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ARTICLE INFO ABSTRACT

Additive manufacturing (AM) techniques represent a real challenge to manufacture novel composites with cou-
pled multifunctional properties. This work focuses on the mechanical, electrical and thermal behaviours of 3D
printed polymeric composites of polylactic acid (PLA) filled with carbon black (CB) conductive particles. The
incorporation of conductive particles within the polymer matrix allows for programmable conduction paths via
the printing process, whose electric properties are intimately coupled to thermo-mechanical processes. In this
study, samples were prepared using a fused deposition modelling (FDM) printer, controlling the filament ori-
entation to manufacture three different types: longitudinal (0°); transverse (90°); oblique (+45°) printing ori-
entations. Different types of multifunctional characterisation have been made: (i) electro-thermal tests,
evaluating the influence of electrical conductivity on the sample temperature due to Joule’s heating; (ii)
thermo-electrical tests, analysing the influence of temperature on the DC resistance of the samples; (iii)
mechano-electrical tests, analysing the effect of mechanical deformation on the specimens’ electric resistance.
The results show a strong dependence of printing direction on the material properties of 3D printed conductive-
PLA and identify strong thermo-electro-mechanical interplays. The results of this work will contribute to the
AM progress in functional electro-mechanical components with potential applications in biosensing devices,
composite sensors, 3D electrodes and soft robotic industry.
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1. Introduction polymers with thermo-active [1,14], photo-responsive [5], electro-

active [15] or magneto-active responses [16-18]. All these responsive

Additive manufacturing or three-dimensional (3D) printing tech-
nologies have revolutionised the field replacing traditional manufac-
turing processes. These technologies have opened the door to
versatility in design, allowing for the customisation of structural com-
ponents [1-5], while decreasing the cost and cyclic times with simpler
supply chains [6,7]. The printing advancements experienced in the last
decades and their use have been extended to a wide variety of fields
such as automobiles, medical implants, electronics, aerospace and
robotics [5,7,8-11]. More recently, this concept has moved to the so
called 4D printing technology [7,12,13]. The latter consists in manu-
facturing polymeric components controlling not only the structural
features but also other functionalities with at least one property that
varies in space and/or time [13]. Among them, it is worth mentioning
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polymers share the ability to mechanically response to an external
stimulus by adapting their shape or mechanical properties (i.e., mate-
rial stiffness). A special type of 4D printed polymer are conductive
polymeric materials. These present higher intrinsic electrical conduc-
tivity thanks to the incorporation of conductive particles within the
polymeric matrix. Conductive polymers have been classified as
promising candidates in different applications such as flexible elec-
tronics [10,19], energy storage [5], bioelectronics [20,21] or tissue
engineering [12,22].

The mechanical properties of the matrix determine the microstruc-
tural features of the composite, its stiffness, strength or ductility. Thus,
it is possible the fabrication of soft conductive 3D printed polymers by
using polymeric matrices in dry or hydrogel states. In this regard, Zhao
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and co-authors have recently published some works where developing
3D printing manufacturing techniques for rapid and flexible fabrica-
tion of highly conductive microscale structures and devices [23,24].
These works offer a pioneering fabrication strategy to design and man-
ufacture bioelectronics, wearable devices, and flexible electronics
based on conductive polymers. Other possibility is to use thermoplas-
tic polymers for the composite matrix. In this regard, the resulting
component suffers of lower ductility and flexibility but offers higher
structural integrity. These thermoplastic materials can be filled by con-
ductive nanoparticles that are distributed forming conductive paths for
the charge transport. By producing these composites in the form of fil-
aments, they can be 3D printed by fused deposition modelling (FDM).
In this regard, conductive polymer composites (CPCs) manufactured
by FDM offer versatility to 3D print electrical circuits and components,
allowing for a wide range of combinations between matrix and func-
tional filler [13]. Some recent works have explored the suitability of
these 3D printed conductive polymers employing as matrix ultra-
high molecular weight polyethylene (UHMWPE) [25], nylon-6 or
polyethylene (PE) [26], polyurethane [19] or Polylactic acid (PLA)
[27,28].

From a mechanical perspective, the behaviour of the thermoplastic
component, even in the absence of the conductive particles, is highly
complex. In this regard, most of these thermoplastics present strong
nonlinearities, viscous relaxations, strain rate dependences, thermal
softening and thermal transitions [29-32]. Moreover, when the ther-
moplastic polymer is manufactured by FDM, additional complexities
are incorporated to the mechanical response such as anisotropy
induced by filament deposition orientation, or the inclusion of aniso-
tropic porosity [33,34]. In addition, the final material performance
depends on the printing conditions, i.e., extrusion temperature, layer
height, printing speed [2,35,36]. In the case of 3D printed thermoplas-
tic polymers filled with conductive fillers, the manufacturing condi-
tions play a double role. On the one hand, the printing conditions
influence the mesoscopic structural characteristics of the material, as
they govern the sintering process that determine the interfilament
bonding and, therefore, the composite porosity [2,3]. Moreover, one
of the challenges is optimizing the volume of the filler fraction in
the matrix. This must be sufficient to ensure the dielectric transition
to conductor but not too high to lead to clogged nozzles and brittle fil-
aments [13,37]. On the other hand, the dispersion of the conductive
fillers within the polymeric matrix establishes the potential pathways
for the charge conduction. Therefore, a good sintering process is essen-
tial to allow for jumping from filament to filament and favour the com-
posite conductivity. Among the different CPCs, polymeric filaments
with carbon black (CB) as filler are the ones that arouse the most inter-
est due to their easy availability and low cost [6,13,20]. In very recent
works, Abdalla et al. [38] evaluated the influence of different printing
parameters on the resistivity of the CB/PLA composites; Kim and Lee
[39] analysed the electrical heating of honeycomb CB/PLA structures.
These studies confirmed electrical and heating characteristics, but not
mechanical considerations have been made [40].

Although there are some published works exploring the electrical
or mechanical response of 3D printed CPCs, to the authors’ knowledge,
there are no studies that have addressed this problem accounting for
different physical interlinks. In this regard, the electrical conduction
depends on the maintenance of physical pathways via interconnexion
of conductive particles’ aggregates (i.e., CB particles). Hence, the elec-
trical response is intrinsically coupled to mechanical deformation, as
the deformation of the polymeric matrix implies changes in the rela-
tive position of the conductive particles. In addition, the presence of
an electric current leads to temperature increase due to Joule’s heat-
ing. In turn, this temperature increase results into thermal expansion
of the polymeric matrix as well as mechanical softening. Therefore,
the overall behaviour of 3D printed conductive polymers needs to
account, in a coupled manner, for thermal, electrical and mechanical
behaviours.
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Motivated on the previous statements, this work aims at evaluating
the interplays between thermal, electrical and mechanical responses of
3D printed PLA reinforced with CB particles (CB/PLA) manufactured
by FDM. The filament orientation is controlled during the manufactur-
ing process to provide three different types of samples: longitudinal
(0°), oblique (*45°), and transverse (90°) printing orientations. To this
end, experiments are conducted to study different couplings: (i)
electro-thermal tests, evaluating the influence of electrical conductiv-
ity on the sample temperature due to Joule’s heating; (ii) thermo-
electrical tests, analysing the influence of temperature on the DC resis-
tance of the samples; (iii) mechano-electrical tests, analysing the effect
of mechanical deformation on the specimens’ resistance. The results
from this study show the consequences of incorporating conductive
particles within the composite by means of mechanical performance
and electrical conductivity. In addition, a strong dependence of print-
ing parameters on the material properties of 3D printed CB-PLA is
observed and we identify strong thermo-electro-mechanical interplays.
The results of this work will contribute to the AM progress in func-
tional electro-mechanical components.

2. Conductive 3D printed polymeric composite: PLA filled with
carbon black particles

2.1. Baseline material

The composite material used in this study is a commercial polylac-
tic acid/carbon black [41], based on a polymeric matrix of PLA 4043D
reinforced with CB particles (53% of CB by mass and 26.5% by vol-
ume, with a median particle size by volume of 224 pm) [38]. The
PLA is a thermoplastic semi-crystalline polymer widely employed in
FDM additive manufacturing [5,22,27]. Carbon Black particles are
obtained with the incomplete combustion of petroleum derivatives
and, currently, is one of the most used nanomaterials as a reinforce-
ment of rubber and polymers due to its versatility and its very high sur-
face/volume ratio [20]. In addition, these particles combine these
characteristics with a predominant content of conductive type of car-
bon, which favours the particles’ aggregation within the polymeric
matrix forming conductive pathways within the composite [38,39].
Therefore, the filament form of the CB-PLA allows for its manufactur-
ing by FDM printing providing a low resistivity semiconductor. The
many applications of this material can be found in many industrial
and research sectors. Some examples are, among others: tissue engi-
neering [22], biosensors [21], electrodes for detection [42], antistatic
application [43], soft actuators [19], electrical circuits [13], composite
wires [44], thermoelectric components [14] and capacitive sensor
[20]. Other applications are Faraday boxes that isolate from electro-
magnetic waves, fuses with complex geometries, resistors for elec-
tronic circuits and customized prostheses that allows for
transmission and/or reception of electrical currents [13,45].

2.2. 3D printing manufacturing process

During previous works with FDM printed polymers we observed
that, in agreement with the literature [46,47], the dogbone geometry
of the specimens caused premature failure due to stress concentration
in the radius of the fillet for 3D printed samples [2]. To alleviate this
issue, thin rectangular specimens are used instead, providing good
mechanical response during tensile testing. Following these previous
observations, specimens were printed with a size of
165 mm X 13 mm X 3 mm. The simplification of such a rectangular
geometry also helps at imposing and analysing the electric response.

The main aim of this work is to study the interplays of mechanical,
electrical and thermal effects on 3D printed conductive polymers. To
this end, we fix most of the printing parameters to default values
and only change the filament orientation to further study this influ-
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ence on the formation of conductive pathways. Therefore, the fixed
printing parameters used in all the specimens’ manufacturing are: road
width of 0.4 mm, layer height of 0.2 mm, air gap of 0 mm, printing
temperature of 230 °C, build plate temperature of 60 °C, infill density
of 100%, printing speed of 30 mm/s, and a single contour was depos-
ited along the component edge [48]. Moreover, the filaments were
deposited following a same pattern within the specimen, determined
by the filament direction. In this regard, three filament directions were
considered: longitudinal (0°), oblique (*45°) and transverse (90°)
printing orientations.

2.3. Microstructural characterisation

This section introduces an analysis on the microstructural arrange-
ment of the conductive particles (i.e., CB particles) within the poly-
meric matrix. This microstructural arrangement fully determines the
nature of the electrically conductive behaviour of the 3D printed CB-
PLA. In this regard, due to the dielectric characteristic of the polymeric
matrix, the conduction of the electric current directly depends on the
distribution of the CB particles inside. As shown in the schematic rep-
resentation of Fig. 1, the conduction of the electric current and, there-
fore, the resistivity of the material depends on the formation of CB
aggregates forming electric paths within the composite. These electric
paths will be formed at two levels: i) at the filament level, providing
electric conduction along the filament direction; ii) at the interfilament
level, providing electric conduction between different filaments. These
features and the differences between the formation of electric paths
within and between filaments thus determine the suitability of the
conductive composite and the influence of the printing direction.

The first analysis performed here aims at evaluating the microstruc-
ture of the 3D printed PLA 4043D without CB particles inclusion and of
the 3D printed CB-PLA. In addition, we evaluate the distribution of the
CB particles within the filament before and after 3D printing. To this
end, scanning electron microscope (SEM) images were taken, Fig. 2.
When comparing the mesostructure of the printed PLA and the printed
CB-PLA, important differences are observed. For the PLA specimen
without conductive particles, a good sintering process occurs leading
to a good interphase between filaments. However, when the conduc-
tive particles are filled within the PLA matrix, the sintering process
is affected negatively leading to a worse interphase between filaments
and a considerable increase of porosity. This effect can be explained by
a higher limitation in polymeric chains’ mobility due to the presence of
the particles.

Moreover, other than the mesoscopic porosity of the composite, the
microstructural arrangement of the conductive particles within the
polymeric matrix is of most importance. As shown in Fig. 1, the inter-
nal distribution of the particles and the aggregates formed determine
the electrically conductive behaviour of the composite. Therefore,
we analysed the influence of the printing process on the microstruc-
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tural distribution of the particles. To this end, SEM images (Fig. 2)
were taken on a filament before printing and on a printed specimen.
The results showed the same aggregation patterns and suggested that
the differences in the electric conductivity of the material will be
determined by the sintering process between filaments rather than
specific microstructural arrangements. Within the filaments, a homo-
geneous distribution of the filler is observed in both pre-printed and
3D printed filaments.

In addition, we complemented the microstructural characterisation
by analysing the composition of the material after 3D printing. This
analysis was conducted by SEM and provided the composition analysis
within a total area of 230 ym? and local measurements. These results
showed a composition with high concentration of carbon (89.62%), a
slight concentration of sulphur associated to a dispersant (0.11%), and
the presence of oxygen associated to the molecular structure of PLA
(10.26%).

3. Interplay between thermal and electrical responses

This section aims at evaluating the bidirectional coupling between
thermal and electrical responses. To this end, we first performed exper-
imental tests analysing the temperature evolution due to the applica-
tion of a constant electric potential on a printed conductive
specimen. Then, we inverted the problem and analysed changes in
electric resistance due to heating and cooling processes.

3.1. Electric effects on composite temperature

We evaluated the effects of applying a constant electric potential on
the three different 3D printed conductive specimens. This study is
motivated by Joule’s heating due to the resistive nature of the CB-
PLA [39,49]. We hypothesise that the electric resistance of the mate-
rial directly depends on the formation of the conductive paths by CB
aggregates. According to the analysis performed in Fig. 2, the distribu-
tion of the conductive particles within the printed filaments can be
assumed homogeneous, leading to a priori constant resistivity along
the filament orientation. However, the overall resistance of the speci-
men will also be highly influenced by the printing orientation of the
filaments and the resulting sintering process. Therefore, to study these
potential dependences of the electro-thermal coupling, we performed
experiments where a constant electric potential (30 V under DC condi-
tions) is applied longitudinally in specimens printed with different fil-
ament orientations: longitudinal (0°), oblique (45°/—45°), and
transverse (90°). The heating process is characterised using an infrared
camera that measures the surface temperature along the sample. This
allows to detect not only an overall increase of the samples’ tempera-
ture, but also potential inhomogeneities in the temperature distribu-
tion as well as to determine the temperature of the hottest area. The
results for these experiments are shown in Fig. 3.

O PLA filament . Carbon Black particle

E S

Conductive path

Fig. 1. Scheme of the microstructural composition of the 3D printed CB-PLA. It can be observed the nature of the conductive electric response related to the
formation of CB pathways within the composite. In the left-hand side, the SEM image corresponds to a local region of a printed specimen with road width of

0.4 mm and layer height of 0.2 mm.
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Fig. 2. Left: SEM images of printed PLA and printed CB-PLA. Right: Zoom-in SEM images of the microstructure of CB-PLA after printing (3D printed specimen),

and SEM image of CB-PLA before printing (Filament before printing).
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Fig. 3. Temperature distribution within 3D printed CB-PLA specimens due to the application of a constant field of 30 V (DC) and the consequent Joule’s effect.
Three different printing orientations are used: longitudinal (0°); oblique (45°/—45°); transverse (90°). Each case is presented highlighting the maximum local
temperature reached and the stabilisation time. The latter refers to the time at which temperature shows stabilization (changes below 0.5 °C between consecutive

measurements).

Overall, it can be noted an increment in temperature due to the
resistive nature of the material and the associated Joule’s heating.
An important observation is that there are significant differences in
the distribution of the temperature within the specimen depending
on the filament printing direction. In this regard and for the specimen
geometry employed, the longitudinal (0°) specimens showed a rela-
tively homogeneous distribution of temperature increase. This distri-
bution becomes more heterogeneous when increasing the printing
angle with respect to the longitudinal orientation of the specimen
geometry. Thus, the temperature distribution seems to turn to slightly

heterogeneous for oblique (45°/ —45°) specimens and to more hetero-
geneous for transverse (90°) specimens. These results can intuitively
be explained by the formation of conductive paths. For the longitudi-
nal specimens, the electric current follows conductive paths formed
within the filament printing direction. Therefore, there is no such an
importance of the formation of conductive paths through filaments sin-
tering. However, as the printing direction is highly misaligned with
the conduction direction, the conductive paths formed between fila-
ments become more important in the charge transport mechanism.
These conductive paths are much more heterogeneous as depend on
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the local sintering process and are more likely to present material
defects, which hinders charge transport (and the corresponding cur-
rent flow) along the samples. These features altogether lead to local
heterogeneities of resistivity within the composite, resulting into
higher heterogeneities in temperature increase due to Joule’s effect.

When the constant electric potential of 30 V under DC conditions is
imposed on the specimens, another relevant analysis arises from the
evolution of temperature along time depending on the filament orien-
tation. For this, we show the evolution of the maximum local temper-
ature reached in each specimen at each time, see Fig. 4. All specimens
present a similar tendency: an important increase of temperature that
stabilises at a characteristic time (hereafter, stabilisation time). This
response is due to the competition of two thermal processes. The first
one is related to the resistive nature of the specimen that, under the
presence of an electric current, leads to temperature increment due
to Joule’s effect. The second process relates to convection terms due
to the difference in temperature between the sample and the surround-
ing medium. As a consequence of the combination of both effects, the
temperature within the specimen increases until reaching a thermal
equilibrium with the environment (room temperature). When compar-
ing the three different specimen configurations, it can be observed
higher temperature increases for longitudinal printing orientation
and lower ones for transverse orientations. The oblique specimens pre-
sent temperature increments between longitudinal and transverse
ones, although the stabilisation temperature is the same than the
one for longitudinal specimens (note that stabilisation time is higher
though). These results are explained by the direct relation between
generated heat due to Joule’s effect, Q, and the specimen resistance,
R, computed as (Fig. 5):

Q:/V{dt (1)

where V is the electric potential and t is the time variable. Note that the
electric potential is imposed constant along the test (30 V). Therefore,
higher temperatures are expected for specimens with lower resistance
R. This is consistent with the discussion presented in this section and
the results provided in next section, which show lower resistance for
longitudinal specimens and higher ones for transverse specimens.

7 —e—Longitudinal (0°)
- - Oblique (45°/-45°)
50 - |~=Transverse (90°)
i { .
—_ e 23 . °
845 r
£ ' |
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Fig. 4. Temperature evolution with time for 3D printed CB-PLA specimens
subjected to the application of a constant field of 30 V (DC) and the
consequent Joule’s effect. Three different printing orientations are used:
longitudinal (0°); oblique (45°/—45°); transverse (90°). The temperature
corresponds to the maximum local temperature reached at each time. The
arrows point the stabilization time (changes below 0.5 °C between consecutive
measurements).
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3.2. Thermal effects on composite resistance

This section aims at complementing the electro-thermal analysis
presented above by evaluating the inverse coupling, i.e., thermo-
electrical [14,50,51]. To this end, we evaluated the effects on electric
resistance of applying heating and cooling rates on the three different
3D printed conductive specimens. This analysis not only considers
changes in resistance due to temperature changes themselves, but also
due to mechanical deformations associated to thermal expansion. To
conduct such experiments, we conducted experiments in parallel for
the three specimen configurations used (longitudinal, oblique and
transverse). The 3D printed CB-PLA specimens were placed into a ther-
mal chamber that applied heating until reaching the targeted temper-
ature values. The temperature was monitored by the thermocouple of
the chamber and by an extra thermocouple located close to the speci-
mens to ensure homogeneous conditions within the chamber. Three
conventional ohmmeters were used to measure resistance from the
three different specimens online with the temperature. These ohmme-
ters apply lower voltages to the samples, unable to heat them by
Joule’s effect, such as the voltage levels applied in Section 3.1.

The results of heating experiments are presented in Fig. 6. Overall,
we observed lower resistance for longitudinal specimens and higher
resistance for transverse ones, with oblique specimens presenting
intermediate values. This is explained by the nature of the main con-
ductive paths used by the electric current, which follows paths within
the filaments in the longitudinal specimens and interfilament paths for
the oblique and, especially, transverse specimens. This is consistent
with the aforementioned heating mechanism observed as a conse-
quence of Joule’s Effect. Thus, in the oblique and transverse specimens
the resistance does not depend uniquely on the dispersion of conduc-
tive particles’ aggregates but also on the sintering process that pro-
motes the formation of conductive paths between filaments.
According to the microstructural characterisation, see Fig. 2, the sin-
tering process does not develop in optimal conditions resulting in high
porosity. The presence of such porous along the current direction
together with material defects within the interfilament region explain
the higher resistance presented in transverse specimens. Moreover, all
the printed specimens, independently of the printing filament direc-
tion, show the same trends by means of resistance evolution with tem-
perature. In this regard, all specimens present a plateau region (“1” in
Fig. 6) where the electric resistance is almost constant (from room
temperature to around 37 °C). In this region, the composite maintains
the microstructure experiencing only some thermal expansion. For
higher temperatures (“2” in Fig. 6), the thermal expansion leads to
large enough deformations of the composite resulting in the rupture
and/or alteration of the conductive paths. This results into a signifi-
cant increase in resistance with temperature, that becomes stronger
when reaching the glass transition of the polymeric matrix (65 °C).
In this region, the polymeric chains present higher mobility and it
translates into an important increase in resistance-temperature slope.
However, this tendency is turned at around 75 °C showing a decrease
of resistance with temperature (“3” in Fig. 6). We hypothesise here
that this changed in the tendency is due to the higher mobility of
the microstructural phases that leads to the formation of new electric
conductive paths. Finally, this trend changes again to positive
resistance-temperature slope due to thermal expansion and the subse-
quent disruption of conductive paths (“4” in Fig. 6). Note that resistiv-
ity changes with temperature for CB particles are negligible compared
with the changes observed during these tests. A quantitative compar-
ison between the three specimens’ configurations is provided by means
of the resistance versus temperature slopes (%) within the plateau
region (“1” in Fig. 6). The longitudinal specimens (0°) present an aver-
age & = 4.3 Q/°C, the oblique specimens (45°/ —45°) present an aver-

drR _

age gr =

average & = 6.5 Q/°C. These results suggest again the importance of

4.4 Q/°C, and the transverse specimens (90°) present an
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Fig. 5. Experimental setup for testing the influence of temperature on the resistance of 3D printed conductive specimens.
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Fig. 6. Resistance vs temperature curves for 3D printed CB-PLA with different
printing orientations: longitudinal (0°); oblique (45°/—45°); transverse (90°).

the interfilament phases (contact region between deposited filaments)
and their orientation with respect to the electric current direction. In
this regard, a filament orientation along the current direction (longitu-
dinal) favours the charge conduction and limits its resistance depen-
dence on the quality of the sintering process between filaments.
However, transverse orientations lead to filament-filament interphases
along the current direction, making mechanical deformation (i.e., ther-
mal expansion) highly susceptible to alter the resistive response of the
sample.

To complete this analysis, we conducted a heating-cooling cycle
test with the aim of identifying potential hysteresis in the resistance
vs temperature curves. These results for the three different printing
orientations are shown in Fig. 7. All these tests showed the same trend
with a continuous decrease of the composite electric resistance when
decreasing the temperature. Unlike during heating tests, less changes
in the resistance-temperature slopes were observed. Therefore, it can
be concluded that the resistance evolution with temperature differs
during the cooling process with respect to the heating one. However,
the initial electric resistance is mostly recovered at the end of the ther-
mal cycle.

4. Interplay between mechanical and electrical responses

In this section we conducted a mechanical characterisation of both
the 3D printed PLA 4043D and the 3D printed CB-PLA. Then, we per-
formed an evaluation of the effects of mechanical deformation on elec-
tric resistance of the CB-PLA. The latter is analysed by means of

16000 —
——Longitudinal (0°) i b
14000 || ¢~ Oblique (45°-45°) .
= Transverse (90°) .
12000 - /
% 10000 - Glass transition temperature !
3 ;
g 8000 -
4
& 6000t
4000 -
2000 -
0 ! I
20 30 40 50 60 70 80 90

Temperature (°C)

Fig. 7. Heating-cooling hysteresis resistance vs temperature curves for 3D
printed CB-PLA with different printing orientations: longitudinal (0°); oblique
(45°/ —45°); transverse (90°).

variations in the overall electric resistance of the specimen. Therefore,
the measurements do not account for spatial heterogeneities. Accord-
ing to the results presented in Section 3, the best and most homoge-
neous thermo-electrical behaviour is observed for the longitudinal
printed specimens. In addition, there are numerous works in the liter-
ature that show a better mechanical performance for such a printing
orientation [2,3,34]. Consequently, from this point we only focus on
longitudinal specimens.

4.1. Mechanical characterisation

PLA is one of the most used materials for FDM due to its low melt-
ing temperature and minimal warping. In addition, PLA is a biodegrad-
able, biocompatible material with good mechanical properties, being a
perfect candidate from biomedical to electronic applications. The
influence of 3D printing parameters on its mechanical behaviour has
widely been studied in the literature [2,34], where specimens with a
longitudinal orientation have shown the best mechanical response.
Therefore, a mechanical characterisation was conducted on both PLA
4043D and CB-PLA specimens printed with longitudinal filaments ori-
entation. To this end, we performed uniaxial tensile tests at quasi-
static loading conditions with a number of tests per material equal
to 4. These tests were conducted using a servo-hydraulic testing
machine under displacement control at 1 mm/min, and with the incor-
poration of an extensometer to track strain values. The mean stress—
strain curve for each material is shown in Fig. 8. As representative
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Fig. 8. Stress vs strain mean curves for 3D printed PLA and CB-PLA specimens
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properties we obtained a Young’s modulus of 1.270 + 0.037 GPa for
the printed PLA and of 0.680 = 0.042 GPa for the printed CB-PLA;
while we obtained a yield stress of 55.10 + 0.65 MPa for the printed
PLA and of 30.80 * 0.51 MPa for the printed CB-PLA. Counterintu-
itively, the PLA reinforced with the CB fibres presented lower mechan-
ical properties by means of stiffness and yielding. To explain these
results, we refer to Fig. 2, where it can be observed worse sintering
between filaments and a higher porosity of the CB-PLA with respect
to pure PLA. These features significantly impact the mechanical perfor-
mance of the CB-PLA leading to a softer response and a loss in material
ductility.

4.2. Mechanical deformation effects on composite resistance

In this section we explore the couplings between the mechanical
and electric responses by means of deformation and electric conductiv-
ity. The assumption behind these tests is that the composite electric
resistance directly depends on the physical formation of conductive
electric paths and, therefore, a given mechanical deformation will play
an important role in the disruption and new formation of such electric
paths. To evaluate this mechano-electric coupling we developed an
experimental setup composed of a universal testing machine that
applies tensile loading to a printed CB-PLA specimen which is con-
nected from both extremes to an Ohmmeter. Once again it must be
remembered that the Ohmmeter will not heat the samples enough to
modify their resistance. In addition, a recording camera is used to
track the process. Thus, we obtained simultaneously the force-
displacement curve along with measurements of variation of the mate-
rial electric resistance. This setup is presented in Fig. 9. Note that we
performed this analysis on longitudinal specimens to simplify the
study as they provided the best thermo-electrical behaviour presenting
no heterogeneities (see Section 3).

A representative set of results on a longitudinal specimen is shown
in Fig. 10. Here, we observe the evolution of both the stress and the
electric resistance as a function of the mechanical deformation (strain).
A scheme of the mechano-electric conduction process during the defor-
mation of the specimen is presented in a series of pictures in Fig. 10. In
this regard, we conceptualised the printed specimen in a reference of
initial state (“0” in Fig. 10) where the electric current can follow con-
ductive paths formed by the aggregation of Carbon Black particles. As
the specimen is stretched, some of these conductive paths break lead-
ing to an increase in electric resistance (“1” in Fig. 10). Within this
region, the specimens present an averaged resistance versus longitudi-
nal strain slope of ®=2156 Q. For larger deformations, this
resistance-strain tendency is turned leading to a decrease of electric
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resistance with strain (“2” in Fig. 10). We hypothesise that this
response can be explained by a contraction of the specimen in the
transverse direction due to Poisson’s ratio, which results into the for-
mation of new conductive paths. Finally, if the deformation is
increased, the electric resistance significantly increases with strain
going to infinite as soon as the material reaches mechanical fracture
(“3” in Fig. 10). Note that coupled to relative displacements of the con-
ductive particles, changes in the specimen length/cross section area
contributes to an increase in specimen’s electric resistance.

5. Conclusions

This work evaluates the interplays between thermal, electrical and
mechanical responses of 3D printed carbon black particles-PLA, CB/
PLA manufactured by FDM. Three different printing configurations
are considered according to the filament orientation: longitudinal
(0°); transverse (90°); oblique (+45°) printing orientations.

o First, electro-thermal tests were conducted to evaluate the influ-
ence of electrical conductivity and conducted current on the sample
temperature due to Joule heating. These results showed increments
in temperature due to the resistive nature of the material and the
associated Joule’s effect. The distribution of such temperature
increment depends on the filament printing direction. The longitu-
dinal (0°) specimens showed a homogeneous distribution of tem-
perature increase while it becomes more heterogeneous when
increasing the printing angle with respect to the longitudinal orien-
tation of the specimen geometry.
Secondly, thermo-electrical tests were performed to analyse the
influence of temperature on the DC resistance of the samples. These
results showed lower resistance for longitudinal specimens and this
resistance increases with the printing angle with respect to the lon-
gitudinal orientation of the specimen geometry. Moreover, all the
printed specimens presented the same trends by means of resis-
tance evolution with temperature: i) a plateau region where the
electric resistance is almost constant; ii) a significant increase in
resistance with temperature, that becomes stronger when reaching
the glass transition of the polymeric matrix (65 °C); iii) a decrease
of resistance with temperature after glass transition; iv) a final sig-
nificant increase in resistance with temperature until reaching the
disruption of conductive paths.

e Finally, mechano-electrical tests were carried out to analyse the
effect of mechanical deformation on the specimens’ resistance for
longitudinal samples. These results showed an initial increase of
resistance with longitudinal stretch, then this tendency turns into
a decrease of resistance with longitudinal stretch (hypothesised
as a consequence of Poisson’s ratio effect) and, finally, a significant
increase in resistance until complete rupture of the conductive
paths.

Overall, these results contribute to the understanding of the physi-
cal interplays between mechanical, thermal and electrical processes in
the behaviour of 3D printed CB/PLA composites. Future work will
focus on the effect of applying an electric potential on the sample
while deforming it and, therefore, the effect of the induced tempera-
ture on the mechanical response of the samples. These insights will
provide new routes to design smart systems whose electric resistance
or current depend on mechanical deformation on both magnitude
and direction.
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