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ABSTRACT

This study aims to provide a comprehensive account of chemically reduced graphene oxide
(RGO) and decabromodiphenyl ethane (DBDPE) filled acrylonitrile-butadiene-styrene (ABS)
multifunctional filaments for fused deposition modeling (FDM) applications. ABS/RGO with
DBDPE nanocomposites (ABS-GDM) were fabricated by single-screw extrusion at a diameter
of 1.75 mm. The proportion of RGO and DBDPE for the ABS-GDM filaments was set to
0.75 wt%. The properties of the ABS-GDM were determined using optical, mechanical, thermal,
and morphological characteristics (using scanning electron microscopy). A three-dimensional
(3D) model was successfully printed using the developed ABS-GDM filaments for FDM 3D
printing. These ABS-GDM have the potential to be used in FDM 3D printing. Considering the
optical band gap of the nanocomposites, they can also be used in optoelectronic devices and
sensor applications. Also, the vertical combustion standard testing results showed that ABS-
GDM filaments can be flame retardant.

Keyworbps: Nanocomposite filament, Nano-structured graphene, FDM, ABS.

1. INTRODUCTION manufacturing method based on computer-aided
In the last few years, there has been a growing design. Many manufacturing organizations
interest in additive manufacturing (AM) usually use powder or wire materials for AM
technology, which is a layer-by-layer technologies!4. AM technology is of interest
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in academic and industrial fields I":5¢. The most
commonly used 3D printing technology among
AM technologies is fused deposition modeling
(FDM) B, Polymers are used in FDM, which
liquify upon application of heat and solidify
when cooled. In FDM machines, materials are
injected through indexing nozzles onto a
platform. The nozzles trace the cross-section
pattern for each layer with thermoplastic
material, which solidifies before the application
of the next layer. The process is repeated until
the model is complete .

Polymer/graphene composites have been
extensively investigated owing to their flame-
retardant, physical, mechanical, optical
properties '>'2l, Graphene is the basic
structural unit of some carbon allotropes,
including graphite, carbon nanotubes, and
fullerenes!'®'2, Recently, thermoplastic
polymers such as acrylonitrile-butadiene-
styrene (ABS), polylactic acid (PLA),
polycaprolactone (PCL), and polycarbonate
(PC) have been used in FDM [13-15,

Many other academic articles related to the
successful production of graphene-doped
polymer-based nanocomposites have been
reported in the literaturel'¢24, Caminero et al.
used graphene-reinforced polymer composite
materials!'®'8.In addition, the interlaminar
binding and impact performance of 3D printed
samples were also investigated. The effects of
graphene supplementation and structural
behavior were also analyzed. The addition of
graphene into polymer-based composite
materials, while maintaining their flexibility,
improves the mechanical strength of the
composites, in addition to their electrical and
thermal properties 1924,
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In the present study, ABS-GDM were fabricated
for FDM. The optical, mechanical, thermal, and
structural properties of the ABS-GDM were
analyzed. Also, the ABS-GDM filaments was
successfully printed with the FDM device. The
obtained ABS-GDM structures were suitable
for large-scale FDM and optoelectronic
applications.

2. MATERIALS AND METHODS

DBDPE and RGO powders were used in this experiment
as additive materials, and ABS powder as the base
polymer. The materials were provided by Graf Nano
Technological Materials Industry and Trade Ltd. Co. RGO
was obtained by reduction of graphene oxides (GO)
synthesized by modified Hummers method. As we
reported before in detail [25,26], the GO and RGO
(conductivity >600 S/m, solubility water: insoluble, flake
size 0.1-10 um) were synthesized as powder. The
ABS-GDM with 0.75 wt% RGO and 0.75 wt% DBDPE
were prepared. The EDX analysis of the obtained RGO
was analyzed. Fig. 1 shows EDX spectra of the RGO
and the chemical structures of the RGO and DBDPE,
used as additive materials.

ABS was dry-mixed mechanically with RGO and DBDPE
powders and then melt-compounded using a single-
screw extruder to avoid the use of a solvent system.
The ABS-GDM were produced as pellets. Extruder
machine was used for filament production. Fig. 2 shows
the extrusion process setup for the ABS-GDM filaments
manufacture. The extruder (power, 5.5 kW) has a
diameter of 40 mm and cooling bath, band haul off
machine (1.1 kW), pneumatic cutter and auto winding
machine. To produce ABS-GDM filaments, the extrusion
temperatures were maintained at 160°C to 210°C from
the hopper to the die. The obtained ABS-GDM pellets
poured into the feeder of the extruder machine.
Rotational speed of the feeder set to 8 rpm. Extrusion
temperatures were controlled by five independent
heating zones. The obtained ABS-GDM filaments dived
into cooling bath (20°C) for solidification. Thus, 1.75 mm
diameter ABS-GDM filaments were produced by
controlling the speed of the band haul off machine.
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Fig. 1. Chemical structures of (a) RGO and (b) DBDPE (c) EDX spectra of the RGO.

For optical measurements of the ABS-GDM, the glass
substrates were chemically cleaned in acetone and
deionized water for 15 min. Then, the glass substrates
were exposed to an oxygen plasma cleaner to make
the surface hydrophilic and dried. ABS-GDM
suspensions with concentrations of 0.015, 0.025, and
0.050 g/ml of the ABS-GDM were prepared with acetone.
The prepared a-ABS-GDM (0.050 g/ml), b-ABS-GDM
(0.025 g/ml), and c-ABS-GDM (0.015 g/ml) suspensions
were stirred at 25°C for 2 h so as to yield clear and

homogenous suspensions. To prepare the ABS-GDM
films, the glass was coated with drop coating method.
Then, it was dried at 50°C for 10 min.

UV-VIS spectroscopy was performed using a
spectrophotometer (Shimadzu UV 1800). Fourier
transform infrared (FTIR) spectroscopy measurements
were conducted using an FTIR spectrometer (Perkin
Elmer Spectrum). The thermal behavior of the ABS and
the obtained ABS-GDM filaments was investigated by
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Extruder

Fig. 2. The extrusion process setup for the ABS-GDM filaments manufacture.

means of differential scanning calorimetry (DSC) using
the Perkin Elmer DSC 4000 at a heating rate of 10°C/
min under air. Zeiss Evo scanning electron microscope
(SEM) was operated to take surface morphology image
of the RGO, DBDPE, ABS and ABS-GDM. The EDX
analysis of the ABS-GDM was analyzed using Zeiss
Evo LS10 SEM attached with Bruker Quantax EDS.

For mechanical and the vertical combustion standard
testing, samples were prepared with the ABS-GDM
pellets by a hot press, having a size of 200 x 40 x 10
mm (ASTM D790) and 127 x 12.7 x 2 mm (UL-94),
respectively. The mechanical behavior of the
produced composite materials was studied using a
computer linked to the ZwickRoell/Z100 device. A
flexural test was carried out in the three-point
bending test using ZwickRoell/Z100 device according
to ASTM D-790. From the obtained standard force-
deformation data, the flexural strength and the flexure
modules values of the ABS and ABS-GDM specimens
were evaluated with the software program of the
ZwickRoell/Z100.
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3. RESULTS AND DISCUSSION

Considering the cost and viscosity of the ABS-
based nanocomposite filaments with RGO and
DBDPE for 3D printing processes, the ABS-
GDM had a RGO content of 0.75 wt% and a
DBDPE content of 0.75 wt%. The EDX spectra
of the RGO are in Fig. 1 (c). It indicates the
presence of C (88.36 wt%), O (11.64wt%)
elements for the RGO.

The thermal behavior of the obtained ABS-GDM
filaments was determined using a DSC with
continuous heating at a rate of 10 °C /min. Fig.
3 outlines the corresponding DSC traces from
the ABS and ABS-GDM filaments. The pure
ABS and ABS-GDM filaments exhibit similar
thermal crystallization behavior starting with a
distinct glass transition temperature (Tg).
Recently, the author in has found similar
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crystallization behavior for ABS-GDM (T ) was observed at 103°C and 104°C for ABS
materials!'3. The glass transition temperature and ABS-GDM filaments, respectively.
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Fig. 4. Fourier transform infrared (FTIR) spectra of (a) ABS and (b)ABS-GDM.

Fig. 4 shows the Fourier Transform Infrared
(FTIR) spectra of (a) ABS and (b) prepared ABS-
GDM. The FTIR spectra revealed the existence
of (2237 cm™") CN stretching from acrylonitrile,
(1635 cm™) the C = C stretching mode of
poly(butadiene), (1602, 1542, and 1502 cm™")
the C = C stretching mode of the aromatic ring
in styrene, (1449 cm™) the scissoring mode of
the CH, groups, and (957 and 910 cm'") the C-H
deformation for hydrogen atoms attached to
the alkenic carbons in poly (butadiene) for ABS
materials, as seen in Fig. 4 (a). For the ABS-
GDM, a similar observation can be made, as
shown in Fig. 4 (b). Similar results were reported
in the literature by # and 2% for ABS materials.
The results of this study showed that both ABS
and ABS-GDM have the same peaks in their
FTIR spectra. No clear peaks of the RGO and
DBDPE were observed in the FTIR spectra of
the ABS-GDM. However, the peak intensity of
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the ABS-GDM increased. This might be the
result of RGO and DBDPE additives.

Fig. 5. shows SEM images of the (a) RGO (b)
DBDPE (c) ABS (d) ABS-GDM nanocomposites.
From the images, it can be seen that the
structure of the material was not subjected to
any processing. The morphology of the
prepared ABS-GDM was analyzed through
SEM and the images are shown in Fig. 5 (d).
The results indicate that the ABS-GDM display
existence and homogenous distribution of RGO
and DBDPE.

Mechanical properties of ABS and the prepared
ABS-GDM were tested as an average value of
at least two replicates (at room temperature).
From the data measured with the ZwickRoell/
Z100 device, standard force-deformation curves
of ABS and ABS-GDM specimen are presented
in Fig. 6. Using typical force-deformation
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Fig. 5. SEM images of (a) RGO (b) DBDPE (c) ABS (d) ABS-GDM.
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Fig. 6. Standard force-deformation curves of ABS and ABS-GDM specimens.
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curves, the flexural strength and the flexure
modules values of the ABS and ABS-GDM
specimens were determined according to ASTM
D790 using the device’s software program. The
flexural strength values of pure ABS and ABS-
GDM were determined to be 67.53 MPa and
53.74 MPa, respectively. The flexure modulus
of pure ABS and ABS-GDM was found to be
3018.48 MPa and 3051.41 MPa, respectively.
The flexural strength decreases with increase
in the load on RGO and DBDPE. The flexure
modulus increased with the loading on RGO
and DBDPE. The results show that the
mechanical properties of ABS with additive
materials are different.

The vertical combustion standard level of pure
ABS and the ABS-GDM were determined to

be no rating (NR) and V2, respectively. The
vertical combustion results show that ABS-
GDM filaments is an effective flame retardant
with added RGO and DBDPE additives.

Fig. 7(a) shows the absorption spectra of the
prepared ABS-GDM with different suspension
concentrations at room temperature. The
spectra of the a-ABS-GDM, b-ABS-GDM, and
c-ABS-GDM structures show a strong
maximum absorption band around 247 nm. As
shown in the figure, the absorption of c-ABS-
GDM is slightly lower than that of the a-ABS-
GDM composites. It is also displayed in Fig. 7(a),
that the absorbance decreases with decreasing
amounts of additive material in ABS-based
composites. Several authors have presented
some results in?¥and &9,
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Fig. 7. (a) Absorption spectra of prepared ABS-GDM at different suspension concentrations.
(b) Transmittance spectra of prepared ABS-GDM at different suspension concentrations (a-ABS-GDM
(0.050 g/ml), b-ABS-GDM-25 (0.025 g/ml), and c-ABS-GDM (0.015 g/ml).

The transmittance spectra of the prepared ABS-
GDM with different suspension concentrations
are displayed in Fig. 7 (b). As seenin Fig. 7(b),
the average transmittance values of the a-ABS-
GDM, b-ABS-GDM, and c-ABS-GDM
structures are 44%, 67%, and 80%,
respectively, in the wavelength range of 400-
800 nm. These results also show that
transparency decreases with increasing
additive material.

To determine the type of optical band gap from
Fig. 4, we used the following relation B'-331;

(0hv) = A (hv — Eg)™2 (1)

where v & is the photon energy, and A is an
energy-independent constant. Fig. 8 (a) shows
the dependence of (avh)? versus photon energy
v (h) for the ABS-GDM structures. The predicted
values of optical band gap were determined from
Fig. 8 (a) and the optical band gap of the
a-ABS-GDM, b-ABS-GDM and c-ABS-GDM
structures were calculated to be 4.44 eV, 4.41
eV and 4.35 eV, respectively. The values of the
optical energy gap (Eg) for the ABS-GDM
structures are shown in Fig. 8(b). In this study,
the ABS-GDM was successfully printed with the
FDM device. Fig. 9 shows a 3D printed specimen
from the ABS-GDM filaments.
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Fig. 9. Printed specimen from the ABS-GDM filaments.

4. CONCLUSIONS

In this study, ABS-GDM filaments with RGO
and DBDPE were prepared by extrusion for
FDM applications. The values of the optical band
gap for the ABS-GDM structures ranged from
4.35 eV to 4.44 eV. It was also observed that
the band gap energy decreases when optical
average transmittance values increase. These
results may be important for optoelectronic and
photonic device applications. It was identified
the functional groups of ABS-GDM using FTIR.
As evident from the SEM images, RGO and
DBDPE were homogeneously dispersed in the
ABS polymer matrix. The flexural strength and
the flexure modulus values of the ABS-GDM
structures at room temperature were 53.74
MPa and 3051.41 MPa, respectively. The
vertical combustion results show that ABS-
GDM filaments can be a flame retardant with
added RGO and DBDPE additives.T, of the
ABS-GDM filaments was found to be 104.256
°C. This is the first study where both RGO
and DBDPE are used in pure ABS. The findings
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of our study suggest that this new generation
of nanocomposite filaments with modified
mechanical, thermal, and optical properties
could be useful for FDM applications. The
fabricated ABS-GDM filaments can be readily
used in AM technology.
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