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Abstract: Conductive polymeric composites consist of a polymeric matrix filled with 

conductive particles, providing electrical properties to a naturally insulating material. Their use 

in material extrusion printers provides great flexibility to geometrical design functional 

components. However, the degradation of their mechanical behavior during and after the 

application of electric currents is still absent in the literature. The flow of electric currents 

induces material heating affecting the strength, and mechanical deformation alters the electric 

properties leading to bilateral dependences. These processes evolve during the application of 

electric fields and may degrade the material behavior permanently. In this work, we address 

these questions taking as baseline material a 3D printed conductive Polylactic Acid (PLA)/ 

Carbon Black (CB) composite. We performed multi-physical characterizations on samples with 

different printing orientation and length evaluating: i) electric behavior under direct current 

(DC) regime and a wideband analysis by a Frequency Response Analysis; ii) thermo-electrical 

behavior studying the temperature field evolution under applied electric fields; iii) thermo-

mechanical behavior under uniaxial tension for different testing temperatures; iv) thermo-

electrical aging/degradation effects on the mechanical behavior. The study considers a wide 

range of electric fields (from 180 V/m to 600 V/m) and temperatures (from 25º to 130 ºC). The 

results show enhanced electrical conductivity and mechanical stiffness when using a printing 

orientation parallel to the electro-mechanical loading. This coupled response is highly 

influenced by thermal effects due to Joule heating, especially when surpassing the glass 

transition and cold crystallization temperatures of the composite. The occurrence of such phase 

transitions governs the material degradation by promoting the growth of mesostructural pores 

during heating cycles arising from the application of electric fields. The obtained results are 

essential to unravel changes in mechanical properties when standing for continuous electric 

conduction and provide an experimental background for the lifetime expectance for the devices 

and possible thermo-electro-mechanical failure. 
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1. Introduction 

The conceptualization of structural components in the current industry is experiencing an 

unprecedented change of paradigm. In this regard, new materials are emerging to provide other 

functionalities while preserving certain structural functions. An exciting example is due to 

conductive polymeric composites, that allow for applications where electrical current flow is 

needed through mechanical components. These multifunctional materials stand out as great 

candidates to substitute conventional conductive materials for applications such as sensors [1-

8], biomedical devices [8-12], flexible electronics [13-14], electrodes in electroactive devices 

[15] and electromagnetic shielding [16-17], among others. Except for a specific type of 

synthetic polymers called Intrinsically Conductive Polymers (ICPs) [18], good conductive 

properties require the addition of conductive particles to a polymeric matrix [19-23].  

The wide range of possibilities for the polymeric matrices, along with their diverse mechanical 

behaviors, open an enormous field for design purposes. A major feature limiting the 

conceptualization of new smart components is related to the manufacturing process. Processes 

such as traditional casting [24] or extruding techniques [25] present several limitations. For 

instance, the need of a mold for casting, or the limitation to a constant cross section for 

extruding, hinder the manufacturing of complex geometries. In addition, achieving a selective 

heterogeneous electrical response is complicated due to the constant feedstock flow in these 

processes. Such limitations can be overcome using advanced additive manufacturing (AM) or 

3D printing techniques. Within AM materials, conductive thermoplastics are one of the best 

solutions for manufacturing conductive-structural components. They can be printed with FFF 

machines [26-27], allowing the manufacturing of complex geometries, while exhibiting a good 

strength-cost ratio [28-29]. In addition, FFF technique is one of the most mature technologies 

regarding Multi Material Additive Manufacturing, allowing the manufacturing of conductive 

structures embedded in an insulator [6,30]. Thus, a selective heterogeneous electrical response 

can be achieved, contrary to casting or extruding processes.  

Conductive thermoplastic composites consist of a thermoplastic matrix reinforced with 

conductive particles, e.g., carbon blacks or carbon nanotubes, that create conductive pathways 

within them. Despite the mentioned advantages of these printed composites, they present 

several complexities associated to their microstructural compositions and manufacturing 

processes. From an electrical point of view, the conductivity of these materials can be described 

using the percolation theory [17,31,32] that defines, in a stochastic manner, the electric behavior 

accounting for the creation and destruction of conductive paths. Following this theory, there are 

several factors that can change drastically the conductivity, such as the size and shape of the 

conductive particles [33], the aspect ratio of the fillers [20,33,34], the volume fraction of the 

filler [32-33] or its proper dispersion within the matrix [32,35]. From a mechanical perspective, 

the thermoplastic nature of the matrix leads to nonlinear mechanical behavior, viscoelastic and 

viscoplastic responses [36], among others [37]. In addition, porosity and microstructural 

anisotropy are present while using FFF techniques. The latter is extremely relevant, as it does 

not only determine the mechanical behavior [38] but also influences both electrical and thermal 

ones. Finally, as an extra source of complexity, once an electrical current flows through a 

material, it gets heated due to Joule effect. This thermal response is, in turn, coupled to the 

mechanical response via stiffness modulation, and to the electrical behavior via resistivity 

temperature dependence and thermal expansion [39]. 

Recent works have studied multifunctional responses of 3D printed conductive thermoplastics, 

mainly focusing on the electro-mechanical behavior of these materials when used as strain [4], 

force [1] or flex sensors [3], obtaining the variation of resistivity when they deform. Most of 

these studies focused on Polylactic Acid (PLA) matrices reinforced with different fillers, thanks 

to the easy manufacturing, upstanding printing behavior and good ratio between mechanical 

properties and cost of PLA feedstocks [28,40,41]. The principal conductive fillers employed for 

these filaments are carbon-based particles, such as Carbon Black (CB) nano-powder or Carbon 

Nanotubes (CNTs). Previous studies focused on the manufacturing of customized conductive 

file:///C:/Users/jcres/Downloads/%5b26%5d
file:///C:/Users/jcres/Downloads/%5b28%5d


 

3 

PLA composites and provided a general electro-mechanical characterization of each blend, such 

as PLA-PMMA-PFG [42], PLA/TPU-GnP [43] or PLA/MWCNT’s [44]. A relevant work is due 

to Ke Dong et al [26], that manufactured electrical responsive auxetic structures. Regarding the 

thermo-electrical behavior, some previous works have addressed the study of different materials 

such as carbon fiber-epoxy composites [45], Graphene/PLA composites [46] or polyvinyl 

acetate/graphite adhesive [47]. Most of these works neither present any specific analysis of the 

resistance dependence on temperature [45], nor thermal stabilization between voltage/power 

steps [46-47].  

In the present study we take CB-PLA conductive composite from Proto-Pasta® as the baseline 

material. This material has been studied from different perspectives. The mechanical response 

under uniaxial loading at room temperature was studied by J. Beniak et al [48]. From an electro-

chemical point of view, the use of this material as electrode was studied [27,49,50]. In addition, 

from a purely electric perspective, resistivity and impedance were studied by different authors, 

without considering the influence of printing orientation [49-51]. In addition, a previous work 

by the authors analyzed its response under low applied electric fields (maximum of 180 V/m) 

with a fixed sample length (165mm), providing a first approach to understand its 

multifunctional couplings [39]. A proper understanding of electro-thermo-mechanical coupled 

behavior of conductive PLA composites at higher fields is essential to open the current sensor 

approach to more potential uses for the 3D printed thermoplastic polymers. 

In this work, we aim to study the thermo-electrical behavior of 3D printed conductive PLA 

composites and how this response affects its mechanical counterpart when varying the printing 

orientation and length of the samples. These geometrical features are especially relevant as the 

location of voids changes drastically the inherent conductive paths of the composite. With the 

aim of studying how this material will behave in a real working scenario, we have first 

evaluated the influence of thermo-electric loading on its mechanical response and the different 

bilateral couplings. After a comprehensive characterization of these responses, we have 

evaluated the material degradation after thermo-electrical loading. In this regard, we have 

demonstrated that the application of electric fields generates heating leading to phase transitions 

within the polymeric matrix, which significantly impacts (degrades) its mechanical 

performance. A major gap in the current literature that prevents a further use of these materials 

is the understanding of their electro-thermal response over time for a wide range of 

temperatures (previous and after glass transition and cold crystallization). This knowledge is 

essential to unravel the electro-mechanical aging when standing for a continuous electric 

conduction. We provide a series of multi-physical experimental procedures for characterizing 

the material behaviors that significantly affect its use in conductive structural components. To 

this end: i) an electrical analysis under direct current (DC) was performed (i.e., room 

temperature), as well as an analysis under variable frequency signals; ii) an analysis of  

temperature evolution over time for samples heated by Joule effect was carried out; iii) uniaxial 

tensile tests were performed for different testing temperatures, to simulate the mechanical 

response on the material when heated by Joule effect; iv) uniaxial tensile tests were conducted 

on samples previously heated, to analyze the thermo-mechanical aging of the material. Overall, 

the results presented in this study will facilitate at opening new applications for these materials, 

from a sensor perspective to a wider range of devices that require domestic power ranges to 

operate. In this regard, the present work provides an experimental background for the 

degradation mechanisms of this material and possible thermo-electro-mechanical failure, trying 

to characterize their limits. 
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2. Materials and methods 

2.1 Baseline material  

Conductive PLA composite was purchased to ProtoPasta, WA, USA. A differential scanning 

calorimetry (DSC) test was performed (TA Instruments DSC-Q200, DE, USA)  to obtain the 

main transition temperatures of the polymer, Fig.1.  The glass transition temperature (Tg) was 

found at 62ºC, following norm ISO 11357-2. A two-step crystallization can be found after this 

glass transition. This effect has been studied in the literature [52-53], and it is caused by the 

formation of two different crystallized phases. Firstly, α’[52] phase is formed, appearing at 

temperatures below 120ºC for conventional PLA. Secondly, α phase is formed in parallel to the 

before mentioned α’ phase, appearing at temperatures higher than 120ºC for conventional PLA. 

In the case of the PLA/CB used in this work, these crystallizations present their peaks at lower 

temperatures, 95ºC for Tα’ and 110ºC for Tα. Finally, the melting temperature (Tm) was found at 

151ºC. 

 

Figure 1: Differential scanning calorimetry of PLA/CB composite from 40ºC to 250ºC. The 

transition temperatures are highlighted. From left to right: i) glass transition temperature (Tg); ii) 

crystallization temperature of α’ form (Tα’); iii) crystallization temperature of α form (Tα); iv) 

melting temperature (Tm). 

A field emission scanning electron microscopy (FESEM) was used (FEI Teneo, OR, USA), 

obtaining both mesostructure and microstructure of the material. The different samples were 

submerged in liquid nitrogen to embrittle them. Then, they were cut by a high velocity impact. 

The mesostructure of a longitudinal sample is shown in Fig. 2b, along with a diagram of the 

voids shape depending on the printing orientation, in Fig. 2c. The microstructure of PLA/CB is 

shown in Fig. 2a. This material exhibits a CB mass ratio of 53% whereas it represents the 26.5% 

in volume [39]. The porosity average at the mesostructural level is 1.44%, whereas it is 27.5% 

at the microstructural level. The void and particle contents were estimated via image processing 

using the software ImageJ. 
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Figure 2: a) SEM of the microstructure of a printed PLA/CB sample. The image represents a 

region within the filament (not at the interphase of the filaments). Green arrow points the 

polymeric phase; red arrow points CB particles; and blue arrow points the voids. b) SEM image 

of the mesostructure of a longitudinal sample, highlighting a representative rectangle of the void 

size and location. c) Schematic representation of the void sizes in the cross section for every 

printing orientation type. Transverse in purple, oblique in blue and longitudinal in green. 

 
One of the main aims of this contribution is to study how the voids’ distribution impacts the 

electro-thermo-mechanical performance of 3D printed conductive composites. We consider two 

crucial parameters that play a relevant role in both voids’ distribution and quantity: the printing 

orientation and the length of the samples. To conduct such a study, we manufactured different 

rectangular samples accounting for three lengths and three printing directions. The sample 

dimensions considered were: 82.5x13x3mm for the shortest samples (1L); 165x13x3mm for the 

medium ones (2L); and 227x13x3mm for the longest ones (2.75L). For each sample length, the 

printing directions considered were: longitudinal (0o), transverse (90o) and oblique (±45o). 

Every sample was manufactured using a Prusa i3mk3s printer. The main printing parameters 

considered were: line width of 0.4 mm, layer height of 0.2 mm, printing temperature of 230ºC, 

build plate temperature of 60ºC, infill density of 100% and a printing speed of 30 mm/s.  

 

2.2 Methods 

In the present work a multi-physical experimental campaign is performed to 3D printed 

PLA/CB samples, to characterize the thermo-electro-mechanical behaviors of this composite. 

To this end: i) an electrical analysis is carried out measuring the direct current (DC) resistance 

and conducting a Frequency Response Analysis (FRA). Thus, the influence of the printing 

orientation, samples length and applied frequency on their equivalent circuits is evaluated; ii) 

the analysis of the temperature field over time for samples heated by Joule effect was 

performed. The electric signal was applied by means of a DC power source, while the 

temperature profile was measured using an infrared (IR) camera; iii) uniaxial tensile tests were 

carried out for different testing temperature conditions, to simulate the mechanical response on 

the material when heated by Joule effect; iv) uniaxial tensile tests were conducted on samples 
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previously subjected to DC voltages along time, to analyze the thermo-mechanical aging of the 

material. 

2.2.1 Electric behavior 

The purely electrical response of the material at room temperature was measured: i) at DC 

regime; ii) and varying frequency current regime. Firstly, the pure resistance of the samples was 

measured by means of a commercial ohmmeter, testing five samples for each printing 

orientation and length. Secondly, a Frequency Response Analysis was performed using a 

Solartron 1260 spectrum analyzer. This system provides the impedance in a broadband of 

frequencies. Samples were excited with a 30mV peak sinusoidal voltage for a variable 

frequency range between 0.2 Hz and 0.1 MHz with 20 points per decade. Once the impedances 

are obtained, the impedance (Z) versus frequency (f) curves can be fitted to that from one 

electric equivalent circuit using “Zview” commercial software. To quantify the electrical 

characteristics from each sample type, a broadband adjustment of the FRA data to an equivalent 

network has been done between 40 Hz and 0.1 MHz. The different samples had a constant cross 

section of 13x3 mm. The samples were wired by gluing copper cables to the ends of the 

samples, using a conductive paint based on carbon black (Bare Conductive, UK). 

2.2.2 Thermo-electric behavior 

To study the thermal response of Proto-Pasta® conductive PLA when subjected to an electric 

current, a wide range of DC voltages was applied to the samples. We consider a total of nine 

conditions according to: the printing orientations (transverse, oblique and longitudinal) and 

geometrical lengths (1L, 2L and 2.75L). The samples’ wiring process was the same as 

performed in the previous section.  

For each test, the applied voltage was imposed until reaching temperature and current 

stabilization: changes below 0.5ºC and 0.5mA between consecutive measurements. Once 

stabilization was reached, the sample was cooled down to room temperature to repeat the same 

process with a higher voltage. The values of the DC voltages were the same for samples with 

equal length. To optimize the study, the same voltage was simultaneously applied to three 

samples (longitudinal, oblique and traverse) measuring their consumed current by means of 

three commercial ammeters. Initially, the consumed power is high, due to the simultaneous 

current from the three samples, so a high-power DC source was used, EA-PS 9500-90 3U. 

The temperature field of the samples during the test was measured using a Fluke IR camera 

(Fluke Ti480 PRO), taking a picture every 5 minutes until stabilization, considering an 

emissivity of the material of 0.95. The DC applied voltages depend on the length of the sample. 

For 1L samples, we used voltages from 25 V to 45 V. For 2L samples, the voltages used ranged 

from 30 V to 90 V. Finally, for 2.75L samples the voltages ranged from 50 V to 110 V. These 

voltage ranges were chosen to reach equivalent heating in the samples independently of their 

length. 

2.2.3 Thermo-electro-mechanical behavior  

This section explores the impact of i) temperature and ii) thermo-electric aging on the 

mechanical behavior of 3D-printed conductive PLA. For this, quasi-static uniaxial tensile tests 

were performed on: i) virgin samples at different testing temperatures; and ii) samples 

previously heated by Joule effect. 

To this end, in the first set of experiments, the conductive PLA samples are mechanically tested 

under uniaxial tension while imposing different testing temperatures. The temperatures chosen 

are those reached due to Joule heating when applying the voltages considered in 5.2 section. 

The first temperature selected was room temperature (25ºC), to represent the mechanical 

behavior of each component outside the electrical working regime. To represent the average of 

maximum temperatures reached when applying a 30V electric potential to each printing 

orientation type, we also considered a testing temperature of 50ºC. This value is below PLA 
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glass transition temperature. To represent the average of maximum temperatures reached when 

applying a 60V electric potential to each printing orientation type, we selected a temperature of 

80ºC. This value corresponds to a temperature above the PLA glass transition. Finally, 130ºC 

was chosen for being the average of maximum temperatures reached when applying a 90V 

electric potential to each printing orientation type. This value has a special interest, as Joule 

heating at 90V shows a clear variation of material’s electrical behavior.  

To perform these thermo-mechanical tests, we used a universal testing machine (Instron 34TM-

5®), with a load cell of 5kN and wedge action grips of 5 kN. This setup was equipped with an 

climatic chamber to impose testing temperatures during the experiment. To ensure a correct 

temperature stabilization in the whole sample, it was kept at the testing temperature ten minutes 

before the start of an experiment. These tests are performed on samples manufactured with 

different printing orientations, i.e., longitudinal, oblique and transverse. To ensure repeatability, 

we conducted three repetitions for each experimental condition. The tests were performed at a 

strain rate of 10-3 s-1 to impose quasi-static conditions avoiding adiabatic heating. Following the 

recommendations of ISO 527-1:2019. 

Moreover, for the second set of experiments, we evaluated the thermo-electrical aging of the 

samples in terms of their mechanical properties, i.e., how electric load cycles can alter the 

mechanical properties of a 3D printed sample. To this end, samples manufactured with the three 

different printing orientations were electrically heated until stabilization with applied voltages 

of 30, 60, and 90V. After reaching temperature stabilization, the samples were cooled down at 

room temperature. These thermally degraded samples were then tested under quasi-static 

uniaxial tensile conditions using the same experimental setup that for the thermo-mechanical 

tests, but this time imposing room temperature conditions. For the thermo-mechanical testing, 

we conducted three repetitions for each experimental condition to ensure repeatability. 

Every sample had the same shape as the ones used for electrical and thermo-electrical 

experiments, considering only 2L samples for this section.  

3. Results and discussion 

3.1 Electric behavior 

This section presents an electrical analysis of the samples’ resistance under variable frequency 

signals. To this end, we show a Frequency Response Analysis, FRA, at room temperature. This 

is achieved by applying variable frequency low-magnitude voltages (bellow 9V) to non-

degraded samples for all lengths and printing directions. This allows predicting the electrical 

behavior of the samples when subjected to higher voltages in electro-thermal tests for some 

possible applications where DC signals are not used. 

The FRA results for each printing direction are shown in Fig. 3. Firstly, in Fig. 3a, apparent 

impedivity modulus (|za|) are presented, in which the apparent impedivity is defined as the 

normalized value of the impedance modulus (|Z|) with respect to length and area (|za|=|Z|∙A/L). 

The solid lines represent the average response of the different sample lengths, while the shaded 

area represents the maximum dispersion. In Fig. 3b the phase angle of the impedance is shown. 

This value represents the angle between capacitive/inductive and purely resistive responses.  

The material presents a slight capacitive behavior for frequencies between 0.2 Hz and 40 Hz, 

where the phase angle, θ, reaches maximum values, near 4º, for 1Hz. Once this frequency range 

is left behind, the material behavior is mainly resistive, with a phase angle close to 0º, this fact 

matches with impedance analysis in the literature [51]. The impedance response of the material 

from 40Hz to 0,1 MHz, independently of the printing orientation, can be modeled as an 

equivalent resistance. The values for the mentioned equivalent resistance, normalized to 

resistivity values, are displayed in Table 1, along with DC measurements (see annex section 

A.1.1), finding a consistency in the results. The mean values and errors presented in Table 1 

account for the measurements for the three different sample lengths. In this regard, the behavior 
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of PLA/CB composites for power frequency ranges (50/60Hz) approaches to that measured 

under DC regime. 

 

Figure 3: Experimental results of Frequency Response Analysis. a) Apparent impedivity 

modulus vs Frequency for [0.2Hz-0.1MHz] range. b) Phase angle vs Frequency for [0.2Hz-

0.1MHz] range. Three samples of each printing direction type were used. The solid lines 

represent the averages of the three length responses, while the shade represents the maximum 

dispersion between these three. 

Table 1: Apparent resistivity values for each signal type. The equivalent resistance of the FRA 

response between 40Hz and 0.1 MHz has been used to calculate variable frequency apparent 

resistivity. 

Signal Apparent resistivity [Ω∙m] 

type Transverse samples Oblique samples Longitudinal samples 

Direct Current  0.115±0.004 0.102±0.005 0.098±0.003 

Variable Frequency 0.116±0.006 0.103±0.007 0.099±0.003 

 
The results collected in Table 1 show an agreement between both experimental characterization 

of resistivities. Thus, it is confirmed an enhancement in the electrical conductivity of 3D printed 

PLA/CB samples when the current flow direction approaches to 0º (longitudinal); whereas there 

is a reduction in conductivity when it approaches 90º (transverse). The voids formed during the 

printing process cause the obstruction of conductive paths formation. Thus, a higher void area in 

the cross-section perpendicular to the current flow causes a higher electrical resistivity, see Fig. 

2c. 

 3.2 Thermo-electric behavior 

This section presents the results obtained from the thermo-electrical characterization tests and 

their discussion. The temperature fields of different samples were obtained during the heating of 

the material caused by the flow of electric current. Whenever an electric current flows through a 

material, it gets heated due to an increase in its internal energy (i.e., Joule heating, Eq. (1)). This 

effect is extremely important when the voltage applied is sufficiently high, as the increase in 

material’s temperature will impact both electrical and mechanical responses. The dissipated 

heat, QJ, due to this effect can be expressed as a volume integral within the domain 𝛺 as stated 

in Eq. (1). 
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𝑄𝐽 =  
𝑉2

𝑅
𝑑𝛺

𝑎

𝛺

𝑡

0
𝑑𝑡                               (1) 

Where V is the voltage, t is the time and R is the electric resistance. The dispersion of 

conductive particles within the matrix and location of voids during printing lead to the 

heterogeneous formation of conductive paths. Therefore, it is expected that the circulation of the 

electric current in these printed materials will not necessarily present a uniform and 

homogeneous heating. In this section, we evaluate the interrelations between thermal and 

electric behaviors. Such an interplay is determined by analyzing the influence of various factors 

such as filament adhesion and micro voids or particles dispersion at the microscale.  

When applying the DC voltage, the resistive behavior of the material results in heat generation 

leading to a temperature increase. Moreover, there is a bilateral coupling in which the 

temperature increase promotes a growth in the internal resistance, with a subsequent reduction 

in conducted current [39]. This current reduction decreases the heat generated with time until it 

is equal to the heat dissipated through convection and radiation, reaching thermal equilibrium. 

Thus, these PLA-based materials may help at limiting current consumption for certain electric 

loads, opening potential applications as a protective device. The conductive properties of the 

PLA conductive composite are given by the presence of CB particles, and hence the current will 

follow the paths created by the alignment of those particles. For this reason, it is expected to 

observe differences in Joule heating for different variables that may favor or hinder the 

particles-path generation. Therefore, the thermo-electric response of the material will highly 

depend on effects such as voids distribution or thermal dilatation of the matrix.     

3.2.1 Resistive response and thermo-electric heat dissipation 

To obtain the overall electric and thermal responses over time, two magnitudes were measured: 

the average temperature and the apparent resistivity of the whole sample. The results for 2L 

samples when subjected to 30V (electric field of 181 V/m), 60V (electric field of 375 V/m) and 

90V (electric field of 545 V/m) are shown in Fig. 4. For more detailed information, please see 

the annex section, Figs. A3 to A5. For every printing orientation, the greatest increase in 

temperature and apparent resistivity happens during the first five minutes. When the 

temperature starts to increase due to the current flow, the apparent resistivity of the sample does 

too. This increase in the sample resistance leads to a decrease in heat generation according to 

Eq. (1). This process evolves until thermal and electrical equilibrium is reached, balancing 

internal heating with convection cooling. This stabilization appears in almost all the applied 

electric fields, except for electric fields that heat the material to temperatures higher than 110ºC, 

when the apparent resistivity starts to drastically decrease, dotted green and blue lines in Fig. 4. 

When the applied electric field heats the samples to a temperature below the glass transition, 

both resistance and temperature follow an increasing tendency at every point. This tendency can 

be observed below electric fields of 375 V/m, as 30V for 1L samples, 60V for 2L samples and 

below 80V for 2.75L samples; see Figs. A3-A5. Exceeding the glass transition temperature of 

composite, 62ºC (see Fig. 1), changes the electrical dependence of the composite with the 

temperature. At that point, the temperature maintains an increasing tendency, while the apparent 

resistivity reaches its highest value followed by a slow decrease until stabilization. Fig. 4 shows 

that both oblique and longitudinal samples exhibit similar electric and thermal responses except 

for the highest voltages. However, the response of transverse samples differs from their 

counterparts. This effect occurs with every length studied in this contribution. Irrespective of the 

electric field applied, transverse samples show a higher apparent resistivity than the oblique and 

longitudinal ones at every time step, as it can be seen in Fig. 4 and Figs. A3-A5. As expected 

from Eq. (1), an opposite trend is observed in its thermal response, where transverse samples 

reach inferior temperatures. Another important factor to consider is the stabilization time of the 

specimens. As presented in Fig. 4, the stabilization time does not depend drastically on the 

printing orientations, but on the voltage applied. This fact can also be seen in Figs. A4-A5, 

where the voltage that firstly reaches the glass transition temperature (i.e., 60V for 2L samples 

and 80V for 2.75L samples) takes the longest time to achieve the stabilization. Until this glass 

transition temperature voltage is applied, an increase in voltage associates an increase in the 
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stabilization time. Furthermore, once the glass transition temperature voltage is surpassed, an 

increase in the voltage leads to a decrease in the stabilization time. 

 

Figure 4: Experimental temperature and apparent resistivity results for 2L samples heated by 

Joule effect imposing three DC voltages: 30V (dashed lines), 60V (solid lines) and 90V (dotted 

lines). These results are presented for longitudinal, oblique and transverse samples. a) Average 

temperature is plotted against time. b) Electric apparent resistivity is plotted against time. 

From the results presented in Fig. 4 and Figs A3-A5, it becomes clear that there are three types 

of electro-thermal stresses. The first ones are those which lead to a rise of apparent resistivity 

and temperature up to saturation values, maintaining temperatures below glass transition 

temperature. The second one is related to higher electrical stresses, where stabilization is 

reached for apparent resistivity and temperature, but the latter surpasses glass transition, which 

provokes a change in trend for apparent resistivity before stabilization. Finally, the third 

electrical stress level type is so high that the stabilization does not take place, and a destructive 

thermal runaway occurs. 

 

Due to the inherent formation of voids during the FFF printing and their distribution depending 

on the printing orientation, the resistance of each sample is influenced by this parameter. The 

electrodes used to apply the DC voltage to PLA samples were placed so that the electric current 

preferably circulates along their longitudinal axis. Therefore, it seems logical that a filament 

deposition with an angle closer to this axis will improve the overall electric response, caused by 

the lower probability of finding voids along the filament (see Fig.2). Following Eq. (1), the 

generated heat is inversely proportional to the sample resistance, which explains the higher 

temperatures reached in longitudinal and oblique specimens due to their lower resistance. In 

addition, the electric apparent resistivity has a dependence on the temperature. Fig. 4 shows how 

the bilateral dependence of temperature and apparent resistivity determines the response below 

glass transition. Nevertheless, when glass transition temperature is surpassed, the polymeric 

chain mobility increases, thus favoring the movement of CB particles within the matrix. This 

improvement in mobility may enhance the alignment of particles and hence the creation of new 

conductive paths. For this reason, apparent resistivity-time curves of samples that have 

exceeded the glass transition temperature show a decrease in the apparent resistivity until the 

stabilization, see solid lines in Fig. 4. Moreover, thermal dilatation phenomenon can also affect 

the resistive response of the material when heated. A dilatation of the polymeric matrix due to 

thermal expansion [54] changes the distance between conductive particles, resulting in the 

breakages of conductive paths. Once the trigger temperature of 110ºC is surpassed a 

destabilization occurs, leading to a drastic increase in electrical conductivity and heating. This 
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trigger temperature coincides with the peak temperature of crystallization of the composite (see 

Fig. 1). Adding the improvement of polymeric chain mobility after glass transition with the 

rearranging of polymeric chains during crystallization leads to such a drastic increase in 

conductivity. Nevertheless, it seems complicated to predict precisely the time that this 

destabilization takes part, as well as the electric field needed to obtain that effect. For example, 

oblique 2.75L sample destabilizes at 120V (electric field of 528 V/m), differing from its 

counterparts, that destabilized at 110V (electric field of 484 V/m).  

3.2.2 Influence of printing conditions on the thermo-electrical behavior 

The results presented in the previous sections suggest certain dependences of the thermo-

electrical behavior on printing conditions. In this regard, the coupled response is influenced by 

mesostructural aspects such as the bounding between filaments, the deposition orientation and 

the resulting void distributions. Local heterogeneities in the mesostructure are expected due to 

the inherent nature of the printing process. Therefore, local changes in the material resistivity 

are expected to be associated to these heterogeneities. As a consequence of the latter, heating 

due to Joule effect will lead to temperature gradients within the sample due to variations in local 

resistivity/conductivity. To delve into these aspects, we performed an analysis of the 

temperature profile along the longitudinal axis of the sample under the application of different 

voltages. 

First, we provide a qualitative analysis. To this end, we present the temperature profile along the 

longitudinal axis depicting thermal gradients during Joule heating for 2L samples manufactured 

with different printing orientations. The voltages considered for this qualitative analysis were 

60V and 90V. The 60V condition was chosen, as this is the voltage for which the 2L samples 

reach the material glass transition temperature. Moreover, the 90V condition was chosen 

because this is the voltage that induces thermo-electrical destabilization. The results for these 

temperature profiles over time are shown in Fig. 5. This representation allows the visualization 

of thermal gradients along the sample and if the overall stabilization in temperature occurs 

within the whole sample.  

 

Figure 5: Experimental results of temperature variation along the central longitudinal axis of 2L 

samples through time. First row shows temperature variation for samples heated at 60V; second 

row shows temperature variation for samples heated at 90V. 
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As shown in Fig. 5, for a 60V heating, most heterogeneities appear in the longitudinal sample, 

followed by the oblique one and with the transverse sample as the one with more homogeneous 

behavior. Nevertheless, when the applied voltage increases up to 90V, the order of the samples 

with higher number of heterogeneities changes. In this case, the transverse sample presents the 

higher rate of heterogeneities throughout all the tests. The oblique sample exhibits a highly 

heterogeneous response during the first minutes of the experiment, when temperatures do not 

exceed 120ºC, and tends to stabilize its temperature profiles when values exceed 120ºC. Finally, 

the longitudinal sample presents highly homogeneous temperature profiles after the first 10 

minutes, corresponding to temperature values above 120ºC. 

We also provide quantitative analysis considering three repetitions per test condition to ensure 

repeatability, using virgin samples for every condition. In addition, tests applying 30V were 

added. For this analysis, we define a heterogeneity factor (ξ) to provide quantification of 

microstructural imperfections and their impact on the thermo-electrical response. This factor is 

defined as a dimensionless parameter that gathers the variations of temperature of each profile, 

following Eq. (2): 
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where n represents the number of temperature values along the longitudinal axis at certain time, 

N represents the number of time measurements, 𝑇𝑖
𝑗
 is the temperature value in the i spatial point 

at the time point j, and 𝑇ത𝑗 is the average temperature at the time point j. 

The results for the heterogeneity factor are shown in Table 2. Two main findings can be 

highlighted: i) generally, oblique samples exhibit more homogeneous heating than their 

counterparts, and ii) an increase in the electric potential augments heating heterogeneities. 

However, two cases deviate from this trend, both the oblique and the longitudinal heterogeneity 

factors at 90V, see Table 2. In both cases, heterogeneity factors are lower than the ones obtained 

for 60V, even though the voltage applied is higher. Furthermore, the longitudinal heterogeneity 

factor is lower than the oblique one, changing the tendency followed by previous voltages. 

These results match with the qualitative analysis displayed in Fig. 5. 

Table 2: Heterogeneity factors (ξ) for three printing orientations and three applied voltages: 

30V, 60V and 90V. Three samples of each printing orientation type were used. 

Applied voltage 

(V)  

Factor ξ (-) depending on the printing orientation 

Transverse Oblique Longitudinal 

30 0.0170±0.0011 0.0144±0.0026 0.0162±0.0019 

60 0.0203±0.0054 0.0193±0.0029 0.0209±0.0061 

90 0.0238±0.0024 0.0187±0.0028 0.0147±0.0015 

 

In previous sections it was proven how the formation of conductive paths is easier for the 

longitudinal printing orientation, followed by the oblique one. It must be noted that the 

discussion in the previous sections mainly focused on conductive paths formed in the same 

longitudinal direction. However, electrons within the sample can also move in the transverse 

directions. This is an important point as the Joule heating is directly linked to the current flow 

irrespective of the flow direction. Thus, the formation of heating heterogeneities does not only 

depend on the general conductive path formation, but also on possible obstruction of those paths 

in any direction. Therefore, a clear relation between the sample resistance measured in the 
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previous sections and thermal heterogeneities is not obvious. In this regard, the results obtained 

at high applied voltages (e.g., 90V) are consistent with the overall samples’ resistance.  

Moreover, for the oblique printing orientation, if one filament presents a failure, the probability 

of continuing the conductive path obstruction is lower as this is surrounded by two 

perpendicular filaments. This contributes to a better homogeneous behavior of these samples. 

Besides these microstructural aspects, it is important to remark how the softening of the matrix 

at temperatures above the glass transition allows the rearrangement of particles, changing the 

conductive paths during the heating. This effect is specially reflected in the longitudinal sample 

heated with 60V (Fig. 5), in which hot spots locations vary over time. Thermal dilatation can 

also have an important role in the evolution of heterogeneities, moving away particles in hot 

spots and increasing the resistance in that zone, thus leading to a decrease in Joule heating. In 

addition, it is important to highlight how for general destabilization temperatures (higher than 

130ºC), the heterogeneity decreases, tending to behave as and homogeneous conductive 

material. 

3.3 Thermo-electro-mechanical behavior 

The use of conductive PLA structural components in devices subjected to both mechanical and 

electrical loads generates the need to study how each loading type impacts each other. Here, we 

approach this study from two perspectives. First, the mechanical response of the material was 

analyzed mimicking operational conditions. To do so, the thermal heating due to Joule effect 

expected when imposing operational voltage conditions was simulated by mechanically testing 

the samples in an environmental chamber. Then, we analyzed the possible alteration in 

mechanical properties after electrical load cycles. 

3.3.1 Thermo-mechanical behavior under uniaxial tensile loading 

When the composite is subjected to electric fields, temperature variations occur due to Joule 

heating. This change in temperature during an electrical operation of PLA conductive devices 

does not only change the electrical response of the material. Due to the thermoplastic nature of 

the matrix, if it reaches high enough temperatures, it will experience phase transitions 

significantly impacting the mechanical properties. Therefore, thermo-mechanical tests are 

needed to evaluate the effects of temperature in an isolated manner, to help the understanding of 

mechanical variations when applying electric currents in the material. The results of the thermo-

mechanical tests conducted on the conductive material are presented in Fig. 6, split into printing 

orientation conditions. We also present in Fig. 6 the relation of Young’s modulus and the 

maximum strain reached for each testing temperature.  

Depending on the temperature of the experiment, different findings can be highlighted. At room 

temperature (25ºC), irrespective of the printing orientation, the material shows a brittle fracture 

at low strain values. When temperature increases up to 50ºC, the Young’s modulus decreases. 

For oblique and longitudinal samples, the behavior of the material presents a transition from 

brittle to ductile, undergoing a small plastic strain hardening at strains higher than 0.1. While 

transverse samples do not reach yielding, they failed at a similar strain than for room 

temperature. For 80ºC, when the glass transition temperature of PLA/CB (62ºC) is surpassed, 

the stiffness drastically decreases and, for every printing orientation, the material behaves as 

ductile. When reaching 130ºC, some stiffness is recovered due to the cold crystallization of the 

PLA matrix [52], that according to Fig. 1 appears between 90-140ºC.  This cold crystallization 

increases the stiffness of the material due to the generation of crystallized forms within the PLA 

matrix, specially at temperatures near 120ºC [52]. However, the maximum strain decreases to 

values near to the ones obtained at room temperature, being especially relevant for transverse 

samples. As an important remark, we note the influence of printing orientation on the failure 

strain and stress.  

The thermo-mechanical response of this material presents a similar behavior for oblique and 

longitudinal samples, while transverse samples exhibit lower mechanical properties. These 

observations can be explained by the similarity of longitudinal and oblique voids geometry, 
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being in both cases triangular shapes, while transverse samples present rectangular voids in the 

cross section. A schematic representation of void distributions in each printing orientation is 

presented in Fig. 2. An incomplete filament adhesion process appears at the bottom corners of 

the filaments, creating triangular voids with 60 μm of height and 120 μm of width along the 

printing direction. Nevertheless, as the experiments performed induce tensile force along the 

longitudinal axis, the void geometry impacting the mechanical behavior is the cross-sectional 

one. For this case, only longitudinal samples maintain the mentioned dimensions, 60 μm of 

height and 120 μm of width. Oblique samples’ voids maintain the triangular shape but increase 

their width up to 170 μm. Transverse voids, rather than maintaining a triangular shape, change 

to a rectangular one, with a width equal to the representative volume and a varying height 

(depending on the point where the cross section is chosen). In addition, the direction of the 

filament adhesion area is perpendicular to the printing direction, changing into a tendency to 

separate the filaments for a transverse sample, or breaking them for a longitudinal one.  

 

Figure 6: Experimental results of uniaxial tensile tests performed on 2L samples at fixed 

temperatures. a) True stress vs true strain curves for transverse printing orientation. b) True 

stress vs true strain curves for oblique printing orientation. c) True stress vs true strain curves 

for longitudinal printing orientation. d) Young’s modulus of each printing orientation with 

respect to the experiment temperature. e)  Maximum strain of each printing orientation with 

respect to the experiment temperature. Three samples for each printing orientation type were 

tested. 

These microstructural features can explain the differences in the mechanical response of each 

sample type. As it can be seen in Fig. 6, the difference in maximum stress at room temperature 

for the longitudinal samples is more than two times higher than the one reached by transverse 

ones. However, the ratio between composite filled area (see ρT in Fig. 2c) is not lower than 0.5. 

This fact shows how the strength of filament adhesion is presumably weaker than the filament 

itself. For oblique samples, where the filament adhesion plane presents a 45º angle with respect 

to the tensile load, a weaker behavior is also reflected in the results of Fig. 6. 

When the temperature increases up to 50ºC, the polymeric matrix softens resulting in a decrease 

in its Young’s modulus proportionally for every printing direction. At this temperature, 

transverse samples still exhibit fracture under low strains, while oblique and longitudinal 

samples’ response changes to a high strain plasticity, reaching deformation values up to 100%. 

This clear change in failure shows how bonding between filaments reduces the strength at 

temperatures below the glass transition. This effect can also be seen in the oblique samples, 

obtaining a considerably inferior maximum strain than their longitudinal counterparts. When 

surpassing the glass transition temperature of PLA, an extreme softening of the matrix appears, 

greatly decreasing the Young’s modulus for every printing orientation. The sintered area 
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behavior starts approaching to the filament’s one, getting a similar stress-strain response for 

every printing direction. Nevertheless, the filament adhesion surface still seems weaker than the 

filament area by its own, on account of the early failure of some transverse samples while 

comparing with longitudinal or oblique one. When reaching 130ºC, the sintered area returns to 

have a much weaker behavior than the filament, as it is reflected on the premature failure of 

transverse samples in Fig. 6. At this temperature, the main fracture mechanism is based on the 

separation of filaments, except for the longitudinal specimens, where no stress tends to separate 

them.  

 

3.3.2 Mechanical behavior after thermo-electrical aging 

A mesostructural analysis of thermo-electrically aged longitudinal samples is presented in Fig. 

7. We provide a SEM image for every heating cycle voltage: a) virgin sample; b) heated with 

30V; c) heated with 60V; d) heated with 90V. See Table 4 for more information about the time 

exposure to electrical loads and maximum temperature reached for every voltage. The porosity 

and mean void area values after each aging are presented in Table 3. Note that there is a great 

increase in voids area and porosity for samples heated with 90V, which results in subsequent 

thermo-electrical destabilization (see section 3.3.1). Those samples were disconnected from the 

power source after surpassing 210ºC, a temperature 60ºC higher than PLA/CB melting point. At 

such higher temperatures the inner voids dilate [55], as the composite stiffness at this 

temperature is not high enough to support the pressure of the air captured in those voids.  

 

 
 

Figure 7: SEM images of the mesostructure of longitudinal 2L samples after being 

heated by Joule effect. a) Virgin sample; b) heated with 30V (E=181 V/m); c) heated 

with 60V (E=375 V/m); d) heated with 90V (E=545 V/m). 
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Table 3: Porosity and mean void area after thermo-electrical aging for 2L samples. 

Parameter 
Heating Voltage 

0V 30V 60V 90V 

Porosity [%]  1.44 2.15 1.42 13.44 

Mean void area [μm2] 659 671 637 3928 

 

We present the results on the mechanical properties of the material after electric cycle 

application with a subsequent heating cycle. These results are shown in Fig. 8, split into stress-

strain curves for every printing orientation. We additionally present the Young’s modulus 

values and maximum strain reached for every voltage applied. For every printing orientation, 

two clear tendencies can be appreciated. First, the increase in applied voltage (i.e., increase in 

heating) decreases the failure strain, with an exception for samples heated with 90V. Second, 

when increasing the voltage, the stiffness of the aged samples increases except for samples 

heated with 90V. With respect to failure stress, there are no clear dependencies with the voltage 

applied, except again for 90V heating, that shows a weaker nature. The change in stress 

tendencies found in 90V can be explained by the drastic variation in voids size after thermo-

electrical destabilization. In those cases, the effective area supporting the load is considerably 

decreased 

 

Figure 8: Experimental results of uniaxial tensile tests performed on 2L samples electro-

mechanical aged at different voltages. a) True stress vs true strain curves for transverse printing 

orientation. b) True stress vs true strain curves for oblique printing orientation. c) True stress vs 

true strain curves for longitudinal printing orientation d) Young’s modulus of each printing 

orientation with respect to the aging voltage. e)  Maximum strain of each printing orientation 

with respect to the aging voltage. Three samples for each printing orientation type were tested. 
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Table 4: Maximum reached temperature during thermos-electrical aging, time exposure to 

electrical current during thermos-electrical aging.  Three samples of each printing direction 

were used to obtain the mean values as well as the standard deviation, making a total of nine 

samples per shown result. 

Parameter 
Heating Voltage 

0V 30V 60V 90V 

Maximum reached 

temperature[ºC] 
- 48.1±0.9 78.7±3.9 210.0±0.0 

Time exposure [min] - 25.0±0.0 57.5±2.5 15.0±5.0 

 

It is important to remark the influence of the sintered area in these changes in mechanical 

properties that, as in the thermo-mechanical behavior, is a crucial factor to predict the final 

mechanical performance. Nevertheless, sintered area weakening does not have such a big 

dependence with thermo-electrical aging as it has with the increase in temperature. This is 

reflected in the slight variations in stiffness and failure strain of transverse samples. In contrast, 

when the tensile load is supported by the filament instead of the sintered area, the changes in 

behavior are accentuated (see oblique and longitudinal curves of Young’s Modulus and 

maximum strain of Fig. 8). These results stand transverse printed components as more reliable 

for devices with varying voltage, showing a very similar response independently of the heating 

cycle. 

 

4. Conclusions 

This work provides experimental evidence on the mechanical degradation of a 3D printed 

conductive PLA/CB composite due to the application of electric fields. Prior to this analysis, a 

comprehensive thermo-electro-mechanical characterization of the material improves the 

understanding of its response under in service electro-mechanical work regimes. Due to the 

inherent anisotropy of the FFF printing process, void location and orientation have a significant 

impact on the material performance. The electrical and thermo-electrical responses are 

independent with the length, discarding non-desirable effects due to the accumulation of 

printing errors. The printing orientation was found as the main parameter dominating those 

responses, determining the direction of the mesostructural voids formed during samples 

manufacturing. This voids direction has been proved to highly influence the formation of 

conductive paths within the samples. Thus, the electrical conductivity of the samples is 

enhanced when the direction of the current flow is parallel to the printing orientation. Due to the 

coupled response between thermal and electrical behaviors, the heating of the samples is also 

affected by the printing orientation, reaching higher temperatures in samples with higher 

conductivity. The mechanical behavior of PLA/CB composite has been proved to be highly 

dependent on temperature. Significant changes in stiffness and ductility appear when the 

different phases of the polymer are transitioned. In this regard, glass transition and cold 

crystallization temperatures have been identified as thresholds which define mechanical and 

thermo-electrical behavior. These phase transitions within the polymeric matrix are identified as 

the main player in material degradation due to thermo-electric loading, changing the mechanical 

behavior by inducing an increase in mesostructural pore size. 

Although this work provides new insights into the multifunctional response of conductive 

thermoplastics, further efforts are needed to unravel the microstructural dynamics of the 

conductive particles during and after electric actuation. In this regard, future work must consider 

different polymeric matrices to evaluate the stiffness influence and viscoelastic dependence. 

The development of new microstructural-based computational models will also help to this 

understanding. Overall, the detailed understanding of the thermo-electro-mechanical response of 
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PLA/CB composite through this experimental study, particularly its links with the printing 

orientations, will facilitate the use of this emerging material in devices subjected to domestic 

power ranges. Moreover, the thermo-electro-mechanical degradation analysis over time will 

help users in addressing the reliability concerns at the time a sensor device needs. 
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Appendix 

 

A.1 Validation 

In this section electrical and thermo-electrical results regarding sample length are presented. By 

this, the independence of electric and thermo-electric response with length is studied. Thus, 

raster angle is found as the printing parameter that dominates the different responses and 

couplings in this material. 

A.1.1 Independence of apparent resistivity with sample length 

The electric resistance of a homogeneous specimen has a direct dependency with the resistivity 

of the material and geometrical features as is stated in Eq. (A.1). 

𝑅𝑜 =
𝜌𝑜𝐿

𝐴
                            (A.1)  

Where 𝜌𝑜 is the resistivity of the sample, A is the cross section and L is its length. But when 

considering printed samples, the voids location does not allow the use of materials resistivity for 

a correct resistance calculation. Instead, an apparent resistivity will be used, regarding the 

effects of voids location in the normalization of resistance with length and area.  

Both resistance and apparent resistivity results are shown in Fig. A1. Resistance values tend to 

increase accordingly with length, obtaining values twice higher for 2L than 1L samples; and 

2.75 times higher for 2.75L than 1L samples. Using Eq. (A.1), but changing material resistivity 

by apparent resistivity, the results were expressed by means of the last one, see Fig. A1.  

For every printing direction, the apparent resistivity presents similar values irrespective of the 

sample length: longitudinal samples exhibit apparent resistivity values of 0.098±0.003 Ω∙m; 

oblique samples exhibit apparent resistivity values of 0.102±0.005 Ω∙m; and transverse samples 

exhibit apparent resistivity values of 0.115±0.004 Ω∙m. Transverse resistivity results are similar 

to the ones presented in the literature: 0.17 Ω∙m [49] and 0.12 Ω∙m [27]. The non-perfect match 

with literature resistivities can be caused by the difference in printing parameters and 

conditions. 

 

Figure A1: a) Experimental measurement of pure electric resistance for three printing 

orientations and three sample lengths. b) Experimental results of apparent  resistivity for three 

printing orientations and three sample lengths. The printing orientations considered: transverse 

(pink), oblique (blue) and longitudinal (green). The sample length considered: 1L (82.5mm), 2L 
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(165mm) and 2.75L (227 mm). The error bars represent the standard deviation of the 

measurements.  Five samples for each printing type were tested.  

These results exhibit how the apparent resistivity of the samples does not depend on the length, 

but only on the printing orientation. Based on these findings, apparent resistivity will be used in 

the rest of the work, analyzing every resistive response in a normalized fashion.  

 

A.1.2 Independence of Joule heating with sample length 

The use of the same cross-section for each length-type sample allows the possibility of studying 

the heating variations irrespectively from their length.  

To study the independence of the temperature change with length, temperature-time curves of 

different length samples, heated by Joule effect, were compared. To be able to correlate samples 

with different lengths, the ratio between the voltage applied and sample length must be the 

same, leading to an equal electric field. The comparisons for each printing orientation for a 

voltage ratio of 30V/1L (electric field of 363 V/m) are presented in Fig. A2. Each solid line 

represents the average temperature of the whole sample, while the shaded area represents the 

experimental dispersion. In Fig. A2 and Figs. A6-A8, the electro-thermal behavior of PLA/CB 

composite was found similar for samples with the same voltage-length ratio. These results 

suggest that the total amount of voids in the sample does not change the overall response, but 

the density of voids does. These results demonstrate that not only the initial apparent resistivity 

is independent of the sample length, but also the electro-thermal response. 

 

Figure A2: Experimental temperature results for samples with a constant voltage-length ratio of 

30V/1L: a) transverse samples; b) oblique samples; and c) longitudinal samples. Solid line 

represents the mean temperature of each sample over time, while shaded area represents the 

experimental dispersion. 
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A.2 Additional figures 

 

Figure A3: Experimental temperature and resistance results for 1L samples heated by Joule 

effect imposing four DC voltages from 25V to 45V. a) Transverse samples, b) oblique samples 

and c) longitudinal samples 
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Figure A4: Experimental temperature and resistance results for 2L samples heated by Joule 

effect imposing seven DC voltages from 30V to 90V a) Transverse samples, b) oblique samples 

and c) longitudinal samples 
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Figure A5: Experimental temperature and resistance results for 1L samples heated by Joule 

effect imposing seven DC voltages from 50V to 110V. a) Transverse samples, b) oblique 

samples and c) longitudinal samples 
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Figure A6: Experimental temperature results for simples with constant ratio of 25V/1L. a) 

Transverse samples, b) oblique samples, c) longitudinal samples. Solid line represents the 

average temperature of each sample through time, while shaded area represents maximum and 

minimum temperature. 

 

Figure A7: Experimental temperature results for simples with constant ratio of 40V/1L. a) 

Transverse samples, b) oblique samples, c) longitudinal samples. Solid line represents the 

average temperature of each sample through time, while shaded area represents maximum and 

minimum temperature. 
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Figure A8: Experimental temperature results for simples with constant ratio of 45V/1L. a) 

Transverse samples, b) oblique samples, c) longitudinal samples. Solid line represents the 

average temperature of each sample through time, while shaded area represents maximum and 

minimum temperature. 

 


