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Featured Application: Anti-icing and de-icing systems.

Abstract: The present work studies the electrical and electrothermal properties of CNT/GNP-doped
nanocomposites for optimizing their anti-icing and de-icing capabilities. Here, a comparison between
3D-printed circuits and coatings based on these materials is carried out. In this regard, the higher
electrical conductivity that is achieved by the specimens when increasing the nanoparticle content
and the higher cross-sectional area of the coatings with regard to the 3D-printed circuits induces
a higher heat generated by the Joule’s effect. Moreover, the successful de-icing test performed by
the specimen with the highest self-heating capability, evinces that the studied nanocomposites are
suitable for de-icing purposes.
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1. Introduction

Ice accretion on aerodynamic structures, such as aircraft wings or wind turbine blades,
has been a major problem due to the operational and safety issues [1]. In this context,
carbon nanoparticle-doped composites, which present excellent electrical and thermal
properties [2], have been widely studied as self-heating materials [3]. In this regard, there
are some interesting studies about coatings that are based on these materials with anti-
icing and de-icing capabilities [4]. On the other hand, there are different approaches
that are based on placing the resistive heating element, i.e., metallic wires [5] or carbon
nanotube coated fibers [6], just in the desired area. In this context, Direct Write 3D printing
technology allows the combining the great self-heating capabilities of carbon nanoparticle-
doped composites with the ability of placing the heating material, selectively [7,8]. In the
present study, the electrical and electrothermal capabilities of CNT/GNP-doped 3D printed
circuits are compared to those coatings with similar characteristics in order to shed light on
how these different approaches affect the anti-icing and de-icing performance.

2. Materials and Methods
2.1. Materials

The developed materials were based on a Bisphenol A Diglycidyl Ether (DGEBA),
analytical standard resin with a Triethylenetetramine (TETA) hardener, of a technical grade
(60%) which were both supplied by Sigma Aldrich, and were doped with carbon nanotubes
(CNTs) and graphene nanoplatelets (GNPs). NC7000 CNTs, which present an average
diameter of 9.5 nm and an average length of 1.5 um, were supplied by Nanocyl and
M25 GNPs, with an average thickness of 6-8 nm and an average lateral size of 25 um, were
supplied by XGSciences.
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2.2. Manufacturing of Nanocomposite Specimens

Before carrying out the manufacturing of the specimens, a previously optimized calen-
dering process using EXAKT 80E equipment was performed to disperse the nanofiller into
the matrix [9]. Here, the distance between the rolls decreases with the number of cycles,
but the speed of the rolls was kept constant. The 3D-printed circuits and coatings were pre-
pared with four different nanoparticle wt. % contents: 0.5% CNT, 0.5% CNT + 0.5% GNP,
1.0% CNT, and 1.0% CNT + 0.5% GNP. Once the calendering process was completed, the
hardener was added in a mass proportion of monomer to hardener of 100 to 14.3. The 3D-
printed circuits were prepared using Direct Write technology, which is based on extruding
a viscous paste through a pressurized syringe (Figure 1a), and using a BCN3D + printer
according to previously optimized geometry and settings [10]. An example of a 3D-printed
circuit is shown in Figure 1b. On the other hand, the coatings were prepared by using a
200 pm ZAA 2300 Automatic Film Applicator by Zehntner (Figure 1c). Then, the coatings
were prepared to fit the same area to that of the 3D-printed circuits (around 5 x 5 cm?)
in order to compare their heating capabilities. Finally, the copper wires were embedded
into both the 3D-printed circuits and coatings as electrodes. All of the specimens were
cured at room temperature for 48 h. Silver conductive paint was added to the coatings after
embedding the electrodes to reduce the contact resistance and power losses. An example
of coating is shown in Figure 1d.
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Figure 1. Schemes of the manufacturing techniques and examples of specimens: (a) Direct Write
3D printing scheme, (b) an example of a 3D-printed circuit specimen, (c) coater scheme, and (d) an
example of a coating specimen.

2.3. Characterization
2.3.1. Morphological Characterization

A morphological characterization of the cross-section of the specimens were carried
out by an image analysis of micrographs that were taken using a Leica DMR Optical Micro-
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scope that was equipped with a Nikkon 990 camera. Here, the width, length, thickness,
and cross-sectional area of both 3D-printed circuits and coatings were measured using
Image] software.

2.3.2. Electrical and Electrothermal Characterization

The electrical conductivity tests were carried out using a Keithley 2410 Source-Meter
by obtaining the electrical resistance, R, from the V-I (Voltage-Intensity) slope in the range of
0 to 50 V. Then, the electrical conductivity, K, was obtained from the expression (1), with L
being the distance between electrodes and A being the cross-sectional area of the specimen.

K=L/(AR) 1)

On the other hand, the self-heating tests were performed by using the same source-
meter unit, Keithley 2410, by applying 1000 V. The self-heating tests were performed in
two stages of 5 min each: first, a heating stage was conducted by applying the voltage, and
then, a second stage involved cooling by turning off the power source. Here, the average
and maximum temperature increments with regard to room temperature, AT,y and ATax,
respectively, were recorded using a FLIR E50 thermal camera.

2.3.3. De-Icing Test

A de-icing test was carried out for the specimen that showed the best results in terms
of the average temperature during the self-heating test. First, a 2.5 mm thick ice layer is
generated in a freezer with deionized water. Then, the de-icing test was carried out by
applying 1000 V with the Keithley 2410 equipment to the specimen, placed in vertical
position to promote water evacuation during the test. Here, the minimum temperature was
recorded using the FLIR E50 thermal camera to evaluate the de-icing time.

3. Results
3.1. Electrical and Electrothermal Characterization

First, the electrical conductivity tests (Figure 2a) showed that for both the 3D-printed
circuits and coatings there was an increase in the electrical conductivity when increasing the
nanoparticle content, which was expected, due to a higher volume fraction of nanoparticles.
In addition, when comparing the 3D-printed circuits with the coatings, the latter showed a
slightly higher electrical conductivity. This can be explained by the relatively low cross-
sectional area of the printed ribbons (see Table 1), which makes them very sensitive to
printing defects as voids or ink flow disruptions, which can hinder the formation of the
electrically conductive network.

On the other hand, the average temperature reached by the nanocomposite specimens
during the self-heating tests, shown in Figure 2b, present a similar trend when they are
compared to the electrical conductivity ones. In this regard, the AT,y increases with the
nanoparticle content, which can be explained by the previously mentioned expression for
the electrical conductivity (1), the Ohm’s law (2), and the Joule’s heating law (3):

V=IR @)

Q=I*Rt 3)

where V is the applied voltage, I is the current intensity, Q is the heat generated by Joule’s
heating, and t is the time during the experiment.
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Figure 2. Electrical and electrothermal characterization as a function of nanoparticle content and
specimen morphology. (a) Electrical conductivity, (b) average temperature increment with respect to
room temperature, (c) examples of Joule’s heating test for the 3D-printed circuit and coating with
1.0% CNT and 0.5% GNP, and (d) IR images taken during Joule’s heating tests.

Table 1. Morphological characterization.

Cross-Sectional

. . . 3
Specimen Width (mm) Thickness (um) Area (mm?) Volume (mm?)

3D-printed ribbons 1.14 £ 0.07 439 £41 0.32 £0.04 16.43 £ 2.04
3D-printed circuit 13.69 £ 0.07 439 £41 3.88 £ 0.04 197.13 £ 24.54
Coating 52.79 + 1.06 188 + 22 9.93 £1.24 496.56 + 61.82

Here, an increase in the electrical conductivity due to the higher volume fraction of
the conductive filler induces a decrease in the electrical resistance. Moreover, this decrease
in the electrical resistance is directly related to an increase in current intensity. Finally,
the heat that is generated during Joule’s heating is directly related to the square of the
current intensity, leading thus, to a higher temperature. In addition to that fact, the coatings
reached a significantly higher AT, with regard to the 3D-printed circuits because of their
higher cross-sectional area (almost three times higher, see Table 1), which reduces the
electrical resistance and then increases the heat that is generated by Joule’s heating, as
explained before.

When analyzing in detail the specimens with a global content of nanoparticles of
1.0 wt. %, the specimen doped with 0.5% CNT + 0.5% GNP reached a higher AT,y with
regard to the specimen doped with only 1.0%CNT. This can be explained by the higher
influence of GNP in the temperature reached by Joule’s heating over CNT when added in
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low contents [6]. In this regard, the GNPs can act as a bridge between CNTs, enhancing the
electrical conductivity and, thus, the temperature reached by the Joule’s effect.

Besides that, Figure 2c shows the AT,, and ATmax as a function of time during the
self-heating tests that were reached by the 3D-printed circuit and coating with the best
results in terms of Joule’s heating (1.0% CNT + 0.5% GNP). Here, it can be observed a fast
heating, followed by a stabilization of the temperature around 5 min, before the cooling
stage. Moreover, the difference between the AT,y and ATmax can be explained by the
local heterogeneities as the presence of voids or nanoparticle aggregates, which lead to
preferred electrical pathways and, consequently, to differences between the maximum and
average temperatures reached in the specimen. Furthermore, this difference is higher for
the 3D-printed circuits when they are compared to the coatings due to the non-heated
regions of the circuit (substrate). Nevertheless, the temperature distribution along the
specimens is considerably homogeneous for both 3D-printed circuits and coatings, as
shown in Figure 2d.

3.2. De-Icing Test

Figure 3 shows the result of the de-icing test that was performed for the specimen that
showed the best results in terms of Joule’s heating: the coating doped with 1.0% CNT +
0.5% GNP. First, Figure 3a shows the minimum temperature of the specimen, located in the
ice, as a function of de-icing time. In addition, IR thermographs and pictures of Figure 3b
show the progressive reduction of the ice layer. In this regard, the de-icing time of the
specimen was around 188 s, which can be observed in Figure 3a, as the sudden increase in
the minimum temperature of the specimen ranged from 0 to 20 °C.
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Figure 3. De-icing test of the specimen with better Joule’s heating capability (1.0% CNT + 0.5% GNP).
(a) Minimum temperature as a function of time, and (b) IR thermographs and real pictures of the
specimen at different times: 1, 2, 3, and 4 min.
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4. Conclusions

The electrical and electrothermal capabilities of 3D-printed circuits and coatings were
evaluated and compared as a function of CNT/GNP content. Here, an increase in the
nanoparticle content induces an increase in the electrical conductivity because of their
higher volume fraction and, thus, an increase in the temperature reached by Joules” heating.
Furthermore, the coatings presented a significantly higher temperature when they are
compared with the 3D printed circuits due to their higher cross-sectional area, which is
directly related to a lower electrical resistance and then, to a higher heat that was generated
during Joule’s heating. Finally, the de-icing test that was carried out for the specimen with
better results in terms of self-heating showed a de-icing time of 188 s. In this regard, the
de-icing capability of the developed materials was proven.
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