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A theoretical–computational protocol to model the Joule heating process in nanocomposite materials is

presented. The proposed modeling strategy is based on post processing of trajectories obtained from

large scale molecular simulations. This protocol, based on molecular models, is the first one to be

applied to organic nanocomposites based on carbon nanotubes (CNT). This strategy allows to keep

a microscopic explicit picture of the systems, to directly catch the molecular structure underlying the

process under study and, at the same time, to include macroscopic boundary conditions fixed in the

experiments. As validation and first application of the proposed strategy, a detailed investigation on CNT

based organic composites is reported. The effect of CNT morphologies, concentration and working

conditions on Joule heating has been modelled and compared with available experiments. Further

experiments are performed also in this work to increase the number of comparisons especially in

specific voltage ranges where available references from literature were missing. Simulations are in both

qualitative and quantitative agreement with several experiments and trends reported in the recent

literature, as well as with experiments performed in this work. The proposed approach combined with

large scale hybrid particle-field molecular simulations can give insights and opens to way to a rational

design of self-heating nanocomposites.
1 Introduction

The improvement of performances in automotive, aeronautics,
civil engineering sectors is mainly focused on increasing
consumer safety, component life-span and performance while
reducing the environmental impact, manufacturing cost and
maintenance. To reach this goal, the incorporation of self-
responsiveness represents an appealing strategy, indeed one
of the edge elds of modern research is the development of new
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and multifunctional materials characterized by properties that
are sensitive to external conditions and that can be changed in
a controlled way. These ones are called smart materials1–5 and
their peculiar features could be employed to monitor their own
conditions and eventually to be able to repair themselves. In
this context, polymer composite materials based on carbon
nanotubes (CNT) or graphite are very interesting candidates and
a lot of attention has been paid to them due to their unique
mechanical, electrical and thermal properties.6–11 In these
composite materials, the key feature is that the carbon-based
ller gives the material the capability to behave as
a conductor when it reaches a critical concentration (called
percolation threshold).12,13 This condition depends on several
factors among which the aspect ratio, morphology, dispersion
and of course the nature of the ller itself.7,14–18 Beyond this
critical concentration the ller creates a conductive path
allowing the material to switch from insulator to conductor.
This behavior can be described by the percolation law,19,20

a power law that has already been shown to properly describe
the electrical conductivity behavior for heterogeneous mate-
rials21–24 including this class of materials.6,7,13,25–27 Among the
conductive llers, carbon nanotubes show peculiar physical and
mechanical properties such as high elastic modulus, low
density, high electrical conductivity, high aspect ratio,28–31 high
strength and stiffness,32 remarkable thermal and electrical
This journal is © The Royal Society of Chemistry 2020
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conductivity, making them appealing candidates for a wide
range of possible technological applications.33 Moreover, due to
their high aspect ratio, lower concentrations of CNT are
required to improve the polymer matrix properties, with lower
percolation thresholds compared to other carbon-based
llers.6,34–36 Regarding the polymer matrix, among the thermo-
setting polymers the epoxy-based systems allow to manufacture
a very versatile class of composites for structural applications in
automotive, aeronautics, marine industry and electronics,
thanks to their excellent mechanical properties for structural
stability.37 Smart materials are also designed with concrete
matrices for civil engineering applications.38–40

Once these materials become electrically conductive, they
are also characterized by features that can be employed for self-
responsiveness like piezoresistivity, i.e. the change of electrical
resistance due to an external stress or strain, and Joule effect.

The latter is the heat generated in a conductor due to the
ow of electricity within it, which implies the loss of part of its
energy due to the lattice vibrations (phonons).41 It can be
employed in many useful self-heating based applications, such
as self-deicing and self-curing. The de-ice of an aircra (ice
elimination or mitigation), for example, is crucial in freezing or
precipitation conditions where frozen contaminants can cause
damages on critical aircra surfaces that need to be even and
straight, and can disrupt the smooth air ow and reduce the
wings ability to generate li and increase drag. Several anti-
icing (ice prevention) or de-icing exist based on mechanical,
chemical or thermal mechanisms where the aircra surface is
deformed to cause a break of the ice on it (mechanical), or
chemical agents such as glycol are employed to low the freezing
point of water (chemical), or bleed air or hot air is diverted from
one of the turbine stages to heat the airfoil leading edges.42,43

Other strategies based on the employment of electrically
conductive heating elements exist, however there are limits on
the powers reached to gain the necessary temperature.44,45 For
these reasons, and to improve the quality of de-icing and so the
safety of the aircras, alternative strategies are investigated.46–51

Among these, the employment of new materials such as carbon-
based lled polymers seems to be very promising, showing also
the advantage of a lighter weight compared to the standard
ones.49,52,53 Moreover, the application as ice controller on
different transportation infrastructures such as highways,
interchanges, bridges, airport runways, can improve drivers
safety while not compromising the durability of the structures
with the use of sprayed substances that can damage them.54

Another very useful application is the self-curing,28,34,54–61 i.e.
the conductive ller is added to the polymer matrix and can
improve the curing process by generating heat from inside the
material itself. An homogeneous dispersion and improved
cured material could be obtained. Conventional oven heating is
mostly used to cure polymer-based composites, but oen it is
observed that the heat distribution is not uniform and that
a relatively long period of heating is required during
manufacturing. So, internal heating methods such as Joule,
microwave and induction heating have been of great interest for
their non-contact heating process which creates a uniform
thermal distribution in a shorter period of time.34,54–57 Among
This journal is © The Royal Society of Chemistry 2020
these, Joule heating is one of the most efficient ways to have
a uniform heating of conductive composites. For CNTs lled
composites, an electric eld in presence of electric current does
mechanical work bymoving the current-carrying particles in the
conductor.41,58,59 This work can be dissipated into heat in the
conductor, therefore curing by Joule heating will be benecial to
various applications in the eld of exible and large-area
sensors and electronics, where fast and uniform curing of the
base polymer is critical to their performances.28

Also for civil engineering, the Joule heating can be employed
for reparing of cracks and damages in the asphalts. The heat
generated can be employed to melt the concrete and repair the
damage.62 Heating is essential for buildings in cold regions and
to obtain materials that are able to give spatially uniform
heating, design simplication, implementation convenience
and energy efficiency is an important challenge where the
employment of structural materials capable to heat themselves
through energy conversion, i.e. from electrical to heat, repre-
sents a valid and efficient solution. Also in this context,
composite materials lled with CNTs represent a valid candi-
date. Other alternatives such as fossil fuels (coal, fuel oil,
natural gas) or solar heating are related to environmental
problems or have high costs, respectively, representing poorer
choices compared to resistance heating (Joule effect based). In
this case the electric current passes through the resistor, which
is the heating element, embedded in the structural material,
such as concrete.54

Beside the number of applications and a macroscopic
understanding of the Joule heating mechanism, a complete
knowledge of the main factors inuencing the efficiency of the
material, at molecular level, is still missing. It is very important
to investigate the Joule heating at the molecular scale, in this
way the microscopic mechanisms ruling the Joule effect can be
caught. Studies at the molecular scale have been shown to be of
key importance also in other contexts such as the description of
interaction with light and non-equilibrium processes in both
biological and material science elds.63–68 The ller organiza-
tion giving rise to the electric circuit takes place at the nano-
scale, so this scale is crucial to study the morphological nature
of different circuits and the chemical reasons determining why
a morphology is favoured compared to others. The capability to
understand on a quantitative point of view how to improve the
efficiency of the material as heat generator is the starting point
to design more efficient ones. In this context, the support given
by in silico experiments can be crucial to help in the disentan-
glement of the main mechanisms underlying the Joule heating,
and to understand how the performances are inuenced by the
ller concentration, aspect ratio, morphology, polymer matrix,
applied voltage. Many modeling studies on Joule heating and
heat diffusion have been performed at the macroscale, but at
this scale the molecular picture of the material is lost, and
although these theory levels are very appealing on a computa-
tional point of view, it is not possible to follow the molecular
mechanisms involved in the phenomena.69–71 On the other side,
there are very accurate studies based on quantum-mechanical
pictures, where of course a very limited system size can be
explored, reducing the capability to directly compare these
Nanoscale Adv., 2020, 2, 3164–3180 | 3165
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Fig. 1 Schematic picture of the CNTs forming a conductive path. A
continuous network of CNTs is formed when the percolation
threshold is reached. To measure the Joule heating power, the sample
is placed between two electrodes and an external potential is applied.
A thermocouple allows to evaluate the temperature increase. Both
electrical resistances contributions to the percolative path, the intrinsic
(Rint) and contact one (Rcon), are emphasized.
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studies to experimental results.41 Modeling studies based on
molecular dynamics simulation (MD) method coupled with
heat ow equations have been reported for metal systems.72–74

Studies on thermal conductivity of CNT composites have been
performed by using reverse non-equilibriumMD simulations in
a full atomistic resolution, giving interesting insights on the
effect of CNT functionalization and effects at interface between
CNT and polymers.75–79 The drastic decrease of thermal
conductivity is a serious bottleneck for composite materials
applications in terms of the heat diffusion efficiency, indeed the
thermal conductivity of isolated CNTs is orders of magnitude
larger (between 100 and 6000 W m�1 K�1) than that of CNTs
embedded in polymer matrix where it spans in a range of 1–
30 W m�1 K�1.60,80–83 Although, compared with polymers (where
it is around 0.1–1 W m�1 K�1), it increases when the ller is
added, the gain is not that much and understanding how to
improve the material performance is a huge challenge. In
particular, it is the interface resistance between CNTs and the
polymer that hinders the heat ow across the CNT–polymer
interface. However, given the huge computational cost, these
studies are limited to systems embedding one or few CNTs. The
possibility to understand and to control the dispersion mech-
anisms of CNTs in the polymer matrix is also very important,
since tomaximize the efficiency of thematerial, both in terms of
conductor of electricity and heat generator, a distribution of the
CNTs as much homogeneous as possible is necessary. Since the
dispersion mechanisms and the formation of assembled
structures of CNTs take place at the nanoscale (typically
between 100 and 200 nm), this is an important length scale
intermediate between atomic/molecular scale and macroscale
to investigate these processes.

The main aim of our study is to propose a modeling strategy
that is able to combine the computational efficiency, typical of
the nite elements method, and the accuracy reached at the
molecular scale that is able to explicitly show the molecular
processes involved in the Joule heating and heat diffusion. The
nanoscale is a crucial domain, a bridge in which both the
aspects can be retained. Models on this scale (around 100–200
nm), have already been applied by some of us to study electrical
properties of CNT lled polymers84 in which the morphology
inuence on electrical conductivity has been investigated and
disentangled, showing the importance of the geometry of CNT
assemblies in the polymer matrix since it is responsible of the
conductive path efficiency. Different morphologies and
conductive paths have been observed, and the role of the aspect
ratio, concentration, polymer matrix nature (homopolymer or
block co-polymer) have been deeply investigated giving also
successful agreement with experiments from literature. To
further corroborate the proposed modelling strategy and to
increase the number of comparisons (especially in the 60–100
voltage range), experimental data are also collected in this work
and very nice agreement with computed results is obtained also
in this case. Thanks to the size and timescale reached by using
the hybrid particle-eld (h-PF) molecular simulations85–91 which
allow to explicitly describe the polymeric matrix, we obtained
CNTs assemblies (dendritic structures) that are geometrically
compatible with experimental hypotheses, and power law
3166 | Nanoscale Adv., 2020, 2, 3164–3180
exponents in agreement with experimental measurements.84

The proper simulation of the electrical properties is the main
ingredient for the Joule effect simulation, since the calculation
of the conductivities, along with the dependance on the
morphology and ller concentration, is the key starting point
for an accurate Joule heating calculation. In this work, we
propose a modeling strategy for the calculation of Joule heating
based on post processing of trajectories obtained from molec-
ular simulations.

The paper is organized as follows: in the Methods section it
is presented the implemented theoretical–computational
procedure along with the main equations employed in the Joule
heating modeling, in the Experimental section the details of
materials and measurements performed in this work are
described, followed by the Results section including applica-
tions of the implemented strategy to case studies directly
compared with experimental data. Conclusion and perspectives
are presented in the last section.
2 Models, methods and simulation
approach
2.1 Joule heating at the nanoscale

Experimentally, Joule heating is simply measured by applying
an external voltage to the material sample, properly connected
between two connecting pads and also to a thermocouple to
measure the temperature change, as schematically shown in
Fig. 1.
This journal is © The Royal Society of Chemistry 2020
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Joule heating takes place in conductive materials. In partic-
ular, composite materials switch from insulators to conductors
once a critical concentration of the ller is reached (the so-
called percolation threshold), that takes place when the ller
concentration is sufficient to allow the formation of a contin-
uous conductive path characterized by connected CNTs (sche-
matically shown in Fig. 1).

The contributions to the percolative path are two: the
intrinsic and contact resistances, described in the next
subsection.

The percolative region is still very sensitive to small
concentration variations or conformation changes, thus
making the heat generation not efficient. Since it is required
that the heat generated is stable for self-heating applications,
the electrical conductivity has to be stable, and this condition is
reached at ller contents about two times the percolation
threshold.53,92 In this way it is ensured that the material is
conductive and that small changes in CNT arrangement do not
affect the conductive performances.

In Fig. 2, we schematically show the key concepts of the
proposed approach for the calculation of Joule heating.

First of all, we propose to retain the molecular picture of the
system, since it is important to properly include the different
contributions to the overall resistance and so to properly
simulate the system conductivity before evaluating the Joule
heating and the heat diffusion. By using the hybrid particle-eld
MD simulation implemented in the OCCAM soware,85–87 and
whose main concepts and equations are presented in the ESI,†
we are able to simulate different molecular congurations of
assembled CNTs in the polymer matrix with a reasonable
computational cost. We simulate a system on sizes of 100–
200 nm, to obtain equilibrium morphology of CNTs about
28 nm long. Different ller concentrations are simulated to
build the percolation curve and to verify which is the ller
amount necessary for the Joule heating modeling, and then
Fig. 2 Schematic representation of the main ideas presented in this
work. The proposed protocol aims to bridge the nano andmacroscale.
The nanoscopic explicit modeling of the material is needed to accu-
rately simulate the Joule effect and heat diffusion, that is modeled by
using a grid based picture allowing the connection to the macroscale,
from which the external voltage is taken. In this schematic represen-
tation on the connecting arrows we underline the main quantities
simulated at the nanoscale and transferred to the macroscale through
the bridging grid picture.

This journal is © The Royal Society of Chemistry 2020
such curve is tted by using the percolation law (more details in
next sections). One of the main advantages of our approach is
that we start from an explicit molecular picture of the system,
and in agreement with this fact, the electrical resistances and
conductivities are calculated explicitly as described in the
following subsection.

2.1.1 Electrical resistances and circuit calculation. The
electrical conductivity of the insulating polymer and CNTs
composite is calculated by using a resistor network approach.93

This approach consists in an explicit calculation of the overall
electrical resistance of the system due to the CNTs creating
a network of resistors above a critical concentration. The
contributions to the electrical resistance are two. The rst one
arises from the CNT themselves (intrinsic resistance) when
intersected with other two CNTs, and this contribution directly
depends on the length of the intersected segment and can be
written in the following way:

Rint ¼ 4l12

psCNTdB
2

(1)

where l12 is the length of the CNT between contact points 1 and
2 (as shown in Fig. 1), dB is the CNT diameter and sCNT is the
intrinsic CNT conductivity.

Electron ballistic tunneling through the contact junction
causes the contact resistance, the second contribution (sche-
matically shown in Fig. 1). Two separate CNTs can havemultiple
contacts: in our model CNTs are constructed as straight
segments and each pair of non-adjacent segments produces
contact resistance if the distance between them is less than
dcutoff. The contact resistance can be approximated by the
Landauer–Buttiker formula:94

Rcon ¼ h

2e2
1

MP
(2)

where h is the Planck's constant, e is the electron charge, h/2e2¼
12.9054K is the quantized resistance, M is the total number of
conduction channels and the transmutation probability P is
given by:

P ¼ exp

�
� dvdW

dtunnel

�
if 0\d# dB þ dvdW

or

P ¼ exp

�
� d

dtunnel

�
if dB þ dvdW\d# dB þ dcutoff

(3)

where dtunnel ¼ h=2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8meDE

p
is theminimum distance between

two CNT segments where electron tunneling is most likely to
occur, me is the electron mass, dvdW ¼ 0.34 nm is the van der
Waals separation distance and DE (1 eV) is the height of the
barrier. The cutoff is calculated as dcutoff ¼ 15dtunnel,84 and the
transmutation probability is considered to be zero when the
distance between two CNTs is d > dcutoff. Releasing the boundary
conditions along one of the axis, two opposite faces of cuboids
are formed and the conductivity of the resistor network between
these faces may be calculated using the Kirchhoff circuit law:X

j

Ui �Uj

Rij

¼ 0 (4)
Nanoscale Adv., 2020, 2, 3164–3180 | 3167
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Fig. 3 Panel (a) single CNT isodensity surface at different grid sizes
and CNT atomistic picture. Panel (b) isodensity surfaces of CNTs in
random conformation at different grid sizes. A snapshot of CNTs in
coarse-grained representation is also shown to quantify the different
degree of detail reached at different grid sizes. In the figure, l repre-
sents the grid length.
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where Ui is the potential on node i and Rij is the resistance of the
resistor connecting points i and j. The size of the system of
linear equations obtained is N � N, where N is the number of
internal nodes of the network.

Solving the electric circuit has a huge computational cost
and for these reasons different approaches have been
employed. We chose to use the transfer-matrix method,
successfully used and described in ref. 84 and 95, in this way the
electrical conductivity of the simulated materials is obtained for
different morphologies and at different CNT concentrations in
order to build the percolative curve. This approach has been
successfully applied to study electrical properties of CNT
assemblies in homo and block copolymers in good agreement
with several experimental ndings.84
2.2 Molecular description of Joule heating

The key aspect of our proposed strategy is that the simulated
Joule heating is obtained from an explicit representation of the
system, and from this one the grid picture is built. We start from
molecular congurations of the composite systems and on the
basis of single beads positions the grid is built. In particular,
this is done by using a procedure described in detail in the ESI,†
in which a density scalar eld accurately obtained from the
particle positions is constructed. In this approach the density
eld is dened on the vertices of the cell where the particles are
counted, allowing for a smoother and more detailed represen-
tation of themolecules positions. Indeed, fractions of a bead are
Table 1 Parameters fitted by using the percolation law shown in eqn (
configurations

Fitted parameter Random

h 9.2 � 10�4

fc 2.8
s 2

3168 | Nanoscale Adv., 2020, 2, 3164–3180
assigned to a vertex on the basis of its position with respect to it
(see SI for more details).

This is a crucial step, since although a grid representation is
employed to calculate Joule heating generation and heat diffu-
sion, this one directly derives from an explicit molecular picture
of the system under study, so a detailed map based on the
particles position is obtained and an accurate description of the
conguration is retained. This aspect is of key importance since
it allows to not loose the role of the morphology of the material
and to introduce it as an ingredient in the Joule heating eval-
uation. Differences among random, assembled or other
morphologies are intrinsically retained thanks to this approach.
The degree of accuracy used to build the grid can be decided
and it affects how much detailed is the representation of the
initial conguration in the grid picture. Of course, the accuracy
is a compromise between the computational cost and the
desired level of detail. A large grid is very convenient on
a computational cost point of view, but it does not give
a detailed representation of the conguration, retaining just
a coarse picture of it where the molecular detail of the CNTs is
lost. Small grids retain a huge level of detail where the actual
nanotube congurations are not lost and an accurate informa-
tion of the conguration is kept in the grid picture. In Fig. 3 we
show some examples of the same CNT conguration repre-
sented with different grid sizes in which the different levels of
accuracy and molecular detail reached in the different cases are
evident and also the explicit coarse grained representation is
shown (panel (b)). In panel (a) it is shown how a ne grid can
approach to an atomistic picture of a CNT.
2.3 Joule heating generation

In the proposed protocol, local electrical resistances are evalu-
ated according to the local CNT concentration. These quantities
are derived from electrical conductivities, calculated by using
the percolation law shown in eqn (5):

si/sCNT ¼ h(fi � fc)
s (5)

where sCNT (S m�1) is the conductivity of a single CNT, h is
a prefactor, fi is the local CNT concentration at grid point i, fc is
the percolation threshold and s is the power law exponent. In
the procedure, the exponent, the critical concentration and the
prefactor are obtained by tting the electrical conductivities of
the whole simulated composites at different CNT concentra-
tions using such power law, where such conductivities are
calculated as described before. In Table 1 the tted parameters
obtained by using eqn (5) are shown for both random and
assembled CNT morphologies in both monomer and linear
5) for random and assembled (in both monomer and linear polymer)

Assembled (monomer) Assembled (polymer)

0.02 0.02
1.89 1.84
1.87 1.76

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Calculated electrical conductivities at different CNT concentrations for the random and assembled in monomer and linear polymer
matrices. The curves obtained by fitting the data with eqn (5) are also shown.
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polymer, and in Fig. 4 the calculated conductivities as function
of the CNTs concentration along with the curves obtained by
tting the data with eqn (5), are shown.

From the results, it is clear that the critical concentration of
randomly dispersed CNTs is around 2%, so for Joule heating
applications we will employ concentrations higher than 2%, up
to two times this one, while the critical concentration for the
assembled morphologies is lower. This result suggests that
lower concentrations of CNTs are necessary to build percolative
paths when they are in assembled morphologies.

In our scheme the local conductivities are evaluated on grid
points according to a grid scheme described in Fig. S1 of ESI.†
On each grid point the conductivities are calculated by using
eqn (5), where s, h and fc are taken from Table 1. The simulation
of the CNTs and polymer at CG level, has already shown to be
accurate enough to simulate the electrical properties of such
materials, validating the nanoscale as a crucial bridge to make
comparisons with the macroscale.84
2.4 Joule heating calculation on the grid

The local electrical resistance, Ri (U), is calculated from the
electrical conductivity as shown above for each grid element.
Fig. 5 Heating power isosurface at different grid resolutions.

This journal is © The Royal Society of Chemistry 2020
This term is inversely proportional to the conductivity and is
evaluated by using the grid geometrical parameters. The local
heating power at grid point i (Pi, measured in watt) depends on
the CNTs local density, and it is evaluated by using the heating
power law:

Pi ¼ Ii
2Ri (6)

where Ri is the electrical resistance in the vertex i, Ii is the
current intensity (A) calculated from the Ohm's law as Ii ¼ V/Ri,
where V is the external applied voltage (V). The potential
difference is applied at the simulation cube faces, so at the
nanoscale the equivalent of the macroscopic sample is repre-
sented by the simulation box itself. The heating power is eval-
uated on each grid vertex element and the local heat is also an
indirect representation of the CNTs spatial distribution in the
simulation box. The chosen range of voltages employed in our
simulations is of the same order of magnitude of the one used
in experiments (that can span from few volts to more than
100 V, depending on the application), however, to take into
account the actual different sizes of the systems employed in
experiments and ours, its value is properly scaled before
calculating Ii. In particular, it is scaled for the ratio of the
Nanoscale Adv., 2020, 2, 3164–3180 | 3169
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Fig. 7 Simplified schematic 2D picture of a 4 � 4 grid to illustrate the
grid scheme used to calculate local temperatures according to eqn (9)
where the Joule heat contribution depending on the local CNT density
is added. Temperatures are evaluated on the grid vertices. Periodic
boundary conditions are applied in all directions. For this reason grid
points 1 and 4, 5 and 8, 9 and 12, 13 and 16, 2 and 14, 3 and 15 are

Fig. 6 Isodensity surfaces of CNTs (9% in weight) in linear polymer assembledmorphology (left panel) and temperatures isosurfaces (right panel)
computed after the application of potential difference on that configuration. The employed grid size is 2.05 nm.
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macroscopic system length (cm size scale) and the density
resolution corresponding to the actual grid size employed, that
in our case is 37 nm.

As shown for the isodensity surfaces, also the heating power
is sensitive to the grid resolution. In Fig. 5 the Joule heating
power is shown at different grid sizes. By switching from the
coarser to the ner one, an increasing difference in colors
intensity is observed. In particular, at the larger grid the
difference among colors is less drastic, indeed not deep blue or
white regions are observed while at ner grids this discrepancy
is more emphasized and also the different color regions are
smaller, indicating that locally different Joule heating powers
are found. In general, larger heating power regions correspond
to areas reacher in CNTs.

A direct comparison of our results can be done with experi-
ments at the macroscale since we employ experimental external
voltages, in this way the simulated quantities can give useful
and applicable suggestions about material limits and possible
improvements. The bridge between the nano and macroscale is
given by the heat generation modeling since elements coming
from the molecular size scale (explicitly modelled system,
explicit resistor network modeling) are combined with macro-
scopic quantities (the applied voltage). This step is the crucial
bridge between the nano and microscale since it allows to
compare our results with experiments, because macroscopic
voltage and percolation law are applied, but still keeping the
molecular picture since it is implicitly embedded in the local
density of the grid elements from which the Joule heating power
is calculated. Once Pi is known, the heat generate (J) (see eqn (7))
can be evaluated according to the time interval in which the
heating power is erogated:

Qi ¼ PiDt (7)

where Dt is the employed time step for the simulation. Then,
since the increase of the temperature (measured in kelvin)
depends on the mass and the material specic heat (J mol�1

K�1), it can be calculated as:

TJoule(i) ¼ Qi/(cpmi) (8)

where cp is the specic heat capacity of the composite system
and mi is the local grid mass. The cp value is chosen to be 1 J
3170 | Nanoscale Adv., 2020, 2, 3164–3180
mol�1 K�1, that is an average between the CNTs83,96 and poly-
mers value,97 while the local grid mass is calculated for each
vertex element and depends on the local CNTs and polymer
densities. For each vertex of the grid, through the hybrid
particle-eld simulation, we have access to the local relative
density of CNTs and polymer, and from it the local mass is
calculated according to the local grid volume. The mi shown in
eqn (8) is the sum of the local CNTs and polymer mass (mCNT

i +
mpoly

i ) and is expressed in grams.
The obtained local temperatures are representative of the

local ller concentration and provide also an indirect picture of
the morphology and spatial arrangement of the conductor, as
explicitly shown in Fig. 6. In this gure the isodensity surface of
a composite material with CNTs in assembled morphology and
with a concentration equal to 9% in weight in linear polymer
matrix is shown along with local temperature isosurfaces aer
the application of an external potential difference.

The very clear correspondence between the CNT densities
position (polymer densities are not shown for better clarity),
and the local temperatures can be caught. Higher temperatures
equivalent.

This journal is © The Royal Society of Chemistry 2020
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correspond to regions reacher in CNTs and the path formed by
the local temperatures resemble exactly the one made by the
densities. At this point a map of local heat generated by the
system under study is known.
2.5 Modeling heat generation and diffusion

The local temperatures deviate from the macroscopic one
imposed in the simulation because of the local Joule heating
power due to the different local ller density calculated as
described above, in each grid element vertex. To evaluate the
heat diffusion, the heat diffusion equation has to be solved by
including the extra term coming from the local Joule heat, and
in the implemented scheme it is solved numerically by using
the nite difference method approximation (second order
central difference). This approach has been proposed and
successfully employed to simulate Joule heating in metal single-
crystal nanowires by Padgett and coworkers.72

Tiðtþ dtÞ ¼ TiðtÞ þ DtD

 X
a

Tiþ1
aðtÞ � 2Ti

aðtÞ þ Ti�1
aðtÞ

la
2

!

þ TJouleðiÞ (9)

where D is the thermal diffusivity (nm2 ps�1), Ti(t) is the
temperature in the ith grid vertex at time t, Dt is the time step
employed for the heat diffusion, la is the grid spacing in the
a direction, and the sum is over the three cartesian coordinates.
In this way the local heat diffusion and related temperature
increase is monitored during the time allowing to catch the
heating capability of the material. In agreement with the
Fig. 8 Temperature isosurfaces for randomly oriented CNTs (10%wt) sho
of nanotubes after the application of a potential difference of 1 V. Differe
larger CNTs content) to blue (poor CNTs content). Panel (A) – the syst
a thermal diffusivity coefficient of 0.167 nm2 ps�1 (left) and 66 nm2 ps�1

diffusion has been simulated by using the same thermal diffusivity coeffic
of 3.77 nm is employed in this case.

This journal is © The Royal Society of Chemistry 2020
quantities calculated before (from CNT local density to Joule
temperatures), the heat diffusion equation is calculated on the
grid element vertices, in this way a smoother temperature
diffusion and more accurate description can be obtained. A
schematic picture in two dimensions is given in Fig. 7, where
temperatures on each vertex are calculated.

This equation is solved iteratively and allows to follow the
heat diffusion along the grid points. In our simulations we only
consider the rst part of the heat generation and diffusion
without simulating its dissipation with the environment.
However, this rst part is the crucial one for the evaluation of
the material capabilities to heat since it allows to understand
how fast the materials are in increasing the temperature aer
the application of a potential difference. So, although we are
already working on modeling also the cooling phase, the
phenomena happening at early time remains the most impor-
tant ones.

The heat diffusion is a fundamental aspect since it describes
how the heat generated locally in the simulation box from the
CNT diffuses in the system. On a practical point of view the
efficiency of the heat diffusion is very important both in terms
of how fast is the heat diffusion in the environment (repre-
sented by the heat conductivity coefficient) and in terms of its
homogeneity, indeed although the heat generated depends on
how much ller is present locally, it is important that the
discrepancy between regions rich or poor of ller reaches the
equilibrium in a small amount of time. The efficiency of the
device is important because the de-ice function has to be as
much homogeneous as possible in the material and should not
wing local different temperatures depending on local different amount
nt temperatures are represented with colors from red (hotter regions,
em is shown at the beginning of the simulation, performed by using
(right). Panel (B) – the system is shown after 10.5 ns in which the heat
ients (0.167 nm2 ps�1 (left) and 66 nm2 ps�1 (right), respectively). A grid

Nanoscale Adv., 2020, 2, 3164–3180 | 3171
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depend on the microscopic distribution of the ller. This last
aspect is ruled by the heat diffusion coefficient, of which two
limits cases will be discussed below.

To simulate the diffusion of the heat due to the local
temperature increase, the heat diffusion equation is employed
according to eqn (9). Both local temperatures and the average
system temperature are evaluated during the time. The system
capability to heat, that represents the most important feature
and quantity to evaluate the performance of the material, is
nally calculated from the heating rate. It is obtained from the
temporal evolution of the temperature, that is linear in the rst
stage of heat diffusion. In particular, for each step of the heat
diffusion, the local temperatures are calculated on each grid
vertex and averaged to obtain the temperature of the whole
simulation box. The temperature against the time has, at the
early stages of heat diffusion, a linear behavior (as shown in
Fig. S2 and S3 of ESI†) and the heating rate is obtained as the
slope of the tted linear function. The heating rate calculation
is the nal most important output of the proposed method, and
represents the most direct and immediate way to detect the
limits or good performance of the chosen material.

The thermal diffusivity coefficient inuences the homoge-
neity of the heat diffusion, i.e. it inuences how fast an equi-
librium temperature among the hot (rich in CNTs) and cold
regions is reached. In particular, large values of Dmean efficient
diffusivity and fast homogeneity of temperature in the material
and are typical of CNTs alone. Smaller values of D characterize
composite material, where these can also be less than unity. In
Fig. 8 it is shown a schematic picture of two limit cases.98

The rst one in which the heat diffusion equation is solved,
a D value of 0.167 nm2 ps�1 is employed, while in the other case
a value of 66 nm2 ps�1, similar to the ones of CNTs alone, is
used. At the beginning of the simulation the system is
substantially characterized by the same local temperatures, and
very small differences are in agreement with the local ller
concentration. As time passes the system starts to warm up, and
aer the same amount of simulation time that here is chosen
10.5 ns, it is observed that when the heat diffusivity is large, the
temperature is the same in the whole simulation box while
when smaller D values are employed, the local temperatures are
still different and colder and warmer regions are observed. The
heat diffusivity does not actually inuence the average
temperature of the system that in both cases is the same, but
only the local temperature. So it is not an indicator of the total
increase of the temperature during the time, but it indicates
how homogeneous and how much time is necessary to have
a homogeneous distribution of the macroscopic temperature.
Fig. 9 Heating rate for the random CNT configurations at different
applied voltages. The heating rate is shown for different CNT
concentrations.
2.6 Computational details

Regarding the Joule heating power calculation, the chosen grid
to evaluate the local electrical conductivity is chosen to be about
37 nm. The parameters employed in eqn (5) are obtained by
tting the percolation curve calculated at different CNT
concentrations. The time step for the heat diffusion is 200 ps,
the thermal diffusivity is 1 nm2 ps�1 and the chosen CNT
conductivity is of 1000 S m�1. To be employed at the nanoscale,
3172 | Nanoscale Adv., 2020, 2, 3164–3180
the applied potential differences are scaled according to an
average order of magnitude of the material dimensions
employed in experiments, that we set to about 80 mm. The
carbon nanotubes are about 28 nm long and have a diameter of
1.4 nm, the cubic simulation box length is 113.12 nm. The
different compositions of the composite materials range from
a CNT percentage of 1 to 10 in weight.
3 Experimental section

In order to investigate the heating characteristics of the resin,
the epoxy has been lled with Carbon nanotubes GRAPH-
ISTRENGT C 100 supplied by Arkema. Thermogravimetric
analysis (TGA) shows a carbon purity higher than 90% and
a weight loss at 105 �C less than 1%. A detailed analysis of their
morphology was performed using high-resolution transmission
electron microscopy (HR-TEM). Carbon nanotubes resulted
characterized by an external diameter between 10 and 15 nm,
a length between 0.1 and 10 mm and a number of walls varying
between 5 to 15. The ller has been embedded into the
precursor (3,4-epoxycyclohexylmethyl-30,40-epoxycyclohexane
carboxylate – ECC) by using an ultra-sonication for 20 min
(Hielscher model UP200S-24 kHz high power ultrasonic probe).
An amount of hardener (methyl hexahydrophthalic anhydride –
MHHPA) has been added to ller/precursor mixture with a ratio
by weight precursor/hardener of 1/1. The obtained mixtures
have been mixed by magnetic stirring for 20 minutes at room
temperature and subsequently degassed for 2 h at room
temperature. The mixture has been cured by a triple curing
cycle: 1 hour at 80 �C + 20minutes at 120 �C + 1 hour at 180 �C. A
concentration of 3% of the ller was used for electric heating
measurement. A ller concentration of 3% has allowed
obtaining a sample with a DC volume conductivity value of
about 6.8 � 10�2 S m�1. This result was obtained by electrical
tests carried out in agreement with ref. 99. Regarding electric
heating measurements, a data acquisition board (Thermo-
couple Data Logger supplied by Pico Technology) was used to
acquire the thermocouples measurements. In order to record
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Heating rate for the random CNT configurations at different
CNT%. The heating rate is shown for different voltages.
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the local temperature evolution, a dedicated LabView soware
was developed. The temperatures were measured using a thin
wire thermocouple (Type K Omega Engineering Ltd.) with
negligible thermal inertia and an accuracy of�0.5 �C which was
positioned at the center of the rectangular geometry sample (81
� 56 � 4.5 mm3). The power supply EA-PSI 8360–10T (Elektro-
Automatik, 0–360 V, 0–10 A, 1000 W max) was connected to
the sample by two-wire contacts placed at the ends of the
sample. In order to reduce possible effects due to surface
roughness and to ensure an ohmic contact with the measuring
electrodes, the samples were coated by using a silver paint with
a thickness of about 50 mm and characterized by a surface
resistivity of 0.001 U cm. All measurements were performed in
direct current (DC) mode, with a selected constant power.

4 Results and discussion
4.1 Morphology, ller concentration and voltage
dependances

In this section, the implemented protocol to simulate Joule
heating at the nanoscale is employed to investigate the depen-
dance of the Joule heating power on the carbon nanotubes
concentration, applied voltage and morphology.

In Fig. 9 the heating rate (�C s�1) as function of the applied
voltage is shown for systems with different CNT weight
percentages in random orientation. In this case external
macroscopic voltages of 25, 40, 60, 80 and 100 V are applied and
the distribution of local temperatures, different for the Joule
effect, is monitored. The heating rates are shown for CNT
weight percentages from 3 to 10, while lower CNT contents are
not considered since below or too close to the percolation
threshold (that for the randomly oriented CNTs we found
around 2%). Indeed, for CNT weight percentages below 3, no
quantitative heat is produced, while at larger concentrations
a clear change of behavior is observed. The drastic change in the
heating rate is observed as the system overcomes the percola-
tion threshold. This gap between the region below and above
the percolation threshold is in agreement with the experiments,
and with the fact that the formation of a percolative conductive
network causes a neat transition of the system from insulator to
conductor.56,100 As general trend we nd that the heating rate
increases as the applied voltage is higher for all the investigated
CNT concentrations. In particular, from 3 to 10% of CNT, the
sensitivity to the external voltage increases drastically, indeed
while for a CNT concentration of 3% the heating rate does not
overcome 1 �C s�1 even when an external voltage of 100 V is
applied, while for a concentration of 10% the heating rate
jumps from about 4 �C s�1 at 25 V to about 64 �C s�1 when 100 V
are applied to the system.

The information provided by our simulations can be very
useful from a practical point of view, allowing to know in
advance the performance dependance of a material on the
applied voltage, and so to make a more accurate choice in
practice. Moreover, the dependances on the voltage of different
ller concentrations and the dispersion state of the ller, are
also observed experimentally and the non linear correlation
between the heating rate and applied voltage is in agreement
This journal is © The Royal Society of Chemistry 2020
with experimental trends.53,92 Of course the CNT concentration
could be, in principle, further increased with respect to the ones
shown in our study, but larger CNT contents could affect the
mechanical features of the material and for this reason the
choice of the best conditions for a satisfactory Joule heating is
a compromise between efficiency and working conditions. In
the presented cases there is no evidence of delamination or
fracture, indicating that such CNT concentrations are not yet
large enough to cause such damages.

It is very interesting to underline how the increase of the
voltage enhances the discrepancies among the different ller
concentrations, i.e. at 25 V there is not a huge gain in moving
from a CNT content of 3% to 10%, while as the applied voltage
increases, the different performance related to different
conductive ller concentrations is emphasized. This fact means
that, if low voltages are required for a specic application,
materials with low CNT content can be chosen without drasti-
cally impact the reached heating rate, but it is not true when
higher voltages are applied since in those cases a quantitative
difference is found among the system compositions. This is also
another useful information since, if high voltages can be
employed, the choice of the material is not trivial because
a huge gain is reached with higher CNT content. At 100 V the
increasing discrepancy among the different ller concentra-
tions is clear, showing that given an external voltage the
improvement obtained by increasing the ller concentration is
not of the same amount but increases always more as more ller
is added. These trends showing the dependance on the applied
voltage and different sensitivity of CNT concentrations to it, are
reasonable and in qualitative agreement with experimentally
found trends as further discussed later in this paper.

The effect of the applied voltage can be also observed from
Fig. 10. In this gure, the heating rate is shown as function of
the CNT% for the ve different voltages. The drastic improve-
ment of the Joule heating efficiency with the increase of the
applied voltage is shown and the discrepancy as the CNT
content increases is quantitative. The increase of the heating
power depends on the larger current intensities reached when
Nanoscale Adv., 2020, 2, 3164–3180 | 3173
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the system is percolated. Indeed, although the number of
resistors increases with the ller content, since it depends on
the local ller density according to eqn (5), also the global
conductivity increases because of the larger number of contacts
among CNTs, allowing to form the conductive network.

The reasonable trends found represent a test for the
performance of the proposed computational approach, and the
dependence on voltage and concentration are in agreement
with experimental trends.61 In particular, the fact that larger
heating rates are reached when the ller concentration is
increased, and the quadratic dependence of the heating rate
from the voltage that directly reects the quadratic dependence
on the heating power from the voltage, according to the equa-
tion P ¼ V2/R. This last trend conrming that we are able to
correctly simulate dependences observed at the macroscale.
These trends represent also a systematic study that can be
performed on such materials where factors affecting the heat-
ing performances can be disentangled and singularly analyzed.

In this section large heating rates are found compared with
experimental results. To make a quantitative comparison with
experiments it is necessary to properly treat and scale our data
according to the different lengths of simulated and experi-
mentally employed CNTs.
Table 2 Calculated and experimental (from ref. 102–104) heating
rates (�C s�1). Calculated ones are shown for random, assembled
morphology in monomer and assembled morphology in linear poly-
mer matrix. In this table, all the experimental polymer matrices are
thermoplastic

Voltage (V) Random Monomer Polymer Expt. (ref. 104)

12 0.033 0.8 0.67 0.16
24 0.13 3.22 2.67 0.6

Voltage (V) Random Monomer Polymer Expt. (ref. 103)

15 0.052 1.26 1.04 1.5
17.5 0.071 1.71 1.42 2.05
20 0.092 2.24 1.85 3.28

Voltage (V) Random Monomer Polymer Expt. (ref. 102)

30 0.17 4.28 3.55 0.78
40 0.31 7.6 6.32 2.33
50 0.48 11.88 9.87 3.88
60 0.69 17.11 14.12 5.43
70 0.94 23.28 19.35 7.75
80 1.23 30.42 23.28 10.08
90 1.56 38.49 31.99 13.18
100 1.92 47.52 39.49 16.28
4.2 Comparison with experimental results

One of the main goals of this work is to propose a modeling
strategy whose output information could be directly compared
with experiments, and that can be employed to explain behav-
iors observed experimentally and help the rational design of
self-heating nanomaterials. One of the main aspects giving rise
to the gap between our model and the experimental data is the
different scale. We simulate systems at the nanoscale where
CNTs are about 28 nm long, that is a small size compared to the
ones employed experimentally whose length ranges between 1–
100 mm.53,61,92,100–104 Systems of sizes closer to the experimental
one can be simulated, but at the cost of losing an accurate
description of the main factors affecting and inuencing the
Joule effect. For this reason, in this work we chose to focus on
a scale that allows us to perform wide screenings of parameters
such as the interaction with the matrix, the nature of the matrix
and the Joule effect measurement conditions like applied
voltage, ller concentration, ller morphology. Our CNT model
is a very simplied one, allowing us to simulate systems with
about 106 particles, however building longer CNTs means to
reach system sizes including about 109 particles and this would
be too expensive on a computational point of view. Moreover, in
order to avoid unphysical behaviors due to the periodic
boundary conditions, the size of the simulation box has to be
about four times the CNTs length, making the actual size of the
system very large. However, compared to other simulation
techniques based on an explicit representation of all the particle
interactions (such as force eld based molecular dynamics
simulations), the hybrid particle-eld approach allows to
simulate larger systems otherwise not easily accessible.

Because of the computational cost limits, the actual way to
compare our results with experiments is to properly take into
3174 | Nanoscale Adv., 2020, 2, 3164–3180
account the CNT length difference scaling quantities related to
them. We employed CNT concentrations from 1 to 10% in
weight while oen these do not overcome 5% in weight in
experiments. This discrepancy is mostly related to the different
size of the CNTs, that can also be several mm long and wider in
diameter compared to the ones employed in our modeling
strategy.

To overcome this discrepancy, it is necessary to renormalize
the physical quantities chosen to be compared. The rst
attempt is the connection between the different concentrations
considered in the simulations (due to smaller lengths of the
CNTs and the consequent larger percolation threshold, higher
CNT concentrations are considered), and the experimental data
usually reported in the literature. In this case, the most obvious
choice is to renormalize the CNT content in terms of percola-
tion threshold of the considered systems. In particular, the
renormalized content of CNT is calculated as f/fc, so results of
CNT percentages that are equivalent in relation with the per-
colative threshold (either calculated or experimental), are
compared. Moreover, the Joule heating power is scaled for the
ratio between the experimental and calculated percolation
threshold to further take into account the difference in the
quantity of heating source. This strategy to consider concen-
trations relative to the percolation threshold and to scale the
heating rate for their ratio allows to compare our results with
experimental ones directly taking into account the effect of the
different dimensions, in particular the aspect ratio. Indeed, the
aspect ratio has been shown to be directly connected to the
percolation threshold and importantly affecting its value since
it inuences the geometrical mechanisms by which the
conductive network is formed.6,15,84 Scaling for the percolation
This journal is © The Royal Society of Chemistry 2020
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Table 3 Calculated and experimental (from ref. 100, 101 and this
work) heating rates (�C s�1). Calculated ones are shown for random,
assembled morphology in monomer and assembled morphology in
linear polymer matrix. In this table, all the experimental matrices are
epoxy resins

Voltage (V) Random Monomer Polymer Expt. (ref. 100)

25 0.014 0.11 0.18 0.0167
60 0.081 0.65 1.04 0.2
100 0.22 1.8 2.89 0.62

Voltage (V) Random Monomer Polymer Expt. (ref. 101)

140 0.44 3.52 5.68 0.85

Voltage (V) Random Monomer Polymer
Expt. (this
work)

67 0.1 0.81 1.29 0.082
83 0.15 1.24 1.99 0.13
108 0.26 2.09 3.38 0.21

Fig. 11 Heating rates simulated vs. experimental at different voltages.
Simulated results are shown for CNTs in random, monomer and linear
polymer phase. Snapshots of these morphologies are also shown. The
polymer phase is not shown to better emphasize the different CNTs
arrangements. Experimental values are those discussed in Table 2 from
ref. 102–104. For the simulated data the error of the fitted heating
rates, obtained by a least squares fitting procedure, is within the point
size of the figure.
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thresholds ratios allows to take into account the difference in
simulated and experimental aspect ratio.

Following this proposed procedure we compare calculated
heating rates with different experiments. In Table 2 our results
(�C s�1) are compared with data from three different experi-
ments where in all the cases the polymer matrices are thermo-
plastics and different voltages are applied. All the data shown in
the table are also presented in Fig. 11.

The rst comparison is with experiments performed by
Dorigato and coworkers (ref. 104), where they employ poly(-
butylene terephthalate) as polymer matrix, CNTs are 1.5 mm
long with a diameter of 9.5 nm, and potential differences of 12
and 24 V are applied. They nd a percolation threshold lower
than 0.5% wt (much smaller than those we found for simulated
materials) and in the table we report experimental heating rates
evaluated for composites having a CNT concentration of 3% wt,
suggesting that a ller concentration at least six times larger
than the critical one is employed. To compare the heating rates
of simulated composites it is necessary to consider concentra-
tions larger than the percolative threshold of about the same
amount, so for the random morphology we choose a CNT
concentration of 10% wt (percolation threshold 2.8), and for the
monomer and linear polymer we choose 9% wt (percolation
thresholds 1.89 and 1.84%wt, respectively). From the calculated
heating rates it is observed that experimental values are inter-
mediate between the random (lower limit) and assembled
This journal is © The Royal Society of Chemistry 2020
(upper limits) ones. This result suggests that in this case it is
possible to hypotesize that the experimental morphology could
be intermediate between a random one in which the contacts
among CNTs are not optimized, and the assembled ones where
the intermolecular contacts among CNTs are maximized.

A quite different scenario is found when data from Sangroniz
and coworkers (ref. 103) are analyzed. In this case experimental
polymer matrix is polypropylene and CNTs are about 10–20 mm
long with a diameter of 30–50 nm, however they do not explicitly
report the percolative concentration and for heating rates
measurements they use a ller concentration of 5% wt, stating
that it is an already percolated network. So, to make sure to be
enoughly beyond the percolative threshold, also in this case we
chose CNTs concentrations of 10% wt for random and 9%wt for
assembledmorphologies. For all the three voltages (15, 17.5 and
20 V), heating rates of assembled morphologies are closer to the
experimental ones suggesting that probably in this case
morphologies obtained from Sangroniz and coworkers
resemble more the assembled ones.

Finally, Jeong et al. (ref. 102) measure heating rates in a wide
range of voltages, and we compare calculated ones in the range
of 30–100 V for a ller concentration about six times the critical
one (in agreement with CNT concentrations chosen in their
work). Their polymer matrix is poly(m-phenylene iso-
phthalmide) and CNTs are about 100 mm long with a diameter
of about 10–15 nm. For all the potential differences applied,
experimental heating rates are intermediate between random
and assembled morphologies (as clearly observed in Fig. 11). It
is interesting to observe how this discrepancy increases with the
applied voltage, indeed at 30 V the randommorphology is closer
to the experimental value compared to the other two, and in
general for all the three morphologies the discrepancies are
more pronounced at higher voltages. This fact is in agreement
with the trends discussed in the previous section in which we
showed that, for a given concentration, material performances
Nanoscale Adv., 2020, 2, 3164–3180 | 3175
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Fig. 12 Schematic picture of a configuration of the composite system
composed by CNTs (magenta, beads representation) at 8% in weight
and the polymer matrix (green, points representation) in an assembled
morphology after running a molecular dynamics simulation starting
from a random configuration. It is clear the presence of CNT bundles
forming percolative networks.
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diverge when larger voltages are applied (Fig. 9). Another
interesting aspect is the non linear behavior of the heating rate
as function of the voltage for both calculated and experimental
curves (for the random case it is just not easily caught because
of the scale). This trend can be associated to the quadratic
dependance of the electric power from the voltage (P ¼ V2/R)
that is dissipated as Joule heating (eqn (8)). Indeed, the heating
rate is obtained from the temperature change during the time in
the material, and is a direct expression of the Joule heating (and
so of the electric power, eqn (6)) since the only source of
temperature change comes from the electrically conductive
llers (see eqn (9)), allowing the quadratic behavior to be
observed also here. This result conrms the behavior of the
composite material as a classical ohmic conductor, and the fact
that it is observed also in the simulated heating rates suggests
that the proposed model is able to catch its nature.

In Table 3 we make a comparison with other experiments
where the matrix is in all cases a resin. Both experimental and
computed data are also shown in Fig. 13.

In Prolongo and coworkers experiments (ref. 100), CNTs have
an average length of about 1 mm and a diameter of about
9.5 nm, the polymer matrix is an epoxy resin (epoxy diglycidil-
ether bisphenol-A with 4,40-diaminodiphenyl sulfone) and
heating rates are calculated at 25, 60 and 100 V. They nd that
the critical concentration of their system is about 0.1% in
weight of CNTs, and the data we compared with are those of
a composite with a CNT concentration of 0.25% wt, that is about
two times and half the percolative one. So, for all these cases we
employed systems with 5% wt in CNTs for the random and
3% wt for the assembled morphologies to calculate heating
rates. The simulated values show a good agreement with
experimental ones, we are able to reproduce the same order of
magnitude of macroscopic experiments. These results under-
line the importance of properly scaling the quantities obtained
from the simulation when a direct comparison with experi-
ments is performed. When comparing the cases of CNTs in
assembled morphology in monomer and in linear polymer
matrix, the simulated heating rates are larger than the experi-
mental ones. The experimental values are closer to the random
morphology, that slightly underestimates the heating rate while
monomer and linear polymer phase morphologies are more
performing. This fact could suggest that a random like disper-
sion is probably obtained in the epoxy resin matrix that does not
allow the CNTs to arrange in a way that could improve the
number of contacts.

In the case of Neitzert and coworkers (ref. 101), the applied
external voltage is 140 V, CNTs length ranges from 0.1–10 mm
with a diameter of about 10 nm and the polymer matrix is an
epoxy resin (epoxy diglycidil-ether bisphenol-A with 4,40-dia-
minodiphenyl sulfone). The authors do not explicitly report the
percolation threshold, and they state that 0.5% wt in CNTs
(used in the experiment) is large enough to measure Joule
heating properties, so we chose a system with a CNT concen-
tration about two times the percolation threshold to make sure
that the material is sufficiently beyond the percolation
threshold. The heating rate calculated at random conformation
is lower than the experimental value (0.44 vs. 0.85 �C s�1), while
3176 | Nanoscale Adv., 2020, 2, 3164–3180
the assembled morphology in linear polymer is larger than it
(5.68 �C s�1), although in both cases the same order of magni-
tude of the experiment is reproduced, showing that the
proposed scaling is efficient to allow a direct comparison with
experimental data. As also found in the previous comparison,
also in this case the trends underline that for an assembled case
there is a maximally optimized structure for the formation of
a percolative path compared to the random case and possibly,
since both of them are ideal cases, the actual experimental
conformation could be intermediate between the two limiting
cases, as suggests the heating rate value laying between the two
calculated ones.

In the assembled cases the CNT conductive networks are
optimized and the maximum number of connections among
the nanotubes is reached. As shown in Fig. 12, the CNTs create
bundle structures.

Moreover, for assembled morphologies the percolation
threshold is reached at lower CNT content, as also shown in ref.
84, allowing to use a smaller content of CNT in the composite
material with the advantage to have a less expensive material
(lower content of CNT) and also affecting less the mechanical
properties of the resin.

It is interesting that when CNTs are assembled in monomer,
the heating rate is slightly lower than the assembled in linear
polymer (3.52 �C s�1), suggesting that the electric circuit is more
optimized if compared with random case, creating optimized
connections at the nanoscale, although not efficient enough
like the case in linear polymer matrix. The case in which CNTs
are assembled in monomer represents an intermediate stage, in
terms of efficiency, between the random and assembled in
linear polymer morphology where a more structured (and so
similar to the assembled in linear polymer one) phase is already
reached. The heating rate values are indeed more similar to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 13 Heating rates simulated vs. experimental at different voltages.
Simulated results are shown for CNTs in random, monomer and linear
polymer phase. Experimental values are those discussed in Table 3
from ref. 100, 101 and this work. The error of the fitted heating rates,
obtained by a least squares fitting procedure, is within the point size of
the figure for both calculated and experimental data.
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assembled than to the random ones. This trend is not observed
at larger ller concentrations where also the assembled
morphology in monomer is more performing (as observed in
the comparison with thermoplastic matrices). These trends
could be related to the fact that at low concentrations, although
a CNTs structuration better than the one in the random case is
reached, the number of contacts is not large enough to improve
the performance and optimize the electric circuit, while at
larger ller concentrations the nanostructuration created by
CNTs has a much larger number of contributions, allowing the
advantages of this structuration to emerge and also to overcome
the performance in linear polymer where, although the forma-
tion of well-dened domains rich in CNTs, it is the monomer to
appear a more ideal situation, also thanks to the larger mobility
freedom of CNTs in monomer matrix compared to a more
conned situation as in linear polymer.

Calculated heating rates have also been compared with
experiments performed in this work at 67, 83 and 108 V (as
shown in Table 3). These Joule heating rate experimental
measurements have been performed to have more data in the
60–110 voltage range to compare with simulated results and
to further corroborate the good behavior of the proposed
model. Also in this case we perform a direct comparison with
experiments, by using the experimental voltage on the
nanoscale, and we are able to have very good agreement with
experimental heating rate. As in the other cases, the system
compositions chosen for the assembled in monomer and
linear polymer phase cases have a CNT content of 3% while
for the random case it is 5% since these concentrations are
about two times the respective percolative thresholds. The
random case compared with the other two, shows heating
rate values very close to the experimental values suggesting
that probably the experimental CNTs resemble a random like
dispersion.
This journal is © The Royal Society of Chemistry 2020
Finally, in Fig. 13 we also show heating rates calculated for
12 and 170 V, using composites with the same CNT contents
employed above, to further emphasize that discrepancies
among heating rates of different morphologies increase with
increasing voltages (as also found in the discussion of systems
with thermoplastic matrices).

All the collected information can be very helpful since
underline the role of morphology of CNT assemblies in the
performance of such materials, and how important can be the
fabrication and optimization of the resistor network.

Simulated data suggest that the experimental heating rates
obtained for all the considered thermosetting resins reect
materials with a morphology generally closer to a random
assembly of CNTs. So, our simulation catches an important
information, where from the electrical and thermal conduction
behavior of the material we can disentangle the actual
morphology behind it.

The information collected for both thermoplastic polymers
and epoxy resins could be a precious information since it can
drive experimentalists toward a ner an better design of the
materials and also to understand the chemical reasons of
different electrical and thermal performances. These informa-
tion can only be reached at the nanoscale since it is the scale at
which the assembly of the CNTs takes place. More detailed
information and understanding of the materials can be done by
increasing the specicity of the chosen model, especially to
simulate different polymer matrices and so to investigate
behaviors that are characteristic of a chosen material. However,
these general trends give an important insight to disentangle
the complexity hidden behind different materials.

5 Conclusions and perspectives

In this paper a modeling protocol to simulate Joule effect on
composite materials at the nanoscale, is presented. Joule
heating is a promising feature characterizing composite mate-
rials made of a polymer matrix and a carbon-based conductive
ller, since it can be used for many innovative applications such
as self-deicing, self-curing, in different elds such as aero-
nautics, automotive or civil engineering. The nanoscale picture
represents a bridge between the molecular picture, employed to
build the modelled materials, and the macroscopic one, where
a mesh-based approach is used to simulate Joule heating power
and heat diffusion. This scale has shown to be crucial to retain
an explicit picture of thematerial and to allow to reach large size
and time scales comparable with the experimental ones. The
novelty in the proposed computational approach is its capa-
bility to retain the explicit picture of the simulated systems, that
we have shown to be necessary to catch the behavior of different
morphologies, and at the same time be able to compare simu-
lated results with experimental ones by properly taking into
account the different size and time scales. In this way the
computational limits due to the necessity to retain the explicit
simulation of the system are overcome. In this way our
proposed protocol can be helpful to both analyze and disen-
tangle the main factors inuencing the heating capabilities of
the materials and also make previsions on their behaviors.
Nanoscale Adv., 2020, 2, 3164–3180 | 3177
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Heating rates dependances on material morphology, concen-
tration, applied voltage and also heat diffusion coefficient are
analyzed. Our simulations shed light on the specic depen-
dence on the voltage of the different morphologies. Indeed, we
nd that assembled morphologies are more sensitive to the
voltage with respect to random ones, showing larger heating
rates. These results allow to give insights on the morphology of
the CNTs network on the basis of the different sensitivity to the
applied voltage. Direct comparisons with different experimental
case studies have been investigated and good agreement with
experimental ndings is obtained. A very important role in the
self-heating properties is played by the CNTs assemblies in
different situations. In particular, dendritic nanostructures
formed when CNTs are assembled in the organic matrices, lead
to optimal arrangements that increase conductivities with
respect to ideal homogeneous CNTs distributions. Different
CNTs assemblies in nanomaterials based on thermoplastic
(intermediate between dendritic and random arrangements) or
thermosetting (very close to random arrangements) matrices
can explain the different performances of these two class of
nanocomposites.
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