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Abstract: In this work, we evaluated the fabrication and three-dimensional printing (3DP) of 

conductive filaments intended for designing electronic circuits using fused filament fabrication (FFF). 

For this 15 wt. % of graphene (GR), carbon black (CB) and carbon nanotubes (CNTs) were embedded 

into thermoplastic polylactic acid (PLA) resin matrix. Measurements of electrical resistance and 

conductivity, SEM, DSC, and XRD analysis were used to characterize the materials. The resistivity of 

the polymer nanocomposites was found to be between 0,7 and 1,4 Ω/cm and conductivity ranging 

between 0,71 and 1,42 S/cm, respectively. 
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1. Introduction 

Since globalization has taken place, carbon (in different forms) has been considered a 

fundamental material in most of the three-dimensional (3D)/four-dimensional (4D) printing 

applications [1,2,3]. Various methods for the use of graphene by blending it in waste 

polymers/plastic have been discussed, graphene has been used because of its stimulating 

properties, which can be regenerated by external forces [4,5] .  

3DP has revolutionized the way of manufacturing by designing complex structures in 

a customized feature that cannot be realized by traditional processing methods. Incoming mate-

rials are trying to adopt 3DP techniques that directly fabricate sophisticated entities with multi-

functionality like mechanical, electrical, thermal and magnetic properties, etc. [6]. For the 

realization of advanced materials, 3DP techniques are emerging from single material to 

composite materials manufacturing by simply introducing the nano- and micro-reinforcements 

with the matrix [7,8].  

The shelf-life performance of PLA filaments for 3DP is limited by aging mechanisms 

in terms of durability. It was found that the graphene-carbon nanotube fillers enhance the 

crystallinity, thermal stability, electrical conductivity, and tensile Young's modulus, along with 

reduced tensile strength, elongation and toughness, compared to the neat PLA. The annealing 

was found efficient to substantially improve mechanical, thermal, and electrical properties of 

the aged PLA-based composite filaments; however, the annealing temperature has to be tuned 

according to the type of carbon nanofiller and the target properties [9,10]. 
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Inside this context, in this study, we evaluated the fabrication of conductive filaments 

and the 3DP of circuits, paving the way for fabricating other electronic components such as 

resistors and sensors. 

2. Materials and Methods 

 2.1. Materials. 

The conductive filaments were prepared in a single screw extruder (Filastruder, GA, 

USA) by hot mix blending PLA (Braskem, Brazil) with 15 wt.% of graphene (catalog 

XFQ021), carbon black (catalog XFI15) and carbon nanotubes (catalog XFS08)  (Xfnano, 

China). The extrusion was performed at temperatures between 140–200 °C, thereby obtaining 

conductive filaments measuring 1.75 mm diameter rolled into 1 kg coils.  

2.2. Electrical measurements. 

The conductive circuit was first designed in CAD (Autocad 2004), and files exported 

to STL, and digitally loaded into Makerware. The circuits were printed using a desktop 

machine (Prusa Mendel–I3, USA) with printing temperature at 180-240 °C and table heating 

at 60 °C; the feeding speed was 10 mm/min, and the output measure of the hot end was 0.4 

mm. For electrical measurements of resistivity and conductivity, silver paint (Electron 

Microscopy Sciences, catalog number: 12630) was applied in small areas (width: 1–2 mm; 

length: 3–4 mm). Some areas of the conductive thermoplastic were subsequently connected to 

a Keithley source (Model6430). The electrical resistance of the samples was measured using 

four and two-point methods under an applied voltage of 1 V. The electrical conductivity was 

measured using a portable conductivity meter (Akso) [11,12].  

2.3. Scanning Electron Microscopy (SEM). 

In SEM analysis, conductive filaments measuring 1 x 1 cm were used as test specimens 

being inserted in specific stubs and covered with a thin gold layer by sputtering using a 10-8 

vacuum chamber and then placed in the sample holder of an equipment JEOL JSM-6701F for 

analysis. 

2.4. X-Ray Diffraction (XRD). 

In XRD analysis, carbon nanostructures in powder form were used, this characterization 

was performed is a PANalytical Empyrean analytical equipment using copper target (CuKα 

1.5418Å radiation), 2θ from 5° to 70°, with sweep speed of 0.05°/s, the voltage of 40 kV and 

40 mA current.  

2.5. Differential Scanning Calorimetry (DSC). 

In DSC analysis,  samples were weighed (3.0 ± 0.5 mg) and hermetically sealed in 

aluminum crucibles being placed in a Shimadzu calorimeter model DSC-60 under an 

atmosphere of nitrogen, flow 50 ml min−1; the heating ratio was maintained from 

20°C min−1 to 550 °C. The heating rate was maintained at 10°/min with a nitrogen flow of 

100 mL/min. The equipment was calibrated for temperature with an indium standard (156.6 ± 

0.3 °C) through their melting peak. The enthalpy and heat flow were calibrated using the heat 

of fusion of indium (28.59 J/g ± 0.30) using the same conditions as the samples. 
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3. Results and Discussion 

3.1. Fabrication of filaments and circuit. 

Figure 1 shows the machinery used in the production process to obtain the conductive 

filaments and post-printing circuit: 

 
Figure 1. Legend: a) extruder machine; b) conductive filaments obtained; c) 3D printer machine; d) simple 

circuit lighting one led lamp; e) 3D printed circuit without charging; and f) 5V C/C charged circuit lightning 

four led lamps. 

3.2. Electrical measurements. 

Figure 2 shows the electrical resistivity and conductivity of filaments obtained: 

 
Figure 2. Electrical measurements. 

As can be seen in Figure 2, the resistivity was found to be between 0,7 and 1,4 Ω/cm 

and the conductivity ranging between 0,71 and 1,42 S/cm. 
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3.3. Scanning Electron Microscopy (SEM). 

Figure 3 shows the SEM analysis of filaments obtained: 

 
Figure 3. SEM of filaments, the legend: a) cross-session fracture of PLA + GR; b) cross-session fracture of 

PLA + CNT, c) surface morphology of PLA + CB, and d) surface morphology of PLA + GR. 

As can be seen in Figure 3, the particles of GR, CNT, and CB are well dispersed in the 

polymer matrix. The concentration of 15 wt. % was already sufficient; in some cases, the 

formation of particle accumulation was noted in the surface (Figure 3 c., and Figure 3 d.)  

3.4. X-Ray Diffraction (XRD). 

Figure 4 shows the X-ray diffraction pattern of carbon nanostructures: 

 
Figure 4. X-ray diffractogram of carbon nanostructures in powder form. 

In Figure 4, typical peaks of graphene were observed at 2θ of ~26o and ~43o, 

respectively, which could be indexed to the characteristic peak reflections of graphite from the 

graphene (JCPDS No. 01-0646) [4]. The peak at 26.061o is attributed to the characteristic peak 
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of CNTs in powder form (JCPDS, Card No. 75- 1621) [5]. The peak observed around 26o is 

due to the appearance of cubic carbon (carbon black) (JCPDS card, No. 00-060-0053) [13]. 

3.5. Differential Scanning Calorimetry (DSC). 

Figure 5 shows the DSC of samples: 

 
Figure 5. DSC thermograms of samples, at left PLA resin without addition of carbon nanostructures, at right 

PLA charged with 15 wt. % of carbon nanostructures. 

In Figure 5, the mass change around 55 °C indicates the glass (Tg) transition of PLA 

occurs, another mass change around 78,7 °C indicates that crystallization occurs, in this phase, 

the molecules still have enough energy to form new bonds. At 108,5 °C the melting point of 

this resin begins. In comparison, the addition of carbon nanostructures at 15 wt. % does not 

affect the thermal behavior of the polymer matrix. 

4. Conclusions 

 Due to its inherent electric characteristics, the insertion of these carbon nanostructures 

into PLA polymer matrix possibilities of the fabrication of conductive filaments allowing the 

3DP of electronic circuits. The SEM analysis of morphology revealed that the charges are well 

incorporated into the PLA thermoplastic resin, and the DSC analysis revealed that its addition 

does not change the thermal behavior of the same. These very promising results pave the way 

for the manufacture of new electronic components using these materials. Future works will be 

developed to investigate the addition of such nanostructures in other polymers in order to verify 

its electrical measurements. The resistivity of the polymer nanocomposites was found to be 

between 0,7 and 1,4 Ω/cm and conductivity ranging between 0,71 and 1,42 S/cm, respectively. 
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