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A theoretical-computational protocol to model Joule heating process in nanocomposite materi-
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als 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 sytems, to directly catch the molec-
ular 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 refer-
ences 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 eingeneering sectors is mainly focused on increasing con-
sumer safety, component life-span and performance while reduc-
ing the environmental impact, manifacturing cost and mainte-
nance. To reach this goal, the incorporation of self-responsiveness
represents an appealing strategy, indeed one of the edge fields of
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modern research is the development of new and multifunctional
materials characterized by properties that are sensitive to exter-
nal conditions and that can be changed in a controlled way. These
ones are called smart materials’™ and their peculiar features
could be employed to monitor their own conditions and even-
tually to be able to repair themselves. In this context, polymer
composite materials based on CNT or graphite are very interest-
ing candidates and a lot of attention has been paid to them due
to their unique mechanical, electrical and thermal properties.11
In these composite materials, the key feature is that the carbon-
based filler gives the material the capability to behave as a con-
ductor when it reaches a critical concentration (called percolation
threshold) 1213 This condition depends on several factors among
which the aspect ratio, morphology, dispersion and of course the
nature of the filler itself.Z14"18 Beyond this critical concentra-
tion the filler creates a conductive path allowing the material
to switch from insulator to conductor. This behavior can be de-
scribed by the percolation law1220, a power law that has already
been shown to properly describe the electrical conductivity behav-
ior for heterogeneous materials?1724 including this class of mate-
rials. Q213125527 Among the conductive fillers, carbon nanotubes
show peculiar physical and mechanical properties such as high
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elastic modulus, low density, high electrical conductivity, high as-
pect ratio%8"31] high strength and stiffness=2, remarkable thermal
and electrical conductivity, making them appealing candidates for
a wide range of possible technological applications=3. Moreover,
due to their high aspect ratio, lower concentrations of CNT are re-
quired to improve the polymer matrix properties, with lower per-
colation thresholds compared to other carbon-based fillers. 34736
Regarding the polymer matrix, among the thermosetting poly-
mers the epoxy-based systems allow to manifacture a very ver-
satile class of composites for structural applications in automo-
tive, aeronautics, marine industry and electronics, thanks to their
excellent mechanical properties for structural stability.2Z Smart
materials are also designed with concrete matrices for civil engi-
neering applications. 8740

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 flow
of electricity within it, which implies the loss of part of its energy
due to the lattice vibrations (phonons).“L It can be employed in
many useful self-heating based applications, such as self-deicing
and self-curing. The de-ice of an aircraft (ice elimination or mit-
igation), for example, is crucial in freezing or precipitation con-
ditions where frozen contaminants can cause damages on critical
aircraft surfaces that need to be even and straight, and can dis-
trupt the smooth air flow and reduce the wings ability to gener-
ate lift and increase drag. Several anti-icing (ice prevention) or
de-icing exist based on mechanical, chemical or thermal mecha-
nisms where the aircraft 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.#243! Other strategies based on the em-
ployment of electrically conductive heating elements exist, how-
ever there are limits on the powers reached to gain the necessary
temperature.444>/ For these reasons, and to improve the quality
of de-icing and so the safety of the aircrafts, alternative strate-
gies are investigated.4°"21 Among these, the employment of new
materials such as carbon-based filled polymers seems to be very
promising, showing also the advantage of a lighter weight com-
pared to the standard ones.“422223 Moreover, the application as
ice controller on different transportation infrastuctures such as
highways, interchanges, bridges, airport runways, can improve
drivers safety while not compromising the durability of the struc-
tures with the use of sprayed substances that can damage them.>%

Another very useful application is the self-curing2834I54-6ll j o
the conductive filler is added to the polymer matrix and can im-
prove the curing process by generating heat from inside the ma-
terial itself. An homogeneous dispersion and improved cured ma-
terial could be obtained. Conventional oven heating is mostly
used to cure polymer-based composites, but often it is observed
that the heat distribution is not uniform and that a relatively long
period of heating is required during manifacturing. So, internal
heating methods such as Joule, microwave and induction heating
have been of great interest for their non-contact heating process
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which creates a uniform thermal distribution in a shorter period
of time 3424757l Among these, Joule heating is one of the most ef-
ficient ways to have a uniform heating of conductive composites.
For CNTs filled composites, an electric field in presence of elec-
tric current does mechanical work by moving the current-carrying
particles in the conductor.#12852 This work can be dissipated into
heat in the conductor, therefore curing by Joule heating will be
beneficial to various applications in the field of flexible 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.©? Heating is essential for buildings in cold regions and
to obtain materials that are able to give spatially uniform heat-
ing, design semplification, implementation convenience and en-
ergy efficiency is an important challenge where the employment
of structural materials capable to heat themselves through energy
conversion, i.e. from electrical to heat, represents a valid and ef-
ficient solution. Also in this context, composite materials filled
with CNTs represent a valid candidate. Other alternatives such as
fossil fuels (coal, fuel oil, natural gas) or solar heating are related
to environmental problems or have high costs, respectively, rep-
resenting 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.>%

Beside the number of applications and a macroscopic under-
standing of the Joule heating mechanism, a complete knowledge
of the main factors influencing the efficiency of the material, at
molecular level, is still missing. It is very important to investi-
gate 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 im-
portance also in other contexts such as the description of inter-
action with light and non-equilibrium processes in both biologi-
cal and material science fields./©3"08 The filler organization giving
rise to the electric circuit takes place at the nanoscale, so this
scale is crucial to study the morphological nature of different cir-
cuits 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 efficency of the
material as heat generator is the starting point to design more
efficient ones. In this context, the support given by in-silico ex-
periments can be crucial to help in the disentanglement of the
main mechanisms underlying the Joule heating, and to under-
stand how the performances are influenced by the filler concen-
tration, aspect ratio, morphology, polymer matrix, applied volt-
age. Many modeling studies on Joule heating and heat diffu-
sion have been performed at the macroscale, but at this scale the
molecular picture of the material is lost, and although these the-
ory levels are very appealing on a computational point of view,
it is not possible to follow the molecular mechanisms involved in
the phenomena.®?7l 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 capabil-
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ity to directly compare these studies to experimental results.
Modeling studies based on molecular dynamics simulation (MD)
method coupled with heat flow equations have been reported for
metal systems.Z2"74 Studies on thermal conductivity of CNT com-
posites have been performed by using reverse non-equilibrium
MD simulations in a full atomistic resolution, giving interesting
insights on the effect of CNT functionalization and effects at in-
terface between CNT and polymers.Z2"72 The drastic decrease of
thermal conductivity is a serious bottleneck for composite ma-
terials applications in terms of the heat diffusion efficiency, in-
deed the thermal conductivity of isolated CNTs is orders of mag-
nitude larger (between 100 and 6000 W/mK) compared to CNTs
embedded in polymer matrix where it spans in a range of 1-30
W/mK.©80-83 Although, compared with polymers (where it is
around 0.1-1 W/mK), it increases when the filler is added, the
gain is not that much and understanding how to improve the ma-
terial performance is a huge challenge. In particular, it is the
interface resistance between CNTs and the polymer that hinders
the heat flow 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 mechanisms of CNTs in the polymer ma-
trix is also very important, since to maximize the efficiency of the
material, both in terms of conductor of electricity and heat gener-
ator, 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 (typ-
ically between 100 and 200 nm), this is an important lengthscale
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
finite elements method, and the accuracy reached at the molec-
ular 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 al-
ready been applied by some of us to study electrical properties
of CNT filled polymers®4 in which the morphology influence 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 ef-
ficiency. Different morphologies and conductive paths have been
observed, and the role of the aspect ratio, concentration, poly-
mer matrix nature (homopolymer or block co-polymer) have been
deeply investigated giving also successful agreement with experi-
ments from literature. To further corroborate the proposed mod-
elling strategy and to increase the number of comparisons (espe-
cially in the 60-100 voltage range), experimental data are also
collected in this work and very nice agreement with computed re-
sults is obtained also in this case. Thanks to the size and timescale
reached by using the hybrid particle-field (h-PF) molecular sim-
ulations®"21 which allow to explicitely describe the polymeric
matrix, we obtained CNTs assemblies (dendritic structures) that
are geometrically compatible with experimental hypotheses, and
power law exponents in agreement with experimental measure-
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ments.®4 The proper simulation of the electrical properties is the
main ingredient for the Joule effect simulation, since the calcu-
lation of the conductivities, along with the dependance on the
morphology and filler 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 molecular simula-
tions.

The paper is organized as follows: in the Methods Section it
is presented the implemented theoretical-computational proce-
dure along with the main equations employed in the Joule heat-
ing modeling, in the Experimental Section the details of materi-
als and measurements perfomed in this work are described, fol-
lowed by the Results Section including applications of the imple-
mented strategy to case studies directly compared with experi-
mental data. Conclusion and Perspectives are presented in the
last section.

2 Models, Methods and Simulation Ap-
proach

2.1 Joule Heating at the Nanoscale

Experimentally, Joule heating is simply measured by applying an
external voltage to the material sample, properly connected be-
tween two connecting pads and also to a thermocouple to mea-
sure the temperature change, as schematically shown in Figure[T]

DC Power Supply

| ‘I
) || ! Electrode (-)

Electrode (+

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 thermo-
couple allows to evaluate the temperaure increase. Both electrical resis-
tances contributions to the percolative path, the intrinsic (R;,/) and contact
one (R..n), are emphasized.

Joule heating takes place in conductive materials. In particular,
composite materials switch from insulators to conductors once a
critical concentration of the filler is reached (the so-called perco-
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lation threshold), that takes place when the filler concentration
is sufficient to allow the formation of a continuous conductive
path characterized by connected CNTs (schematically shown in
Figure[T).

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 concen-
tration variations or conformation changes, thus making the heat
generation not efficient. Since it is required that the heat gen-
erated is stable for self-heating applications, the electrical con-
ductivity has to be stable, and this condition is reached at filler
contents about two times the percolation threshold®322. In this
way it is ensured that the material is conductive and that small
changes in CNT arrangement do not affect the conductive perfor-
mances.

In Figure [2| we schematically show the key concepts of the
proposed approach for the calculation of Joule heating.

Nanoscale vy Nanoscale Macroscale
Molecular | morphology | Resistors .
. . Lid gy Macroscopic
simulations network
voltage

Bridging
l \ Macroscale

e Direct comparison
with experiments

System
conductivity

Heat diffusion

1 /

Temperature
vs. time

Fig. 2 Schematic representation of the main ideas presented in this
work. The proposed protocol aims to bridge the nano and macroscale.
The nanoscopic explicit modeling of the material is needed to accurately
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 representation on
the connecting arrows we underline the main quantities simulated at the
nanoscale and transferred to the macroscale through the bridging grid
picture.

First of all, we propose to retain the molecular picture of the
system, since it is important to properly include the different con-
tributions 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-field MD simula-
tion implemented in the OCCAM software®>87 and whose main
concepts and equations are presented in the ESIT, we are able
to simulate different molecular configurations 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 filler concen-
trations are simulated to build the percolation curve and to verify
which is the filler amount necessary for the Joule heating mod-
eling, and then such curve is fitted 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 resis-

4| Journal Name, [year], [vol.],1

View Article Online
DOI: 10.1039/DONA00238K

tances and conductivities are calculated explicitely as described
in the following Subsection.

2.1.1 Electrical Resitances and Circuit Calculation

The electrical conductivity of the insulating polymer and CNTs
composite is calculated by using a resistor network approach.?3
This approach consists in an explicit calculation of the overall
electrical resistance of the system due to the CNTs creating a net-
work of resistors above a critical concentration. The contributions
to the electrical resistance are two. The first 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:

411
TL'GCNTd%

int = (1)

where /5 is the length of the CNT between contact points 1 and
2 (as shown in Figure , d g is the CNT diameter and ocyr is the
intrinsic CNT conductivity.

Electron ballistic tunneling through the contact junction causes
the contact resistance, the second contribution (schematically
shown in Figure [I). Two separate CNTs can have multiple con-
tacts: in our model CNTs are constructed as straight segments and
each pair of non-adjacent segments produced contact resistance if
the distance between them is less than d.,, . The contact resis-
tance can be approximated by the Landauer-Buttiker formula®4:

Reon = Zh? % 2

where /1 is the Planck’s constant, e is the electron charge,

h/2e? = 12.9054K is the quantized resistance, M is the total num-

ber of conduction channels and the transmutation probability P is
given by:

d,
P:exp(— “’W) if 0<d<dy+day

tunnel

or (3)

P:exp(f ) if dg+daw <d<dg+deoss

tunnel
where d;yppe = h/27\/8m. AE is the minumum distance be-
tween two CNT segments where electron tunneling is most likely
to occur, m, is the electron mass, d,; =0.34 nm is the van der
Waals separation distance and AE (1 €V) is the height of the bar-
rier. The cutoff is calculated as deuorf =15 e, and the
transmutation probability is considered to be zero when the dis-
tance between two CNTs is d > d,ys. 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:
Y % =0 C)]
J L
where U; is the potential on node i and R;; is the resistance
of the resistor connecting points i and j. The size of the system
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of linear equations obtained is N x 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. 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 percola-
tive curve. This approach has been successfully applied to study
electrical properties of CNT assemblies in homo and block copoly-
mers in good agreement with several experimental findings.8%

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 configurations of the composite systems and on the ba-
sis 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 field accurately obtained from the particle
positions is constructed. In this approach the density field is de-
fined on the verteces of the cell where the particles are counted,
allowing for a smoother and more detailed representation of the
molecules positions. Indeed, fractions of a bead are 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 em-
ployed to calculate Joule heating generation and heat diffusion,
this one directly derives from an explicit molecular picture of the
system under study, so a detailed map based on the particles posi-
tion is obtained and an accurate description of the configuration
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 evaluation. Differences
among random, assembled or other morphologies are intrinsi-
cally 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 configuration 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 configuration, re-
taining 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 configurations are not lost and an accurate
information of the configuration is kept in the grid picture. In
Figurewe show some examples of the same CNT configuration
represented 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 fine grid can
approach to an atomistic picture of a CNT.
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(a)

[=2nm [=0.2nm

(b)
» )A ,'

[=7.5nm [=4nm

[=4nm

[=3nm

Density Field Resolution

Fig. 3 Panel a) Single CNT isodensity surface at different grid sizes
and CNT atomistic picture. Panel b) Isodensity surfaces of CNTs in ran-
dom 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, / represents the grid
length.

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 Eq. (5):

oi/ocnt =N (fi—fe)* (5)

where ocy7 (S/m) is the conductivity of a single CNT, 1 is a
prefactor, f; is the local CNT concentration at grid point i, f, is
the percolation threshold and 7 is the power law exponent. In
the procedure, the exponent, the critical concentration and the
prefactor are obtained by fitting the electrical conductivities of
the whole simulated composites at different CNT concentrations
using such power law, where such conductivities are calculated
as described before. In Table [1f the fitted parameters obtained
by using Eq. are shown for both random and assembled CNT
morphologies in both monomer and linear polymer, and in Fig-
ure [4 the calculated conductivities as function of the CNTs con-
centration along with the curves obtained by fitting the data with
Eq. (5), are shown.

Table 1 Parameters fitted by using the percolation law shown in Equa-
tion (5) for random and assembled (in both monomer and linear polymer)
configurations.

Fitted parameter Random Assembled Assembled
(monomer) (polymer)

n 9.2-107* 0.02 0.02

fe 2.8 1.89 1.84

T 2 1.87 1.76

From the results, it is clear that the critical concentration of
randomly dispersed CNTs is around 2 %, so for Joule heating ap-
plications we will employ concentrations higher than 2 %, up to
two times this one, while the critical concentration for the as-
sembled morphologies is lower. This result suggests that lower
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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 Eq. (5) are also shown.

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 Figure S1 of ESI'.
On each grid point the conductivities are calculated by using
Equation (5, where 7, 1) and f, are taken from Table[l} The simu-
lation 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. %

2.4 Joule Heating Calculation on the Grid

The local electrical resistance, R; (), is calculated from the elec-
trical conductivity as shown above for each grid element. This
term is inversely proportional to the conductivity and is evalu-
ated by using the grid geometrical parameters. The local heating
power at grid point i (P, measured in Watt) depends on the CNTs
local density, and it is evaluated by using the heating power law:

Pi=I} R; 6)

where R; is the electrical resistance in the vertex i, I; is the
current intensity (A) calculated from the Ohm’s law as I; = V/R;,
where V is the external applied voltage (V). The potential differ-
ence is applied at the simulation cube faces, so at the nanoscale
the equivalent of the macroscopic sample is represented by the
simulation box itself. The heating power is evaluated on each grid
vertex element and the local heat is also an indirect representa-
tion 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 /;. In particular, it is scaled
for the ratio of the macroscopic system length (cm sizescale) and
the density resolution corresponding to the actual grid size em-
ployed, that in our case is 37 nm.

6| Journal Name, [year], [vol.],1

As shown for the isodensity surfaces, also the heating power
is sensitive to the grid resolution. In Figure [5| the Joule heat-
ing power is shown at different grid sizes. By swiching from the
coarser to the finer one, an increasing difference in colors inten-
sity is observed. In particular, at the larger grid the difference
among colors is less drastic, indeed not deep blue or white re-
gions are observed while at finer grids this discrepancy is more
emphazised and also the different color regions are smaller, in-
dicating 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 exter-
nal voltages, in this way the simulated quantities can give use-
ful and applicable suggestions about material limits and possi-
ble improvements. The bridge between the nano and macroscale
is given by the heat generation modeling since elements com-
ing from the molecular sizescale (explicitly modelled system, ex-
plicit resistor network modeling) are combined with macroscopic
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 per-
colation law are applied, but still keeping the molecular picture
since it is implicitely embedded in the local density of the grid
elements from which the Joule heating power is calculated. Once
P; is known, the heat generate (J)(see Eq. ) can be evaluated
according to the time interval in which the heating power is ero-
gated:

Qi=P-At 7

where At is the employed time step for the simulation. Then,
since the increase of the temperature (measured in Kelvin) de-
pends on the mass and the material specific heat (J/molK), it can
be calculated as:

TJoule(i) = Qi/cp Tm; 8

where ¢, is the specific heat capacity of the composite system
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Grid Resolution

Fig. 5 Heating power isosurface at different grid resolutions.

and m; is the local grid mass. The c, value is chosen to be 1
J/molK, that is an average between the CNTsB398 and polymers
value®®”, 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-field sim-
ulation, 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 m; shown in Equation (8) is the sum of the
local CNTs and polymer mass (mE¥7 + m?’”) and is expressed in
grams.

The obtained local temperatures are representative of the lo-
cal filler concentration and provide also an indirect picture of the
morphology and spatial arrangement of the conductor, as explic-
itly shown in Figure [6] In this Figure 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 after the appli-
cation of an external potential difference.

Fig. 6 Isodensity surfaces of CNTs (9 % in weight) in linear polymer
assembled morphology (left panel) and temperatures isosurfaces (right
panel) computed after the application of potential difference on that con-
figuration. The employed grid size is 2.05 nm.

The very clear corrispondence between the CNT densities po-
sition (polymer densities are not shown for better clarity), and
the local temperatures can be cought. Higher temperatures cor-
respond to regions reacher in CNTs and the path formed by the
local temperatures resamble exactly the one made by the densi-
ties. 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 im-
posed in the simulation because of the local Joule heating power
due to the different local filler density calculated as described
above, in each grid element vertex. To evaluate the heat diffu-
sion, the heat diffusion equation has to be solved by including
the extra term coming from the local Joule heat, and in the im-
plemented scheme it is solved numerically by using the finite dif-
ference method approximation (second order central difference).
This approach has been proposed and successfully employed to
simulate Joule heating in metal single-crystal nanowires by Pad-
gett and coworkersZZ,

Tt +di) = Ty(1) + AD (ZTiil(l‘)*ZY}a(I)+7}gl(l‘)

2
7] Iy

) + Tjoule(i)
9
where D is the thermal diffusivity (nm?/ps), T;(¢) is the temper-
ature in the i, grid vertex at time ¢, At is the time step employed
for the heat diffusion, /, is the grid spacing in the o direction,
and the sum is over the three cartesian coordinates. In this way
the local heat diffusion and related temperature increase is mon-
itored during the time allowing to catch the heating capability of
the material. In agreement with the 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 Figure |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 con-
sider the first part of the heat generation and diffusion without
simulating its dissipation with the environment. However, this
first part is the crucial one for the evaluation of the material ca-
pabilities to heat since it allows to understand how fast the ma-
terials are in increasing the temperature after the application of
a potential difference. So, although we are already working on
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Fig. 7 Simplified schematic 2D picture of a 4x4 grid to illustrate the grid
scheme used to calculate local temperatures according to Equation (8)
where the Joule heat contribution depending on the local CNT density
is added. Temperatures are evaluated on the grid verteces. 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
equivalent.

modeling also the cooling phase, the phenomena happening at
early time remains the most important 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 ef-
ficiency of the heat diffusion is very important both in terms of
how fast is the heat diffusion in the environment (represented by
the heat conductivity coefficient) and in terms of its homogeneity,
indeed although the heat generated depends on how much filler
is present locally, it is important that the discrepancy between
regions rich or poor of filler 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 depend on the microscopic distri-
bution of the filler. 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 tempera-
ture increase, the heat diffusion equation is employed according
to Eq. (9). Both local temperatures and the average system tem-
perature 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 finally calculated
from the heating rate. It is obtained from the temporal evolution
of the temperature, that is linear in the first stage of heat diffu-
sion. 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 temper-
ature against the time has, at the early stages of heat diffusion, a
linear behavior (as shown in Figures S2 and S3 of ESIT) and the
heating rate is obtained as the slope of the fitted linear function.
The heating rate calculation is the final most important output of
the proposed method, and represents the most direct and imme-
diate way to detect the limits or good performance of the chosen
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material.

The thermal diffusivity coefficient influences the homogeneity
of the heat diffusion, i.e. it influences how fast an equilibrium
temperature among the hot (rich in CNTs) and cold regions is
reached. In particular, large values of D mean efficient diffusiv-
ity 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 Figure [§]it is
shown a schematic picture of two limit cases28.

A

530.0 _
x
L5250 g
-

-~ 5200 §
L 3
5150 2

|-s1002

»’"l d "

| ¢
D=0.167 nm%ps D=66 nm’/ps

Fig. 8 Temperature isosurfaces for randomly oriented CNTs (10 % wt.)
showing local different temperatures depending on local different amount
of nanotubes after the application of a potential difference of 1 V. Different
temperatures are represented with colors from red (hotter regions, larger
CNTs content) to blue (poor CNTs content). Panel A - The system is
shown at the beginning of the simulation, performed by using a thermal
diffusivity coefficient of 0.167 nm?/ps (left) and 66 nm2/ps (right). Panel
B - The system is shown after 10.5 ns in which the heat diffusion has
been simulated by using the same thermal diffusivity coefficients (0.167
nm?/ps (left) and 66 nm2/ps (right), respectively). A grid of 3.77 nm is
employed in this case.

The first one in which the heat diffusion equation is solved, a
D value of 0.167 nm?/ps is employed, while in the other case a
value of 66 nm?/ps, similar to the ones of CNTs alone, is used. At
the beginning of the simulation the system is substantially char-
acterized by the same local temperatures, and very small differ-
ences are in agreement with the local filler concentration. As time
passes the system starts to warm up, and after 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 em-
ployed, the local temperatures are still different and colder and
warmer regions are observed. The heat diffusivity does not actu-
ally influence 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
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temperature.

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 Equation are obtained
by fitting the percolation curve calculated at different CNT con-
centrations. The time step for the heat diffusion is 200 ps, the
thermal diffusivity is 1 nm?/ps and the chosen CNT conductivity
is of 1000 S/m. To be employed at the nanoscale, 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 filled with Carbon nanotubes GRAPHISTRENGT
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 mi-
croscopy (HR-TEM). Carbon Nanotubes (CNTs) resulted char-
acterized by an external diameter between 10 and 15 nm, a
length between 0.1 and 10 pym and a number of walls varying
between 5 to 15. The filler has been embedded into the precur-
sor (3,4-Epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxy-
late - 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 filler/precursor mixture with a ratio by weight pre-
cursor /hardener of 1/1. The obtained mixtures have been mixed
by magnetic stirring for 20 minutes at room temperature and sub-
sequently degassed for 2h at room temperature. The mixture has
been cured by a triple curing cycle: 1 hour at 80 °C + 20 minutes
at 120 °C + 1 hour at 180 °C. A concentration of 3% of the filler
was used for electric heating measurement. A filler concentration
of 3% has allowed obtaining a sample with a DC volume conduc-
tivity value of about 6.8 x 102 S/m. This result was obtained by
electrical tests carried out in agreement with Ref. [99. Regarding
electric heating measurements, a data acquisition board (Ther-
mocouple Data Logger supplied by Pico Technology) was used to
acquire the thermocouples measurements. In order to record the
local temperature evolution, a dedicated LabView software 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 x 56 x 4.5
mm?). The power supply EA-PSI 8360-10T (Elektro-Automatik,
0-360 V, 0-10 A, 1000W 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
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coated by using a silver paint with a thickness of about 50 pm
and characterized by a surface resistivity of 0.001 Qcm. All mea-
surements were performed in direct current (DC) mode, with a
selected constant power.

4 Results and Discussion

4.1 Morphology, Filler Concentration and Voltage Depen-
dances

In this Section, the implemented protocol to simulate Joule heat-
ing at the nanoscale is employed to investigate the dependance of
the Joule heating power on the carbon nanotubes concentration,
applied voltage and morphology.

In Figure [9] the heating rate (°C/s) as function of the applied
voltage is shown for systems with different CNT weight percent-
ages in random orientation. In this case external macroscopic
voltages of 25, 40, 60, 80 and 100 V are applied and the dis-
tribution of local temperatures, different for the Joule effect, is
monitored. The heating rates are shown for CNT weight percent-
ages 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 ob-
served. The drastic change in the heating rate is observed as the
system overcomes the percolation threshold. This gap between
the region below and above the percolation threshold is in agree-
ment 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.22100 As general trend we
find 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 heat-
ing rate does not overcome 1 °C/s 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 at 25 V to about 64 °C/s 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 filler concentrations and
the dispersion state of the filler, are also observed experimentally
and the non linear correlation between the heating rate and ap-
plied voltage is in agreement with experimental trends.>>22 Of
course the CNT concentration could be, in principle, further in-
creased 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 sat-
isfactory 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 concentra-
tions are not yet large enough to cause such damages.

It is very interesting to underline how the increase of the volt-
age enanches the discrepancies among the different filler concen-

Journal Name, [year], [vol.], 1{1g| | 9


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00238k

Open Access Article. Published on 18 May 2020. Downloaded on 5/19/2020 2:40:56 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

trations, 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 in-
creases, the different performance related to different conduc-
tive filler concentrations is emphasized. This fact means that,
if low voltages are required for a specific application, materials
with low CNT content can be chosen without drastically 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 infor-
mation 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 dif-
ferent filler concentrations is clear, showing that given an external
voltage the improvement obtained by increasing the filler concen-
tration is not of the same amount but increases always more as
more filler 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 experimen-
tally found trends as further discussed later in this paper.

Heating rate (°C/s)
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Fig. 9 Heating rate for the random CNT configurations at different applied
voltages. The heating rate is shown for different CNT concentrations.

The effect of the applied voltage can be also observed from Fig-
ure In this Figure, the heating rate is shown as function of the
CNT % for the five different voltages. The drastic improvement of
the Joule heating efficiency with the increase of the applied volt-
age 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 the system is percolated.
Indeed, although the number of resistors increases with the filler
content, since it depends on the local filler density according to
Equation (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 perfor-
mance of the proposed computational approach, and the depen-
dence on voltage and concentration are in agreement with exper-
imental trends®Y. In particular, the fact that larger heating rates
are reached when the filler concentration is increased, and the
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Fig. 10 Heating rate for the random CNT configurations at different CNT
%. The heating rate is shown for different voltages.

quadratic dependence of the heating rate from the voltage that
directly reflects the quadratic dependence on the heating power
from the voltage, according to the equation P = V2/R. This last
trend confirming that we are able to correctly simulate depen-
dences observed at the macroscale. These trends represent also a
systematic study that can be performed on such materials where
factors affecting the heating 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 ex-
periments it is necessary to properly treat and scale our data ac-
cording to the different lengths of simulated and experimentally
employed CNTs.

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 dif-
ferent 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
wum, 2316119211007104] gystems 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 influencing 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 interac-
tion with the matrix, the nature of the matrix and the Joule effect
measurement conditions like applied voltage, filler concentration,
filler morphology. Our CNT model is a very simplified one, al-
lowing us to simulate systems with about 10° particles, however
building longer CNTs means to reach system sizes including about
10 particles and this would be too expensive on a computational
point of view. Moreover, in order to avoid unphysical behaviors
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due to the periodic boundary conditions, the size of the simula-
tion 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 field based molecular dy-
namics simulations), the hybrid particle-field 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
account the CNT length difference scaling quantities related to
them. We employed CNT concentrations from 1 to 10 % in weight
while often 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 ym 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 first 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 concentra-
tions are considered), and the experimental data usually reported
in the literature. In this case, the most obvious choice is to renor-
malize the CNT content in terms of percolation threshold of the
considered systems. In particular, the renormalized content of
CNT is calculated as f/f,, so results of CNT percentages that are
equivalent in relation with the percolative threshold (either calcu-
lated or experimental), are compared. Moreover, the Joule heat-
ing 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 con-
sider concentrations 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
influences the geometrical mechanisms by which the conductive
network is formed.©1284 Scaling for the percolation 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) are compared with data from three different experiments
where in all the cases the polymer matrices are thermoplastics
and different voltages are applied. All the data shown in the Ta-
ble are also presented in Figure

The first comparison is with experiments performed by Dori-
gato and coworkers (Ref. [104), where they employ poly(butylene
terephthalate) as polymer matrix, CNTs are 1.5 ym long with a
diameter of 9.5 nm, and potential differences of 12 and 24 V are
applied. They find 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 filler concentration at least six times larger than the criti-
cal one is employed. To compare the heating rates of simulated
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Table 2 Calculated and experimental (from Refs. [102H104) heating rates
(°C/s). Calculated ones are shown for random, assembled morphology
in monomer and assembled morphology in linear polymer 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

composites it is necessary to consider concentrations 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 poly-
mer 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 intermediate between the random
(lower limit) and assembled (upper limits) ones. This result sug-
gests that in this case it is possible to hypotesize that the experi-
mental morphology could be intermediate between a random one
in which the contacts among CNTs are not optimized, and the as-
sembled 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 experimen-
tal polymer matrix is polypropylene and CNTs are about 10-20
um long with a diameter of 30-50 nm, however they do not ex-
plicitely report the percolative concentration and for heating rates
measurements they use a filler 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 assembled morphologies. 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 mor-
phologies obtained from Sangroniz and coworkers resamble more
the assembled ones.

Finally, Jeong et al. (Ref. [I02) measure heating rates in a
wide range of voltages, and we compare calculated ones in the
range of 30-100 V for a filler concentration about six times the
critial one (in agreement with CNT concentrations chosen in their
work). Their polymer matrix is poly(m-phenylene isophthalmide)
and CNTs are about 100 ym long with a diameter of about 10-15
nm. For all the potential differences applied, experimental heat-
ing rates are intermediate between random and assembled mor-
phologies (as clearly observed in Figure [I1). It is interesting to

Journal Name, [year], [vol.],1 [ 11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00238k

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 18 May 2020. Downloaded on 5/19/2020 2:40:56 AM.

(cc)

Nanoscale Advances

observe how this discrepancy increases with the applied voltage,
indeed at 30 V the random morphology is closer to the experi-
mental 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 dis-
cussed in the previous section in which we showed that, for a
given concentration, material performances diverge when larger
voltages are applied (Figure E[) 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 cought because of the scale). This trend can
be associated to the quadratic dependance of the electric power
from the voltage (P = V2/R) that is dissipated as Joule heating
(Equation ). Indeed, the heating rate is obtained from the
temperature change during the time in the material, and is a di-
rect expression of the Joule heating (and so of the electric power,
Equation (6)) since the only source of temperature change comes
from the electrically conductive fillers (see Equation (EI)), allow-
ing the quadratic behavior to be observed also here. This result
confirms the behavior of the composite material as a classical
ohmic conductor, and the fact that it is observed also in the sim-
ulated heating rates suggests that the proposed model is able to
catch its nature.

R A

% expt. Dorigato et al.
% expt. Sangroniz et al.
a0k % expt. Jeong et al.
Random
0—© Monomer
o—o Polymer

2
T

Heating rate (°C/s)
w .
1

10

*

*
%*
o} € 8 E
1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
Voltage (V)

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 ar-
rangements. Experimental values are those discussed in Table |2| from
Refs. 102104l 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.

In Table |3| we make a comparison with other experiments
where the matrix is in all cases a resin. Both experimental and
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Table 3 Calculated and experimental (from Refs. [100l101land this work)
heating rates (°C/s). 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

computed data are also shown in Figure

In Prolongo and coworkers experiments (Ref. [100), CNTs have
an average length of about 1 um and a diameter of about 9.5
nm, the polymer matrix is an epoxy resin (epoxy diglycidil-ether
bisphenol-A with 4-4’-diaminodiphenyl sulfone) and heating rates
are calculated at 25, 60 and 100 V. They find that the critical con-
centration 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 as-
sembled 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 underline the importance of properly
scaling the quantities obtained from the simulation when a direct
comparison with experiments is performed. When comparing the
cases of CNTs in assembled morphology in monomer and in lin-
ear polymer matrix, the simulated heating rates are larger than
the experimental 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 dispersion
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 ap-
plied external voltage is 140 V, CNTs length ranges from 0.1—10
um with a diameter of about 10 nm and the polymer matrix
is an epoxy resin (epoxy diglycidil-ether bisphenol-A with 4-4'-
diaminodiphenyl 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 heat-
ing properties, so we chose a system with a CNT concentration
about two times the percolation threshold to make sure that the
material is sufficently beyond the percolation threshold. The heat-
ing rate calculated at random conformation is lower than the ex-
perimental value (0.44 vs. 0.85 °C/s), while the assembled mor-
phology in linear polymer is larger than it (5.68 °C/s), although
in both cases the same order of magnitude of the experiment is
reproduced, showing that the proposed scaling is efficient to al-
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low a direct comparison with experimental data. As also found
in the previous comparison, also in this case the trends under-
line 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 opti-
mized and the maximum number of connections among the nan-
otubes is reached. As shown in Figure[I2] the CNTs create bundle
structures.

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.

Moreover, for assembled morphologies the percolation thresh-
old is reached at lower CNT content, as also shown in Ref.
allowing to use a smaller content of CNT in the composite mate-
rial 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), suggesting that the electric circuit is more
optimized if compared with random case, creating optimized con-
nections at the nanoscale, although not efficient enough like the
case in linear polymer matrix. The case in which CNTs are as-
sembled in monomer represents an intermediate stage, in terms
of efficiency, between the random and assembled in linear poly-
mer 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 assembled than
to the random ones. This trend is not observed at larger filler con-
centrations where also the assembled morphology in monomer is
more performing (as observed in the comparison with thermo-
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plastic 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 filler concentrations the nanostruc-
turation created by CNTs has a much larger number of contribu-
tions, allowing the advantages of this structuration to emerge and
also to overcome the performance in linear polymer where, al-
though the formation of well-defined 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 confined situation as in linear polymer.

Calculated heating rates have also been compared with exper-
iments 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 corrobo-
rate 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 concentra-
tions 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 disper-
sion.

Finally, in Figure [I3] 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 thermo-
plastic matrices).

All the collected information can be very helpful since under-
line 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 ob-
tained for all the considered thermosetting resins reflect mate-
rials 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 ex-
perimentalists toward a finer an better design of the materials and
also to understand the chemical reasons of different electrical and
thermal performances. These information 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 specificity 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
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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
Refs. [100l101] and this work. The error of the fitted heating rates, ob-
tained by a least squares fitting procedure, is within the point size of the
Figure for both calculated and experimental data.

to disentangle the complexity hidden behind different materials.

5 Conclusions and Perspectives

In this paper a modeling protocol to simulate Joule effect on com-
posite materials at the nanoscale, is presented. Joule heating is a
promising feature characterizing composite materials made of a
polymer matrix and a carbon-based conductive filler, since it can
be used for many innovative applications such as self-deicing, self-
curing, in different fields such as aeronautics, 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 the mate-
rial and to allow to reach large size and time scales comparable
with the experimental ones. The novelty in the proposed com-
putational approach is its capability 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 simulated 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 influencing the heating capabilities of the
materials and also make previsions on their behaviors. Heating
rates dependances on material morphology, concentration, ap-
plied voltage and also heat diffusion coefficient are analyzed. Our
simulations shed light on the specific dependence on the voltage
of the different morphologies. Indeed, we find 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
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basis of the different sensitivity to the applied voltage. Direct
comparison with different experimental case studies have been
investigated and good agreeement with experimental findings is
obtained. A very important role in the self-heating properties is
played by the CNTs assemblies in different situations. In partic-
ular, dendritic nanostructures formed when CNTs are assembled
in the organic matrices, lead to optimal arrangements increasing
conductivities with respect to ideal homogeneous CNTs distribu-
tions. Different CNTs assemblies in nanomaterials based on ther-
moplastic (intermediate between dendritic and random arrange-
ments) or thermosetting (very close to random arrangements)
matrices can explain the different performances of these two class
of nanocomposites.
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We develop a theoretical-computational protocol to simulate Joule heating on
nanocomposite materials, allowing to investigate morphology, voltage and
concentration effects.
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