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Abstract The fundamentals of electrical conductivity in polymers have been
explored, more specifically, in conductive nanofilled-based polymers. First, the deter-
mination of the percolation threshold was investigated as it constitutes a crucial
parameter to enable electrical networks throughout the polymer media. Furthermore,
the electrical transport mechanisms of electrically conductive polymers were identi-
fied. Particularly, intrinsic conductivity of nanofiller, contact, and tunneling resistance
was identified as the main transport mechanisms, being very affected by the nature
of the insulating media as well as the geometry and interactions of the nanofillers.
Furthermore, the electromechanical properties of conductive polymers have been
also explored, where the tunneling transport mechanisms play a very prevalent role,
leading to very high electrical sensitivities to mechanical strain. Temperature depen-
dance of the electrical conductivity has been also investigated, and electro-thermal
capabilities of electrically conductive polymers were determined, highlighting the
high correlation between the electrical conductivity and the heating efficiency by
Joule’s effect. Finally, some interesting applications of electrically conductive poly-
mers were discussed where the development of strain and damage sensors and electro-
thermal heaters for de-icing and self-healable systems were identified among the most
interesting ones.

Keywords Electrical properties - Polymers * Percolation threshold -
Nanocomposites  Joule’s effect - Electromechanical properties

1 Introduction

Nowadays, there is an increasing interest in polymer science. The reason lies in the
fact that polymers usually present many interesting properties such as inherent corro-
sion resistance, lightness, and a good balance of mechanical properties, especially
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in thermosets. This combination of properties makes polymers very useful in a wide
range of applications.

Among the different properties of polymers, the electrical ones are quite inter-
esting. In this regard, polymers are insulating by nature. In fact, the measurement of
their dielectric constant has been subject of a deep investigation since the first studies
reported by Senturia and Shepperd in 1986 [1] where they investigated the dielectric
analysis during thermosetting curing.

In general, the main transport mechanism in polymer matrices is the ionic conduc-
tivity, and the electrical properties are significantly influenced by the ionic mobility
during the curing process, as it is affected by the time, temperature, and frequency
of the measurements. Regarding to this, Johari [2] studied the effect of these param-
eters on the electrical conductivity of epoxy resins, correlating the changes in some
physical features such as viscosity during curing with the diffusion coefficient or
impurity ions, which affected the electrical properties of the resin.

It has been pointed out that the electrical properties of conventional polymers
have been widely studied. However, their insulating nature limits their applications
in multiple fields. In this context, in the last decades, there have been an extensively
development of electrically conductive polymers, as they can open a wide range
of novel functionalities over the traditional polymers. These conductive polymers
are based on the addition of conductive nanofillers inside the insulating media to
create electrical networks. The understanding of the main mechanisms of electrical
conductivity of this type of polymers is, thus, crucial for a proper development of
novel functionalities.

Therefore, this chapter will be focused on the electrical properties of electri-
cally conductive polymers. First, the main electrical transport mechanisms will be
discussed, by exploring the effect of the insulating media as well as the conductive
nanofillers. In addition, theoretical models will be explored to better understand the
correlations between the different parameters on the electrical properties of conduc-
tive polymers. Furthermore, the complex analysis under AC electric field will be also
explored, as it will give further information about the role of the insulating media
and the interactions with the conductive elements. The temperature dependance of
the electrical conductivity will be also investigated, as it will have a significant effect
on the main transport mechanisms in both the insulating media (as it will affect
the ionic mobility) and the conductive one. Moreover, electro-thermal capabilities
of electrically conductive polymers will be discussed, by correlating the electrical
properties of conductive polymers with their resistive heating capabilities.

Finally, a summary of some interesting applications of electrically conductive
polymers will be listed, from strain sensors for wearable and structural devices to
electro-thermal heaters for de-icing and self-healing applications.
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2 Electrical Transport of Electrically Conductive Resins

As commented before, conventional polymers are insulating by nature. This is a
limitation for a great number of applications requiring a certain level of electrical
conductivity.

In this regard, the addition of conductive nanoparticles is a solution to achieve
electrically conductive resins. The principle is based on the fact that their inclu-
sion induces the creation of electrical pathways inside the material. These electrical
pathways, once above a certain threshold, promote the creation of a continuous elec-
trical network, and thus, the electrical conductivity may increase several orders of
magnitude, leading from an insulating to an electrically conductive material.

2.1 Conductive Fillers

Therefore, electrically conductive resins consist of a non-conductive polymer matrix
and conductive fillers. The conductive fillers include metal fillers, carbon-based
fillers, ceramic fillers, and metal-coated fillers [3]:

e Metal fillers: Metal fillers comprise metal particles with diameters below 20 pm.
They can be classified into silver (Ag), gold (Au), nickel (Ni), and copper (Cu),
and they are now widely used at nanoscale (that is, with average size of around
10~ nm) due to their exceptional properties at this scale. Silver particles present
unique electrical and thermal properties and are usually used in the form of flakes
with loadings between 15 and 30 wt.%. [4]. Gold particles are commonly used in
electronics due to their good electrical conductivity and corrosion and oxidation
resistance. Nickel particles are usually used in a spherical form. They possess
higher electrical resistivity than silver ones, although a good oxidation and corro-
sion resistance. Finally, copper particles present excellent electrical properties
although the oxidation of the particles may be a problem.

® Carbon-based fillers: Carbon-based nanofillers are usually divided accordingly to
their geometry into 0D, 1D, and 2D nanoparticles. OD nanoparticles are those that
do not present any characteristic dimension outside the nanometer scale. Here,
carbon black and fullerenes are among the most used nanofillers. 1D nanoparticles
are those that present one characteristic dimension outside the nanometer scale (the
length) and the other two in the range of nanometers (the diameter). Single-walled
or multi-walled carbon nanotubes (SWCNTs, MWCNTs) and carbon nanofibers
(CNFs) are the most used. The first one presents superior mechanical and electrical
properties, whereas the second ones are much more cost-efficient [5]. Finally, 2D
nanoparticles are those that present two characteristic dimensions outside the
nanoscale (diameter) and the other one at nanoscale level (thickness). Graphene
and graphene nanoplatelets (GNPs) are the most common nanoparticles used as
it present outstanding in-plane electrical and thermal conductivity.
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e Ceramic fillers: Ceramic fillers usually present semiconductive characteristics. In
this regard, BaFe, BN, TiB2, TiN, and SiC are among the most common fillers
for polymer matrices. However, in most cases, due to their semiconductive char-
acteristics, they are used as secondary fillers for enhancing electrical and thermal
conductivity [6].

® Metal-coated fillers: Metal-coated fillers can be categorized into two wide types
involving metal core and non-metal core particles. The non-metal core materials
include carbon-based fillers, glass, or polymers coated with silver, gold, nickel,
aluminum, or chromium. They promote an enhancement on the electrical conduc-
tivity but also on the resistance to oxidation or to moisture, which is a relevant
problem in several resins, such as epoxy polymers.

Apart from metallic, carbon-based, ceramic or metal-coated fillers, there are also
a wide investigation in the use of conductive polymers as fillers to enhance the
electrical properties of resins. These conductive polymers are organic materials which
possess electro-conductivity due to their unique structure. Here, polypyrrole (PPy)
and polyaniline (PANI) are among the most extensively studied inherently conductive
polymers.

Table 1 summarizes some of the most relevant results concerning electrical
conductivity of different nanocomposites depending on the type of conductive filler.

Once described the most typical fillers used to enhance the electrical conductivity
of polymer matrices, it is important to defined and explore a critical parameter;
the percolation threshold, as it plays a dominant role in the electrical transport of
nanoparticle-based polymers.

2.2 Percolation Threshold

The percolation threshold is defined as the critical volume fraction of nano or
microparticles where the polymer system becomes electrically conductive, that is,
where the electrical pathways are created throughout the material.

The determination of the percolation threshold is a key factor to understand the
electrical properties of nanoparticle-based polymer systems. In this regard, there are a
great number of parameters that affect the determination of the percolation threshold.

On the one hand, the geometry of the nanoparticles plays a very prevalent role. It is
well known that the percolation threshold is inversely proportional to the aspect ratio
of the nanoparticles, defined as the ratio between the maximum and the minimum
characteristic dimensions. Therefore, the higher the aspect ratio of the nanoparticles
is the lower the critical volume fraction needed to create the electrical pathways
throughout the material.

Apart from the aspect ratio of the nanoparticles, the intrinsic 0D, 1D, or 2D
nature of the nanoparticles also have a very dominant role in the determination of
the percolation threshold. More specifically, it has been proved that 2D nanopar-
ticles present values of percolation threshold significantly higher than 1D ones.
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Table 1 Summary of maximum electrical conductivity and volume fraction needed for different
nanofilled-based polymer composites (some data was extracted from [3])

Main filler Additional Treatment Volume | omax (S/m) References
filler fraction
(wt.%)
Silver - Silane-based 5 3.99 x 102 |[7]
nanoparticles coupling agent
MWCNTSs - Mixed curing 15 12 [8]

agent-assisted
layer-by-layer

method
MWCNTSs - Three-roll milling | 0.3 0.1 [9]
SWCNT - Purified 0.005 2 x 1072 [10]
CNF Magnetite Coating by 0.2 1x107°

nanoparticles | magnetite, weak
magnetic field

alignment
GNPs - Ultrasonication 8 1 [11]
Graphene - PSS (noncovalent | 1.2 1 x 102 [12]
functionalization)

BaFe PANI - - 6.1 x 10* | [13]
Graphene Gold Gold 1 1 x 10 [14]
functionalization
GO Polypyrrole PPy coating 0.5 6.5 x 107 [15]

(PPy)

For example, graphene-based nanocomposites usually present values of percola-
tion threshold around 1 to 10 wt.% [16], whereas the percolation threshold of carbon
nanotube-based nanocomposites is usually below 0.1 wt.% [9]. On the other hand,
nanocomposites based in 0D particles such as fullerene and carbon black present
values of percolation threshold usually above 10 wt.% due to their low aspect ratio
in comparison with 1D and 2D nanoparticles [17]. The reason lies in the fact that 1D
particles present a very high aspect ratio in comparison with OD and 2D nanoparti-
cles, and thus, it is easier to create efficient electrical pathways inside the material
even at low nanofiller contents.

Another important parameter affecting the determination of the percolation
threshold is the waviness of the nanoparticles. The waviness ratio is defined as the
effective length of the nanoparticle (i.e., the nanotube) divided by its actual length,
as shown in the schematics of Fig. 1. Here, the higher the waviness ratio is the higher
the percolation threshold will be, as the effective aspect ratio is reduced, and thus,
the electrical transport mechanisms are less efficient. In this context, some studies
demonstrated that the percolation threshold of, for example, functionalized nanopar-
ticles are quite above than the percolation threshold of non-functionalized ones [18].
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Fig. 1 Schematics of a CNT
where the upper one denotes
the real wavy CNT and the
lower one the equivalent one.
Here, the waviness ratio is
defined as the amplitude, a,
of the wavy CNT divided by
Legr (reproduced with
permission from [18])

Leff

deff |

This is explained by their higher waviness ratio due to the lateral distortions induced
by the functional groups [19].

The geometry of the nanofillers, thus, plays a very prevalent role. However, not
only the geometry influences the percolation threshold, but also the dispersion state
of the nanofillers, that is, their distribution within the polymer.

First, it is important to briefly describe the most common methods for dispersion
of nanoparticles in polymer matrices. The aim of these methods is to achieve a
homogeneous distribution of the nanoparticles as well as avoiding the presence of
larger aggregates. In this regard, some methods are based in the prevalent action of
shear forces to induce the disaggregation of larger agglomerates. More specifically,
three-roll milling and toroidal stirring are among the most used dispersion techniques.

Three-roll milling consists in a progressive reduction of the gap between three rolls
that are rotating at different speeds. Here, the higher the rotating speed or the lower
the gap between adjacent rolls is the higher the shear forces induced in the mixture.
Moreover, the resin also plays a very prevalent role as the shear forces involved are
proportional to the viscosity of the mixture. Therefore, resins with higher viscosity
will induce more prevalent shear forces during the dispersion process making it more
efficient.

On the other hand, toroidal stirring consists in the induction of a toroidal 3D flow
on the mixture that promotes a high homogenization of the nanoparticles as well as
a good disaggregation of larger agglomerates. The principle for this disaggregation
is the same than in case of three-roll milling, that is, the action of the shear forces
induced by the blade. Here, the rotating speed of the blades, as well as the distance
between the blades and the walls of the container, is the most important parameters
that affect the effectiveness of the dispersion procedure. More specifically, the lower
the gap between the blades and the walls or the higher the rotating speed is the higher
the shear forces induced during the dispersion.

Apart from the dispersion procedures based on the action of shear forces, there
are other techniques used to achieve a proper dispersion of the nanoparticles. For
example, ultrasonication is one of the most common dispersion techniques for
nanoparticles in low-viscosity resins. It is based on the emission of ultrasonic pulses
that induces the breakage of larger agglomerates by the action of cavitation forces
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in the fluid media. Here, the most important parameters of the dispersion procedure
are the sonication time and the viscosity of the mixture. As expected, the increasing
sonication time promotes a larger breakage of aggregates, whereas the viscosity acts
in the opposite way as the higher the viscosity of the mixture, the lower the cavitation
forces induced and thus, the lower the effectiveness of the ultrasonication process.
In this regard, it is very common to use solvents during the dispersion process to
reduce the viscosity of the mixture. These solvents are removed after the dispersion
is achieved to avoid the formation of voids and generalized porosity in the final
nanocomposite.

Therefore, once explained the most common techniques for the dispersion of
nanoparticles in polymer systems, it is important to explore how the dispersion state
affects the electrical properties of the final nanocomposite.

In this regard, there are several studies that investigate the correlations between
the dispersion state and the electrical network created. More specifically, Li et al.
[20] proposed a simple analytical model correlating some geometry factors and the
dispersion state with the percolation threshold, P., of the system for CNT-doped
nanocomposites:

€ 1 — &)27nd?
_ten (0 -ovnd
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where & is the proportion of the CNTs that are in form of aggregates, ¢ is the entangle-
ment degree of the CNTs inside an agglomerate, and d and [ are the average diameter
and length of the CNTs, respectively.

Therefore, a high value of £ would imply that most of CNTs are aggregated, that
is, the dispersion state is not very good. On the other hand, a high value of ¢ would
imply that the degree of entanglement of the CNTs inside the aggregates would be
very high. A high value of aggregation parameters would lead, thus, to an increase
of the percolation threshold, making the electrical network much less efficient.

As a general fact, therefore, it can be observed that the higher the aggregation
of the nanoparticles is the higher the percolation threshold will be. This can be
easily explained because well-dispersed nanoparticles promote the creation of more
efficient electrical networks inside the material, as the distribution of these electrical
pathways is much more homogeneous, as it can be observed in the schematics of
Fig. 2.

Furthermore, by using this analytical model, it is possible to better understand
the effect of the mentioned dispersion procedures on the percolation threshold by
analyzing the dispersion achieved and the possible geometric modifications during
the dispersion.

More specifically, it can be observed that ultrasonication is the most efficient
technique in terms of disaggregation of larger aggregates, as the cavitation forces are,
generally, very aggressive. However, it also induces a much more prevalent breakage
of the nanoparticles themselves, leading to a reduction of their effective aspect ratio.
In case of three-roll milling or mechanical stirring, the aggregation parameters are
significantly higher, whereas the breakage of the nanoparticles is much less prevalent.
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Fig. 2 Schematics of nanoparticle distribution for a an aggregated dispersion and b well-dispersed
nanoparticles, where the red lines denote the main electrical pathways

2.3 Electrical Conductivity

Once understood how the electrical pathways are created and the importance of a
proper determination of the percolation threshold; it is time to evaluate how these
parameters affect the electrical properties of the nanocomposites. In this regard, the
calculation of the electrical conductivity is a subject of huge interest.

2.3.1 Scaling Rule Model

As commented before, the percolation threshold is a critical parameter to determine
the electrical properties of the final nanocomposites. Some analytical models for
calculating the electrical conductivity are based in a scaling rule as follows:

oc =00 (¢ — @) @)

where o is an invariable factor that depends on the aspect ratio of the nanoparticles,
¢ and ¢, are the volume fraction of the nanofiller and the percolation threshold,
respectively, and ¢ is an experimental fitting exponent which usually ranges from 1.3
to 2.

This model offers an initial evaluation of the electrical properties of the nanocom-
posite as a function of nanofiller content. However, it usually does not fit very well
the experimental measurements, especially in nanofiller contents around the perco-
lation threshold, where the changes in the electrical conductivity are very prevalent
due to the changes in the main electrical transport mechanisms that occurs at these
contents.

In these models, the percolation threshold is usually taken as a fixed parameter
that is constant for each system. However, it significantly depends on the current
dispersion state of the nanofillers inside the material. In fact, it has been proved that,
during curing, the percolation threshold of the system changes, as the dispersion state
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Fig. 3 Equivalent 254

percolation threshold as a | A=500
function of the waviness
ratio, A, and the aspect ratio,
A, of the carbon nanofillers
(reproduced with permission
from [18])
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of the nanofillers also changes because of a reaggregation before the gelation occurs
[21].

Therefore, an equivalent percolation threshold was defined by Sdnchez-Romate
et al. [18]. This novel approach supposes that the percolation threshold is not a fixed
parameter that depends on a fixed geometry and dispersion state, unique for each
system, but a variable parameter that changes with the actual nanofiller content as it
affects the interactions and distribution of the nanofillers. In other words, for a better
understanding, this novel approach assumes that the percolation threshold depends
on the actual dispersion state of the nanoparticles. It means that, for example, the
percolation threshold increases with nanofiller content, as the aggregation of the
nanoparticles is much more prevalent, and thus, the electrical pathways are much
less efficient, accordingly to the model presented in Eq. (1).

This novel analytical method also takes geometry parameters such as the wavi-
ness or the aspect ratio of the nanoparticles, into account for the determination of
the equivalent percolation threshold, as shown in the graph of Fig. 3. Here, it can be
observed that the higher the waviness ratio of the nanofillers, the higher the percola-
tion threshold, as the entanglement of the nanoparticles is much more prevalent, and
thus, the electrical pathways created are less efficient.

Although the scaling law can offer an initial approximation, it does not really
reflect the main electrical transport mechanisms governing nanofilled conductive
polymers. In this regard, it is important to deeply explore these mechanisms to better
understand the electrical properties of these systems.

2.3.2 Electrical Transport Mechanisms

In general, there are three main electrical transport mechanisms governing the
nanofilled conductive polymers: the intrinsic electrical conductivity of the nanofillers,
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the contact resistance between adjacent nanofillers, and the tunneling resistance
between neighboring nanofillers that are not in direct contact.

The first mechanism only depends on the electrical properties of the nanofiller,
and thus, it is out of scope of this chapter. However, the contact and the tunneling
resistance between nanoparticles are very affected by the insulating media, that is,
the polymer matrix, so it will be explored in the present throughout the chapter.

In this regard, it is important to define the tunneling effect. It is correlated with the
probability of hoping conduction between two conductive particles that are separated
by a thin insulating media. As a general fact, the higher the transmission probability,
the lower the electrical resistance associated to this tunneling effect.

There are a lot of research exploring the tunneling effect in nanocomposites.
More specifically, the electrical resistance associated to tunneling effect, Rypnel, can
be calculated from the following formula:

R h’t 4mrt 5 3
= —eX —_— m
tunnel Aez\/m P h %

where m and e are the mass and charge of an electron, ¢ is the interparticle distance,
also called, tunneling distance, A is the cross-section area throughout the electron
transmission may occur, also called tunneling area, and ¢ is the height barrier of the
insulating media, which mainly depends on the nature of the polymer matrix.

Therefore, there are several parameters that govern the tunneling transport mecha-
nism. More specifically, considering the mass and charge of the electron as invariable
parameters, it is important to deeply study the effect of the others, that is, the tunneling
distance, the tunneling area, and the height barrier of the polymer matrix.

Determination of Tunneling Distance

The tunneling distance, as mentioned earlier, is determined from the interparticle
distance between adjacent and neighboring nanoparticles. Therefore, it heavily
depends on the distribution of the nanoparticles inside the polymer media. Gener-
ally, the interparticle distance decreases by increasing the nanofiller content. More
specifically, some studies propose a correlation between the interparticle distance
and the volume fraction of the nanofillers as follows [22]:

o \”
= 4
t t((p) “4)

where 7 and 7, are the tunneling distance at a determined volume fraction of nanopar-
ticles, ¢, and at percolation threshold, ¢., defined as a fixed interparticle distance
of 1.4 nm, respectively, and « is an experimental exponent which depends on the
maximum compaction of the nanofillers.
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Therefore, by increasing the volume fraction of the nanofiller, the tunneling
distance between neighboring nanoparticles will be decrease, and thus, the electrical
resistance associated to tunneling resistance will be also decreased.

However, the expression set in Eq. (4) is quite simple and does not take aggre-
gation parameters into account. In this regard, there are several models that also
study the influence of the nanofiller aggregation in the tunneling distance between
nanoparticles. It can be considered that the interparticle distance inside an aggre-
gate is the minimum distance between nanoparticles, set as 0.34 nm for nanofillers
that are in direct contact. Outside the aggregates, the interparticle distance is signif-
icantly higher. Therefore, the mean interparticle distance does not only depend on
the volume fraction of the nanofiller but also on the dispersion state.

Effect of Tunneling Area

The determination of the tunneling area throughout the tunneling transport may occur
is also a very crucial factor to determine the electrical properties of the nanocom-
posites. This tunneling area mainly depends on the geometry of the nanofillers and
the type of contact between adjacent and neighboring nanoparticles.

In this regard, several studies have explored the influence of the tunneling area
and type of contact in the electrical properties of nanocomposites. For example,
Kuronuma et al. [23] proposed an analytical model for the determination of
tunneling resistance in CNT-doped polymers. They supposed that the contact between
nanotubes may occur in-plane or out-of-plane. In the first case, the tunneling area,
Ay, can be estimated as follows:

nd?
A= — 5
I 2 &)
where d is the outer diameter of the nanotube.
In case of out-of-plane contacts, the tunneling area, Ay, can be estimated by using
the following formula:

Ay =d* (©6)

In both cases, the differences between the tunneling area for in-plane and out-of-
plane contacts are quite slight. However, in case of 2D nanoparticles, the differences
may be much more prevalent.

In this context, some studies have proposed different approximations of the
tunneling area for [24] in-plane and out-of-plane contact in case of 2D nanopar-
ticles, as observed in the schematics of Fig. 4. Here, the tunneling area for in-plane
contacts may be estimated as follows:

App=1-t 7
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Fig. 4 Schematics of in-plane and out-of-plane contacts in a GNP network (reproduced with
permission from [24])

where [ and ¢ are the average length (diameter) and the average thickness of the
nanoplatelet, respectively.

However, in case of out-of-plane contacts, the estimation is quite more compli-
cated than for nanotubes. A first simple approximation may suppose the tunneling
area as a mean value of the total diameter of the nanoplatelet, by using the following
expression:

12
A= 3 ®)

Therefore, since [ >> ¢, the out-of-plane and in-plane tunneling areas are signif-
icantly different. For this reason, thus, the prevalence of in-plane or out-of-plane
mechanisms will play a relevant role in the estimation of the electrical properties of
the nanocomposite.

Effect of the Height Barrier

The height barrier of the polymer matrix, as commented, is the other parameter that
plays an important role on the electrical transport mechanisms in nanocomposites,
especially, at lower nanofiller loadings, since the tunneling mechanisms are most
predominant in these cases. For example, the typical values of height barrier for
epoxy resins usually range from 0.5 to 2.5 eV [25]. Therefore, depending on the
estimated value of the height barrier, the electrical conductivity will change. More
specifically, as observed in the graphs of Fig. 5, the electrical conductivity decreases
with increasing height barrier from 0.5 to 2.5 eV in several orders of magnitude,
accordingly to the expression of Eq. (3). These differences in the electrical conduc-
tivity are more prevalent at lower nanofiller contents, as commented before, due to a
much more prevalent role of the insulating media in the electrical transport properties
of the nanocomposite.
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2.3.3 Analytical Models for Electrical Conductivity Estimation

Therefore, once estimated the main transport mechanisms and how they are affected
by the geometry, dispersion state and type of contact of the nanofillers, as well as by
the height barrier of the insulating media, it is time to explore how it is reflected in, for
example, the determination the electrical conductivity of polymer nanocomposites.

In this regard, Sdnchez-Romate et al. [9] proposed a very simple analytical model
for the calculation of the electrical conductivity of nanofilled polymer matrices that
is reflected in the schematics of Fig. 6. It is based on a block model which assumes
that the material may be divided in three main regions: one, which is dominated by
the larger aggregates, where the main conduction mechanisms are governed by the
intrinsic electrical conductivity of the nanofillers and the contact resistance between
adjacent nanoparticles. The second region, also called the well-dispersed area, is
given by these regions where the nanoparticles are not in contact but the interparticle
distance is low enough to guarantee the conduction mechanisms by tunneling effect.
Therefore, here, the main transport mechanism is given by the tunneling resistance.
Finally, the third region, also called non-percolated area, is given by the zones of the
material where there are not enough nanoparticles to guarantee a proper electrical
network and thus, can be considered as an insulating region.

By dividing the material in these three main blocks, the electrical conductivity
can be estimated as follows:

1 1 1

1
E—ga'R_a+§d'R_d+Enon'a
—————

~0

R.Ry

- R=————
(aRa + EaRa)

(€))
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Fig. 6 Schematic of the proposed model in [9] showing (left) the real dispersion state and (right)
the equivalent block disposition (reproduced with permission from [9])

where R is the equivalent electrical resistance of the element, and &,, &4, and §,,,
are the volume fractions of the agglomerated, well-dispersed, and non-percolated
regions.

Therefore, by using this simple analytical model, it is possible to determine
the correlation between the dispersion state and the electrical conductivity of the
nanocomposite by taking the transport phenomena previously described. In this
context, an aggregation parameter is defined as the ratio between the fraction of
aggregated areas and the well-dispersed ones; ¢ = £,/&,.

Here, it can be observed that the electrical conductivity decreases by increasing
the aggregation ratio. This is explained because the presence of larger agglomerates
affects the creation of efficient electrical networks, as previously described. More
specifically, by increasing the fraction of aggregated areas, also increases the fraction
of non-percolated regions as the nanoparticles are much more entangled and thus
occupy a lower volume fraction. As the correlation between the interparticle distance
and the tunneling resistance follows a linear-exponential law, this would explain the
lower efficiency of the electrical networks in this case.

Another important parameter that must be considered also in the estimation of the
electrical conductivity of nanomposites is the orientation of the nanofillers. There are
many of studies exploring the influence of this parameter in the creation of the elec-
trical networks inside the material [26, 27]. It was found that electrical conductivity
increases with CNT alignment due to the creation of more percolating networks [28].
Therefore, the possible alignment of the nanofillers, especially in case of 1D nanopar-
ticles, is also an important factor to consider in order to determine the electrical
properties of the nanocomposite.

2.4 Electromechanical Properties

The electrical conductivity does not only depend on the dispersion state, polymer
nature or nanofiller type, but also is conditioned by the mechanical constraints of the
material.
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More specifically, the electrical properties of nanofilled resins change with
mechanical strain. The reason lies in the fact that, the application of an external
strain field promotes the deformation of the electrical network, leading to changes in
the interparticle distance and/or in the type of contact between adjacent nanoparticles.

Moreover, most of nanofillers are piezoresistive. It means that their electrical
conductivity changes with the applied strain. Therefore, even the intrinsic electrical
resistance of the conductive nanofillers may vary with the application of an external
strain field.

In this regard, it can be assumed, that at low strain levels, the deformation of the
nanofillers can be negligible, as the Young’s modulus of the nanofillers is usually
several orders of magnitude above the Young’s modulus of the polymer matrix. There-
fore, the variations of the electrical conductivity due to the piezoresistive response
of the nanofillers can be neglected and, for this reason, the changes in the electrical
conductivity when applying a strain field will be due to the changes in the electrical
resistance by tunneling effect, as the interparticle distance changes.

Concerning Eq. (3), it can be elucidated that the tunneling resistance increases
in a linear-exponential fashion with applied strain as the correlation between the
tunneling distance, and the applied strain can be approximated by the following
expression:

t=t-(1+¢) (10)

where ty denotes the initial tunneling distance at zero strain conditions.

Regarding the electromechanical properties, it is important to study a key param-
eter, the gauge factor. It is defined as the ratio between the change of the normalized
resistance AR/ R, and the applied strain, . The gauge factor denotes the electrical
sensitivity of the system under an applied strain. Therefore, the higher the gauge
factor is the higher the sensitivity of the system will be.

In this context, as it can be observed in the graph of Fig. 7, the changes of the
normalized resistance are more prevalent when increasing the tunneling distance,
due to the linear-exponential correlation between the tunneling distance and the
tunneling resistance. Therefore, it implies that the lower the nanofiller content, the
higher the gauge factor that can be achieved as the interparticle distance will increase.
More specifically, the nearer the nanofiller content to the percolation threshold of the
system is the more electromechanical sensitive the system will be.

As commented before, the electromechanical response is also affected by the
dispersion state of the nanofillers, their geometry and the type of contacts between
adjacent and neighboring nanoparticles.

More specifically, the dispersion state has been found to be a critical factor
that governs the electromechanical properties of nanocomposites. Furthermore, as
explored in [9], the fraction of aggregated, well-dispersed, and non-percolated areas
plays a dominant role in the gauge factor of the system.

As a general fact, the gauge factor was supposed to be higher near the percolation
threshold, due to a higher interparticle distance. However, this statement is only true
if the nanoparticles are homogenously dispersed within the polymer matrix. More
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Fig. 7 Variation of the
electrical resistance as a
function of tunneling
distance by using the L 4
expression from Eq. (3), AR/R,
where a linear-exponential
correlation is observed
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specifically, even a low nanofiller contents, if the aggregation ratio is very high, this
will imply that the most prevalent conductive pathways take place throughout the
aggregates. As commented before, the main conduction mechanisms inside larger
aggregates are the intrinsic conductivity of the nanofiller itself. Therefore, the change
of the electrical resistance with applied strain will not be as high as throughout the
well-dispersed areas, where the interparticle distance is considerably higher.

On the opposite side, if the aggregation ratio is very low, this will imply that the
most prevalent conduction mechanisms take place in the well-dispersed areas, that
is, they will be governed by the tunneling effect. Therefore, the gauge factor will be
increased.

In this regard, Fig. 8 shows the value of the gauge factor estimated by the model
in [9] as a function of the mean interparticle distance and the aggregation ratio. It can
be observed that the higher the aggregation ratio is the lower the value of interpar-
ticle distance where the maximum gauge factor is achieved. This can be explained
because, at a very high fraction of aggregates, the main electrical mechanisms take
place through the aggregates. It means that, if the interparticle distance in the well-
dispersed regions is very high, these well-dispersed areas will not participate in the
most prevalent electrical transport mechanisms, as the electrical resistance of these
regions will be much higher than the electrical resistance of the aggregates. The
opposite effect happens with a very low aggregation ratio, where the most prevalent
electrical transport mechanisms take place through the well-dispersed regions, and
thus, the gauge factor increases with interparticle distance.

Apart from the dispersion state, the type of contact between neighboring nanopar-
ticles also plays a very prevalent role. Here, as commented before, in case of 1D
nanoparticles such as nanotubes or nanowires, the slight differences between the
tunneling area in in-plane and out-of-plane contacts are reflected in slight varia-
tions of the electromechanical behavior. However, in case of 2D nanoparticles, the
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Fig. 8 a Effect of the aggregate ratio and interparticle distance (IPD) on the gauge factor (GF) and
b effect of the aspect ratio and CNT content on the mean IPD (reproduced with permission from

9D

prevalence of in-plane or out-of-plane mechanisms will play a dominant role in the
electromechanical response of the material.

In this context, Fig. 9 shows the electromechanical response under tensile condi-
tions as a function of the fraction of in-plane and out-of-plane mechanisms. It can be
observed that, by increasing the fraction of in-plane contacts, the sensitivity increases,
whereas at very low fractions of in-plane mechanisms (under 0.1), the gauge factor
is very low, even negative, due to the prevalence of Poisson effect.

Furthermore, the electromechanical response under compressive strain is quite
more difficult to understand. Here, there are many mechanisms that take part. On
the one side, the effect of the compressive strain itself that promotes a reduction
in the interparticle distance between neighboring nanoparticles. On the other hand,
the presence of local buckling mechanisms that may be reflected in the creation of
microcavities [29], acting as disruptions in the electrical network.

The in-plane/out-of-plane models have been proved to be also an effective way to
understand the electromechanical behavior under compressive strain. In fact, Fig. 10a
summarizes the effect of in-plane/out-of-plane contact proportion on the electrome-
chanical behavior of a GNP-epoxy nanocomposite under compressive strain. Here,
it can be elucidated that the higher the in-plane proportion is the higher the electrical
resistance decrease with applied strain will be. In this regard, this model has been
proved to fit very well the experimental results obtained for compressive tests in
GNP-epoxy nanocomposites (Fig. 10b). It can be observed that, at low strain levels,
the electrical resistance decreases due to the decrease in the tunneling distance of in-
plane contacts. However, at high strain levels, an increase of the electrical resistance
is observed. This is explained by the presence of local buckling mechanisms as well
as due to the prevalence of out-of-plane contacts, acting in an opposite way because
of the Poisson effect. Therefore, as a general fact, the in-plane mechanisms dominate
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Fig. 9 Sensitivity estimated from the in-plane/out-of-plane contact model in [24] as a function of
the applied strain, where f denotes the fraction of in-plane contacts in the network (f = 1 denotes
a 100% proportion of in-plane contacts, whereas f = 0 denotes a 100% proportion of out-of-plane
contacts) (reproduced with permission from [24])

the electromechanical response at low strains, whereas the out-of-plane mechanisms
rule the electromechanical response at high strains.

The 1D or 2D nature of the nanoparticles also plays a prevalent role in the
electromechanical capabilities of the nanocomposites. It can be observed that 2D
nanoparticle-based composites usually present much higher gauge factor values than
1D nanoparticle-based ones. This can be easily explained accordingly to the expres-
sion in Eq. (3) by using the tunneling areas estimated from Egs. (5-8). In case of
2D nanoparticles, the tunneling areas in both in-plane and out-of-plane contacts
are generally much higher than in 1D nanoparticles, as [ - ¢ > d*. Therefore, the
maximum interparticle distance between neighboring nanoparticles can be increased
for 2D nanoparticles, and thus, the sensitivity increases due to the linear-exponential
dependency with the tunneling distance. In fact, several studies have reported gauge
factors of around 1-10 for nanotubes [31, 32], whereas it can be above 10-50 in case
of nanoplatelets at low strain levels [16, 33].

Furthermore, the electromechanical response of 2D nanoparticle-based compos-
ites is usually much more exponential than in case of 1D nanoparticle-based ones,
for the same reasons that those described before. In addition, the electromechan-
ical response of hybrid 1D-2D nanoparticle-based composites has been also studied
[34], to better understand the possible interactions in a hybrid network. Here, it can
be noticed that the higher the ratio 2D to 1D nanoparticles is the higher the expo-
nential behavior of the electrical response as a function of the applied strain will
be, (Figs. 11a and b) as the number of electrical pathways through the 2D nanopar-
ticle networks is increased, as observed in the schematics of Fig. 11c. Therefore, the
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selection of the type of nanoparticle is a very crucial factor for the development of
electromechanical sensitive materials.

2.5 AC Electrical Analysis

Apart from the DC electrical conductivity, the nanocomposites also show complex,
frequency-dependent electrical properties. In this regard, there are some investiga-
tions dealing with alternating current (AC) properties of nanofilled polymer matrices.
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Fig. 11 Electromechanical behavior of a 5 wt.% GNP-0.2 wt.% CNT, b 5 wt.% GNP-0.1 wt.%
CNT, and ¢ schematics of electrical transport in a hybrid GNP-CNT network where the red line
denotes the preferential electrical pathways (reproduced from [34] under Creative Commons CC-BY
license)
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As a general fact, the knowledge of the AC properties would allow to better under-
stand the possible interactions among nanofillers and the particular effect of the
insulating media on the electrical properties of the nanocomposites.

Figure 12 shows the typical Niqvist plot of the complex impedance as a function
of AC frequency for an epoxy/CNF system. Here, it can be observed that both the
real and imaginary parts of the complex impedance increase with decreasing the
nanofiller content, in a similar way than in case of DC conductivity. More specifi-
cally, the electrical network can be modeled by a series—parallel circuit composed by
an RC element, which corresponds to the tunneling effect occurring between adja-
cent nanoparticles and an LRC element, corresponding to the intrinsic and contact
resistance between nanoparticles, as observed in the schematics of Fig. 13. There-
fore, by adjusting the RC and LRC parameters, it is possible to quantify the effect
of the intrinsic, contact, and tunneling mechanisms in the electrical properties of
the nanocomposite. For example, a high RC/LRC ratio will be reflected in a high
prevalence of the tunneling mechanisms inside the electrical network, typically for
nanocomposites filled with low nanoparticle contents. However, a low RC/LRC
ratio would denote a high prevalence of intrinsic and contact transport mechanisms,
typically for nanocomposites filled with high nanoparticle contents.
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Fig. 12 a EIS data for 1.0, 1.5, and 2.0 wt% CNFs, b close up of boxed region from a showing 1.5
and 2.0 wt% more clearly, ¢ EIS data for all weight fractions normalized by DC resistance, Rpc,
and d close up of boxed region from ¢ (reproduced with permission from [35])
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-connect nanofilers with parallel RC calculated witht =L,

case ili)

-nanofillers within tunneling range and neither penatrating

nor closer than equilibrium allows, L. <iSty

-connect nanofilers with paraliel RC calculated with t

case iv)
-nanofilers outside tunneling range but
within capacitive coupling range. L, <151
~connect nanofillers with single capacion
calculated with |

case v) (not shown)
-nanofilers outside capacitive range. L > |
N0 connection made between nanofillars
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Fig. 13 Schematic of nanofiller and nanofiller-to-nanofiller junction. For cases i-iii, CNFs are
proximate enough to enable inter-nanofiller electron tunneling. For case iv, it is assumed that the
CNFs are too distant to participate in electron tunneling but near enough to enable inter-nanofiller
capacitive coupling. Lastly, the intrinsic AC properties of the CNFs are modeled as a capacitor in
parallel with a series resistor-inductor combination (reproduced with permission from [35])

The capacitance terms associated to tunneling effect can be explained by the
formation of micro-capacitors between nanofillers due to the presence of a thin
insulating layer between the conductive nanoparticles and can be modeled as follows:

[e2500E)
C;= -
t

Y

where a is a scaling factor, &g and ¢, are the permittivity of free space and the relative
permittivity of epoxy, respectively, A is the overlapping area between nanofillers,
which can be considered as the tunneling area, and ¢ is the length of the thin layer,
which can be considered as the tunneling distance.

On the other hand, the capacitance and inductance terms of the nanofillers, Cy
and Ly, can be estimated from the following formulas:

Cf:(Squ; LfZ{lLk (12)

where § and ¢ are two scaling factors, [ is the length of the nanofiller; and C,
and L, are the typical capacitance and inductance terms of the nanofillers that may
be determined from the literature. For example, in case of CNTs, they have been
estimated as C, = 100 aF/pum and L; = 10 nH/pm [36].

In addition, the effect of an applied strain on the complex impedance analysis is
shown in the graphs of Fig. 14 for a GNP-PDMS system. Here, it can be observed
that, at large deformations, there is an increase of both the real and the imaginary parts
of the complex impedance. This is explained by the effect of out-of-plane contacts
that, as explained before, play a relevant role at very high strains. As out-of-plane
contacts promote an increase of the electrical resistance due to tunneling effect due to
the separation of the nanofillers, it will be reflected in an increase of the capacitance
term corresponding to the insulating media.
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Fig. 14 EIS curves as a function of the compressive deformation for a 4, b, 6, ¢ 8, and d 10 wt%
GNP samples where the dots denote the experimental measurements and the solid lines the fitted
data using the equivalent circuit (reproduced with permission from [37])

2.6 Temperature Dependance of Electrical Conductivity

The electrical conductivity does not only depend on the type and distribution of
nanofillers inside the polymer matrix, but also on other factors such as the tempera-
ture. In fact, the effect of the temperature on the electrical conductivity of nanofilled
polymers is quite complex to understand.

More specifically, the electrical properties as a function of the temperature highly
depend on the nanofiller concentration. As explained before, for nanofiller contents
below the percolation threshold, the insulating media dominates the electrical proper-
ties of the whole material as not enough electrical pathways are formed. On the other
hand, for nanofiller contents above, the percolation threshold, the intrinsic, contact,
and tunneling transport between adjacent and neighboring nanoparticles are the most
dominating mechanisms governing the electrical properties of the nanocomposites.

Therefore, the temperature dependency of the electrical conductivity will be

different depending on the nanofiller content, that s, if it is below or above percolation
threshold.
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In particular, the temperature effect on the tunneling conductivity can be
approximated by the following formula [38]:

owexp(— d ) (13)

T+ Ty
Being
WA8(2) 2T1
T, = ;o To= (14)
8mkp TXW
where x =,/ Z’Z—,VO and gy = %J’ with e and m being the electron charge and mass,

respectively, Vj is the potential barrier height, w is the gap width, kg is the Boltzmann
constant, and A is the area of the nanoparticles.

Apart from the tunneling effect, which dominates when the nanofiller content is
above the percolation threshold, there are other electrical transport mechanisms that
governs the electrical properties of the polymer matrix.

On the one hand, the polymer matrix can be approximated filled with granular
conductive materials, with a nanometer size, dispersed in the dielectric matrix. These
granules can be formed by incomplete chemical reactions or by thermal variations
during the curing process, resulting in trapped ions [39]. In this case, the electrical
conductivity as a function of temperature can be estimated by applying the following

expression:
gEC kBT
~ 1 15
7ot n[max(T, F)} VT (15)

where o is related to the diffusion of the electrons from grain to grain, g is the dimen-
sionless conductance (g >> 1 in the strong coupling regime), E, is the single-grain
Coulomb charging energy, and I' is a characteristic energy related to the tunneling
conductance and the mean energy-level spacing.

Finally, the ionic conductivity is a very relevant electrical transport mechanisms
inside the polymer matrix when below the grass transition temperature and is corre-
lated to the presence of small concentrations of impurity molecules [40]. It can be
given by the following formula:

Ai —Eai
o~ Z ?exp( T ) (16)
i

where the sum runs for the different ionic species present in the system, Eq; is the
activation energy for a specific ionic species, and A; is a constant associated with
the electronic charge and the separation between neighboring potential walls for a
characteristic ionic species.
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Therefore, the electrical conductivity as a function of temperature can be calcu-
lated by taking all these effects into account, leading to the following formulas
depending on the nanofiller content, that is, if the nanofiller content is below or
above the percolation threshold:

A; —Ea; E. kgT
o~ —exp( a ) —{—ln[g—] + BT for ¢ < ¢, (17

Tl Ai —Eai gEc
~ _ 2 In| ——2=¢
’ exp( T+To> +Xi: T exp( ksT ) * n[max(T, r)]

These expressions, thus, allow to better understand the effect of the temperature on
the electrical conductivity of a nanofilled polymer matrix. As a general fact, the ionic
conductivity will increase with increasing the temperature and thus, at contents below
the percolation threshold, the electrical conductivity will increase with temperature,
as it is the main electrical transport mechanism.

However, at nanofiller contents above percolation threshold, tunneling transport
mechanisms will play a very prevalent role in the electrical properties. Here, it is
important to point out that, at nanofiller contents slightly above percolation threshold,
tunneling resistance will be the most relevant electrical transport mechanism, whereas
at nanofiller contents significantly above percolation threshold, the contact resistance
will be the governing transport mechanism [41]. The tunneling resistance is reduced
with temperature increase [42] as it depends on thermal fluctuations. However, the
contact resistance has an opposite behavior with temperature since an increase in
the temperature will enhance the kinetic energy of the carriers, and thus, contact
resistance will increase due to scattering effects. For these reasons, the electrical
conductivity of highly filled polymer composites usually decreases with temperature,
as contact resistance is the most relevant transport mechanism. The effect of the
temperature on the electrical conductivity as a function of nanofiller content is also
described in the graph of Fig. 15.

2.7 Electro-Thermal Properties

The presence of electrically conductive nanofillers can offer a wide range of novel
properties to the polymer matrix, as commented before. Here, the capability of
heating by Joule’s effect is one of the most interesting.

Joule’s heating effect refers to the temperature increase in a conductive material
due to the current flowing throughout it. More specifically, electrically conductive
polymer matrices based on the addition of conductive nanofillers are susceptible to
temperature increase when an electric field is applied. At atomic level, Joule’s heating
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is a result of the movement of electrons that collides with atoms in a conductor.
Therefore, impulses are transferred to the atoms, increasing their kinetic energy in
form of heating.

As a general fact, the heating originated due to the applied voltage can be estimated
by the well-known Joule’s formula:

0 = IRt (18)

where Q is the heating flow, I and R are the current flow and the electrical resistance
of the material, respectively, and ¢ is the time the electrical field is applied.

Therefore, there is a direct correlation between the Joule’s heating capabilities
and the electrical conductivity of the nanocomposites. Here, the presence of local
aggregates of nanoparticles, defects, disruptions of the electrical network, etc., thus,
will have a very significant impact on the Joule’s heating capabilities of the material.

There are three main regimes when analyzing the heating by Joule’s effect: the
heating regime, which occurs in the first stages when applying the electric field; the
maximum temperature regime, which occurs when the temperature is stabilized; and
the cooling regime, which takes places once the electric field is not longer applied.
The temperature can be estimated for each region by following these expressions
[43, 44]:

Heating regime : T = (Tynax — T0)<1 _ e*rth) + Ty (19)
. . Ic VO
Maximum temperature regime : h, . = T T (20)
m — 10

Cooling regime : T; = (Timax — To) (e_f%) + T 21



Fundamentals of Electrical Conductivity in Polymers 353

HH

30 \
—— 0V IM

0

0 S0 100 150 200 250 300
1-465(s)

(b)

Fig. 16 aHeating and b cooling curves of PP/CNT nanocomposites as a function of applied voltage
where the solid lines denote the theoretical fitting using expressions from Eqs. (19-21) (reproduced
from [45] under creative commons CC-BY license)

where 7 is the time, T« is the maximum temperature that can be reached, T is
the initial temperature, T, is the temperature at each time or transient temperature,
7, and T, are characteristic times, during heating and cooling, respectively, A, is
the heat transferred by radiation and convection, and /. and V| are the current and
applied voltage, respectively. A typical heating—cooling cycle is showed in the graphs
of Fig. 16.

There are a lot of studies dealing with Joule’s heating capabilities of nanofilled
polymer composites for a multiple range of applications. Here, it is very common
to plot the maximum temperature reached as a function of applied voltage. Usually,
the correlation between the maximum temperature reached and the applied voltage
follows a square law, due to the dependance between the heating flow and the current
passing through the material, expressed in Eq. (18). However, this expression only fits
in case of ohmic materials, that is, those who present a linear variation of the current
flow with applied voltage. In case of materials with a very semiconductive behavior,
where the hopping conduction is the main transport mechanisms, the correlation
between the applied voltage and the current passing through the materials follows
an exponential law [46], which is typical for low-filled polymer composites, where
the intrinsic and contact transport mechanisms are not so prevalent:

I = GVexp(kV) (22)
where G is the conductance at 0 V, and k is a fitting parameter indicating the exponen-

tial ratio between current and voltage. Here, a higher value of this parameter would
denote a higher exponential correlation between / and V.
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Therefore, in this case, the electrical conductivity at low voltage levels is much
lower than at high voltage levels, and thus, the maximum temperature reached at
high voltage levels would be much higher than expected by Joule’s law.

On the other hand, in case of high-filled resins, the main transport mechanisms
are due to intrinsic and contact effects between adjacent nanoparticles. Here, the I-V
curve follows a linear fashion, and thus, they present an ohmic behavior. However,
in this case, it has been elucidated that the electrical conductivity slightly decreases
with temperature, so the maximum temperature reached as a function of voltage is
lower than expected from the square law of Eq. (18). In this regard, Fig. 17 shows
an example of temperature-voltage curves for Joule’s heating test where the samples
with the highest heating capabilities show a more linear response than those with the
lowest heating response.

3 Applications of Electrically Conductive Polymers

Once understood the main electrical properties of conductive polymer matrices, it is
important to explore the possible applications of this type of materials. In this regard,
electrically conductive polymers open a wide range of applications in comparison
with conventional polymers. Among these applications, their use as sensors, heaters,
de-icing or self-healable systems is gaining a great deal of attention in the last decades.
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3.1 Polymer-Based Strain and Damage Sensors

The use of nanofilled conductive polymers as strain and damage sensors is based on
their electromechanical properties, which have been discussed previously.

Here, the main advantage of this type of sensors over the conventional metallic
gauges is their high sensitivity. Whereas the gauge factor at low strains can reach
10-50 for GNP-based nanocomposites, in case of conventional metallic gauges is
around 2-3. Therefore, the nanofilled resins can be used for the detection of very
small strains.

In this regard, strain sensors may be divided in two broad groups: those for wear-
able devices, which require a huge flexibility and thus, very high failure strain; and
those for structural applications, which require a high stiffness and strength.

3.1.1 Wearable Flexible Sensors

Most of thermosetting polymers are brittle, with high stiffness and very low failure
strain. However, there are flexible thermosets, by working with systems with very
low glass transition temperature. For example, one of the most used epoxy system
for with high flexibility is based in poly(ethylene glycol) diglycidyl ether (PEGDGE)
monomer, which presents a very low glass transition temperature (below room
temperature), very high failure strain (up to 50%) and low stiffness; the ideal
conditions for wearable devices.

Figure 18 shows an example of a CNT-PEGDGE system for the detection of
small and large human movements. It can be observed that the high sensitivity of the
system, due to the inherent piezoresistive behavior of the CNTs and the tunneling
effect through the epoxy media, promotes a high motion detection.

Moreover, there are many research on wearable sensors based in nanofilled elas-
tomers, such as polydimethylsiloxane (PDMS). Here, the electromechanical mecha-
nisms are very similar to those commented before, but the elastomeric nature of the
resin makes them highly applicable as wearable flexible devices.

Apart from the sensitivity for detection of large and small strain, the long-term
stability is a crucial factor, as these sensors will be used in continuous cycling load
conditions. In this context, it is important to study the electromechanical response
when applying cycling load conditions. From Fig. 19, it can be observed that there
is an initial decay of the electrical resistance. This can be associated to two effects:
on the one hand, the inherent viscoelastic behavior of the elastomeric matrix, which
promotes a delay between the electrical and the mechanical response and the possible
irreversibility of the nanofiller network during the first stages of cycling load.
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3.1.2 Structural Electrically Conductive Polymers

The employment of structural conductive polymers for strain sensing and damage
detection follows two main paths: their use as sensing coatings and their use as
structural matrices in fiber-based multiscale composites.

In the first case, the development of electrically conductive polymers allows the
creation of multifunctional smart coatings. In fact, there are many studies exploring
their damage and strain sensing capabilities of nanofilled-based polymer coatings. It
has been observed that, through electrical impedance tomography (EIT) techniques,
which consists in the interpolation of electrical measurements through an electrode
network, it is impossible to obtain an accurate mapping of the electrical conductivity
of the material, making possible the identification of superficial defects [48].

In the second case, the use of nanofilled resins as matrices of fiber-based multiscale
composites has been attracted the interest of many researchers. Here, it is possible
to identify, not only the strain field throughout the material but also the presence
of a wide range of defects such as matrix cracking, interfacial cracking or even,
fiber breakage, as it induces a change in the surrounding strain field [49, 50]. In
this regard, Fig. 20 shows an example of a multiscale CNT-GFRP composite under
bending conditions. Here, it can be observed that it is possible to detect and locate
the damage during the test, as the whole material acts as a sensor. This fact, in
combination with their high sensitivity, makes nanofilled multiscale composites very
promising materials for structural health monitoring (SHM) applications. The use of
EIT techniques, as well as in case of polymer coatings, also offers a rapid mapping
of defects in multiscale glass fiber composites [51, 52].

3.2 Applications as Electro-Thermal Heaters, De-Icing
Devices, and Self-Healable Systems

The electro-thermal capabilities of nanofilled resins open a way for a wide range of
applications including electro-thermal heaters for de-icing or self-healable devices.

Their capability as electro-thermal heaters is based on the extremely high effi-
ciency of Joule’s heating. More specifically, the heating rates that can be achieved
are much superior to those achieved by other conventional heating (i.e., conventional
oven or UV). Furthermore, the heating rate is increased with applied voltage, as the
kinetic energy of the nanofillers is increased. In this regard, heating rates ranging
from 0.18 to 2.89 °C/s for applied voltages ranging from 25 to 100 V, respectively,
have been reported for CNT reinforced epoxy resins [54].

In this regard, these exceptional electro-thermal capabilities can be used for a
wide range of applications. For example, there are many research taking advantage
of Joule’s heating capabilities for out-of-autoclave curing [55, 56]. Here, their fast
heating rate in combination with a good nanofiller distribution is the crucial factors
to ensure an homogeneous curing of the polymer matrix.
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Fig. 20 Electromechanical response of glass fiber multiscale composites based on polycraplactone-
epoxy blends filled with CNTs showing a a prevalent compressive failure and b mixed tensile-
compressive failure, where the micrographs on the lefts denote the transversal sections (reproduced
from [53] under creative commons CC-BY license)

Apart from curing by Joule’s effect, this type of materials is commonly used for
de-icing applications [57]. Here, when the ice is formed over the material surface,
the application of an external voltage promotes an adequate surface heating, leading
to the ice-melting. As observed in the graphs of Fig. 21, the de-icing capabilities
of GNP-polymer composites are quite good, promoting an adequate, and fast ice-
melting. Furthermore, most of the nanofillers enhance the hydrophobicity of the
polymer matrix, avoiding the ice formation, as the wettability of water drops over
these surfaces are quite poor.

Finally, another interesting application of the electro-thermal capabilities of
nanofilled thermosetting resins is correlated to the development of self-healable
systems. In this regard, self-healing refers to the capability of a material to restore
their initial state after a damage takes place. Here, this self-healing capability can be
achieved by an intrinsic or extrinsic stimulus. The external stimulus is usually based
on healing processes that occurs by thermal activation. Therefore, heating by Joule’s
effect can be used to activate this external stimulus and promote the healing process
inside the material.
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Fig. 21 a Temperature
profile during de-icing tests
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left specimen corresponds to
the reference coating and the
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heated (reproduced from
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The self-healing process under Joule’s heating is now gaining a great deal of
attention. For example, some self-healable systems are comprised by blends of ther-
moplastic particles, such as polycaprolactone (PCL) and epoxy resins. Here, if the
temperature reached is above the melting point of PCL, this thermoplastic phase
may flow, filling a crack. The efficiency of self-healing process has proved to be very
high, over 70% [58], indicating that the healing activation by Joule’s heating is quite
promising and avoids the use of conventional heating sources that are usually much
less autonomous. Another example of self-healable systems activated by thermal
stimulus is based on the presence of reversible bonds, such as Diels—Alder (DA) and
retro-Diels—Alder (rDA) reactions. Here, the activation by Joule’s effect has shown
healing efficiencies of above 90% [59], proving the high potential of electro-thermal
process for this type of self-healable systems.

4 Conclusions

Throughout this chapter, the electrical properties of polymers have been discussed.
More specifically, the main transport mechanisms involving electrically conductive
polymer composites have been discussed.

Ithas been observed that there are a wide range of conductive micro and nanofillers
that can be incorporated to polymer resins: metal, carbon-based, ceramic, and metal-
coated fillers. Here, the percolation threshold, that is, the critical volume fraction
where the electrical pathways are created, promoting an electrically conductive
network, is a critical parameter. It depends on the aspect ratio of the nanofillers,
their dispersion state, and the possible interactions among them.

Furthermore, the main transport mechanisms were identified as intrinsic electrical
conductivity of nanofillers, contact, and tunneling resistance between adjacent and
neighboring nanoparticles. The first one depends on the nanofiller nature, whereas
the contact and tunneling ones are influenced by the nanofiller, the insulating media,
and the interactions nanofiller-polymer. More specifically, the interparticle distance,
the tunneling area, and the height barrier of the insulating media were identified as
the main parameters governing tunneling transport.

In addition, the linear-exponential correlation of tunneling resistance with inter-
particle distance makes nanofilled-based resins very susceptible to electrical changes
with applied strain. Here, the sensitivity achieved in these systems is quite above that
found in conventional strain gauges, making them very promising for strain sensing
and damage detection devices.

Moreover, the electro-thermal properties of the nanofilled resins make them very
susceptible to heating by Joule’s effect, that is, by the application of an external
electrical field. This interesting property can be used to develop thermo-electrical
heaters, de-icing systems or to stimulate thermal activation of self-healing processes.

Therefore, it can be concluded that a good understanding of electrical properties
of polymers is a key factor to take advantage of their multiple functionalities.
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