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article PLA, and GR/PLA filaments were collected and then examined by differential scanning

calorimetry (DSC), thermal gravity analysis (TGA), and Raman spectra. A stereolithog-
raphy (STL) file with a 3D honeycomb structure model was prepared and transformed
into a G-code file using a G-code generator. The extrusion conditions for CFDM 3D
printing were controlled by infill and print speed. PLA, CB/PLA, and GR/PLA composite
honeycomb samples were manufactured by 3D printing based on FDM using PLA, CB/
PLA, and GR/PLA filaments. CFDM 3D printed honeycomb samples prepared by PLA,
CB/PLA and GR/PLA filament were analyzed for morphology, surface resistance, electri-
cal heating properties. For the 3D printed honeycomb structure sample using CB/PLA
and GR/PLA, the optimum condition was set up 230 °C and 220 °C respectively of the
printer temperature, 50 °C of bed temperature, and 30 mm/s of printer speed. Surface
resistivity of honeycomb structure sample using CB/PLA and GR/PLA is about 299.0 €/
sg and 118.0 O/sq. The maximum surface temperature of honeycomb structure sample
using CB/PLA and GR/PLA is ca. 78.7 °C and 143.0 °C applied to 25 V.

Keywords: CFDM 3D printer, Graphene/PLA, Honeycomb, Fine structure, Electrical
properties

Introduction

Conveyor fused deposition modeling (CFDM) 3D printing process is a one of new tech-
nology of FDM 3D printing, which can be provided new possibilities, like long printings
and producing series production. Several studies are studied to apply 3D printing tech-
nology to textiles (Grimmelsmann et al. 2018; Kim and Kim 2018; Kim et al. 2019a; Lee
2019; Mpofu et al. 2019), existing FDM 3D printing technology is difficult to manufac-
ture in large quantities due to limit of bed size and nozzle movement. CFDM 3D print-
ing technology has complimented these parts and can be applied to mass production of
fabrics by improving productivity through continuous process. BLACKBELT 3D printer
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(Black belt 3D printer, 2019) is a representative CFDM 3D printer. It is designed to ena-
ble continuous process by combining unique conveyor belt type bed technology with
FDM 3D printer. That bed is moved horizontally to provide every new Z-axis and print
substrate. Thus, samples can be printed continuously.

Nowadays, to fabricate 3D printed flexible electronics with FDM 3D printer, conduc-
tive filaments are developed by mixing with thermoplastic polymers such as polylactic
acid (PLA), thermal polyurethane (TPU) or acrylonitrile butadiene styrene (ABS) and
carbon nano-based materials such as carbon black (CB), carbon nanofiber (CNF), car-
bon nanotube (CNT) or graphene (GR) (Guo et al. 2019; Kamyshny and Magdassi 2019).
To 3D print wearable electronics, it is reported that carbon-based polymer composites
are advantageous over metal-based 3D printed wearable electronics due to possible to
print with FDM printer and easy to product manufacturing (Kwok et al. 2015). Using car-
bon nano-based 3D filaments, research on 3D printed electrode components, circuits,
sensors, and the like continues (Flowers et al. 2017; Kim et al. 2019¢; Kwok et al. 2015).
Graphene is one of carbon nano-based materials, it has a single-atom-thick sp? carbon
crystal. Its two-dimensional honeycomb structure exhibiting many unique properties,
such as high mechanical strength, large specific surface area, high thermal conductivity
and excellent electrical conductivity (Wei et al. 2015; Yu et al. 2017). Graphene-based fil-
aments having those unique characteristics have been studied in the field of 3D printing
electronics (Foster et al. 2017; Ivanov et al. 2019; Zhang et al. 2016; Zhuang et al. 2017).

Zhang et al. (2016) was reported fabrication of flexible circuits using GR/PLA filament
by FDM 3D printing. The conductivity of samples was gradually increased with adding
graphene contents, when the 8% graphene was used in GR/PLA filament and 3D printed
GR/PLA circuit, those were reached to 0.36 S/cm and 4.76 S/cm, respectively. Zhuang
et al. (2017) was studied the distribution of the amorphous materials’ components of
objects with anisotropic heat distribution using PLA and GR/PLA filaments by FDM
3D printing. Used 3D printer could extrude and melt two kinds of filaments into one
nozzle, and the extrusion ratio of the two types of filaments was adjusted. As the extru-
sion ratio of PLA and GR/PLA filament increased, the thermal stability and conductiv-
ity were improved. In addition, as the PLA and GR/PLA extrusion ratio increased from
1:19 to 19:1, the surface temperature increased linearly, the maximum temperature was
reported to be about 30 °C at 10 V and 90 °C at 25 V, respectively. As showed in the
previous studies, studies on 3D printed wearable electronics such as circuits, sensors,
and heat distribution using graphene filaments are being conducted. However, it is con-
firmed that studies on mass production and continuous processes that can be applied to
smart clothing have been insufficient.

Our research team have studied fabric heating elements by various coating method
coated on cotton fabrics, polyester fabrics, flame retardant cotton fabrics, and aramid
knits using conductive inks such as CNF/polymer composites and GR/polymer com-
posites (Kim and Lee 2018a, b, 2019a, b; Kim et al. 2019b). Based on previous studies,
this study is a basic research for manufacturing a fabric heating element applying a 3D
printed sample having an electric heating performance, a 3D printing sample having a
honeycomb structure was manufactured using a RAW PLA filament and two types con-
ductive filament by CFDM 3D printer. The specific purposes are as follows. First, DSC,
TGA, and Raman spectra were measured to characterize conductive carbon black (CB)/
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PLA filament and graphene (GR)/PLA filament. Secondly, 3D modeling of a honeycomb
structure having a size of 50 mm x 50 mm x 2 mm was performed by 3D modeling pro-
gram, and then converted to G-code for printing, and samples were printed based on the
characteristics of each filament. Finally, to confirm the properties of the three printed
samples, morphology, surface resistance and electrical heating properties were studied.

Methods

Materials

Table 1 shows the specifications of selected materials, PLA (eSun Ltd, China), carbon
black (CB)/PLA (Proto-pasta Ltd, USA), and graphene(GR)/PLA (Blackmagic, Ltd,
USA) filament in this study. Among FDM technology-based 3D printing materials, and
their diameter was 1.75 mm. The filaments were stored inside the desiccator at a stand-
ard temperature before being used for analysis and 3D printing.

Preparations of 3D printed honeycomb structure

To fabricate honeycomb structures, a modeling with a size of 50 mm x 50 mm x 2 mm
was created by repeating hexagonal patterns using the 123D design program. The
obtained modeling file was converted to a STL file, which was transformed into the
G-code file format to be ready for CFDM 3D printing. Scheme of honeycomb structure
and 3D modeling is shown in Fig. 1.

CFDM 3D printing conditions

In this study, CFDM 3D printer (Blackbelt Ltd, Netherland) was used for honeycomb
structure with various filaments. In Table 2, we summarized the 3D printing conditions
after pre-test with various filaments. Three samples were printed by controlling the
printing temperature, layer height, and printing speed.

Characterizations

To analyze 3D filaments for 3D printing process, the thermal analysis was done with
differential scanning calorimetry (DSC, DSC Q 25, TA instruments, USA) and ther-
mogravimetric analysis (TGA, TGA Q500 V20.10 Build 36, TA instruments, USA).
DSC was performed with the heating rate of 10 °C/min and the temperature meas-
urement range of 30-200 °C, 1st curves of 3D filaments were obtained. From these

Table 1 Specification of materials using in this study

PLA CB/PLA GR/PLA
Diameter (mm) 1.75 1.75 1.75
Density (g/cm?) 1.21 1.15 -
Conductivity (/cm) - 15 0.6

Surface image
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a b

Fig. 1 Scheme of a honeycomb structure; b 3D modelling

Table 2 CFDM 3D printing conditions with various filaments

PLA CB/PLA GR/PLA
Belt offset (mm) 0.2 0.2 0.2
Layer height (mm) 18 18 18
Temperature of nozzle (°C) 215 230 220
Temperature of bed (°C) 75 50 50
Printing speed (mm/s) 40 30 30
Infill speed (mm/s) 30 225 225
Infill (%) 100 100 100

curves, the glass temperatures, melting temperatures and crystallization tempera-
tures were confirmed. The weight of sample was 3 mg. TGA was conducted under
nitrogen atmosphere at a heating range of 30-800 °C with heating rate 20 °C/min.
The sample weight was 10 mg. Raman spectra (XperRam 200, Nano Base, Korea) was
acquired with lase wavelength of 532 nm, laser power of until 3.0 mW. Scan range was
from 3000 cm ™! to 500 cm ™! and scan time was 16—512 s/each.

To investigate of honeycomb structure, the surface characteristics analysis was done
with the digital camera and fabric microscope (NT 100, Nextec, Korea) with x6.5
magnification. Surface resistance was measured with multimeter (ST850A, Saehan
Tester, Co. Ltd., Korea) based on the AATCC-76 method. Two parallel conductive
prove were placed in contact with both edges of the samples. The surface resistance
(R,) was calculated as Eq. (1):

Ry(2/sq) = (W/D) x R (1)

where R is resistance measured by the multimeter, W is the width of the sample, and D is
the distance between the two electrodes. Electrical heating performance of the samples
with honeycomb structure was determined based on surface temperature with various
applied voltages while using a DC power supply (CPS-2450B, CHUNGPA EMT Co. Ltd.,
Korea). Both edges of samples were connected to the alligator clips. The range of applied
voltage was from 5 to 50 V with 5 V (DC) intervals for 3 min. A thermal imaging camera
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(FLIR i5, FLIR Systems INC., USA) was used to measure the surface temperature after
applying different voltages.

Results and discussion

DSC curves of PLA, carbon black/PLA, and graphene/PLA filaments for 3D printing

To analyze thermal properties of three types of FDM 3D filaments, PLA, CB/PLA, and
GR/PLA filaments for 3D printing, the DSC curves shown in Fig. 1. Three types of FDM
filaments demonstrate several typical thermal peaks during heating, such as glass tran-
sition, T, melting temperature, T}, and cold crystallization, T.. These peaks of PLA,
CB/PLA, and GR/PLA filaments are presented in Table 3. In case of PLA filament dur-
ing heating, T,, T, and T,, small peak were indicated at 59.3 °C, 99.6 °C, and 156.7 °C,
respectively. The small crystallization and the melting peak for the PLA filament indicate
that the homopolymer is difficult to be crystallized from glassy state (Kotsilkova et al.
2019). In DSC curve of CB/PLA filament, T, T, and T, peaks were found at 61.9 °C,
98.2 °C, and 166.2 °C, respectively. In case of three thermal peaks of CB/PLA filament,
the peak intensities were larger than PLA filament and T, and T, peaks were shifted up
to higher temperature and T, peak was shifted down to lower temperature. In case of
GR/PLA filament, Tg, T., and T, peaks were found at 44.2 °C, 70.3 °C, and 163.8 °C,
respectively. While the size of the T, peak was decreased, the size of the peaks of T,
and T, was found to be higher than that of the PLA and CB/PLA filaments. In addition,
it was confirmed that T, and T, shifted to lower temperature and T, moved to higher
temperature in the PLA filament to which GR was incorporated. By addition of CB and
GR to PLA, a cold crystallization and the crystalline phase transition from crystal form
are induced (Kotsilkova et al. 2019). It indicates that both carbon nanofillers could be
formed the crystallization of the PLA from glassy state. The value of AH of CB/PLA and
GR/PLA indicated 22.6 J/g and 33.4 J/g, respectively. It shows remarkably increased than
PLA filaments. In addition, T, of the CB/PLA and GR/PLA filaments is shifted up to
higher temperatures compared to the PLA. Also, T, of the CB/PLA filament is higher
than that of GR/PLA filament, the which is associated with melting of large portion of
crystals in composites, which are formed due to the nucleation effect of carbon nanofill-
ers. Therefore, it was confirmed that Tm increased because CB/PLA and GR/PLA fila-
ments showed more crystalline region than PLA, and CB/PLA filament developed more
crystalline region than GR/PLA due to the nucleation effect.

TGA curves of carbon black/PLA and graphene/PLA filaments for 3D printing

To compare thermal properties for CB/PLA and GR/PLA filaments, the TGA curves
presented in Fig. 2. In Fig. 2a, three stages of weight loss of CB/PLA were indicated.

Table 3 Thermal properties of PLA, carbon black/PLA, and graphene/PLA filament for 3D

printing

PLA CB/PLA GR/PLA
Tq Q) 59.3 61.9 44.2
T (O 996 98.2 703
T, (O 156.7 166.2 163.8
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Fig. 2 DSC curves of PLA, carbon black/PLA, and graphene/PLA filament for 3D printing

As the temperature increased, the first significant weight loss was revealed between at
180 °C and 300 °C, which can be indicated the decomposition of PLA. Another signifi-
cant weight loss was observed between about 400 °C and 500 °C. The residual weight
of CB/PLA filaments was found at 500 °C to 800 °C with 20.19%. This is found to cor-
respond to carbon black which has good thermal property. As shown in Fig. 2b, GR/PLA
filament indicated two stages of weight loss in the TGA curve about 6.63% and 77.62%
at around 180 °C to 300 °C and 300 °C to 400 °C, respectively. Those stages of weight loss
indicated the small molecules and the decomposition of PLA. After 400 °C to 800 °C, a
residual weight of 15.11% remained, indicating that the graphene, which has good ther-
mal properties, did not decompose (Yu et al. 2017; Zhuang et al. 2017). Based on TGA
data, the content of graphene in the GR/PLA filament was about 15%. The residue of
the CB/PLA and GR/PLA filaments at 230 °C and 220 °C which the highest temperature
during 3D printing processing was higher than around 99%, indicating that the com-
posites hardly decomposed at or below those temperature. Thus, both filaments were
not seriously decomposed and damaged during the 3D printing processing, which con-
firmed those temperatures were a suitable temperature for CFDM 3D printing (Fig. 3).

Raman spectra of carbon black/PLA and graphene/PLA filaments for 3D printing

Raman spectroscopy provides a powerful method for the characterization of carbon
materials such as carbon black, carbon nanotube and graphene (Bokobza et al. 2008).
It also can be used to determine the number of graphene layers and its structural qual-
ity either at a pure state or dispersed in the polymer matrix. This data can be obtained
by analyzing the intensity, shape and bands peak position (Bokobza et al. 2015; Ivanov
et al. 2019). In general, carbon black has two broad peaks around at 1350 cm™! and at
1600 cm ™, respectively. In Fig. 4, the Raman spectra of CB/PLA filament also indicated
two main broad peaks located at about 1350 cm™! and at 1600 cm™ associated with
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Fig. 3 TGA curves of a carbon black/PLA and b graphene/PLA filament for 3D printing

D band and G band, respectively. In case of graphene spectrums, those are character-
ized by three principle vibration bands designed as the G, D, and 2D band (Azi et al,,
2019). The G band is the representative of an in-plane vibrational mode of sp* hybrid-
ized carbon atoms of graphene sheets. The intensity and position of G band is sensi-
tive to the number of graphene layers so that this band appears in lower energy region
with more intensity while layer thickness increases. The D band represents disorder or
defects in the graphene carbon lattice, and is corresponding to sp>-bonded carbon. In
Fig. 4, GR/PLA filament shows the three major Raman signals can be identified. D band
at 1353 cm ™! which corresponds for defected graphite, and the G band at 1587 cm™*
which associated graphite, and 2D band around at 2696 cm™" which corresponds to a
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Fig. 4 Raman spectra and images of a carbon black/PLA and b graphene/PLA filaments for 3D printing

few layers of graphene. This data shows that the graphitic materials doped PLA is com-
prised of several graphitic layers. This data shows that the conductive PLA is comprised
of carbon black and graphene composite, and GR/PLA made with several graphene
layers. Additionally, intensity ratios such as I,/ give an insight of structural disorder
degree and quality of graphene, where defect-free ratio is equal 2 (Ivanov et al. 2019).
The Ip/I ratio for GR/PLA revealed lower than CB/PLA indicated, thus, G/PLA indi-
cated more surface integrity.

Morphology of 3D printed honeycomb samples

To investigate morphology of 3D printed honeycomb samples with FDM printer, Table 4
shows digital images and surface morphology of samples. We designed and printed
three-dimensional honeycomb structures as the left digital images using PLA, CB/PLA,
and GR/PLA, respectively. The dimensions of samples fixed 50 mm x 50 mm X 2 mm.
At high magnification digital images and surface morphology, the results can be seen
that PLA 3D printed honeycomb samples are more luster than CB/PLA and GR/PLA 3D
printed honeycomb samples. Whereas, in the GR/PLA 3D printed honeycomb sample,
the gloss was reduced than the other two samples, it is confirmed that the graphene was
added to PLA to produce a brittle composite than PLA 3D printed honeycomb sample.

Surface resistance of 3D printed honeycomb samples

The surface resistance of 3D printed honeycomb samples with PLA, CB/PLA, and GR/PLA
shown in Fig. 5 and Table 5. In general, it has been reported that carbon nanomaterials
have different electrical properties depending on their orientation (Ladani et al. 2016). In
the 3D printing process, the printing direction of the samples are determined by the direc-
tion in which the nozzle moves (Dorigato et al. 2017). In this study, the surface resistance
of the machine direction (MD) and the cross direction (CD) was measured to determine
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Table 4 Morphology of 3D printed honeycomb samples
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Fig. 5 Surface resistance of 3D printed honeycomb samples with various directions
Table 5 Surface resistance of 3D printed honeycomb samples
Direction Resistance (Q/sq)
PLA CB/PLA GR/PLA

CcD >10" 299.0+14.6 1180£159

MD >10"3 37174503 129.84+37.8
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Table 6 IR images of CD PLA 3D printed honeycomb samples

Applied voltage (V)

IRimage ¢ 24.2°C SFLIR

[ 22¢ IS 26 |
Mean Temp. 260+19 259412 259421 261420 260426
0
Max Temp. (°C)  31.0+14 30.04+0.0 30.0£0.0 30.54+0.7 305407
Current (A) 0.00 0.00 0.00 0.00 0.00

Applied voltage (V)

30 35 40 45 50

IRimage 24.3°¢ SFLIR

Mean Temp. 260+26 260423 260£23 257427 261%£18
4

MaxTemp. (°C)  31.0£0.0 305407 31.0£00 305407 305407

Current (A) 0.00 0.00 0.00 0.00 0.00

the surface resistance according to the direction. In case of PLA 3D printed honeycomb
sample, both directions show over than 10'* Q/sq by insulation properties of PLA. CB/
PLA 3D printed honeycomb sample represents 299.0 £ 14.6 QO/sq and 371.7 +50.3 Q/sq in
the CD and MD directions, and GR/PLA indicates 118.04+15.9 Q/sq and 129.8+37.8 Q/
sq, respectively. In this result, it can be observed that the 3D printing process determines
the electrical resistivity according to 3D printing direction. Dorigato et al. (2017) reported
electrical property under three different direction of 3D printing samples. This study pre-
sented that the increase of electrical resistivity is greater for horizontal and vertical print-
ing directions, while is less pronounced for the perpendicular one. It is due to the presence
of contact resistances between the deposited filaments by printing direction. In present
study, the surface resistivity of CD of both 3D printed honeycomb samples are lower than
MD samples. This is probably because more contact resistance occurred when the fila-
ments were deposited into the MD. Thus, it was confirmed that the surface resistance of
GR/PLA 3D printed honeycomb sample shows lower value than CB/PLA, the printed CD
of 3D printed sample was lower than that of the its MD.

Electrical heating performance of 3D printed honeycomb samples
To analyze the electrical heating performance of 3D printed honeycomb samples using
PLA, CB/PLA, and GR/PLA filaments, Tables 5, 6, 7, 8, 9 and 10 indicate IR images of
3D printed honeycomb samples at CD and MD with various applied voltages.

As shown the Tables 6, 8 and 7, PLA 3D printed honeycomb samples at both direc-
tions show no electrical heating performance and current with various applied voltages
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Table 7 IR images of MD PLA 3D printed honeycomb samples

Applied voltage (V)

5 10 15 20 25
IRimage 25.0°C S$FLIR 25.1°€C SELIR
Mean Temp. 247400 242+£00 246408 257+£08 252413
§e)
MaxTemp. (°C)  300£14 300£28 290+14 290+14 205421
Current (A) 0.00 0.00 0.00 0.00 0.00
Applied voltage (V)
30 35 40 45 50
Rimage
Mean Temp. 256409 258+1.6 253416 25717 257+£19
Q)
Max Temp. (°C)  29.5+2.1 295+£2.1 295421 29.5+£2.1 295421
Current (A) 0.00 0.00 0.00 0.00 0.00

Table 8 IR images of CD carbon black/PLA 3D printed honeycomb samples

Applied voltage (V)

5 10 15 20 25
IR image
Mean Temp. 257+0.2 274405 303+ 1.1 319+1.1 326403
Q)
Max Temp. (°C)  31.0+1.0 33715 430£26 54.7+6.6 787137
Current (A) 0.02+0.01 0.03£0.01 0.05+0.01 0.06£0.01 0.07£0.01
Applied voltage (V)
30 35 40 45 50
IRimage
Mean Temp. 337413 3584+1.9 387432 514484 7424137
§e)
Max Temp. (°C)  91.3+45 1040£13.7 1173+£42 111.7£45 130.7£84

Current (A) 0.07+0.01 0.0840.01 0.09+0.01 0.10+0.01 0.11£0.01
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Table 9 IR images of MD carbon black/PLA 3D printed honeycomb samples

Applied voltage (V)

Rimage 25.8°C SFLIR 29.9°C $FLIR

Mean Temp. 25840.1 273404 29.040.1 304406 316£12
0

MaxTemp. °C) 30014 345435 450471 6304127 83.04129

Current (A) 001400 0.0340.00 0054001 0.05+0.01 0.0640.02

Applied voltage (V)

30 35 40 45 50
IRimage
Q Meing
Mean Temp. (°C) 325404 358+06 372+02 41.7+£46 -
MaxTemp. (°C)  103.5+6.7 1140+84 1200£85 1365+7.6
Current (A) 0.06£0.01 0.07+£0.01 0.08+0.01 0.09+£0.01 -

Table 10 IR images of CD graphene/PLA 3D printed honeycomb samples

Applied voltage (V)

5 10 15 20 25
Rimage 26.4°C S$FLIR
=z B
Mean Temp. 257409 297412 377£10 61.1£82 9354216
0
Max Temp. (°C)  32.3+0.5 478+2.1 873+54 1280+£42 1420+43
Current (A) 0.06£0.01 0.15£0.01 0.25+£0.01 0.39+0.01 045+0.03

due to insulation properties of PLA. In case of CB/PLA 3D printed honeycomb samples
with both directions, the surface temperature increases with increasing applied voltages.
As increasing the applied voltage for each CB/PLA and GR/PLA 3D printed honeycomb
sample at cross direction, the distribution of 3D printed honeycomb samples indicates
non-uniformly, only both edges represented the electrical heating performance. Also,
when applying voltage 50 V for CB/PLA 3D printed honeycomb sample at machine
direction, melting was occurred at the point where the power supply was connected.
Thus, the mean surface temperature of CD and MD of CB/PLA 3D printed honeycomb
sample at 45 V was confirmed as 51.4+8.4 °C and 46.7 £4.6 °C, respectively (Tables 8,
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Table 11 IR images of MD graphene/PLA 3D printed honeycomb samples

Applied voltage (V)

5 10 15 20 25
IRimage
MeanTemp. (°C) 249403 31.5+17 41.5£20 58.14£38.1 -
MaxTemp. (°C) ~ 31.5+08 525+56 96.8+6.2 1428+£59 -
Current (A) 0.07£0.01 0.174+0.02 0.27£0.01 0.43+£0.03 -

9). Tables 10, 11 shown as IR images of GR/PLA 3D printed honeycomb samples at MD
and CD. In case of GR/PLA 3D printed honeycomb samples, the mean surface tem-
perature about 50 °C was occurred below applied voltage at 25 V. GR/PLA 3D printed
honeycomb samples also indicated melting at the point where the power supply was
connected. When the 20 V was applied to GR/PLA 3D printed honeycomb samples, the
mean surface temperatures at CD and MD indicated as 61.14+8.2 °C and 58.1£8.1 °C,
respectively. The distribution of GR/PLA 3D honeycomb samples at CD are more uni-
form than MD 3D honeycomb sample.

In the MD direction, the CB/PLA and GR/PLA 3D printed honeycomb samples
showed melting at the edge where they were power supplied, which can be correlated
with the melting temperature of the CB/PLA and GR/PLA. As seen above in the DSC
curves of the CB/PLA and GR/PLA 3D filaments, the T, of the two filaments was
found to be about 160 °C. In the MD direction of CB/PLA 3D printed honeycomb
sample, the maximum surface temperature was 136.5+7.6° C when the below 45 V
was applied, it was confirmed that lower than the T,,. In addition, in the MD direc-
tion of the GR/PLA 3D printed honeycomb sample, when 20 V or less was applied,
the surface temperature was lower than T, which was indicated 142.8 £5.9 °C. How-
ever, at 25 V or higher, the surface temperature was confirmed that higher than T .
Therefore, the CB/PLA and GR/PLA 3D printed honeycomb samples were found to
be maintained without morphological deformation at temperatures below T, . When
comparing CB/PLA and GR/PLA 3D printed honeycomb samples at cross direction,
the surface temperature of GR/PLA 3D printed honeycomb samples can be occurred
over 50 °C at low voltage than CB/PLA 3D samples (Fig. 6). Also, the distribution of
electrical heating zone of GR/PLA 3D printed honeycomb samples is more uniform
than CB/PLA 3D printed honeycomb samples. Thus, it shows that the electrical heat-
ing performance of GR/PLA 3D printed honeycomb sample is better than CB/PLA
3D printed honeycomb sample.

The current—voltage (/-V) curve of 3D printed honeycomb samples with various
directions are shown in Fig. 7. As shown in Fig. 7, PLA 3D printed honeycomb sample
indicated no current. The current of CB/PLA 3D printed honeycomb samples at CD and
MD represented below 0.11 A as applied from 5 to 50 V. In case of GR/PLA 3D printed
honeycomb samples, current of CD and MD samples indicates gradually increase, CD
samples were shown as from 0.06 to 0.45 A at from 5 to 25 V and MD samples were
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represented 0.06 A to 0.43 A at from 5 to 20 V due to melt at 25 V. Thus, in the GR/PLA
3D printed honeycomb samples, it was confirmed that the most current flows.

Generally, electrical heating performance is determined by Joule’s law, as shown in
Eq. (2),

Q=rReorQ=V?/Re )

where Q is the amount of heat, [ is the electric current flowing through a conductor, V'is
the voltage applied across the conductor, R is amount of electric resistance present in the
conductor, and ¢ is the amount of time. In each direction, when the same voltage of 45 V
was applied to the CB/PLA 3D printed honeycomb sample, the surface resistance of the
CD direction was smaller than that of the MD direction, thereby increasing the current.
Even when 20 V was applied to the GR/PLA 3D printed honeycomb sample, the same
tendency was observed as CB/PLA samples. Surface resistance in the CD direction is
smaller than in the MD direction, and thus the current tends to increase. It is confirmed
that 3D printed honeycomb samples at CD has better electrical heating performance
than the MD. In addition, when applying the same voltage of 20 V at two ends of the CB/
PLA or GR/PLA 3D printed honeycomb samples, the surface resistance of GR/PLA 3D
printed samples was lower than that of CB/PLA 3D printed samples, and the current
was also higher about 7.5 times than CB/PLA 3D printed samples. As a result, the elec-
trical heating performance of GR/PLA 3D printed honeycomb samples was confirmed
to be superior to that of CB/PLA 3D printed samples.

Conclusion

This study is a basic research to manufacture a fabric heating element with conveyor
fused deposition modeling (CFDM) 3D printed. PLA, CB/PLA, and GR/PLA fila-
ments were collected, and 3D printed honeycomb structure samples were fabricated
using those filaments by CFDM 3D printer. The result of thermal properties of PLA,
CB/PLA and GR/PLA filament, T, and T of CB/PLA or GR/PLA filament shifted to
lower temperature than PLA filament, whereas T, of CB/PLA or GR/PLA filament
shifted to higher temperature compared to the PLA, which is associated with melt-
ing of large portion of crystals in composites, which are formed due to the nucleation
effect of carbon nanofillers. Based on TGA data, the residue of the CB/PLA and GR/
PLA filaments at 230 °C and 220 °C respectively which the temperature during 3D
printing processing was higher than around 99%, those are not seriously decomposed
and damaged during the 3D printing processing. Raman spectra of CB/PLA filament
indicated two broad peaks located at about 1350 cm™! and at 1600 cm™! associated
with D band and G band, respectively, and GR/PLA filament shows the three major
Raman signals at 1353 cm™! which corresponds D band, at 1587 cm™! which associ-
ated G band, and around at 2696 cm™! which corresponds 2D band. The I/ ratio
for GR/PLA revealed lower than CB/PLA indicated, thus, GR/PLA indicated more
surface integrity. For the 3D printed honeycomb structure sample using CB/PLA and
GR/PLA, the optimum condition was set up 230 °C and 220 °C respectively of the
printer temperature, 50 °C of bed temperature, and 30 mm/s of printer speed. Sur-
face resistivity of honeycomb structure sample using CB/PLA and GR/PLA is about
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299.0 Q/sq and 118.0 Q/sq. The maximum surface temperature of honeycomb struc-
ture sample using CB/PLA and GR/PLA is 78.7 °C and 143.0 °C applied to 25 V. As
a result, the electrical properties and electrical heating performance of GR/PLA 3D
printed honeycomb samples was confirmed to be superior to that of CB/PLA 3D
printed samples. In this study, 3D printed honeycomb structure was printed using
CB/PLA and GR/PLA filament using CFDM 3D printer, and it was confirmed that it
showed electrical and electrical heating characteristics. Therefore, it is expected that
the fabric heating element to which the GR/PLA 3D printed honeycomb sample with
excellent electric heating performance is applied will be possible.
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