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by changing the printing parameters.
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conductivity of the artefact printed
parts and their heating.

ARTICLE INFO

Article history:

Received 24 August 2022

Revised 12 December 2022
Accepted 13 December 2022
Available online 14 December 2022

Keywords:

3D printing composites
Electrical properties
Joule effect
Self-heating element

T [°C]

ABSTRACT

This study proposes a simple method to produce three-dimensional (3D) manufacts with multiscale con-
figurations and controlled electrical resistivity. 3D printed artefacts, based on acrylonitrile butadiene
styrene and carbon nanotubes (CNTs), are obtained by fused filament fabrication. Highly orientated con-
ductive pathways are achieved in the sample by selecting appropriate printing parameters. Scanning
electron microscopy and tunnelling atomic force microscopy confirm that the conductive traces are
essentially composed of aligned CNTs. The printing process determines an increase in the electrical con-
ductivity from 6.88 x 107 (spooled filament) to 11.9 S/m (printed filament). The orientation of the spatial
domains from the macro- to nanoscale is responsible for a decrease in the electrical resistance from 7782
(90° raster angle sample) to 478 Q (0° raster angle sample). Appropriate selection of the configuration
and dimensions of electrical contacts confers the ability to selectively heat the part when subjected to
an electric source. Temperature differences up to 55 °C were obtained in samples printed with a
double-angle raster combination by changing the applied voltage from 20 to 40 V. This strategy can be
used to fabricate electronic devices, thermistors capable of converting electrical energy to thermal
energy, heat exchangers, and shielding for electromagnetic interference in a single step.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).

* Corresponding authors.

E-mail addresses: 1guadagno@unisa.it (L. Guadagno), luigi.vertuccio@unicampa-

nia.it (L. Vertuccio).

https://doi.org/10.1016/j.matdes.2022.111507

0264-1275/© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.111507&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2022.111507
http://creativecommons.org/licenses/by/4.0/
mailto:lguadagno@unisa.it
mailto:luigi.vertuccio@unicampania.it
mailto:luigi.vertuccio@unicampania.it
https://doi.org/10.1016/j.matdes.2022.111507
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

L. Guadagno, F. Aliberti, R. Longo et al.
1. Introduction

New technologies for processing materials, called additive man-
ufacturing (AM), have recently captured the interest of an increas-
ing number of industries and academics because of their ability to
produce complex three-dimensional (3D) components by adding
material layer by layer instead of removing it. AM can provide dig-
ital flexibility and efficiency to manufacturing operations [1]. AM
includes a group of advanced manufacturing technologies that
allow flexible production of precise structures with highly complex
shapes that are complicated to manufacture using conventional
methods such as machining, casting, and injection moulding
[2,3]. The most popular AM technologies today are categorised as
vat photopolymerisation, material jetting, binder jetting, powder
bed fusion, direct energy deposition, sheet lamination, and mate-
rial extrusion. Their differences arise from the different types of
processed materials, from thermoplastic and thermosetting poly-
mers to metal alloys and ceramic materials [2]. The final properties
of the printed part depend on the starting material used and the
processing conditions. AM is widely used with pristine (unfilled)
materials; however, both academic and industrial research is mov-
ing towards extending these technologies to composite materials,
particularly nanocomposite materials. Nanocomposite materials
have innumerable advantages over pristine materials. It has been
demonstrated that adding nanoparticles to a matrix improves or
completely changes the final properties of the material with
respect to those of the initial material. By appropriately choosing
the type of nanofiller, the interfacial properties can be studied
and modelled to tune the macroscopic properties, such as the ther-
mal and electrical conductivity, of the final composite material [4].
Furthermore, process parameters can be exploited to improve the
new characteristics provided by nanoparticles in the nanocompos-
ite item according to the application field. Factors such as the elec-
trical conductivity of metal alloys and ceramic materials are
affected by the matrix structure [5,6] or the conductive filler
weight fraction [7]. The fused filament fabrication (FFF) approach
is generally used with thermoplastic polymers. FFF 3D-printed
items are applied in the aeronautical [8-10], mechanical engineer-
ing [11-13], medical [14-19], electronic [3,20,21], and civil fields
[22].

A typical disadvantage of polymeric (FFF) 3D-printed parts is
their poor mechanical properties if used as load-bearing or load-
bearing self-responsive parts of industrial components. These
drawbacks significantly limit the application of the AM polymeric
materials in some industrial sectors. It is well known that the pres-
ence of nanoparticles dispersed in polymeric matrices allows for
the manufacture of composites with functional properties and a
mechanical performance that are not attainable with the polymeric
matrix alone [23-26]. Furthermore, the rheological and curing
kinetics can be modified [27,28]. The combination of nanotech-
nologies with 3D printing provides significant opportunities for
the production of 3D materials with optimised properties and
functionality [29-33], including polymers such as acrylonitrile
butadiene styrene (ABS) [34,35], polylactic acid (PLA) [36-40],
nylon, and polypyrrole [41]. Among the different printing tech-
niques (stereolithography and 3D plotting, inkjet 3D printing,
selective laser sintering, and others), FFF printers are the most used
for prototyping, especially when thermoplastic polymers with low
melting temperatures, such as ABS, PLA, and thermoplastic polyur-
ethane, are considered. The features of printed parts can be con-
trolled by tuning parameters such as the printing path, layer
thickness, raster angle, air gap, and raster width [42]. Anisotropy
and voids can be eliminated by accurately controlling the printing
parameters, making printed polymer nanocomposites suitable for
the desired application [43]. For example, a different printing path
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leads to a different thermal conductivity of graphene-based
nanocomposites [44] owing to the graphene orientation and distri-
bution of voids, which hinder efficient heat conduction. Similar
results were obtained using graphene nanoplatelets in printable
polyamide (PA12) [45], where the as-printed composite parts
exhibited significantly higher thermal conductivity and mechani-
cal properties than the compression-moulded parts. When
employing carbon nanotubes (CNTs), orientation effects can influ-
ence parameters ranging from the frictional behaviour of the CNTs
under different sliding conditions [46] to the thermal conductivity
of the composites [47]. Therefore, depending on the processing
conditions, 3D-printed parts clearly show a certain degree of aniso-
tropy, which negatively affects their final properties. Not surpris-
ingly, most scientists in this field have studied methods to
eliminate anisotropy in the resulting physical properties of 3D-
printed parts and, consequently, have enhanced the reproducibility
of the final properties. However, it is also true that if specific aniso-
tropies are well-controlled and programmed at the printing stage,
they can become highly desired peculiarities, capable of opening
new interesting applications. For example, lightweight parts free
from metallic wires can be designed to be conductive in specific
directions and insulating in other directions or capable of exhibit-
ing different mechanical or thermal conduction properties depend-
ing on the chosen direction throughout the sample. Accordingly,
the literature shows that the AM method is one of the best strate-
gies to confer anisotropic functionalities to 3D-printed parts. Dul
et al. performed a comparative investigation of the effects of differ-
ent percentages of multiwalled CNTs (MWCNTSs) and single-walled
CNTs (SWCNTs) on the electrical resistivity of 3D-printed parts
manufactured using ABS nanocomposites [48]. The authors found
that the resistivity values in the XY direction for all ABS/CNT 3D-
printed parts were lower than those in the Z direction.

AM can be applied to produce heating systems using elec-
trothermal phenomena based on the “Joule heating” effect. CNT-
nanocomposites of PA 12 [49] and PLA [50] or composite fibres
of polyacrylonitrile [51] were found to exhibit excellent potential
as polymeric conductive materials for thermoelectrical applica-
tions. In other cases, the Joule heating phenomenon was exploited
to heal damaged sites using Diels-Alder-based polymer nanocom-
posites [52]. The present study explored the capability of FFF to
create 3D-printed parts with customised anisotropic properties
based on orientated nanometric networks. Different multiscale
configurations were prepared using FFF 3D printing of artefacts
composed of ABS with MWCNTSs. Scanning electron microscopy
(SEM) and tunnelling atomic force microscopy (TUNA) were
employed to verify the controllability of the conductive paths in
the spatial domain from the macro- to nanoscale. FFF 3D printing
experiments and sample characterizations demonstrated that the
choice of appropriate printing parameters allows for the elec-
trothermal conduction paths to be controlled to achieve different
controlled temperatures in several areas of the printed sample.
Therefore, by using the anisotropy of the resistivity value of 3D-
printed parts, it was demonstrated that these parts can be heated
in a controllable manner. A relevant study result is that the raster
angle is the dominant factor for changing the conductivity of the
parts, and consequently for controlling heat generation along the
same element when subjected to a unique electric potential
difference.

The adopted methodology results in a very promising strategy
for preparing functional materials for use in electronic devices or
as multilayer materials, where the active layer is functional for dif-
ferent scopes, namely, to activate self-healing regions more prone
to damage using heat or to induce changes in the shape of parts
embedded in shape-memory metal wires. In this manner, it is pos-
sible to create preferential heat flow in predetermined directions,
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as defined in the CAD modelling step. Such a solution can con-
tribute to efficiently designing samples with the inherent ability
to differentiate the heating responses depending on the spatial
zone placement and the function to which it is assigned.

2. Experimental section
2.1. Preparation of FFF 3D-printed samples

ABS filled with CNTs, supplied by 3DXTECH Additive Manufac-
turing, was used in the form of filaments (1,75 mm diameter) to
fabricate the electrically conductive parts. In Fig. S1.1 of the sup-
plementary information (S.1.), thermogravimetric curves show that
the concentration of CNTs was approximately 8 % wt/wt.

Fig. S2 shows the FTIR spectrum of the ABS-CNT sample, which
exhibited all the expected signals. Table 1 lists the 3D printing
parameters used for the test specimens.

The commercial material loaded with 8 % wt/wt of CNTs fulfils
two essential requirements related to the production and proper-
ties of printed parts. The ABS matrix was selected because this
amorphous copolymer allows higher operating temperatures than
the most used printable material, PLA, because of its glass transi-
tion temperature (Tg) (approximately 110 and 60 °C for ABS and
PLA, respectively). Additionally, ABS is the material with which
about 90 % of all prototypes are produced using FFF, particularly
in clinical and automotive applications [53].

It has been reported that CNT concentrations > 10 % wt/wt are
not appropriate to achieve a good compromise between nanocom-
posite 3D-processability and mechanical-electrical properties [54].
The selected CNT concentration of 8 % wt/wt was sufficient to
obtain a sample beyond the electrical percolation threshold, which
guarantees good electrical conductivity and efficient Joule heating
without compromising the printing of composites based on ABS.

All CAD files were generated using 3DBuilder and exported as (.
stl) files, which were then imported into Slic3r Prusa Edition (Prusa
Research). A custom configuration file (.gcode) was created to set
the deposition direction for each successive layer. All tests were
performed using an Original Prusa i3 MK2 3D printer (Prusa
Research). The deposition width was set to 450 um and the overlap
between the infill and perimeters to 25 %. The raster angle, which is
the nozzle angle between the path and the X-axis of the printing
platform, is one of the relevant parameters in the FFF 3D printing
method. In the first stage of this study, two samples with two dif-
ferent printing raster angles were fabricated to determine the
effect of patterning on the heating performance. In particular, the
infill pattern was straight for both samples, whereas the raster
angle was 0° for the horizontally-orientated printed sample and
90° for the vertically-orientated printed sample (see Fig. 1). Both
printed samples were composed of 17 overlapped layers with a
resulting thickness of 3.4 mm. Fig. 1(a, c), in which the 3D model
is sliced using Slic3r software, shows the raster angle on each layer
during the printing parameter setting. The optical images in Fig. 1
(b, d) show the deposition direction.

Table 1
3D printing parameters used for the produc-
tion of the ABS composite specimens.

Parameters Specifics
Nozzle diameter 0.4 mm
Layer thickness 0.2 mm
Infill density 100 %
Platform temperature 80 °C
Extrusion temperature 250 °C
Printing speed 80 mm/s
Raster angle 0° and 90°
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It is important to note that these two samples were printed
with the same infill density (100 %, see Table 1); therefore, any dif-
ferences in the experimental results depend only on the orienta-
tion of the extruded filament deposition.

2.2. Methods

2.2.1. Joule heating tests

A data logger (TC-08 supplied by Pico Technology) was used to
acquire the thermocouple measurements. The temperatures were
measured using dedicated LabVIEW software and thin wire ther-
mocouples (Type K, Omega Engineering Itd.) with negligible ther-
mal inertia located at the centre of the sample (see Fig. 2(b, e)).
A laboratory power supply (EA-PSI 8360-10 T. Elektro-
Automatik, 0-360 V, 0-10 A, 1000 W max) was connected to the
short sides of the samples (dimensions 0.35 x 9.0 x 4.5 cm®),
which were coated with an approximately 50 pm-thick silver paint
(Fig. 2(b, e)) with a surface resistivity of 0.001 Q-cm to ensure
ohmic contact with the measuring electrodes. Each heating test
was performed at a constant voltage until the steady-state condi-
tion was reached (1200 s). The samples were maintained in a fixed
position in contact with air at 25 °C on both sides.

A thermal infrared camera (Fluke Ti401 Pro Thermal Imager,
WA, USA; spatial resolution IFOV = 0.93 mRad, thermal sensitivity
NETD < 0.075 °C) was used to capture the heating maps on the
sample surface, from which the temperature distribution was
obtained.

2.2.2. Electrical and thermal conductivity

The electrical conductivity was measured keeping the samples
at 25 °C using a two-probe method on rectangular specimens (0.
35 x 9.0 x 4.5 cm?) using the equipment and procedures described
in Ref. [55]. The contact resistance was considered negligible
because the measured electrical resistance was on the order of kQ.

The thermal conductivity was determined using a method for
samples with rectangular or cylindrical macroscopic shapes. In this
method, the sample of interest is positioned on a heat source
(plate). The thermal conductivity can be determined by monitoring
the heat flow through the sample and the temperatures of the two
opposite surfaces (one of which is exposed to the heat source). The
thermal conductivity (k) of the samples was calculated using the
inverse formula of the Fourier equation under stationary condi-
tions, as shown in Eq. (1).

kK=q+8/(Ty —To) (1)

where q is the effective thermal flow passing through the sam-
ple, & is the thickness of the sample whose conductivity is to be
measured, and Ty, and T, are the “hot source” and “cold source”
temperatures, respectively. A heat flow meter (FHF01-02 provided
by HUKSEFLUX) allows for the effective thermal flow inside the
sample to be calculated and contains a special K-type thermocou-
ple used to measure the sample temperature.

2.2.3. Morphological characterisation

SEM micrographs of the samples were acquired using the
equipment and procedures described in Ref. [24]. Before the SEM
investigation, the printed samples were subjected to a procedure
to remove part of the polymeric matrix using an oxidising solution
(etching solution). The etching reagent was prepared by stirring
1.0 g potassium permanganate in a mixture of 95 ml sulfuric acid
(95-97 %) and 48 ml orthophosphoric acid (85 %). The samples
were immersed in the fresh etching reagent at room temperature
and agitated for 24 h. The samples were subsequently washed
using a cold mixture of two parts by volume of concentrated sulfu-
ric acid and seven parts of water. The samples were then washed
with 30 % aqueous hydrogen peroxide to remove any manganese



L. Guadagno, F. Aliberti, R. Longo et al.

Materials & Design 225 (2023) 111507

Fig. 1. (a) Preview of the 0° raster angle extruded filament deposition, (b) optical image showing the deposition direction of the sample with a 0° raster angle, (c) preview of
the 90° raster angle extruded filament deposition, and (d) optical image showing the deposition direction of the sample with a 90° raster angle.
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Fig. 2. (a, d) Configurations of the deposition direction, (b, e) photograph and optical image of the samples, (c) voltage versus current behaviour of the system printed with a
raster angle of 0°, and (f) voltage versus current behaviour of the system printed with a raster angle of 90°.

dioxide. The samples were finally washed with distilled water and
maintained under vacuum for 2 d. The areas and points of each
printed sample subjected to SEM investigation are marked with
red squares and arrows in Figs. 3(a), 4(a), and 5(a). TUNA current
images were recorded using a DC sample bias of 3 V and current
sensitivity of 1 pA/V. The scan rate was 0.500 Hz. The number of
sample lines per rump was set at 512. The integral gain was
2.000 and the proportional gain was 5.000. The TUNA current
images were examined using NanoScope Analysis 1.80 (Build
R1.126200; Bruker). The etching treatment used for the SEM inves-
tigation was also adopted for the samples subjected to the TUNA
current investigations.

3. Results and discussion
3.1. Characterisation of 3D parts

3.1.1. Electrical and heating properties

Two different printing raster angles were adopted to evaluate
the effect of the extruded filament deposition direction on the elec-
trical and heating properties of the prepared 3D parts. Constant
voltage was applied to both the rectangular samples in the same
direction to make the direction of the current flow parallel and per-
pendicular to the extruded filament deposition direction, respec-
tively, as illustrated in Fig. 2(a, d). A raster angle of 0° indicates a
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Fig. 3. (a) Schematic diagram of the sample in which the investigated surface (red square in Fig. 3(a)) is parallel to the XY plane, (b-d) TUNA current images at increasing
magnifications (following the direction of the arrow) of the investigated surface, (e, f) SEM images of the fracture section on the investigated surface, and (g) distribution of
the bare MWCNT diameters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

filament deposition direction that is parallel to the direction of the
current flow (see Fig. 2(a)), and a raster angle of 90° indicates a fil-
ament deposition direction that is normal to that of the current
flow (see Fig. 2(d)). Both printed parts were composed of 17 over-
lapped layers with a resulting thickness of 3.4 mm.

The DC volume conductivity of the two configurations was
measured. Fig. 2(c, f) shows the results of the voltage-current mea-
surements. The electrical resistance was obtained from the slope of
the linear fit of the experimental data. The deposition direction of
the filled ABS strongly affected the measured resistance, which was
478 Q for the raster angle of 0° and 7782 Q for the raster angle of
90°. This considerable difference was attributed to the different
electrical interconnections between the CNTs in the two configura-
tions. A higher number of electrical interruptions occurred at a ras-
ter angle of 90°, as compared to the case in which the deposition
follows the direction of the current flow, as happens for the 0°-
orientated filaments.

3.1.2. Correlation between electrical/heating properties and
morphological characteristics

Figure 3(b-d) shows TUNA current images at increasing magni-
fications (following the direction of the red arrow) of the
chemically-etched sample surface. The etching treatment was per-
formed according to the method described in Ref. [56]. The AFM-

TUNA technique is a powerful tool for investigating micrometric/-
nanometric electrically conductive paths that interpenetrate the
insulating spatial domains emerging on the surface of the higher
layer under observation. In Fig. 3(b-d), the colour of the lateral
scale bar allows for the rapid investigation of the morphological
features and the extended conductive paths on the sample surface.
A lighter colour tone characterises the spatial region with higher
electrical conductivity. The extruded filament deposited (after
passing through the nozzle) in the tests described here is charac-
terised by an ellipsoidal section, with a long and short axes of
approximately 400 and 200 pm, respectively.

Considering that the outer diameter range of the MWCNTSs is
23-63 nm, it is evident in Fig. 3(b-d) that the lighter-coloured
traces correspond to the conductive paths and can be identified
as MWCNTs, and tended to be orientated in the direction of the
0° raster pattern (yellow arrow in Fig. 3(a)).

Hence, the TUNA current investigation confirmed that the CNTs
were tendentially aligned with the long axis in the direction paral-
lel to the direction of the 0° raster pattern. Fig. S3 (of S.I.) shows
TUNA current images of the two different zones of the spooled fil-
ament before the printing process. The sample was conductive
because of the presence of CNTs; however, no preferentially orien-
tated electrically conductive paths were detected in the TUNA cur-
rent image of the spooled sample.
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Fig. 4. (a) Schematic diagram of the sample in which the investigated surface (red square in Fig. 4(a)) is parallel to the YZ plane, (b-d) TUNA current images at increasing
magnifications (following the direction of the arrow) of the investigated surface. SEM images of the (e) unetched and (f, g) etched surfaces at increasing magnifications. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The detected CNT alignment along the printed filament clearly
explains the considerable difference in the electrical conductivity
between the single spooled filament (before 3D printing) and the
single printed filament (after 3D printing). It was determined that
the electrical conductivity of the printed filament (11.9 S/m) is
approximately-two orders of magnitude higher than that of the
spooled filament (0.0688 S/m). The values are reported in Table 2
and are commented upon later in the text.

The sample schematically illustrated in Fig. 3(a) was damaged
by slightly bending the printed sample at cryogenic temperatures
(in liquid nitrogen), demonstrating a fracture perpendicular to
the direction of the 0° raster pattern.

SEM images were then acquired in the damaged region of the
sample after the etching treatment (Fig. 3(e, f)) to more accurately
explore the arrangement of the nanofiller inside the filaments. It
was evident that the soft etching only acted effectively on the poly-
mer matrix, leaving most of the CNTs undamaged. The CNTs
appeared to function as reinforcing ropes between the two dam-
aged surfaces in the fracture section. Furthermore, the CNTs
appeared well orientated in the same direction, which is parallel
to the direction of the 0° raster pattern, confirming the results in

the TUNA current mapping images. It is worth noting that, the
CNTs in the fraction section appeared to be strongly anchored to
a layer of the polymer matrix due to the mild etching, and in some
cases, was composed of more than one nanotube (yellow ellipses in
Fig. 3(f)), as also deduced from the diameter of the ropes.

The diameter of the ropes, excluding the case where more
MW(CNTs were overlapped or intertwined (evident in the studied
images), ranged between 183 and 792 nm. Hence, it is possible
to observe a different thickness of the matrix layer along the
MW(CNTs, resulting in a local assembly similar to that of beads.
The thickness of the polymeric coating around the MWCNTSs can
be approximated by comparing the thickness of the ropes (in the
fracture section) with the thickness distribution of the bare
MWCNTSs. The diameter distribution of the bare MWCNTs, shown
in the histogram in Fig. 3(g), was obtained after an intense etching
procedure to almost completely remove the polymeric layer adher-
ing to the MWCNT walls.

Fig. 4 shows a schematic diagram of the section normal to the
printed filament deposition (red square in Fig. 4(a)), TUNA current
images at increasing magnifications (following the direction of the
arrow) (Fig. 4(b-d)), SEM image of the unetched section (Fig. 4(e)),
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Fig. 5. (a) Schematic diagram of the sample in which the investigated surface (red square in Fig. 5(a)) is parallel to the XZ plane, (b) TUNA current image and (c, d) SEM images
at different magnifications of the investigated surface (red square) parallel to the XZ plane. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

and SEM images of the etched section at increasing magnifications
(Fig. 4(f, g)) after being broken in liquid nitrogen. The TUNA current
images correspond to the unetched sample sections as it allowed
for the arrangement of the CNTs and the layer along the normal
section of the sample (red squares) to be better investigated. The
TUNA current images clearly show jagged bands of conductive
regions that run almost parallel to the direction corresponding to
a raster angle of 0°. A statistical investigation of the width of these
bands shows that they present a size of approximately 200 nm.
However, owing to the jagged bands, the dimensions along each
band also reached a value of approximately 250 nm, demonstrat-
ing that bundles of CNTs run in the same direction. This observa-
tion was corroborated by the SEM image of the section shown in
Fig. 4(f). It is worth noting that an intense etching procedure was
performed before the acquisition of the SEM image of the sample
shown in Fig. 4(g, f). Fig. 4(g) shows a magnified image of the
region between the layers of filaments. In the centre of the image
(red arrow), CNTs can be clearly seen emerging from two adjacent
layers. This observation was possible because the chemical etching
performed on the samples shown in Fig. 4(f, g) preferentially con-
sumed the polymer between the filament layers, as can be deduced
by comparing the SEM image of the sample in Fig. 4(e) (not etched)
with the images of the etched samples (Fig. 4(f, g)).

Fig. 5 shows SEM images (Fig. 5(c, d)) at different magnifica-
tions of the other section normal to the deposition of the filaments
(red square in the schematic diagram of Fig. 5(a)) and the corre-
sponding TUNA current image (Fig. 5(b)) of the printed ABS
composite.

The TUNA current image clearly exhibits homogenous conduc-
tivity. In this case, the clearest regions (seen almost as clear points)
correspond to CNTs (seen in their section perpendicular to their
long axis).

The regions of the conjunction between the fused printed fila-
ments can be seen in the SEM images in Fig. 5(c, d). Fig. 5(d) shows
a magnified image of the red square in Fig. 5(c), which was cap-
tured between two different fused filaments belonging to the same
layer (on the plane parallel to the sample surface). Despite the
intense etching procedure described in section 2.2.3, different

CNTs appeared to be placed between different filaments (see the
SEM image of the sample in the XZ plane).

However, the lower compactness of the material between par-
allel filaments, as compared to that detected along a filament
alone, is clearly visible. This also reduces the number of electrical
contacts between nanotubes belonging to adjacent filaments. Fur-
thermore, as observed in the TUNA current and SEM images in
Figs. 3 and 4, most CNTs were preferentially aligned along the long
axis of the same printed filament. They locally appeared as singu-
larly aligned (see Fig. 3(e)) or densely intertwined bundles that
appear to follow the direction of filament deposition (see Fig. 3(c)).

The absence of the alignment phenomenon in the direction per-
pendicular to the long axis of the filament and the presence of elec-
trical interruptions in the current flow along the direction normal
to the deposition of the filament well explains the different electri-
cal resistance values obtained in the two considered configurations
(raster angles of 0 and 90°). Along the direction of the deposited fil-
ament, the electrical current flows without interruptions; vice
versa, between one filament and the other, the current explores
many paths not electrically interconnected.

The electrical conductivity of the printed samples was investi-
gated and compared to that of a sample obtained by finely treating
cut pieces of spooled filaments between the plates of a hot press at
210 °C for 15 min. This comparison validates the assumption that
the printing process affects the arrangement of the conductive
nanotube network along the filaments and the interruptions
between them. Films with a thickness of 0.32 mm were obtained
(see Table 2). Table 2 compares the electrical conductivity of the
obtained specimens. The electrical conductivity of the single
spooled filament (before crossing the nozzle), where no preferen-
tial conductive paths are observed (see section 3 of the S.I.), was
also included in the table for comparison. The electrical conductiv-
ity of this filament, as compared to that of the single printed fila-
ment, clearly demonstrated that the extrusion of the spooled
filament through the nozzle caused strong changes in the arrange-
ment of the nanofiller along the printed filament, causing a prefer-
ential orientation of the nanotubes along the direction of the
deposited filament (as also observed in the TUNA current images
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Table 2
Electrical conductivity of the ABS composites: spooled filament, printed filament, 3D-
printed composites, and film composite.

Specimen Electrical Conductivity (S/
m)
Single spooled filament
6.88 x 1072
—
Single printed filament
1.19 x 10!
3D-printed composite
(Raster angle of 0°)
1.22
3D-printed composite
(Raster angle of 90°)
7.34 x 102
Composite film
242 x 1072

in Fig. 3 and 4). The electrical conductivity of the single printed fil-
ament was two orders of magnitude higher than that of a single
spooled filament (173 times higher). The higher shear stresses in
the thin printing nozzle resulted in an increase in the conductivity
from 6.88 x 107 to 11.9 S/m.

The difference in electrical conductivity between the 0°- and
90°-orientated samples was two orders of magnitude, that is,
1.22 and 7.34 x 1072 S/m, respectively.

The electrical conductivity comparison between the 3D-printed
with a raster angle of 0°, 3D-printed with a raster angle of 90°, and
compression moulded composites indicated that the difference in
the electrical conductivity between the two configurations of the
printed specimens is not attributable only to the absence of a high
number of electrical contacts in the normal direction to the depo-
sition of the material. Indeed, the film specimen without voids
exhibited an electrical conductivity value of the same order of
magnitude as that of the printed composite with a 90° raster angle
and spooled composite filament, suggesting that the above-
mentioned difference in electrical conductivity is due to the align-
ment of the nanofiller along the deposited filament. Such an align-
ment occurs within the nozzle during composite printing, as

Materials & Design 225 (2023) 111507

reported by other researchers [57,58]. This phenomenon is respon-
sible for the increase in the electrical, mechanical, and thermal
properties reported by other researchers [44,45,54]. In this study,
the electrical conductivity passing from the spooled filament to
the sample with a raster angle of 0° increased by approximately-
two orders of magnitude. The electrical conductivity of the film
specimen was of the same order of magnitude as that of the
spooled filament. That is, the filler in the composite film is ran-
domly orientated because no shear or elongational stress occurs,
whereas the 3D-printing process orientates the filler along the
direction of the deposition owing to the shear stresses applied to
the material during the deposition phase. An appropriate configu-
ration of electrical contacts results in a lower electrical resistance
of the sample and, therefore, controlled anisotropy. Anisotropy in
the electrical resistivity also determines anisotropy in the heat dis-
tribution, as observed for 3D-printed conductive graphene-doped
PLA and pure PLA [59].

3.1.3. Correlation between the Joule heating behaviour and electrical
anisotropy

In this study, the alignment of the nanofillers resulted in dis-
tinct anisotropic properties. These properties can contribute to a
wide range of applications, including the thermal management of
heat generation, according to which differentiated heating zones
can be achieved by controlling the material structure/composition
and the printing parameters (for example printing orientation). In
particular, the electrical conductivity anisotropy of the printed
materials described above verifies that they behaved as
modulate-heating systems. Fig. 6(a, c) shows the electric heating
behaviour of both printed composites (raster angles of 0 and
90°), considering a starting temperature of 27 °C. The applied volt-
age was very different for the two samples, namely, 45 and 170 V
for the systems printed with raster angles of 0 and 90°, respec-
tively. The temperature was detected by a thermocouple placed
at the centre of the sample, as shown in Fig. 2(b, e).

All measurements were performed in ambient air to obtain sim-
ilar boundary conditions on both surfaces of the printed samples
acting as heaters (owing to the Joule effect of the current flowing
through the sample). The temperature increased rapidly and lin-
early in the first stage until a steady-state temperature was
reached, at which an almost equilibrium value was obtained. Sim-
ilar temperature values (60-65 °C) were obtained by applying a
significantly higher voltage to the composite printed with a raster
angle of 90°. The temperature at the centre of the sample was
almost the same over the entire surface of the sample if the edge
effects are neglected, as observed in Fig. 6(b, d), which shows the
thermal images for both systems after 20 min of heating, that is,
under equilibrium conditions. A similar heating performance was
expected because the two systems were characterised by different
raster angles but exhibited the same void volume and similar ther-
mal conductivity values over the entire heating range (see Table 3).
The thermal conductivity was obtained in the direction normal to
the XY surface (see Fig. 3(a)) along the thickness direction.

Furthermore, if the applied voltages and resistance values of the
two samples are considered, the Joule heating results are similar.
The power applied (P) is proportional to the generated heat, as
shown in Eq. (2):

P=Q/t =R =V?*R (2)

where Q is the amount of heat, I is the electric current flowing
through the conductor, V is the voltage applied across the conduc-
tor, R is the electrical resistance of the conductor, and t is the heat-
ing time. Therefore, similar applied power values cause similar
heating phenomena. In this study, a power value of approximately
4 W was obtained (4.2 W for the composite with a raster angle of
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Fig. 6. (a) Temperature-time plot for the composite printed with a raster angle of 0° under an applied voltage of 45 V and (b) thermal image of the same sample after electric
heating for 20 min. (c¢) Temperature-time plot for the composite printed with a raster angle of 90° under an applied voltage of 170 V and (d) thermal image of the same sample

after electric heating of 20 min.

Table 3
Thermal conductivity of the 3D-printed composites at different temperatures.

Temperature Thermal conductivity (W/ Thermal conductivity (W/
(°C) mK) mK)
Raster angle 0° Raster angle 90°
30.6 0.14 0.14
38.7 0.15 0.14
50.8 0.16 0.15
55.0 0.16 0.15
60.3 0.16 0.15
67.2 0.17 0.16

0° and 3.7 W for the composite with a raster angle of 90°), as
shown in Fig. 6(b, d). The two systems were thermally equivalent
and can be used as heating elements as long as the applied voltage
is suitably modulated according to the chosen configuration.

Fig. 7 shows the local temperature in the central area of the
printed composites under equilibrium conditions (after 20 min).
The heating tests were performed at different applied voltages
for both configurations. The almost homogeneous temperature
maps clearly demonstrate that the composites effectively con-
ducted heat. The homogeneity of the colour tone was translated
into a unimodal temperature distribution for all applied voltage
values. The narrow temperature distribution allows the voltage
to be defined as a single technological parameter in heat manage-
ment. The average temperature of the entire sample could be mod-
ulated by appropriately tuning the voltage (see Fig. 7(q, r)). Heating
temperature values of 40-90 °C are suitable for many practical
applications [60]. Materials such as ABS are generally applied well
below their Tg (in the glassy state). The Tg of the CNT-based ABS is
approximately 105 °C. This value was determined from the DSC
curve, as described in Section 1.2. of S.I. section.

It can be deduced from the above-described behaviour that the
anisotropic heating behaviour can be exploited to direct the heat
generation only in some defined regions of the composite, which
is easily feasible if a suitable combination or sequence of raster
angles during the printing process is planned. Fig. 8(a) shows a
schematic diagram of a composite (4.2 x 3.0 x 0.1 cm?®) obtained
using a combination of the configurations shown in Fig. 2(a, d)
(raster angle of 0° at the bottom and raster angle of 90° at the

top). A voltage of 30 V was applied in the direction shown in
Fig. 8(a).

As shown in Fig. 8(a), two thermocouples were positioned in the
centre of the areas printed with raster angles of 0 and 90°. As
expected, when the applied voltage was insufficient to induce
effective heating in the region printed with a 90° raster angle (blue
curve in Fig. 8(b)), the region of the composite printed with a 0°
raster angle exhibited a temperature increase of approximately
30 °C. The thermal image in Fig. 8c, obtained after heating for
10 min, demonstrates the presence of a temperature gradient
along the Y-axis of the surface of the analysed sample. The maxi-
mum value of the temperature gradient was 30 °C (see AT in
Fig. 8(c)) at the centre of the sample and then this gradient
decreased along the X-axis until it disappeared at the edges of
the sample where the electrodes were applied. The temperature
profiles were obtained in the two regions with different raster
angles in the direction of the current flow, more precisely in the
position marked by the Y-axis values of 100 pixels (centre of the
region with a 0° raster angle) and 290 pixels (centre of the region
with a 0° raster angle).

The obtained temperature difference (AT) could be tuned by
varying the applied voltage. Fig. 9 shows the evolution of the ther-
mal images of the sample for different voltage values.

An increase in the voltage resulted in a temperature difference
of 50-55 °C (see Fig. 9(c)) within a few minutes (10 min) with a
maximum temperature value of 80 °C in the 0°-oriented region,
whereas the adjacent region of the sample printed with a raster
angle of 90° exhibited a temperature of 30 °C. Different tempera-
ture values at different points on the sample can be planned by
considering more complex printing configurations, such as those
described below.

Fig. 10 shows a composite sample (0.35 x 9.00 x 1.50 cm?)
printed with three straight contour lines and a 45°-orientated fila-
ment in the central region, following a common design for 3D-
printed objects, which is characterised by printing a straight-line
patterned frame (raster angle of 0°) with diagonal deposition in
the central part of the object. Two thermocouples were positioned
to track the temperature trend in the different areas of the sample
(one was placed on the contour area and the other in the centre of
the sample).
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Fig. 10(b) shows that the central zone reached a steady-state of
approximately 50 °C in less than 3 min at an applied power of 2 W,
whereas the boundary exhibited temperatures > 70 °C. Similar to
the sample with the 0°-90° zones, if the filaments are deposited
in the direction of the current flow, the resistivity in that zone is
lower than in the other zones, thus enhancing the current flow
and heat generation in that zone. The thermal images at three dif-
ferent times (1, 3, and 20 min) shows that the heat generation fol-
lowed the raster angle of 45° in the central region, exhibiting
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temperature profiles with higher values at the edges of the sample
and with lower values in the central region.

3.2. Implications for the future

The selective heating of specific regions of a material or device
component meets the pressing current requirements for materials
with smart functions. Such smart functions may find practical
applications in many fields. For example, recent developments in
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robotic design refer to the need for flexible actuators activated by
rapid localised heating. Lu et al [61] described multilayer
nanocomposites (MLN) with conductive carbon nanofibres for
designing shape-memory materials capable of recovering their
shape using the Joule heating effect. They found that a voltage of
30 V completely recovered the original shape of the MLN [61].
Selective heating only in regions dependent on motion is practical
for plastic nanocomposites to avoid maintaining all parts at higher
temperatures, which over time would incur faster physical and
thermal degradation aging.

The same benefit can be achieved for the shape memory effect
generated by shape memory alloys (SMAs) embedded into poly-
meric multilayer materials. In these systems, motion is activated
by reversible shape memory effects due to crystallographic transi-
tions (transformation between different crystallographic phases)
induced by heating/cooling. The efficiency of the system motion
requires setting and controlling the temperature of the polymer

11

embedding the metal alloy, which is in the form of wires or other
geometric shapes. Selective temperature control restricted only to
the polymeric part in contact with the SMA component is highly
desirable to preserve the integrity of the bulk polymeric material
without affecting the efficiency of the specific functionality.
Recently the need for a strategy to minimise the effects of adverse
weather conditions on the capacity decay rate of batteries was dis-
cussed [60]. Lightweight heated polymeric containers allow the
battery life to be extended during periods of intense cold or in geo-
graphic areas with temperatures close to or below 0 °C. The battery
container can be designed to localise heat only on the surface that
is in contact with the battery. Generally, printed polymers that
integrate the smart function to selectively heat only limited
regions of the sample can be advantageously applied in many cases
where heating is realised without cutting or compromising the
integrity of the polymeric material/component (for example, in
the form of layers).
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plots at an applied power of 2 W, (¢) thermal image and temperature-time plot of the system during the first 5 min, and (d) thermal image and temperature profile (X-axis

and Y-axis) of the system after electric heating for 20 min.

4. Conclusions

This paper presents an experimental study on the electrical and
thermal properties of FFF 3D-printed composites based on ABS
with MWCNTSs. They were manufactured by varying their configu-
rations using the printing parameters, such that different conduc-
tive behaviours were obtained. These differences were attributed
to changes in the conductive nanometric network formed within
the polymeric material. Atomic force microscopy (AFM) in the
TUNA modality was used to investigate the morphology of 3D
printed parts, which allowed direct information on the electrically
conductive paths to be obtained. The experimental results showed
that a suitable choice of printing parameters allows for the elec-
trothermal conduction paths to be controlled, and consequently,
the temperature in the different zones of the printed samples could
be controlled. Hence, it was demonstrated that the different parts
of a system could be heated in a controlled manner by exploiting
the anisotropy in the electrical resistivity values of the 3D-
printed parts. Additionally, the raster angle was the dominant fac-
tor for altering the electrical conductivity of the parts. The electri-
cal and thermal anisotropy can be determined at the design stage
by suitably choosing the texture and, therefore, the conductive
paths of the 3D-printed samples. These observations open a range
of possibilities. For example, different raster angles can be applied
to different layers such that one of the sample surfaces exhibits a
high temperature and the other surface remains very close to room
temperature. Furthermore, by suitably modulating the electrical
signal, it is possible to design devices that operate at values close
to the corresponding steady-state conditions.
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