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Abstract: With the promise of producing electrically conductive circuits, 3-dimensional-printing (3DP)
filaments infused with carbon nanostructures are now commercially available; however, it is still
difficult to control the mixture homogeneity between the polymer and conductive charge thereby
increasing its conductive mobility. Herein, we describe the fabrication, characterization and application
of conductive polymernanocomposites processed into filament form intended for 3DP of electronic
circuits. For this, graphene, carbon nanotubes and carbon black fillers were loaded into several resin
matrixes including ABS, PLA, HDPE, LLDPE, PETG, and PP. Electrical measurements, thermal,
crystallographic and morphological profiles are here described. Filaments obtained present values of
resistivity and conductivity ranging from 0.2 to 1.4 S/cm and 0.71 to 5.0 S/cm respectively. Thermal
analysis showed that the processing temperature of materials studied is inside the standard range for
extrusion and 3D-printing. Microscopic analysis revealed a heterogeneous mix between resins and
fillers. The electrical and thermal stress test showed increases in resistivity and decreases in conductivity
of prepared filaments since these quantities are inversely proportional.
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1. Introduction

3DP is a unique technology that potentially offers a high degree of freedom for the
customization of practical products that incorporate electrical components. To date, 3D
printable conductive filaments with sufficiently high conductivities to fabricate practical
circuits remain lacking for fused deposition modeling [1,2].

As 3DP technology has expanded, the need for multilaterals that support molten
deposition modeling and other forms of additive manufacturing (AM) is increasing [3]. The
employment of 3DP for the fabrication of advanced multi-functional composites is attracting
increased interest of the research community due to the opportunities offered by this technology
[4].

Carbon materials, due to their good chemical stability and versatile nanostructure, have
been widely used in 3DP for different applications [5].
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Several studies have been reported on Desktop 3DP of polymernanocomposites (PNCs)
acid (PLA) and acrylonitrile butadiene styrene (ABS) [6,7,8,9,10,11] however the development
of new conductive PNC materials for a desktop 3D printer are highly desirable to achieve better
printability, mechanical properties and electrical conductivity [12].

Desktop 3DP of PNCs with conductive nanofillers such as carbon nanotubes (CNTS)
graphene and carbon black allows building objects with multifunctional properties having good
electrical and thermal conductivity, mechanical strength and stiffness at relatively low cost
[13].

Fused depositing modeling (FDM) is a fast, efficient process among 3DP techniques
allowing the fabrication of highly conductive graphene flexible circuits by 3DP [14] however
it is still limited by the availability of application specific functional materials [12].

Even if the conductivity of materials is still a challenge, due to the blending of
conductive materials in a polymer matrix, typically made of dielectric materials, very recently
a wide variety of composite materials have become available, with interesting conductive
properties [19,20]. Unfortunately, these composites are often critical for 3DP due to their
thermal expansion coefficient, glass transition temperature, and mechanical properties
[21,22,23, 24,25].

Here we show the fabrication of electrically conductive filaments intended for the 3D-
printing of electronic circuits using several polymer matrix charged with the carbon
nanostructures: graphene, carbon nanotubes and carbon black. The electrical, thermal and
morphological characteristics of the materials obtained are described.

2. Materials and Methods
2.1. Materials.

Graphene (GR) thin nanoplates (catalog XFQO021), single-walled carbon nanotubes
(CNT’s) (catalog XFS08) and conductive carbon black (CB) (catalog XFI15) with particle size
between 2-10 nm diameter and 10-30 um length, and conductivity between 500-1100 S/cm2
were purchased from XFnano, China. The thermoplastic resins: polylatic acid (PLA),
acrylonitrile butadiene styrene (ABS), polypropylene (PP), high density polyetylene (PEAD-
HDPE), linear low density polyethylene (PEBDL-LLDPE) and glycol modified polyethylene
terephthalate (PETG) in pellet form were purshased from Brasken, Brazil.

2.2. Preparation of polymer nanocomposites.

Conductive filaments were prepared by hot mix blending the resins with the carbon
nanostructures 15% w.t being added into a hot melt desktop single screw extruder (Filastruder,
GA, USA). The extrusion was performed at 140-200 °C, the rotor screw was set at 40-50% of
maximum speed with speed maintained at 20 rpm, thereby forming printable nanocomposites
filaments measuring 1.75 mm diameter cooled and then rolled into 1 kg coils. For 3DP of
circuits, the architecture was primarily designed in CAD (Autocad 2004) and files exported to
STL, and digitally loaded into Makerware. Once objects were rendered in Makerware, the
software converts imported digital objects into a series of G-codes that instruct the printer to
print the desired geometry layer-by-layer as needed. Electronic circuits were 3D-printed using
a Fused Deposition Modelling (FDM) machine (Prusa Mendel-13, USA) with printing
temperature maintained at 180-240 °C and table heating at 60° C; the feeding speed was

https://biointerfaceresearch.com/ 6578


https://doi.org/10.33263/BRIAC106.65776586
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC106.65776586

maintained at 10 mm/min; and the output measure of the hot end was 0.4 mm with resolution
between 0.1-0.3 mm.

2.3. Electrical measurements.

In resistance and conductivity measurements, silver paint (Electron Microscopy

Sciences, catalog number: 12630) was applied in small areas (width: 1-2 mm; length: 3—4 mm).
Samples generally reduce the contact resistance between the measuring probes and the
conductive thermoplastic composite, being dried at room temperature for at least 12 hours
before measuring their electrical resistance. 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 portable conductivity meter (Akso). The test
procedures were adapted from [1].
In electrical stress test, prior to the stress test, the strength of 3D-printed plastic filaments was
measured with the Keithley font (Model6430) and recorded. Printed filaments were
subsequently connected in parallel within a plastic box to insulate user wiring. Two electrical
cables were connected to a power source (AC), with voltage set to 12 VRMS (mean square
value). After seven days, the printed wires were removed from the box and its resistance
measured and recorded.

2.4. Scanning Electron Microscopy (SEM).

In SEM, 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 10-8 vacuum
chamber and then placed in the sample holder of JEOL JSM-6701F equipment.

2.5. X-ray Diffraction (XRD).

In XRD, carbon nanostructures in powder form were used, this characterization was
performed is a PANalytical Empyrean analytical equipment using copper target (CuKa
1.5418A radiation), 20 from 5° to 70°, with sweep speed of 0.05°/s, voltage of 40 kV and 40
mA current.

2.6. Differential Scanning Calorimetry (DSC).

In DSC, 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 nitrogen flow of 100 mL/min. The equipment was
calibrated for temperature with 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.

2.7. Thermal stress test.

A digital heating plate (Ika RCT Basic Hotplate) was used, the surface of the heating
plate was covered with electrical tape to insulate the electrically conductive wires from the
metal surface of the heating plate. For each component, five printed yarns were fixed uniformly
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to the hot plate with thin strips of tape near the two ends of each filament (about 3-4 mm from
the two ends of each printed yarn). The silver ink was applied to both ends of each printed
filament to minimize contact resistance during electrical measurement. The thermal test started
as soon as the paint dries. The printed wires were heated and cooled to the desired temperature
set on the heating plate. The heating plate temperature was verified using a portable digital
thermocouple (Fluke 52 1l thermometer). Due to the continuous fluctuation of the surface
temperature of the plate, the samples were equilibrated for at least 10 min until the heater
reaches the set temperature and its electrical resistance was measured using a Keithley
measuring unit (Model 6430).

3. Results and Discussion
3.1. Preparation of polymer nanocomposites.

The Figure 1 shows the equipments used in the manufacture and printing of conductive
filaments (1.75 mm) as well as simple 3D-printed circuits. The Table 1 shown in sequence

Figure 1. Experimental works: a) extruder machine; b) eletrical conductive filaments obtained; ¢) 3DP machine;
d) simple circuit with one led lamp; €) 3D printed circuit without charging; and f) 5V C/C charged circuit with
four led lamps.

3.2. Electrical measurements.

The Figure 2 shows the mean values of five measurements of the electric resistivity and
conductivity of filaments obtained when exposed to 10 V C/C.
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Figure 2. Electrical resistivity and conductivity of 3DP filaments.
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Figure 3 and Figure 4 show the mean values of five measurements of the electric
resistivity and conductivity of filaments.
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Figure 3. Electrical resistivity before and after the electrical stress test.
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Figure 4. Electrical conductivity before and after the electrical stress test.
3.3. SEM analysis.

Figure 5 shows SEM images of the cross section fracture and surface morphology of
filaments with magnification of 350x and 1500x:

Table 1. Ideal temperature for the extrusion and printing of samples.

Extrusion Printing temp. Bed heating
temp. (°C)
ABS+CNT’s 185-195 230-240 80-100
ABS+GR 180-185 230-240 80-100
ABS+CB 186-190 230-240 80-100
PLA+CNT's 150-165 215-235 60-80
PLA+GR 155-160 215-235 60-80
PLA+CB 140-155 215-235 60-80
PETG+CNT's 175-180 230-250 60-70
PETG+GR 170-180 230-250 60-70
PETG+CB 180-190 230-250 60-70
HDPE+CNT's 168-172 230-260 60-80
HDPE+GR 171-175 230-260 60-80
HDPE+CB 175-180 230-260 60-80
LLDPE+CNT’s 155-175 180-210 60-75
LLDPE+GR 165-175 180-210 60-75
LLDPE+CB 165-170 180-210 60-75
PP+CNT's 152-156 180-260 80-100
PP+GR 150-160 180-260 80-100
PP+CB 150-162 180-260 80-100
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Figure 5. SEM images showing the cross section fracture and surface morphology of filaments with
magnification of 350 x and 1500 x.
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As can be seen, with 15 % loading, there was a heterogeneous mixture between the
carbon nanostructures and the polymeric matrixes, in few cases presenting accumulations of
GR, CNT’s or CB grains in specific spots. In some cases material surface failures such as holes
and cracks have occurred, mainly due to the resolution (accuracy) and abrasiom of the printer
nozzle (0.4 mm).

3.4. XRD analysis.

Figure 6 shows the XRD spectrum of carbon nanostructures in powder form. Typical
peaks of graphene were observed at 20 of ~26° and ~43°, respectively, which could be indexed
to the characteristic peak reflections of graphite from the graphene (JCPDS No. 01-0646) [16].
The peak at 26.0610 is attributed to the characteristic peak of CNTSs in powder form (JCPDS,
Card No. 75- 1621) [17]. The peak observed around 26° is due the appearance of cubic carbon
(carbon black) (JCPDS card, No. 00-060-0053) [18].
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Figure 6. XRD spectrum of carbon nanostructures in powder form.

3.5. DSC analysis.

The Figure 7 shows samples DSC thermograms.
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Figure 7. DSC thermogram of samples. Legend: A) ABS; B) PEAD-HDPE; C) PEBDL-LLDPE; D) PETG; E)
PLA; F) PP.
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In sample A, the initial weight loss represents the glass transtition (Tg) around 180-195
°C; sample B Tg occurs from 168-180 °C; sample C Tg occurs around 155-175 °C; sample D
Tg occurs around 170-190 °C; sample E Tg occurs from 140-165 °C; and sample F Tg occurs
from 150-165 °C. Noteworthy, around 500 °C all the resins studied presents changes from
rubbery to viscous flow reaching its melting temperature (Tm) at around 2000 °C. Its Tg from
glassy state to rubbery state remains inside the ideal temperature for extrusion and 3D-printing
without compromising the inherent characteristics of the polymers. The addition of different
fillers in the proportion studied did not present significant changes in the thermal stability of
materials in most cases remaining inside the standard processing temperature for extrusion and
3D-printing [19,20].

3.6. Thermal stress.

Figure 8 and Figure 9 show the electrical resistivity and conductivity of filaments
obtained before and after the thermal stress test, respectively. A slight increase in resistivity
resulting in a drop in conductivity was noted, considering that the two measured quantities are

inversely proportional.
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Figure 8. Electrical resistivity before and after the thermal stress test.
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Figure 9. Electrical conductivity before and after the thermal stress test.

4. Conclusions

Conductive filaments obtained present values of resistivity and conductivity ranging
from 0.2 to 1.4 S/cm and 0.71 to 5.0 S/cm, respectively. Thermal analysis showed that the
processing temperature of materials is inside the standard range for extrusion and 3D-printing.
Microscopic analysis revealed a heterogeneous mix between resins and carbon nanostructures.
The electrical and thermal stress test showed increases in resistivity and decreases in

conductivity of filaments since these quantities are inversely proportional.
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