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The reliability of electro-induced heating of shape memory polymers is an issue to be considered in the development of 3D printed actuators. In this paper, the influence of electrical cyclic loading on the thermal behaviour and the microstructure of 3D printed samples made of polylactic acid filled with carbon black particles is analysed. The optimisation of the electrical conductivity through printing parameters and predictive analytical modelling are also conducted. Three different values of voltage are compared (20V, 25V and 30V), showing that the higher the voltage, the higher the temperature within the samples and the faster the heating and cooling rates. It is also demonstrated that, after ten electrical cycles, for high voltages, the crystallinity ratio of the material increases, leading to a better conductivity of the sample. However, the possible consequences of these microstructural modifications on the mechanical behaviour must also be considered in the design of a 4D printed device in order to find the best compromise.

Additive manufacturing, also known as 3D printing, is a process that consists in creating threedimensional structures by applying the material layer by layer. Less waste production, cheaper costs, easier manufacturing of complex structures and customizable prototypes are its main benefits compared to conventional manufacturing methods [START_REF] Singh | 3D printing of engineering materials: A state of the art review[END_REF][START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF]. Several techniques exist depending on the application and different kinds of materials can be used such as metals, ceramics, concrete [START_REF] Wu | State of the Art Review of Reinforcement Strategies and Technologies for 3D Printing of Concrete[END_REF] or polymers and polymerbased composites [START_REF] Wang | 3D printing of polymer matrix composites: A review and prospective[END_REF]. For these latter, the Fused Filament Fabrication (FFF) (or Fused Deposition Modelling (FDM)) method is the most widespread process because of its affordability and ease of use [START_REF] Kafle | 3D/4D Printing of Polymers: Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and Stereolithography (SLA)[END_REF][START_REF] Van De Werken | Additively manufactured carbon fiber-reinforced composites: State of the art and perspective[END_REF]. It consists in heating the thermoplastic polymer above its melting temperature and depositing it as filaments through a nozzle on a heated bed to create a layered structure. Among the polymers, the Shape Memory Polymers (SMP) are a category of materials that have the ability of changing their shape over time under the influence of an external stimulus [START_REF] Ehrmann | 3D printing of shape memory polymers[END_REF]. The stimulus can be for instance humidity [START_REF] Ren | Bioinspired fiber-regulated composite with tunable permanent shape and shape memory properties via 3d magnetic printing[END_REF], light [START_REF] Lendlein | Light-induced shape-memory polymers[END_REF] or heat. Materials can be heated by an external source [START_REF] Dai | Triple-shape memory effect in 3D-printed polymers[END_REF], or thanks to magnetic [START_REF] Schmidt | Electromagnetic Activation of Shape Memory Polymer Networks Containing Magnetic Nanoparticles[END_REF] or conductive fillers [START_REF] Dong | Electro-induced shape memory effect of 4D printed auxetic composite using PLA/TPU/CNT filament embedded synergistically with continuous carbon fiber: A theoretical & experimental analysis[END_REF][START_REF] Liu | Remotely and Sequentially Controlled Actuation of Electroactivated Carbon Nanotube/Shape Memory Polymer Composites[END_REF]. The combination of SMP and 3D printing is often called 4D printing, the fourth dimension referring to time [START_REF] Kafle | 3D/4D Printing of Polymers: Fused Deposition Modelling (FDM), Selective Laser Sintering (SLS), and Stereolithography (SLA)[END_REF][START_REF] Valvez | Fused Filament Fabrication-4D-Printed Shape Memory Polymers: A Review[END_REF][START_REF] Zhang | Developments in 4D-printing: a review on current smart materials, technologies, and applications[END_REF][START_REF] Ryan | Future of additive manufacturing: Overview of 4D and 3D printed smart and advanced materials and their applications[END_REF]. 4D printing is a dynamic field of research where an abundance of applications have been imagined including medicine [START_REF] Wischke | Shape-Memory Polymers as Drug Carriers-A Multifunctional System[END_REF], self-healing structures [START_REF] Orellana | Self-Healing Polymer Nanocomposite Materials by Joule Effect[END_REF] or space applications [START_REF] Mitchell | Additive manufacturing -A review of 4D printing and future applications[END_REF]. Soft robotics is also a domain that opens a wide range of applications in this field [START_REF] Zolfagharian | Closed-loop 4D-printed soft robots[END_REF][START_REF] Zolfagharian | Pattern-driven 4D printing[END_REF][START_REF] Lalegani Dezaki | Adaptive reversible composite-based shape memory alloy soft actuators[END_REF].

In this study, the focus is put on electro-activated SMPs. These materials have the benefits of long-range control and internal heating achieved through the integration of conductive particles such as silver particles, carbon nanotubes (CNT) or carbon black (CB) into a thermoresponsive polymer [START_REF] Kausar | Electrical Conductivity Behavior of Polymer Nanocomposite with Carbon Nanofillers[END_REF]. In particular, CNT/PLA [START_REF] Dong | 4D printing of electroactive shape-changing composite structures and their programmable behaviors[END_REF][START_REF] Liu | Microstructural design for enhanced shape memory behavior of 4D printed composites based on carbon nanotube/polylactic acid filament[END_REF] and CB/PLA [START_REF] Garcia Rosales | 3D printing of shape memory polymer (SMP)/carbon black (CB) nanocomposites with electro-responsive toughness enhancement[END_REF][START_REF] Mishra | Prediction of in-plane stiffness of multi-material 3D printed laminate parts fabricated by FDM process using CLT and its mechanical behaviour under tensile load[END_REF][START_REF] Beniak | Resistance and Strength of Conductive PLA Processed by FDM Additive Manufacturing[END_REF] composites are used in several studies for 4D printing. Indeed, the polylactic acid (PLA) is a polymer commonly manufactured by FFF and has the specificity of being a thermoactivated SMP. Electro activation works thanks to Joule heating created by the conductive particles within the material. Therefore, questions on electrical, physical and thermal properties of such material are essential. Since the conductivity of the 3D printed samples is a key issue in the heating process, some authors studied its dependency on printing parameters such as the raster angle [START_REF] Tirado-Garcia | Conductive 3D printed PLA composites: On the interplay of mechanical, electrical and thermal behaviours[END_REF][START_REF] Jeon | Resistance Temperature Detectors Fabricated via Dual Fused Deposition Modeling of Polylactic Acid and Polylactic Acid/Carbon Black Composites[END_REF], the infill pattern [START_REF] Truman | Conductive 3D printing: resistivity dependence upon infill pattern and application to EMI shielding[END_REF] and the layer thickness [START_REF] Abdalla | Augmentation of conductive pathways in carbon black/PLA 3D-printed electrodes achieved through varying printing parameters[END_REF]. Moreover, the repeatability and durability of the Joule heating is another crucial matter for developing 4D printed actuators. However, to the best of our knowledge, no study dealing with electrical cycling of particle reinforced PLA samples and its consequences on the microstructure of the material has been published yet.

Thus, the aim of this study was to analyse 3D printed CB/PLA samples subjected to Joule heating. A thorough physical and thermal characterisation of a commercially available filament was firstly conducted, followed by an optimisation taking into account the printing speed, layer thickness, layer width, nozzle diameter and raster angle to minimise the electrical resistance of 1mm-thick rectangular samples. An analysis of the Joule effect was then carried out by applying the voltages of 20V, 25V and 30V. A predictive analytical modelling was developed. The electrical cyclic behaviour of the CB/PLA was investigated by applying ten heating and cooling cycles. Residual properties were analysed in terms of electrical, thermal and microstructural changes.

Material and methods

Carbon black/PLA and 3D printed samples

The material considered in this study is the Proto Pasta's electrically conductive composite PLA that consists of polylactic acid filled with carbon black particles (CB/PLA). Spools with a 2.85mm filament diameter were used to manufacture the samples with an Ultimaker 2 Extended + printer and a 0.8mm nozzle diameter. CAD files were created thanks to CATIA V5 and sliced with the Ultimaker Cura software. Rectangular shape samples (Fig. 1) were printed with a 0° raster angle which means that the printed filaments were deposited along the longitudinal length of the sample, or a 90° raster angle with the printed filaments deposited along the width of the sample. All the specimens were manufactured with an infill density set at 100%, a nozzle temperature of 210°C and a bed temperature set at 60°C.

Thermal characterisation and micro-observation methods

Physical characterisation of the raw filament was conducted thanks to different experimental techniques.

In order to determine the ratio of carbon fillers in PLA composites, thermogravimetric analysis (TGA) can be used [START_REF] Luo | Research on the Application of MWCNTs/PLA Composite Material in the Manufacturing of Conductive Composite Products in 3D Printing[END_REF][START_REF] Wang | The relationship between microstructure and mechanical properties of carbon nanotubes/polylactic acid nanocomposites prepared by twin-screw extrusion[END_REF][START_REF] Patanwala | The microstructure and mechanical properties of 3D printed carbon nanotube-polylactic acid composites[END_REF]. In this study, TGA was thus performed on a 193.15mg sample of raw CB/PLA filament with a Setsys evolution machine in order to determine the carbon black particles concentration.

The material was heated at 10°C/min within a temperature range of [25°C-600°C] under a nitrogen atmosphere with a flow rate of 50mL/min. The thermal properties were determined thanks to Differential Scanning Calorimetry (DSC) and conducted by a Q20 machine from TA Instruments. The samples were heated from 10°C to 200°C at a heating rate of 10°C/min. The heat capacity was determined by performing a DSC scan with a modulation of 0.32°C every 40s within a temperature range of [-50°C;50°C] at a heating rate of 3°C/min.

The thermal conductivity of 3D printed samples was measured by means of a C-THERM TCi machine which uses a non-destructive method that consists in sending a thermal wave in the material and measuring its thermal effusivity. The contact between the 3D printed specimens and the sensor was made thanks to water and a 500g mass of metal placed on top of the specimens. The measurements were carried out with the assumption that each sample was a semi-infinite medium. This hypothesis was validated by testing two types of 3D printed samples: a 20mm cube and a 20mm square with a thickness of 1mm. The results obtained from the two kinds of samples were similar, thus validating the hypothesis.

Microstructural observations were made by optical microscopy and by a VEGA3 TESCAN scanning electron microscope (SEM) with secondary electrons accelerated with a 10kV voltage. Prior to the observation, a thin layer of gold was sputtered on the samples.

Electrical setup

The electrical set-up can be seen in Fig. 2a. To ensure an optimum contact between the material and the electrical circuit, the samples were secured thanks to washers and nuts in galvanized steel fixed with a couple of 2N.m applied by a FACOM torque wrench. 30s after the contact was made, the electrical resistance was measured by a Keithley 2700 multimeter with a four-point probe method (Fig. 2b). This later enables more reliable measurements because the resistance of the wires does not affect the measured values unlike a two-point probe measurement [START_REF] Abdalla | Augmentation of conductive pathways in carbon black/PLA 3D-printed electrodes achieved through varying printing parameters[END_REF][START_REF] Junpha | Electronic tongue and cyclic voltammetric sensors based on carbon nanotube/polylactic composites fabricated by fused deposition modelling 3D printing[END_REF].

The Joule heating was performed using a DC power supply AL936N with different voltage values. The voltage was applied during 3min30s and then switched off for the same period. This duration was chosen in order to reach the saturation level in temperature. During the heating phase, the electrical resistance of the samples was calculated thanks to the measurement of the current with the multimeter. The resistance was deduced from Eq.1:

𝑈𝑈 = 𝑅𝑅. 𝐼𝐼 (1)
where U is the applied voltage, I is the current and R is the electrical resistance.

Thermal measurements

The overall temperature field at the surface of the samples was measured thanks to an infra-red thermal camera Infratech Variocam HD Head 680 of 640x480 pixels, with a geometrical resolution up to 3.1 megapixels and a frame rate of 240Hz. The IRBIS 3 Professional software was used to visualize the images recorded by the thermal camera (Fig. 2a). 

Results and discussion

Characterization of the as-received material

A physical and thermal characterization of the raw CB/PLA filament was conducted. The TGA thermogram is shown in Fig. 3a. The thermal degradation temperature 𝑇𝑇 𝑑𝑑 of the polymer matrix is comprised between 332°C and 490°C (Tab.1). Three different stages can be described. A drastic mass loss is detected around 330°C due to the degradation of PLA. Then, another progressive change is observed around 400°C (Fig. 3a), corresponding to the degradation of a polymer blend added during the manufacturing of the filament and specified in the supplier's safety data sheet. The third stage is above 500°C where only the carbon black remains. Thus, the carbon ratio in weight 𝜏𝜏 𝐶𝐶𝐶𝐶 was measured equal to 21.5±0.1% (Tab.1), which corresponds to the proportion detailed in the safety data sheet. In addition, SEM observations were made on the CB/PLA material (Fig. 3b). The individual CB particles have an average diameter of tens of nanometres but in a polymer matrix they constitute aggregates with grape shape like. This leads to agglomerates with an average size of a few micrometers [START_REF] Beniak | Resistance and Strength of Conductive PLA Processed by FDM Additive Manufacturing[END_REF]. These agglomerates are therefore visible on SEM images. In Fig. 3b, the PLA matrix is dark in colour and the carbon black agglomerates are light in colour.

The DSC measurements allowed the determination of the glass transition temperature 𝑇𝑇 𝑔𝑔 , the melting temperature 𝑇𝑇 𝑚𝑚 and the cold crystallisation temperature 𝑇𝑇 𝑐𝑐𝑐𝑐 (Fig. 3c), all reported in Table 1. The glass transition temperature corresponds to the limit temperature at which the amorphous regions in a thermoplastic polymer change from a glassy to a soft state or vice-versa. It is characterised by a drop in enthalpy on the DSC thermogram. The cold crystallisation phenomenon occurs when the polymer chains gain sufficient mobility to arrange themselves into ordered structure (i.e. crystalline structure). This results in an exothermic peak on the DSC thermogram. The temperature at which the crystalline areas dissolve is the melting temperature, creating an endothermic peak on the DSC thermogram. The crystallinity ratio 𝜒𝜒 𝑣𝑣 was calculated thanks to the following equation (Eq.2) [START_REF] Wang | The relationship between microstructure and mechanical properties of carbon nanotubes/polylactic acid nanocomposites prepared by twin-screw extrusion[END_REF]:

𝜒𝜒 𝑣𝑣 = ∆𝐻𝐻 𝑚𝑚 -∆𝐻𝐻 𝑐𝑐𝑐𝑐 ∆𝐻𝐻 𝑚𝑚 0 × (1 -𝜏𝜏 𝐶𝐶𝐶𝐶 ) × 100% (2) 
The enthalpy of melting ∆𝐻𝐻 𝑚𝑚 and the enthalpy of crystallisation ∆𝐻𝐻 𝑐𝑐𝑐𝑐 were obtained by measuring the surface areas on the DSC thermogram (Fig. 3c) and the carbon ratio in weight 𝜏𝜏 𝐶𝐶𝐶𝐶 was measured previously. ∆𝐻𝐻 𝑚𝑚 0 corresponds to the enthalpy of melting of a fictive 100% crystallised PLA, equal to 93.6J/g according to the work of Solarski et al. [START_REF] Solarski | Characterization of the thermal properties of PLA fibers by modulated differential scanning calorimetry[END_REF]. A crystallinity ratio 𝜒𝜒 𝑣𝑣 of about 0.7% was measured for the raw CB/PLA filament (Tab.1), which means that the material is amorphous. The heat capacity Cp was measured equal to 1322±3J/(kg.K) (Tab. 1). This value is slightly higher than the one measured for pure PLA by Zmeskal et al. [START_REF] Zmeskal | Thermal properties of samples prepared from polylactic acid by 3D printing[END_REF]: 1200J/(kg.K), showing the influence of the presence of the carbon black fillers in the polymer on the Cp value [START_REF] Natali | Ablative properties of carbon black and MWNT/phenolic composites: A comparative study[END_REF].

The measurement of the thermal conductivity was conducted on three different specimens, ten measurements were made for each specimen to check the reproducibility. The thermal conductivity » was measured equal to 0.365±0.004W/(m.K) (Tab.1) which is higher than the value of neat PLA obtained in literature: 0.183W/(m.K) [START_REF] Lamberti | Evaluation of thermal and electrical conductivity of carbon-based PLA nanocomposites for 3D printing[END_REF], 0.193W/(m.K) [START_REF] Lebedev | Poly(lactic acid)-based polymer composites with high electric and thermal conductivity and their characterization[END_REF] or 0.12W/(m.K) [START_REF] Zmeskal | Thermal properties of samples prepared from polylactic acid by 3D printing[END_REF], showing again the influence of the carbon black particles. 

Reproducibility and optimisation of the electrical resistance

In order to check the reproducibility of the electrical resistance measured according to the protocol detailed in Section 2.3, three samples were 3D printed with a raster angle of 0° and tested three times each (Tab.2). Results show that the standard deviation of the measured electrical resistance for a given sample does not exceed 7©, demonstrating that the method is reproducible. In addition, standard deviation between the mean resistance values of the three different samples is only 4©, showing that there is no high dispersion from one sample to another. Similar results were obtained for every batch of 3D printed samples manufactured for the following study, showing that FDM is reliable to elaborate conductive samples. Different sets of printing parameters (Tab.3) were then tested to select the one leading to the lowest resistance of the CB/PLA samples with a raster angle of 0°. Indeed, the lower the resistance, the easier it is to heat the samples with a reasonable voltage. The main parameters investigated were the printing speed, the layer height, the line width and the nozzle diameter because of their direct influence on the microstructure of the sample. Three to five measurements of the electrical resistance were conducted for each sample and results are summarized in [START_REF] Abdalla | Augmentation of conductive pathways in carbon black/PLA 3D-printed electrodes achieved through varying printing parameters[END_REF]. Finally, this optimization leads to select the parameter set P4.

In order to better understand the microstructural influence of the printing parameters, cross-section views of samples printed with P1 (Fig. 4a) and P4 (Fig. 4b) were analyzed. Large porosities located between the printed lines can be observed in the first sample (Fig. 4a). The porosity ratios were measured by performing image segmentation with the software FIJI. The pixels representing the porosity were separated from the pixels of the material by determining a threshold based on the grey levels of the image. Results show that porosity ratio decreases from 9% for the first sample to only 0.67% for the P4 sample. This explains the improved results in terms of electrical conductivity obtained with the sample printed with the set of parameters P4. Indeed, less porosity means less air zones that can act as electric insulation. Thus, the parameter set P4 was used for the printed samples in the following.

Table 3. Sets of parameters tested for 3D printing the CB/PLA samples. Another parameter to take into account is the raster angle [START_REF] Tirado-Garcia | Conductive 3D printed PLA composites: On the interplay of mechanical, electrical and thermal behaviours[END_REF][START_REF] Jeon | Resistance Temperature Detectors Fabricated via Dual Fused Deposition Modeling of Polylactic Acid and Polylactic Acid/Carbon Black Composites[END_REF]. Using the P4 printing parameters, a sample was printed with a raster angle of 90° (Tab.4). It appears that the resistance of the 90° sample is increased by 75% in comparison with the 0°sample (319±3© versus 182±4©). It can be explained by the fact that the electricity is better conducted along a printed filament than between adjacent ones. Thus, the 0° raster angle was used in the following. 

Printing

Selection of the voltage values

In order to choose the voltage values that will be used for testing the Joule effect durability, voltages from 10V to 35V were applied on a CB/PLA sample. After about 3min, the maximum temperature values were reached and measured in the middle of the specimen by an infrared camera. Figure 5 shows the maximum temperature values measured for each applied voltage. The objective of this study is to analyse the behaviour of CB/PLA in order to use its shape memory effect. Therefore, the samples need to be heated above the material glass transition temperature, which has been determined close to 60°C, while remaining below the melting temperature equal to 148°C (Tab.1). Thus, the three voltage values selected for the Joule effect testing are: 20V, 25V and 30V. This voltage range was selected to overcome the glass transition temperature but not exceed the melting. and cooling rates (CR) (Fig. 6b). Results showed that the samples were heated at a rate of 1.2±0.1°C/s, 2.0±0.1°C/s and 2.6±0.1°C/s and cooled down at a rate of 0.7±0.1°C/s, 1.0±0.1°C/s and 1.5±0.1°C/s for an applied voltage of 20V, 25V and 30V respectively. While the heating is due to the Joule effect, the cooling of the samples is explained by convection exchanges with the environment. The higher the voltage, the faster the material heats up. This observation is also true for the cooling because the temperature gradient is greater when the voltage is higher.

A disturbance in the curves can be observed during the heating for a temperature of about 60°C (red arrow in Fig. 6b). This temperature corresponds to the measured glass transition temperature of the CB/PLA (Tab.1). Indeed, during the 3D printing process, the filaments are heated and stretched out of the nozzle causing internal residual stresses. The observed phenomenon close to 𝑇𝑇 𝑔𝑔 could thus be explained by the release of these residual stresses. To verify this assumption, a sample was heated in an oven at 80°C during 30min before being subjected to the same experimental procedure. The temperature in the middle of this sample heated with a voltage of 30V is shown in Fig. 6b (cross points "Annealed").

The disturbance during the heating was not observed anymore (Fig. 6c), confirming that this phenomenon was due to the residual stresses occurring during manufacturing. Thermal images captured by the infrared camera allowed the analysis of the temperature field due to the Joule effect (Fig. 7a). The same thermal behaviour was observed for 25V and 30V, thus only the results for an applied voltage of 20V are presented. The circular shapes on both sides of each cartography correspond to the presence of the nuts. It can be seen that the sample is progressively heated, especially in its central part. Evolution of the temperature distribution was investigated in more details along a longitudinal line L1 and a transverse line L2 (Fig. 7b and 7c respectively). It can be seen in Fig. 7b, along the longitudinal line, a drop of the temperature value at the edges of the sample. This is due to the presence of the nuts, which secured the sample to the electrical setup. Looking closely at the obtained curves in Fig. 7c, the temperature is slightly higher for y=0 than for y=20mm. This is due to the fact that the sample is placed vertically, y=0 corresponding with the top of the sample and y=20mm with the bottom. The observed phenomenon is therefore explained by the natural convection of the air, which pushes the warmest lighter air upwards. However, results show that, in the two directions, the overall During the test, the resistance of the sample was also monitored. It was determined using Eq. 1 during the heating phase, the voltage being imposed and the current being measured with a multimeter. Once the DC power supply was switched off for the cooling phase, the resistance was measured thanks to the four-point probe method. The obtained measurements are plotted in Fig. 8. The results show that the evolution of the resistance with the temperature has a linear tendency and can be fitted with the following formula (Eq.3) [START_REF] Daniel | Temperature-dependent electrical resistance of conductive polylactic acid filament for fused deposition modeling[END_REF]:

𝑅𝑅(𝜃𝜃) = 𝑅𝑅 0 �1 + 𝑏𝑏(θ -θ 0 )� (3) 
where 𝑅𝑅 0 is the initial resistance measured at θ 0 , the initial temperature, θ is the temperature and b is a thermal coefficient. With the obtained measurements, b is calculated for CB/PLA material equal to 2.11±0.3x10 -2 /°C during the heating phase and to 1.58±0.3x10 -2 /°C during the cooling phase. Daniel et al. [START_REF] Daniel | Temperature-dependent electrical resistance of conductive polylactic acid filament for fused deposition modeling[END_REF] found 2.84x10 -2 /°C and 2.42x10 -2 /°C for the same material, for the ramp up and ramp down,

b) c) a)
respectively. The tendency is the same but their values are slightly higher, probably because they used a single printed wire and calculated b over a smaller range, between 25°C and 45°C. 

Modelling

In order to predict the Joule heating and the cooling regime of our samples, an analytical modelling based on the conservation law of energy [START_REF] El-Tantawy | Joule heating treatments of conductive butyl rubber/ceramic superconductor composites: a new way for improving the stability and reproducibility?[END_REF][START_REF] Sangroniz | Elaboration and Characterization of Conductive Polymer Nanocomposites with Potential Use as Electrically Driven Membranes[END_REF][START_REF] Jeong | UV-cured epoxy/graphene nanocomposite films: preparation, structure and electric heating performance: UV-cured epoxy/graphene composite films[END_REF] was developed (Eq.4):

𝑑𝑑𝑑𝑑 𝐺𝐺 = 𝑑𝑑𝑑𝑑 𝑆𝑆 + 𝑑𝑑𝑑𝑑 𝐸𝐸 (4) 
where 𝑑𝑑𝑑𝑑 𝐺𝐺 is the generated energy, 𝑑𝑑𝑑𝑑 𝑆𝑆 is the stored energy and 𝑑𝑑𝑑𝑑 𝐸𝐸 is the energy exchanged with the environment. In our case, the energy is created by applying an electric voltage 𝑉𝑉 0 to the material volume v (Eq.5):

𝑑𝑑𝑑𝑑 𝐺𝐺 = � 𝑃𝑃 𝑒𝑒 𝑑𝑑𝑑𝑑 𝑣𝑣 (5) 
where 𝑃𝑃 𝑒𝑒 is the electrical power given by

𝑉𝑉 0 2 𝑅𝑅
, with R the electrical resistance of the material. The stored energy is linked to the temperature variation (Eq.6):

𝑑𝑑𝑑𝑑 𝑠𝑠 = � 𝜌𝜌𝐶𝐶 𝑝𝑝 𝜕𝜕𝜃𝜃 𝜕𝜕𝜕𝜕 𝑑𝑑𝑑𝑑 𝑣𝑣 ( 6 
)
where Á is the density of the material, 𝐶𝐶 𝑝𝑝 its heat capacity, ¸ is the temperature and t is the time. The external exchanges can be written (Eq.7):

𝑑𝑑𝑑𝑑 𝐸𝐸 = � 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑣𝑣 ( 7 
)
where AE is the heat flux density. The predominant heat transfers are assumed to be due to convection (Eq.8) and conduction (Eq.9):

𝑑𝑑 1 = ℎ𝑆𝑆𝑑𝑑𝜃𝜃 (8) 𝑑𝑑 2 = 𝜆𝜆𝜆𝜆 𝑙𝑙 𝑐𝑐 𝑑𝑑𝜃𝜃 (9) 
with h the convection coefficient of air, S the surface of exchange with the environment, » the thermal conductivity of the material, A the surface of exchange and 𝑙𝑙 𝑐𝑐 the length considered for the conduction.

Finally, the differential equation to solve for the heating regime is (Eq.10):

𝑉𝑉 0 2 𝑅𝑅(𝜃𝜃) = 𝑚𝑚𝐶𝐶 𝑝𝑝 𝑑𝑑𝜃𝜃 𝑑𝑑𝜕𝜕 + ℎ𝑆𝑆(𝜃𝜃(𝜕𝜕) -𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 ) + 𝜆𝜆𝜆𝜆 𝑙𝑙 𝑐𝑐 (𝜃𝜃(𝜕𝜕) -𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 ) ( 10 
)
where m is the mass of the sample and 𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 is the room temperature. Here, the assumption that the clamped region of the sample between the washers and nuts has the same temperature as the air is made.

As seen in section 3.4.1, the electrical resistance depends on the temperature following the Eq.3. Thus, Eq.10 becomes a non-linear differential equation (Eq.11): [START_REF] Schmidt | Electromagnetic Activation of Shape Memory Polymer Networks Containing Magnetic Nanoparticles[END_REF] with Ä the characteristic time given by Eq.12:

𝑉𝑉 0 2 𝑚𝑚𝐶𝐶 𝑝𝑝 𝑅𝑅 0 = [1 + 𝑏𝑏(𝜃𝜃(𝜕𝜕) -𝜃𝜃 0 )] × � 𝑑𝑑𝜃𝜃 𝑑𝑑𝜕𝜕 + � 1 𝜏𝜏 + 𝜆𝜆𝜆𝜆 𝑙𝑙 𝑐𝑐 𝑚𝑚𝐶𝐶 𝑝𝑝 � (𝜃𝜃(𝜕𝜕) -𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 )� ( 
𝜏𝜏 = 𝑚𝑚𝐶𝐶 𝑝𝑝 𝑆𝑆ℎ (12) 
The experimental parameters needed for modelling are given in Table 5. The initial temperature of the sample and the temperature of the environment are taken equal to 20°C. The surface of exchange on both sides of the sample with the environment was measured between the two washers and considered rectangular: S=1120mm 2 . The mass m was deduced from the considered volume of the sample between the two holes (v=840mm 3 ) and from the density value given in the safety data sheet of the material (Á=1240kg/m 3 ). The area to take into account for the conduction corresponds to the section of the sample with both its borders in contact with the washers and nuts, considered as rectangular:

A=1x20x2=40mm 2 . The length considered for the conduction corresponds to half the width of the sample between the washers and nuts, equal to 14mm in the middle. The measured heat capacity and thermal conductivity are from Table 1 and the initial resistance from Table 4. The convection coefficient is comprised between 5 and 30W/m 2 .K in case of natural convection of a gas [START_REF] Jiji | Heat convection[END_REF] and taken equal to 18W/m 2 .K as a first approximation for exchanges by natural convection with the air of a vertical flat plate under Joule heating [START_REF] Bilawane | Experimental investigation of natural convection heat transfer coefficient for roughed inclined plate[END_REF]. The coefficient b for the evolution of the electrical resistance is taken equal to 2.11x10 -2 /°C according to the section 3.4.1.

During the cooling regime, the power supply is switched off, meaning that the generated energy is null.

The Eq.10 becomes then (Eq.13):

𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 � 1 𝜏𝜏 + 𝜆𝜆𝜆𝜆 𝑒𝑒𝑚𝑚𝐶𝐶 𝑝𝑝 � = 𝑑𝑑𝜃𝜃 𝑑𝑑𝜕𝜕 + 𝜃𝜃(𝜕𝜕) � 1 𝜏𝜏 + 𝜆𝜆𝜆𝜆 𝑒𝑒𝑚𝑚𝐶𝐶 𝑝𝑝 � ( 13 
)
The solution of this first order differential equation is (Eq.14):

𝜃𝜃(𝜕𝜕) = 𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 �1 + 𝜆𝜆𝜆𝜆 𝑒𝑒ℎ𝑆𝑆 � + �𝜃𝜃 𝑚𝑚𝑎𝑎𝑚𝑚 -𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 �1 + 𝜆𝜆𝜆𝜆 𝑒𝑒ℎ𝑆𝑆 �� 𝑒𝑒 -𝑡𝑡 𝜏𝜏 (14) 
where 𝜃𝜃 𝑚𝑚𝑎𝑎𝑚𝑚 is the maximum temperature reached by the sample, obtained by solving the Eq.11.

Using the experimental parameters, it was possible to solve the Eq.11 thanks to the solver ode45 from MATLAB and calculate the cooling regime with Eq.14. The obtained curves are plotted in Fig. 9 and compared with experimental data measured in the middle of the sample. Results show that the analytical model closely predicts the experimental measurements for the three applied voltages. A slight difference is observed during the heating, due to the small disturbance around the glass transition temperature as discussed in section 3.4.1. In addition, the sample is predicted to cool more slowly according to the analytical model. It is probably due to the fact that the curvature of the washers was not considered into the calculation of the exchange surfaces for convection and conduction, thus underestimating their influence on the cooling process. However, the overall tendency is reproduced and it demonstrates that this analytical model, taking into account the variation of electrical resistance with the temperature, can be used as a first approach to predict the behaviour of a CB/PLA sample subjected to electrical power. 

Electrical cycling behaviour

The printed CB/PLA samples were submitted to a total of ten cycles of heating and cooling, applying the three selected voltages: 20V, 25V and 30V (Fig. 10a). Two samples were tested for each configuration and the reproducibility was verified again. Figure 10b presents the evolution of the temperature at the centre of one of the samples in each case. The electrical cyclic tests allowed the measurement of the heating and cooling rates at each cycle for the three applied voltages. The obtained values are plotted in Fig. 11 and correspond, for a same voltage, to a mean value for each cycle between two samples. The positive values correspond to the heating rates and the negative ones come from the cooling steps. For a given voltage, the evolution of the heating rate as a function of the number of cycles shows some variation, up to 4% compared to the first cycle.

However, the overall trend is to remain almost constant. The general trend for the cooling rates is also to remain constant throughout the cycles for each applied voltage. These results show that during the repeated use of the Joule effect in CB/PLA structures, the heating and cooling rates will not vary. This means that the thermo-activated movement, due to the shape memory effect, will occur at the same speed after 1 or 10 cycles. This opens the opportunity to triggering this multifunctional material several times in succession. The maximum temperature reached for each cycle was also recorded and plotted in Fig. 12a. Results

show that there is a global increase in the maximum temperature throughout the cycles. This increase remains quite limited for the applied voltages of 20V and 25V, but is significant for 30V. The maximum temperature variation reaches up to 12.5% when the sample is heated to 30V while it is only 3.9% and 1.4%, i.e. less than the standard deviation, when heated to 20V and 25V respectively.It is worth noting that, for the voltage of 30V, the temperature increase reaches 7.5% as early as the second cycle (Fig. 12a).

The evolution of the electrical resistance was also analysed during electrical cyclic tests. The variation of resistance (RV) compared to the first cycle was calculated according to the following formula: RV= 𝑅𝑅 𝑛𝑛 -𝑅𝑅 1 𝑅𝑅 1 × 100, where 𝑅𝑅 𝑛𝑛 and 𝑅𝑅 1 are the resistances measured at the maximum temperature for the cycle number n and the first cycle, respectively. The values obtained are plotted against the number of cycles in Fig. 12b. Results show that, for the three applied voltage levels, the resistance of the CB/PLA sample at the maximum temperature decreases. The higher the voltage, the higher the decrease. Moreover, it seems that the RV values tend to remain constant after four electrical cycles when 20V is applied, while it keeps on decreasing for 25V and 30V. Similarly to the evolution of the maximum temperature, the decrease is more marked in the early cycles. In order to investigate the impact of the cooling steps, a sample was subjected to 30V during 4200s without cooling. This duration corresponds to the total duration time of ten cycles. The resistance was measured at the beginning and at the end of the experiment at maximum temperature and the corresponding RV value is reported in Fig. 12b (red dot).

This value is very small when compared with the one obtained after ten cycles of heating and cooling for 30V applied (4% versus 18%). It means that not only the heating steps but also the cooling steps have an impact on the resistance of the material which highlights a significant effect of the electrical cycling. It is interesting to note that this effect is positive because it leads to a decrease in electrical resistance, which means that with the same power, a sample can reach higher temperatures, as observed in Fig. 12a. 

Influence of electrical cycling on CB/PLA

The electrical resistance was measured with the four-point probe method after the electrical cyclic tests and the complete cooling of the samples (Tab.6). The obtained values are logically quite different from those measured by Eq.1 when the samples were at their maximum temperature (Fig. 12b). However, the same trends can be observed. Compared to the initial resistance of 182© (Tab.4), the resistance of a sample after ten electrical cycles with an applied voltage of 20V stays around the initial value according to the standard deviation (188±7©), whereas for the applied voltages of 25V and 30V, the electrical resistance significantly decreases by 14% and 37%, respectively.

The thermal conductivity values of the 3D printed CB/PLA samples were also measured after ten cycles, for the three applied voltages (Tab. 6). Results show that, in comparison with the initial thermal conductivity value equal to 0.365±0.004W/m/K (Tab.1), the thermal conductivity values after electrical

a) b)
cycling test increase by 14%, 63% and 121% for an applied voltage of 20V, 25V and 30V, respectively (Tab.6). These values highlight the influence of the applied voltage on the thermal properties of the material after electrical cycling. DSC tests were performed on the 3D printed CB/PLA samples after being subjected to 1 and 10 electrical cycles with the three voltages. The obtained thermograms are plotted in Fig. 13. For an applied voltage of 20V (Fig. 13a), it can be seen that DSC thermograms are quite similar after 1 or 10 cycles, and are also similar to the initial thermogram (Fig. 3c). It shows that the application of a voltage of 20V, even after ten cycles, does not modify the material thermogram. It is due to the fact that the maximum temperature reached for an applied voltage of 20V (70°C) is just above the glass transition temperature 𝑇𝑇 𝑔𝑔 (60°C). For voltages of 25V and 30V (Fig. 13b andc), the thermograms obtained after a single cycle are again very similar to the initial one (Fig. 3c). It just can be noticed that the cold crystallisation peak is slightly smaller for the voltage of 30V. After ten fatigue cycles, the thermograms are significantly different than the initial one for both voltages, showing again the effect occurring during the electrical cycling. For 25V and 30V, the ageing peak has disappeared after the tenth cycle. This is due to the fact that, during ten cycles, the material was heated for several minutes to a temperature well above the 𝑇𝑇 𝑔𝑔 , thus erasing the physical ageing of the material. Moreover, for the two voltages, the cold crystallisation peak has also disappeared (Fig. 13b andc). This shows that, due to the high temperature level reached at 25V and 30V, the PLA experiences crystallisation during each electrical cycle, until cold crystallisation is completely removed. For the applied voltage of 25V, the melting peak after ten cycles is divided into two peaks, while there is only one melting peak on the thermogram for 30V (Fig. 13b andc). These phenomena can be explained by the two possible crystal forms in PLA, ± and ±• [START_REF] Saeidlou | Crystallization kinetics, structure and applications of PLA stereocomplexes[END_REF][START_REF] Aressy | Etude et modélisation de la cristallisation du Polylactide (PLA) en vue de l'optimisation du procédé de rotomoulage[END_REF]. The ±-form is the most common, corresponding to an ordered crystal, based on an orthorhombic structure. It is created under normal crystallisation conditions, from a liquid to a solid state. On the opposite, the ±•-form is a disordered crystal, appearing for low crystallisation temperature level. Therefore, the ±•-form is created for the applied voltage of 25V, the maximum temperature reached being limited. This leads to the double melting peak (Fig. 13b). For the 30V voltage, the maximum temperature reached is higher, leading to the creation of the ±-form exclusively, and thus to a single melting peak (Fig. 13c). The measured values (Tg, Tm, Tcc and Xv) from DSC thermograms after ten cycles are reported in Table 6 for the three voltages. It can be seen that for the samples tested with 20V, there is no change in comparison with the initial values (Table 1) except a slight decrease of the cold crystallisation temperature. For 25V, there are two melting temperature values due to the double peak (Fig. 13b). About the crystallinity ratio, the 20V voltage leads to an amorphous PLA after ten cycles, as it was the case for the initial material. But for 25V and 30V, the crystallinity ratio reaches 20.7±1% and 25.0±1%, respectively (Tab. 6). This shows that electrical cycling of CB/PLA with high voltage values causes microstructural changes in the material.

The CB aggregates, observed in Fig. 3b, and the distance between them are responsible for the electrical conductivity of the material. The distances between the nearest adjacent multiparticulate surfaces must be narrow enough to create suitable conditions for the passage of electric current [START_REF] Beniak | Resistance and Strength of Conductive PLA Processed by FDM Additive Manufacturing[END_REF]. The resulting conductive pathways allow the electrical resistance of the material to be reduced [START_REF] Abdalla | Augmentation of conductive pathways in carbon black/PLA 3D-printed electrodes achieved through varying printing parameters[END_REF]. Therefore, the observed decrease in resistance after ten electrical cycles for 25V and 30V of applied voltage may be due to a change in the distribution of the carbon black particles. As the material microstructure was modified, the carbon black particles were segregated outside the polymer crystals created, improving the path of the electricity and leading to a better conductivity [START_REF] Bao | Preparation and properties of carbon black/polymer composites with segregated and double-percolated network structures[END_REF].

In summary, applying 25V or 30V to the samples resulted in a Joule heating up to the cold crystallisation temperature, leading to an increase in the crystallinity ratio of the PLA and thus in the quantity of crystal zones. The carbon black particles being pushed outside these zones, it reduced the distance between the CB aggregates and improved conductivity thanks to better paths for electricity.

However, the increase in crystallinity can also influence the mechanical behaviour of the samples, as well as the heating itself. Therefore, the choice of a high voltage value to improve conductivity must be balanced against its consequences on the deterioration of mechanical performances to achieve the best compromise for the 4D printing application considered. 

Conclusion

An analysis of the Joule effect on 3D printed CB/PLA samples was presented in this work. First, an indepth characterization of the as-received material was conducted. 3D printed CB/PLA samples were then manufactured and a specific electrical set-up with thermal camera was developed in order to ensure the reproducibility of the measurements. Results showed the importance of the printing parameters to optimise the electrical conductivity. Knowing the glass transition temperature and having optimised samples, it allowed the determination of relevant voltages to heat the 3D printed CB/PLA at a temperature to which it would be able to perform the shape memory effect: 20V, 25V and 30V. The influence of the residual stresses due to the printing process was revealed during the first Joule heating cycle. The analysis of the full-field thermal maps showed a quasi-homogeneous distribution within the gauge length of the sample. The electrical resistance was shown to vary linearly with temperature, allowing the determination of thermal coefficients governing its evolution. The heating and cooling behaviour of the samples was also proven to be predictable thanks to an analytical modelling based on the conservation law of energy. The comparison of experiments with the three voltages showed that the higher the voltage, the higher the temperature within the samples and the faster the heating and cooling rates. Cycling ten times the voltage applied to the samples highlighted consequences on their properties.

For an applied voltage of 20V, the material properties were unchanged. For 25V and 30V, the electrical resistance of the samples significantly decreased and for 30V, the maximum temperature reached tended to increase. However, for all the tested voltages, heating and cooling rates remained almost constant.

DSC analyses showed that, for 25V and 30V, the microstructure of PLA matrix was modified after ten electrical periodic cycles: initially amorphous, it became semi-crystalline. Finally, this study shows how important the choice of applied voltage is. A compromise must be found, depending on the application, between the improvement of the conductivity obtained by applying a high voltage and the possible consequences on the mechanical behaviour. The obtained results demonstrate that residual properties of the material are modified after electrical cycles, thus paving the way for designing reliable and durable 4D printed CB/PLA actuators.
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  tends toward a plateau in the central part of the sample, demonstrating that the temperature due to the Joule effect is quite homogeneous in the gauge length of the sample.
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 7 Figure 7. Temperature fields recorded by the IR camera on a CB/PLA sample for an applied voltage
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Table 1 .

 1 Characteristics of the as-received CB/PLA material (𝑇𝑇 𝑑𝑑 : thermal degradation temperature; 𝜏𝜏

	𝑻𝑻 𝒅𝒅 (°C)	𝝉𝝉 𝑪𝑪𝑪𝑪 (%)	𝑻𝑻 𝒈𝒈 (°C)	𝑻𝑻 𝒎𝒎 (°C)	𝑻𝑻 𝒄𝒄𝒄𝒄 (°C)	𝝌𝝌 𝒗𝒗 (%)	𝑪𝑪 𝒑𝒑 (J/(kg.K))	» (W/(m.K))
	[332;490]	21.5 ±0.1	59.64 ±0.5	148.06 ±0.5	116.91 ±0.5	0.7 ±0.7	1322 ±3	0.365 ±0.004

𝐶𝐶𝐶𝐶 : carbon black ratio in weight; 𝑇𝑇 𝑔𝑔 : glass transition temperature; 𝑇𝑇 𝑚𝑚 : melting temperature; 𝑇𝑇 𝑐𝑐𝑐𝑐 : cold crystallisation temperature; 𝜒𝜒 𝑣𝑣 : crystallinity ratio; 𝐶𝐶 𝑝𝑝 : heat capacity; »: thermal conductivity).

Table 2 .

 2 Analysis of the reproducibility of the electrical resistance measurements for 3D printed CB/PLA samples.

				Electrical resistance (©)	
	Sample number	Value 1 Value 2 Value 3 Average value	Standard deviation
	S1	195	179	185	186	7
	S2	183	178	187	183	4
	S3	175	173	185	178	5
			Overall average value	182	4

Table 4 .

 4 The set P1 (Tab.3) is composed of default parameters suggested by Ultimaker Cura. The corresponding electrical resistance was measured equal to 279±2© (Tab.4). The best configuration was obtained for the set P4 with an electrical resistance equal to 182±4©. When comparing the sets P1 and P2 (Tab.3), the printing speed varies from 60mm/s to

40mm/s. It leads to a variation of resistance from 279±2© to 287±6© (Tab.4). P6 has a printing speed divided by 3 compared to P4 (20mm/s versus 60mm/s) and the resulting resistance values is 178±5© versus 182±4©. Thus, it appears that varying the printing speed leads to very small resistance variation, included in the measurement dispersion. It was then decided to print at 60mm/s, in order to maintain a fast production rate. Concerning the nozzle diameter, P3 used a nozzle of 0.8mm of diameter in comparison with P1, using a 0.6mm diameter. The obtained resistance values are 225±2© for P3 against 279±2© for P1. The largest nozzle diameter leads to a decrease in resistance of almost 20%. Therefore, the 0.8mm nozzle was selected. Wider lines of 0.7mm were printed with the set P4, in comparison with P3 (0.5mm), and the obtained resistance was 182±4© which is 19% lower than the one with P3. A line width equal to 0.7mm was thus chosen. For the set of printing parameters P5, a layer height of 0.5mm was tested, in comparison of 0.1mm for P4. It leads to an increase in resistance value of 20©, showing that a layer height of 0.1mm gives the best result. Abdalla et al. have also shown that increasing the thickness of the printing layer reduces the conductivity of the material

Table 4 .

 4 Electrical resistance values of the CB/PLA samples measured for different printing parameters.

	Electrical resistance (©)

Table 5 .

 5 Experimental parameters used for modelling (𝜃𝜃 0 : initial temperature; 𝜃𝜃 𝑎𝑎𝑚𝑚𝑎𝑎 : ambient temperature; S: surface of exchange by convection; m: mass of the sample; A: surface of exchange by conduction; 𝑙𝑙 𝑐𝑐 : length of conduction; 𝐶𝐶 𝑝𝑝 : heat capacity; »: thermal conductivity; 𝑅𝑅 𝑜𝑜 : initial resistance;

h: convection coefficient; b: thermal coefficient).
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