the dependency on field strength and
frequency, and viscosity of the resin.

5.2.1 Theoretical considerations

To elucidate the role of the main experimental parameters involved in the
curing of SWCNT/epoxy composites under an electric field, an analytical
simplified approach based on classic mechanics and on the dielectrophoretic
theory was used [44, 64]. According to the theory of dielectrophoresis, when
an electric field is applied to a system of particles immersed in a fluid, the
charge distribution is rearranged at the interphase of the particle/medium
system due to their different dielectric properties (electrical conductivity and
permittivity) [28, 29]. Furthermore, the effective dipole moment approach
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[28, 29] considers that such a rearrangement of charge induces a dipole mo-
ment on the CNTs, which would interact with the electric field causing the
rotation (alignment) and translation of CNTs. As such, the model conceives
the CNTs as electrical dipoles, with positive and negative induced charges
at their opposite ends, see figure 5.1. The model considers two metallic
CNTs (CNT-1 and CNT-2) as straight and rigid prolate ellipsoids in an one-
dimensional framework, with centres of charge in coordinates x1 and x2 and
deviation angles of θ1 and θ2, being these the angles comprised between
the CNT axis and the direction of the electric field (E) (horizontal in fig.
5.1). It is important to mention that the assumption of CNTs as straight and
rigid is an idealization; CNTs are wavy and generally entangled. However,
such an assumption allows the development of a simplified model explor-
ing coupled rotational and translational motion which helps to understand
the CNT response under AC electric fields and therefore the formation of
interconnected conducting networks [44, 64]. The model also considers a
CNT/medium interphase layer (not illustrated in fig. 5.1) which captures
the effect of the electric field frequency ( f ) on the magnitude of the induced
dipole on the CNTs [44].
To evaluate the CNT rotation and translational motion, a set of coupled non-
linear differential equations based on Newton’s Second Law are considered
for each case. For the rotational motion, the governing motion equation for
each CNT is given by:

Figure 5.1: Schematic of the CNTs and illustration of variables of dielectrophoresis model
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I
d2θ

dt2 +TDEP +Tf r +Tcoup = 0 (5.1)

The first term in equation 5.1 is a rotational diffusion induced by the electric
field, a term that is commonly seen in fiber orientation models where the
rotation is hydrodynamically induced. I = m(a2+b2)

5 where m = dCNT ×V , is
the mass of CNTs, dCNT is the CNT density, V is the volume (V = 4

3 πab2),
and a and b are the major and minor CNT semi axes, respectively. The
second term in Eq. 5.1, TDEP, corresponds to the dielectrophoretic torque
exerted by the CNT due to the presence of an electric field and is given by
the expression:

TDEP =
1
4

V εmE2Re[α∗]sin2θ (5.2)

α
∗ =

(ε∗eq− ε∗m)
2

[ε∗m +(ε∗eq− ε∗m)L](ε∗eq + ε∗m)
(5.3)

ε
∗
eq = ε

∗
lay

[
ε∗CNT + δ

2a (ε
∗
CNT − ε∗lay)

ε∗lay +
δ

2a (ε
∗
CNT − ε∗lay)

]
(5.4)

ε
∗ = ε− j

σ

2π f
(5.5)

where E is the electric field magnitude, δ is the thickness of the interphase
layer, L =

[
ln
(

2a
b

)
− 1
]/

( a
b

)2 is the CNT longitudinal depolarisation fac-
tor [44, 29], ε is the permittivity, σ the electrical conductivity and subscripts
CNT , m and lay stand for carbon nanotube, surrounding medium and inter-
phase layer, respectively. From Eq. 5.3, it can be observed that α∗ depends
on the electric field frequency f , and the real part (Re) of α∗ impacts on the
magnitude of TDEP . For more detailed explanations and rationale regarding
the expression of TDEP, please refer to [44, 64]. In Eq. 5.1 Tf r refers to
the frictional (viscous) torque and Tcoup represents the torque exerted by the

80



5.2 Dielectrophoretic model of interacting SWCNTs in a fluid

CNT due to the presence of the other CNT. Expressions for Tf r and Tcoup

terms in Eq. 5.1 can be found in [64]. Initially, the CNTs were considered
misaligned in respect to the electric field, with initial angles set to 89◦ (in-
stead of 90◦) to avoid numerical issues during the computational solution
process due to the non-linearity of the equations. The initial angular ve-
locity was set to zero. The evolution of the rotational angles of the CNTs
is obtained by solving Eq. 5.1 numerically. Using a similar rationale, the
governing equation for the translational motion is given by,

m
d2x
dt2 +Ff r +Fcoup +Frep = 0 (5.6)

where, similarly to equation 5.1, the first term is a translational diffusion that
in common fibre reinforced composites is induced by the flow field itself.
Ff r and Fcoup refer to the frictional and coupling forces exerted by each
CNT, see [64]. Frep in Eq. 5.6 refers to a short-range repulsive force that
decays quickly with the CNT-to-CNT separation distance (β , see fig. 5.1),
which is incorporated in the model to prevent the CNT overlapping [64].
By numerically solving 5.6 the time evolution of the position of both CNTs’
centres of mass, and therefore β , can be computed. The initial positions
of CNTs were set in such a way that the horizontal distances between their
centres of mass (x2− x1 in fig. 5.1) was 7 µm, and their initial translational
velocity was zero. It is important to note that equations 5.1 and 5.6 are
coupled by the direct dependence of Tcoup on Fcoup terms [28].
Table 5.1 shows the fixed value parameters used in the model, selected based
on the experimental conditions used in this study and previous works [44,
64]. It should be noted that a CNT/epoxy curing under electric fields is
a complex system with several influencing factors Viscosity, electric field
magnitude and frequency were varied in the model using experimentally
used values, and the influence of such changes is evaluated in the model
predictions. The permittivity of the fluid (liquid epoxy) is assumed to be
11, which was measured with dielectric spectroscopy at RT. In general, the
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Table 5.1: Numerical parameters used for the simulations

Physical property Fixed value

CNT

Permittivity, εCNT
[
-
]

1×105 [64]

Electrical conductivity, σCNT
[
Sm−1] 1×104 [66]

Density, dCNT
[
kgm−3] 2000 (est. from [67])

Major semi-axis, a = LCNT /2
[
µm
]

2.5 [55]

Minor semi-axis, b = DCNT /2
[
nm
]

1 [55]

Aspect ratio
[
−
]

2777

Fluid
Permittivity, εm

[
-
]

11
[
exp, RT

]
Electrical conductivity, σm

[
Sm−1] 3×10−5 [exp

]
Viscosity, µ

[
mPas

]
30 and 1500

[
exp
]

CNT/fluid
interphase layer

Permittivity, εlay
[
-
]

1×104 [64]

Electrical conductivity, σlay
[
Sm−1] 1×10−4 [64]

Thickness, δ
[
nm
]

10 [64]

Electric field
Magnitude, E

[
Vmm−1] 2.1 and 6.5

[
exp
]

Frequency, f
[
Hz
]

50 and 1×106 [exp
]

permittivity of the resin depends on the temperature but is expected that
the moderate increase of the T (up to 100 °C) does not change significantly
such a value. Additionally, the very high difference between permittivity of
fluid and particle makes the slight changes on the fluid permittivity almost
negligible for the effective dielectrophoretic forces and torques [28, 64].

5.2.2 Results of dielectrophoresis modelling

The dependence of the polarisation factor α∗ on the electric field frequency
was first explored by means of Eq. 5.3 with the values from table 5.1 and
the results are presented in 5.2. It can be observed that Re[α∗] ≈ 265 is
computed for frequencies up to 100 Hz and then the magnitude increases
for higher frequencies, reaching a plateau value of Re[α∗] ≈ 2300 at ap-
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5.2 Dielectrophoretic model of interacting SWCNTs in a fluid

proximately f = 10 kHz. According to the dielectrophoresis model, a higher
polarisation factor indicates higher magnitudes for the electric field-induced
torques and forces exerted by the CNT, which would impact in more accel-
erated dynamics [44, 64]. This trend has also been validated by experiments,
where authors reported faster and better-aligned structures when the electric
field is increased [32, 68, 69].
From the solution of Eqs. 5.2 and 5.6, the temporal evolution of the CNTs
angle (θ , black lines) and the CNT-to-CNT separation distance (β , red lines)
is presented in fig. 5.3 for cases where the frequency, electric field and vis-
cosity were varied (as in the experiments), in order to explore their influence
on the CNTs motion. For all cases, the CNT alignment (i.e. whenθ ≈ 0) is
the first event to be completed and then the CNTs horizontally translate un-
til reaching contact (i.e. when β ≈ 0). For both frequencies, β experiences
a sudden decrease (see red lines) which is related to the CNT rotation, i.e.
β is lowered as the CNTs rotate towards the alignment condition (see fig.
5.3). Once alignment of the CNTs is reached, it can be observed that the
translational motion follows a slower rate, experiencing a sudden decrease
towards the chained condition (β ≈ 0) once the CNTs are close enough.

1 1 0 1 0 0 1 k 1 0 k 1 0 0 k 1 M0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

Re
[α*

]

f  ( H z )

S W C N T / e p o x y
l i q u i d  s y s t e m

Figure 5.2: Real part of the polarisation factor α∗ (see Eq. 5.3) as a function of electric field
frequency for a SWCNT immersed in liquid epoxy
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Fig. 5.3a shows that faster CNT alignment occurs when the frequency is
increased from 50 Hz (black dashed line) to 1 MHz (black solid line). A
similar trend is also appreciated for the elapsed time for the CNT-to-CNT
chaining (red lines), with shorter elapsed times of chaining when the fre-
quency is increased. As expected from the behaviour of the polarisation
factor in fig. 5.2, the dynamic of rotation and translation is accelerated due
to the increased dielectrophoresis-induced torques and forces.

(a) Frequency (b) Field strength

(c) Viscosity

Figure 5.3: Rotational angle (left vertical axis) and CNT-to-CNT separation distance (β , right
vertical axis) as a function of time for a SWCNT/epoxy system. a) Influence of
electric field frequency, b) electric field magnitude, and c) medium
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A similar trend regarding the influence of the electric field magnitude (fig.
5.3b) and medium viscosity (fig. 5.3c) on the alignment and chaining times
can be noticed. From fig. 5.3b it is seen that the rotational and translational
dynamics are accelerated when the electric field magnitude is increased,
which can be somehow expected from the quadratic dependence of TDEP

on E2 in Eq. 5.2. In addition, higher viscosity promotes a slower rota-
tional and translational motion of the CNT, which can be observed in figure
5.3c. It is important to consider that the dielectrophoresis model has cer-
tain simplified assumptions which may impact in the order of magnitude of
the predicted times, which may seem very long. For example, CNTs are
considered isolated with influence of solely their first neighbour CNT. This
fact neglects other type of interactions that would contribute to accelerated
processes. Also, no electric field gradients are considered, which also un-
derestimates the effect of dielectrophoresis-forces promoting CNT motion.
However, despite these assumptions, the main aim of this simple model is
to capture specific trends regarding the influence of experimental parame-
ters associated with the experiments. The connection of the trends predicted
by the dielectrophoresis model with the experimental results is discussed in
following section.

5.2.3 Correlation of experimental results and
dielectrophoresis simulations

In the experiments with SWCNT/epoxy under electric fields presented in
section 4.2, a clear dependency on the frequency was verified. Such ef-
fect stabilized above ca. 50 kHz (fig. 4.7), i.e. for the frequencies tested
above this value (500 kHz, 1 MHz, 10 MHz) the electrical resistivity stayed
in the same range. One way of interpreting these results using dielec-
trophoresis theory is to analyse the development of the polarisation factor
α∗ with the electric field frequency. In fact, according to equation 5.2,
the dielectrophoresis-induced torque on the CNTs is directly proportional

85



5 Simulations

to Re[α∗], meaning the higher Re[α∗], the stronger the momentum on the
CNTs causing them to reorient. Interestingly, from the dielectrophoresis
model of this SWCNT/epoxy system, Re[α∗] increases for higher frequen-
cies up until a plateau at around 10 kHz (fig. 5.2). This implies that the fre-
quency contribution for the dielectrophoresis torque (and hence for the con-
ductive network formation) is maximized at this frequency range, thereby
providing a possible explanation for the frequency dependency of resistivity
improvement observable on figure 4.7.
From figs. 4.6a and 4.6b, the higher the electric field strength (E) applied
(or voltage) the lower the resistivity of the SWCNT/epoxy composites pro-
duced. This is related to dependency of the dielectrophoresis-induced torque
(TDEP) on E2 (Eq. 5.2) and this effect is verified by the dielectrophoresis
simulations where E was varied according to the experimental parameters.
In fact, increasing the field strength from 2.1 kVmm−1 to 6.5 kVmm−1 in
the modelling scenario of the two interacting CNTs leads to a decrease of
the alignment time of around one order of magnitude (fig. 5.3b).
The third parameter investigated using the dielectrophoresis model was the
viscosity of the medium. Fig. 5.3c presents the CNT angle and chaining for
the viscosities of 30 mPas and 1500 mPas. As predicted, at higher viscosity
the rotational and translational motion of the CNT becomes slower. This can
be of critical importance given the fact that the system under investigation is
a reactive one, and so there is only a limited amount of time for a rearrange-
ment of the CNTs to take place, as evident by the rheological behaviour of
this SWCNT/epoxy system studied in section 4.3.1.

5.3 Finite element (FE) modelling of the bulk
conductivity of CNT-polymer networks

Finally, the impact of the distance between adjacent CNTs in the bulk on the
electrical properties was explored using FE analysis for a variety of parti-
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cle concentrations, revealing resistivity changes compatible with the exper-
imental observations.

5.3.1 Theoretical considerations

With the objective of quantifying the effect of the distance between CNTs on
the bulk electrical properties of the composite materials, the methodology
presented in Ref. [70] was applied. This allows modelling of all the main
mechanisms of conductivity in these systems:

1. conductivity of the CNTs,

2. conductivity across CNT-CNT junctions and

3. conductivity of the polymeric matrix

Electrical conductivity was calculated based on simulations of representa-
tive volume elements (RVE) where CNTs are randomly distributed in a cu-
bic matrix.
For this approach, CNTs were described by continuum cylinders with pre-
scribed length LCNT and external diameter DCNT . These were seeded at
random locations within the RVE of side LRV E and at random azimuthal and
latitudinal angles. Since the nanotubes are impenetrable, a search for inter-
sections was performed. When an intersection was detected, the respective
nanotubes were locally deformed so that the minimum distance that sepa-
rates them dmin was never inferior to the van der Waals equilibrium distance
of 0.34 nm [71]. Once the desired volume fraction is reached, geometric pe-
riodicity is enforced so that the macroscopic material can be idealized as a
periodic repetition of the RVE along all Cartesian directions, as represented
in fig. 5.4.
The electrical analysis is performed using Abaqus steady-state heat-transfer
analysis [72], replacing all thermal properties with the adequate electrical
equivalents [73]. The CNTs are modelled by DC1D2 2-noded link heat
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Figure 5.4: Example of a) an RVE and b) its periodicity

transfer elements that are embedded in the polymeric matrix, discretized by
a regular mesh of DC3D8 8-noded brick elements. The conductivity be-
tween adjacent CNTs is modeled with a user element [70] integrated into
a Fortran UEL subroutine in Abaqus [74] that reproduces the fluctuation-
induced tunneling electron transport [75] using Simmons’s generalized for-
mula [76]. The tunnel current density J across the contacting CNTs that are
separated by a thin insulating layer of permittivity ε can be expressed as a
function of the separation s between them, as

J = J0

{
ϕ̄e−A

√
ϕ̄ − (ϕ̄ + eV )e−A

√
ϕ̄+eV

}
(5.7)

J0 =
e

2πh(∆s)2 (5.8)

A =
4π∆s

h

√
2me (5.9)

where the constants e and me represent the charge and mass of the electron,
respectively, and h is Planck’s constant. ϕ̄ is the mean value of the potential
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barrier, which has two roots at positions s1and s2, with ∆s = s2− s1. For
a potential barrier of magnitude ϕ0, here taken as the CNT work function,
these can be approximated by [76]

ϕ̄ = ϕ0−
eV
2s

(s1 + s2)−
[

1.15ωs
s2− s1

]
ln

s2(s− s1)

s1(s− s2)
(5.10)

s1 =
1.2ωs

ϕ0
(5.11)

s2 =

s1 + s
[
1− 9.2ω

3ϕ0+4ω−2eV

]
, eV < ϕ0

(ϕ0−5.6ω)
( s

eV

)
, eV ≥ ϕ0

(5.12)

ω =
e2 ln2
8πεs

(5.13)

This effect is here described as an equivalent parallel-plate capacitor of area
D2

CNT and separation s. The element is applied to every contact point be-
tween distinct nanotubes within a distance inferior to dcut−o f f = 4nm . Peri-
odic boundary conditions are enforced at every boundary of the RVE and 3
load steps are created, each representing a homogenized electric field along
each of the 3 Cartesian directions, allowing the retrieval of the conductiv-
ity all directions (which should tend to the same number for an isotropic
dispersion).

5.3.2 Results of finite element modelling

The FE methodology described in the previous section was used to inves-
tigate the effect of infinitesimal changes of the minimum contact distance
between CNTs within the polymer matrix, and its relation to the measured
improvements in conductivity. We considered a test case based on the CNT
dispersion in epoxy as investigated in [70, 77]. CNT dimensions and prop-
erties considered by Hu et al. [77] are presented in table 5.2. As before,
we considered a nanotube resistivity ρCNT = 1/σCNT =1×10−4 Ωm, and
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Table 5.2: Relevant material properties and CNT geometry for FEM simulations [77]

Material Electrical resistivity
[
Ωm

]
Diameter

[
nm
]

Length
[
µm
]

CNT 1×10−4 50 5

Epoxy 1×106 - -

an epoxy resistivity of 1×106 Ωm. For the tunnelling junctions, a relative
permittivity of 3.98 (representative of epoxy) and a work fraction of 4.95 eV
[78] were used.
To allow generalization to any CNT-epoxy system, results are presented in
adimensional form (similar to the dimensional analysis in [79]). Moreover,
according to the percolation theory [17], the composite conductivity around
percolation is proportional to ( φ

φc
− 1)t , where φ and φc are the CNT con-

centration and percolation threshold, respectively, and t is the power law
exponent. Therefore, the composite homogenized resistivity ρ̄ adimension-
alised by the CNT resistivity is presented against the concentration ratio φ

φc
.

For this system, the critical percolation threshold was found around a vol-
ume fraction of 0.68%, agreeing with the prediction obtained by the ex-
cluded volume theory [70, 80]. Results are presented for a converged RVE
size of LRV E = 2×LCNT and results were averaged over 20 realizations and
the 3 Cartesian directions. The effect of the minimum distance between
CNTs was studied by changing dmin varying from the van der Waals dis-
tance of 0.34 nm up to 1 nm, and the resulting composite conductivity is
presented in fig. 5.5.
All curves represented in figure 5.5 show the typical response of a percola-
tion problem [81], departing from the matrix conductivity at null concentra-
tion and rapidly decreasing in resistivity (or increasing conductivity) with
the CNT concentration around the percolation threshold φc. However, the
decrease in resistivity around the percolation threshold becomes less abrupt
for higher values of dmin. This is due to the fact that the junction resistivity
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Figure 5.5: Homogenized electrical resistivity as function of the CNT concentration divided
by its percolation threshold, considering different values of the minimum distance
between CNTs (bars represent the standard deviation)

is very high, increasing exponentially with the spacing between nanotubes
[82].
The ratios between these conductivities and the one for the minimum con-
sidered (dmin =0.34 nm) are reproduced in fig. 5.6, illustrating the poten-
tial increase in conductivity resulting from a decrease in nanotube separa-
tion. Comparing the conductivity of the two extremes dmin = 0.34 nm and
dmin =1 nm, their ratio is maximum around 90 % above the critical concen-
tration (1.90 wt%) with a value of approximately 7×103. For the highest
analysed concentration, this ratio decreases to 1.25.
These observations suggest that altering the processing method in a fashion
that can bring dispersed CNTs together will have a much more significant
effect on the resistivity change near the percolation region. At the same
time, the potential improvement in conductivity and its sensitivity to CNT
concentration follows the trends observed experimentally when curing un-
der an electric field, suggesting that this processing method alters the CNT
network by influencing the CNT-CNT contact points.
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5.3.3 Correlation of experimental results and finite
element simulations

In the experiments with SWCNT/epoxy under electric fields presented in
section 4.2, an obvious dependency of the electrical resistivity of the com-
posites as a result of the processing method was verified. To validate the
assumption that a decreased resistivity was due to an improvement of the
contact between the CNTs, finite element simulations of CNT networks in
a polymeric matrix were performed and their electrical resistivity was com-
puted for several configurations (contact distances) and concentrations. By
investigating the impact of infinitesimal changes on the minimum contact
distance between CNTs, presented in fig. 5.5, one can conclude that a vari-
ation from 0.34 nm to 0.70 nm can promote a decrease of one order of mag-
nitude on the overall bulk resistivity. From 0.70 nm to 1 nm, the change
is even more remarkable - between two and three orders of magnitude. In
other words, a sub-nanometer change on the anchoring points separating
the CNTs can lead to a bulk effect of up to three orders of magnitude on
the electrical properties. This provides a possible interpretation for the sep-
arate and combined effects of the curing temperature (and hence viscosity)
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Figure 5.6: Ratio of the homogenized resistivity with respect to the minimum distance
dmin=0.34 nm
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and electric field in fig. 4.8a: both impact the distance between individual
particles (i.e. contact points) leading to measurable bulk effects.
For instance, curing SWCNT/epoxy composites under the effect of AC elec-
tric fields at room temperature (second blue column in fig. 4.8a) promotes a
final bulk resistivity similar to the composites without electric field but cured
at higher temperatures (left orange and red columns), with a larger disper-
sion of results indicated by the error bar. This could reflect a comparable
average contact distance between the CNTs. Yet, for the samples produced
with both AC electric fields and higher temperature (red orange and red
columns), the chaining distance is further decreased at the sub-nanometer
level, rendering an additional improvement of one order of magnitude on
the resistivity.
Moreover, another interesting question that FE simulations allowed to ex-
plore is the impact of the contacting distance variation at different CNT
concentrations. Clearly, this is related with the relative importance of the
different conduction mechanisms, dominated by conductive pathways and
conductivity between contacting CNTs, at different concentrations. As dis-
played in fig. 4.9a, even though specimens with 0.01 wt% SWCNTs have
shown a decrease of one order of magnitude solely due to the effect of
the electric field, such behaviour was not verified for the concentrations of
0.005 wt% and 0.1 wt%. Naturally, the questions arise: can the electrical re-
sistivity of such composites be influenced even if the particle network is still
not percolated? Moreover, if there is already a network with enough con-
tacts for electricity to flow (i.e. above the percolation threshold), can we still
improve its conductivity by promoting further chaining points? According
to the FE simulations of conductive networks for different concentrations,
presented in fig. 5.6, there is in fact a lower as well as an upper concen-
tration limit where a change of the contacting distances between the CNTs
has a much less pronounced effect on the bulk resistivity. This means that
if the particle amount is too low, as it was the case of 0.005 wt% samples
produced, improving the contact points between the particles still brings no
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significant improvement. On the other hand, for higher concentrations, as
for the 0.1 wt% SWCNT/epoxy specimens, the particle network has already
so many anchoring points that further changes do not impact much the final
resistivity.
It should be emphasized that this modelling approach was meant to identify
tendencies on the electrical properties of the bulk composites for changes
on the above-mentioned parameters. The aspect ratio of the CNTs modelled
(100) was considerably shorter than that of the CNTs used in experiments
(2777) due the limiting computation effort of the simulations. Regardless,
the results are presented in non-dimensional form to ease the generalization
of these conclusions.
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The aim of this thesis has been to investigate the possibility of reducing the
electrical resistivity of epoxy nanocomposites by adjusting the processing
method employed. For that, SWCNT/epoxy dispersions were produced and
cured under the influence of electric fields. Different processing parameters
were explored and correlated with two simulation approaches in order to
deepen the understanding of the underlying phenomena and mechanisms.
The main conclusions of this research are presented below.

6.1 Summary

6.1.1 Dispersion of SWCNTs and GNPs in epoxy

As a first step, epoxy nanocomposites were produced and the dispersion pro-
cess was investigated and optimised for reduced electrical resistivity. The
results of dispersion experiments were discussed in section 4.1. Two mix-
ing modes in the three-roll mill were tested: keeping a small gap config-
uration (15-5 µm) throughout the eight passes of the mixing (constant gap
mode) or starting with a comparatively large gap between the rolls (60-20
µm) and progressively decreasing it to the smallest configuration (regres-
sive gap mode). It was found that the regressive gap mode was prefer-
able for obtaining lower electrical resistivity both in SWCNT and GNP
nanocomposites. Next the percolation of these two systems was studied by
measuring the electrical resistivity of samples at different concentrations.
The percolation threshold of SWCNT/epoxy was estimated to be around
0.005 wt%. GNP/epoxy was found electrically conductive above 0.75 wt%.
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Both materials were cured at different temperatures and it was found that
higher processing temperatures promote lower electrical resistivity. This is
likely to be connected to the lower viscosity of epoxy, as rheological char-
acterisation has shown (section 4.3.1). Additionally, adding surfactant to
SWCNT/epoxy dispersions has negatively affected the electrical properties,
rendering higher electrical resistivity.

6.1.2 Application of electric fields to epoxy
nanocomposites during curing

Experimental set-ups were developed for the application of electric fields to
epoxy nanocomposites during curing. Mould B permitted the simultaneous
processing of two nanocomposite plates of 22.5× 12× 1.65 mm: one test
sample exposed to the electric field and the other as reference without the
field (section 3.3.2). Mould C was designed to be scalable and suitable
for resin injection of multiple samples with the possibility for different flat
geometries. It was used for the simultaneous production of 6 disk samples
under electric fields (section 3.3.3).
The influence of applying an electric field during the curing process of
SWCNT/epoxy nanocomposites was investigated. In terms of electrical re-
sistivity, the advantage of such process was successfully verified, with a
reduction of up to one order of magnitude. We suggest that this improve-
ment in the electrical properties was due to a field-induced orientation and
assembly of the nanotubes into an enhanced conductive network. For the
concentration of 0.01 wt%, a decrease of the electrical resistivity was ob-
served for composites produced with increased field strength and frequency.
Increasing the curing from room temperature to 100 °C also led to a reduc-
tion in the electrical resistivity of one order of magnitude. For SWCNTs, the
effect of the electric field was stronger just above the percolation threshold
(for 0.01 wt%).
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Furthermore, the conductivity of the interface between the electrodes and
the nanocomposite resin has also shown a crucial role in determining the fi-
nal resistivity of the bulk materials produced under electric fields. A highly
conductive interface (MR1) promoted more inhomogeneous samples, lead-
ing to pronounced changes in the resistivity at a local level (great differences
between six samples produced simultaneously). On the other hand, a highly
resistive interface (MR3) prevented such local differences and resulted in a
smaller average resistivity in the samples produced.
The rheological behaviour of SWCNT/epoxy resins has shown that, despite
the shorter curing time, at higher temperatures there is a considerable viscos-
ity drop which might be behind the lower electrical resistivity for samples
cured at 100 °C when compared to room temperature. The morphology of
SWCNT networks in epoxy was investigated with SEM.
In addition, electric fields were applied to GNP/epoxy samples during curing
and a decrease on electrical resistivity up to 80% was verified over concen-
trations from 0.5 wt% to 2 wt%.

6.1.3 Simulation of dielectrophoresis and CNT networks
in epoxy

In section 5.2 the electric field effects were studied using a classical me-
chanics model based on dielectrophoresis to help interpret the experimen-
tal results, revealing an excellent agreement with the observed tendencies.
Furthermore, in section 5.3, finite element simulations of CNT networks
in epoxy were performed to investigate the effect of the minimum inter-
nanotube distance on the bulk conductivity, providing a possible explication
for the resistivity decrease found for different curing temperatures and elec-
tric fields. These simulations demonstrate that the possibility of affecting the
resistivity by influencing the contact points between the particles is much
more significant for a concentration range around the percolation threshold
than for lower and higher concentrations.
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6.2 Achievements

• SWCNT/epoxy nanocomposites with decreased electrical resistivity
(up to one order of magnitude) for the same filler concentration were
produced by influencing the nanostructure with electric fields

• The role of electric field parameters (strength and frequency) on the
electrical resistivity of SWCNT/epoxy was investigated both ex situ

and in situ and the experimental results compared with a model of
interacting CNTs based on dielectrophoresis and classical mechanics

• The decrease of electrical resistivity was correlated with a reduction
of the inter-particle contact distance by using a finite element model of
CNT networks in epoxy. This model also made it possible to evaluate
the effect of electric fields on the resistivity improvement at different
concentrations

• A scalable resin injection mould for curing epoxy nanocomposites
under electric fields was developed

• GNP/epoxy nanocomposites with decreased electrical resistivity (up
to 80% reduction) for the same filler ratio were also produced using
electric fields

6.3 Overall conclusions

This study focused on understanding the effects of applying electric fields
to carbon nanotubes in a polymer system and, based on that, developing
a scalable processing technology for obtaining conductive nanocomposites
with improved electrical properties.
The central message is that electric fields are a powerful tool to improve
and control the electrical resistivity properties of carbon nanocomposites by

98



6.4 Novelty and impact

influencing the particle nanostructure during the processing step. The fun-
damental aspects of this technique were investigated for a system of epoxy
and single-walled carbon nanotubes and it has also shown potential with
graphene nanoplatelets.
Such a technology would enable lowering the nanoparticle content required
for attaining similar electrical properties, thereby allowing the tailoring and
production of more cost-effective nanocomposites with a wide range of in-
dustrial applications such as battery, sensing, and heat management tech-
nologies.

6.4 Novelty and impact

This work focused on fundamental questions and challenges of using elec-
tric fields to manipulate CNTs in nanocomposites for improved electrical
properties. Its main additions to the state-of-the-art are:

1. A scalable process for the application of electric fields to nanocom-
posites based on resin injection moulding was developed and tested,
showing the potential to improving the electrical resistivity of these
materials. This is the first discussion of such an industrial relevant
process for production of nanocomposite plates under dielectrophore-
sis in the literature.

2. For the first time, in situ resistivity measurements of SWCNT/epoxy
nanocomposites under electric fields were performed at different cur-
ing temperatures and correlated with rheological measurements.

3. The effect of electrode interface electrical conductivity on the resis-
tivity of nanocomposites produced under electric field as described in
this thesis had never been reported in the literature

4. This is the first documented experimental work on improvement
of SWCNT networks in epoxy that has been correlated with di-
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electrophoresis modelling. This made it possible to understand the
effect of field and processing parameters on the final resistivity of
nanocomposites

5. The correlation of experimental results with finite element simu-
lations of SWCNT networks to study the effect of sub-nanometer
changes on inter-CNT contacts and thus to understand experimental
measured bulk resistivity differences is unique in the literature

6.5 Future Work

The research presented here has explored the potential of electric fields for
tailoring the electrical properties of nanocomposites and has pushed the
boundaries of knowledge and experience in the implementation of this tech-
nology in an industrial relevant scenario. Fundamental questions such as the
main electric field and processing parameters are now better understood, and
a basis for the comprehension of more practical issues has been established.
Nevertheless, many points remain open to utilise the full potential of di-
electrophoresis as a tool to improve electrical conductive nanocomposites.
Hopefully, this investigation might inspire future studies to build upon the
results presented here. Interesting future developments include:

• understanding the compromise between viscosity and electric field
strength. Would dielectrophoresis of CNTs also work in more viscous
polymers if stronger electric fields were applied?

• testing stronger electric fields for lower particle concentrations. Could
it be that dielectrophoresis also works below the percolation threshold
with stronger electric fields?

• exploring other kinds of nanoparticles and understanding the impact
of their properties on dielectrophoresis. How would a multi-scale sys-
tem of different nanoparticles react (e.g. CB and CNTs)?
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6.5 Future Work

• developing/applying characterisation tools for the visualisation of 3-
dimensional networks of nanoparticles in composites.

• measuring the electrical properties of these nanocomposites in differ-
ent directions (anisotropic resistivity) and in multiple cross-sections
across the field direction (to study the evolution of the network prop-
agating between the electrodes).

• developing simulation tools combining dielectrophoresis interactions
of multiple CNTs (in a network) and a finite element framework
where dynamic processes can be reproduced (e.g. curing of epoxy).
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A Appendix - Electrical resistance
measurements

A.1 Four-point method correction factors

The four-point method for calculating the resistance assumes an ideal in-
finitely large area and thickness of the test specimen. This is not applicable
to most realistic cases, since the possible current paths in the sample are
limited by the vicinity of boundaries. Therefore, the theoretical formulas
should be corrected with a correction factor F [83]. This can be computed
by combining three different correction factors [84]:

F = F1F2F3 (A.1)

These correction factors are dependent on (see figure 3.6):

• Thickness d of the layer (F1)

• Ratio of the diagonal D of the surface to tip distance sR (F2)

• Position of the measuring tips on the sample (F3)

F1 depends on the conductivity of the bottom surface of the probe. For
simplicity, one can assume a non-conductive bottom surface such as glass
[85]:

F11 =

d
sR

2ln
[ sinh d

sR
sinh d

2sR

] (A.2)
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A Appendix - Electrical resistance measurements

F2 takes into account the sample size, being divided in F21 for circular wafers
of diameter D and F22 for rectangular shapes with diagonal D:

F21,F22 =
ln2

ln2+ ln

[(
D
sR

)2
+3(

D
sR

)2
−3

] (A.3)

F3 is calculated using distances sR between pins and aR from pins to edge
of the specimen. From the linear arrangement of the measuring tips, the
distance from the edge can be determined in two different directions. This
is represented in figure A.1.

For a non-conductive substrate, the two related correction factors F31 and
F32, for an arrangement according to figures A.1a and A.1b, respectively,
can be computed with:

F31 =
1

1+ 2√
1+
(

2aR
sR

)2
− 1√

1+
(

aR
sR

)2

(A.4)

F32 =
1

1+ 1
1+ 2aR

sR

− 1
2+ 2aR

sR

− 1
4+ 2aR

sR

− 1
5+ 2aR

sR

(A.5)

(a) (b)

Figure A.1: Two different arrangements for definition of distance aR from the pins to the edge
of sample
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A.2 Validation of resistivity measurements with known resistances

Samples analysed with the four-point method (produced with mould A) had
a thickness of d= 2 mm, and a distance between the sensing pins of sR=
2 mm. Substituting d and sR in equation A.2 leads to:

F1 = F11 = 0.6148

As for factor F2, a rectangular shape scenario with diagonal D= 40 mm was
considered. From equation A.3 one obtains:

F2 = 0.9788

According to [86], in most four-point probe measurements factor F3 is neg-
ligible since it reduces to unity. In this case, substituting the values in equa-
tions A.4 and A.5 one gets:

F31 = 0.9999

F32 = 0.9587

F3 = F31F32 = 0.9576

And hence the correction factor F results:

F = F1F2F3 = 0.6148×0.9576×0.9788 = 0.5762

Finally, the bulk resistivity in Ωcm of samples measured using the four-
point method can be computed using the relation ρ = R×F , where R is the
resistance measured.

A.2 Validation of resistivity measurements with
known resistances

For validating the in-situ conductivity measurements, resistors of 10 kΩ,
99.1 kΩ and 1.2 MΩ were connected to the alignment/measuring electronic
setup in order to verify the significance of the resistance values measured in

situ. For this, a signal of 30 Vpp @ 45 MHz with 1 VDC was tested (highest
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frequency possible with the power amplifier used)). Figure A.2 shows the
good accordance of the measured and actual values of the resistors tested as
well as the stability of the measurement.
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Figure A.2: In situ conductivity measurements - plot of different resistances measured with
1 VDC offset during application of 30 Vpp @ 45 MHz

A.3 Influence of DC offset on resistivity of
SWCNT/epoxy composites

Figure A.3 shows the comparison of the final resistivity of samples cured
under the influence of a 6.5 VRMS/mm @10 MHz electric field with and
without the DC offset, together with the respective reference samples with
no electric field. Both specimens cured under electric field show a clear
decrease in the final resistivity in comparison with reference counterparts,
with only a slight difference between them. This suggests that adding the
DC offset to an AC test signal does not significantly affect the results, as
suggested through the computed total RMS voltage in section 3.4, and hence
provides a practical method to follow the behaviour of in-situ resistivity
during electric field experiments.
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Figure A.3: Resistivity of samples subjected to an alternated electric field of 6.5 VRMS/mm
@10MHz (30 Vpp) during the curing process with and without 1 VDC offset

A.4 Influence of frequency on resistivity of
SWCNT/epoxy composites

For further understanding the impact of electric field frequency on the
DC resistivity of SWCNT networks in epoxy (see fig. 4.7), a frequency
sweep (6.5 VRMS/mm with 1 VDC offset was performed 10 times on
SWCNT/epoxy 0.01 wt%. Figure A.4 displays the DC resistance of
SWCNT/epoxy 0.01 wt% resin without curing agent as the frequency of
the AC field (to influence the particle network) is varied. The lighter curve
(#1) represents the first sweep and the darkest (#10) the last. The red curve
stands for the frequency sweep performed. Here it is clear that the DC
resistivity of SWCNT/epoxy resin highly depends on the frequency of the
applied electric field. Lower frequencies led to lower resistance values, as
it is noticeable by the step increase in frequency from 1 Hz to 100 kHz.
Above 100 kHz, for 1 MHz, 10 MHz and 45 MHz, no apparent difference
on the resistance was verified.

This is believed to be due to the ionic conductivity of the epoxy matrix at
lower frequencies, allowing for charges to flow across the resin and hence
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rendering a lower resistance of the whole system. As frequency is increased,
less charges are able to flow through the epoxy matrix, leading to a higher
resistance of the whole SWCNT/epoxy system. Interestingly, this threshold
between 10 kHz and 100 kHz perfectly matches the plateau frequency ob-
served for the resistivity measurements of SWCNT/epoxy 0.01 wt% cured
at different frequencies (see figure 4.7). At higher frequencies (i.e. above
10 kHz), the epoxy matrix does not contribute to the conductivity, mean-
ing all the electrical energy applied is transferred through the SWCNTs,
promoting interactions between them as described in section 5.2. This ex-
perimental result is in perfect accordance with the evolution of the real part
of the polarisation factor α∗, which also reaches a plateau at around 10 kHz
(see figure 5.2).
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Figure A.4: Frequency dependant resistance of SWCNT/epoxy resin (without curing agent) -
frequency sweep performed 10 times (lighter to darker lines)
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B.1 Isolation of temperature effects

Figure B.1 displays the results of further electric field experiments per-
formed with epoxy/SWCNTs 0.01 wt% nanocomposites at 140 °C (in mould
B).
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Figure B.1: Impact of AC electric field (6.5 VRMS/mm @ 10 MHz) during curing at 100 °C
and 140 °C on the through-plane electrical resistivity of epoxy/SWCNTs
0.01 wt% nanocomposites (mould B)
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