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1. Introduction

The growing demand for custom-
ized and simple processing parts with
reduced costs has driven many studies
in the manufacture of composite mate-
rials, especially those related to additive
3D printing technologies. These tech-
nologies have enabled the manufacture of
complex and customized parts for vari-
ous applications. However, the search for
suitable materials for these technologies
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Abstract

This study evaluated the mechanical properties and the chemical and thermal
characteristics of low-density polyethylene (LDPE) nanocomposites reinforced with
graphene oxide for manufacturing via 3D printing. LDPE nanocomposites with
different graphene oxide (GO) loadings (0.5% and 1.5%) were processed by
a single-screw extruder. To characterize the pre-injected material, Fourier transform
infrared spectroscopy (FTIR) and thermal characterization with thermogravimetry
(TGA) were used. The injected material was also characterized with mechanical
impact and traction tests. The results showed that incorporating GO into the poly-
meric matrix added hydroxyl groups to the matrix structure, with a 39.13% increase
in Young’s modulus for LDPE-1.5%wtGO samples. Mechanical tests of 3D printed
samples showed that, with an increase in the amount of GO in the polymer matrix,
the composite loses ductility, enabling its use in 3D printing technologies and thus
encouraging new studies on printed materials for various applications.
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continues to be a significant challenge
(Qassemyar et al., 2017).

Polyethylene has great industrial
importance as one of the most widely
used polymers. Low-density polyethylene
(LDPE) stands out as an economical and
easily processable material (AL-Ammari
et al., 2019; Callister, 1991; Gahlot &
Kulshrestha, 2019; Lee et al., 2019;
Trivedi et al., 2022; Yusof et al., 2023)

with exceptional resistance to acids,
bases, solvents, and recyclability (Olesik,
Godzierz, and Koziot, 2019; Trivedi et al.,
2022). However, LDPE has some limita-
tions related to low wear resistance, sus-
ceptibility to stress cracking, relatively low
strength, and stiffness. When subjected to
3D printing processing, it demonstrates
poor adhesion to printing beds and high
shrinkage, limiting its use in the pure state

REM, Int. Eng, J., Ouro Preto, 77(2), €230059, apr. jun. | 2024

1/6



2/6

by this type of processing (Boczkowska &
Krzesinski, 2016; Sleziona, 1998).

To overcome these limitations, some
studies have developed LDPE-based poly-
mer matrices reinforced with different ma-
terials (Olesik, Godzierz and Koziot, 2019).
In this context, graphene oxide (GO) is an
interesting and promising reinforcement
for making composites (Nagi et al., 2020;
Hou et al., 2017). GO is a material with
unique characteristics and can improve the
mechanical properties of polymer-based
composites (Cao, Y, et al., 2001; Rafiee,
M, et al., 2009) in addition to presenting
hydroxyl and carboxyl functional groups,
which can improve the interfacial bonding
with the polymer matrix. Furthermore,
at the nanoscale, material properties
are influenced by surface chemistry and

2. Experimental procedures

The materials used in this study were
LDPE EF2222, supplied by Braskem,
which has a low gel content, ensuring good
processability, with reduced film thickness
and high uniformity, and graphene oxide,
which was synthesized in the laboratory
using the modified Hummers method, as
characterized in detail by Tegon (2021)
in a parallel study. Three samples of
LDPE were used — pure LDPE, LDPE-
0.5%wtGO, and LDPE-1.5%wtGO. The
development of this research consisted of
the preparation, processing, and char-
acterization of pure LDPE and additive
LDPE samples.

To manufacture the nanocom-
posites, two extrusion processes were
carried out. A single-screw extruder
with three temperature zones was used,
which was fed through a hopper with
gravity action.

First Extrusion: GO was mixed
with pure LDPE to obtain pellets. It was
worked at 33% of the maximum torque
of the equipment and screw rotation of
20 rpm. The temperatures in each of the
extruder zones were Zone 1 (feed): 170 °C;

3. Results and discussion

3.1 Pallet analysis

Figure 1 shows the FTIR spectrogram of
pure LDPE and samples after GO addi-
tion. In the spectroscopic profile, asym-
metric and symmetric axial deformation
was observed at 2,970 and 2,870 cm™,
respectively, of C-H. Between 1450 and
1370 cm™, a characteristic band of an-
gular deformation of the C-H groups
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reinforcement size, making it suitable to
produce nanocomposites (Tibbetts et al.,
2007). Trivedi (2022) comments that poly-
mer nanocomposites have the potential to
replace conventional materials due to their
processability through various techniques,
including 3D printing. These materials
feature greater tensile strengths, improved
thermal distortion temperatures, and
better noise dampening than traditional
materials, thus making them candidates
for future industrial applications.
Already consolidated polymer pro-
cessing techniques, such as injection,
extrusion, compression or transfer, and
blow molding, prove to be effective for
manufacturing polymeric nanocompos-
ites. However, additive manufacturing
technologies through 3D printing have

Zone 2 (compression): 180 °C; and Zone
3 (dosing): 190 °C.

Second Extrusion: To conform the
filament diameter to 1.75 mm for 3D
printing, 31% of the maximum torque
of the equipment and a screw rotation of
12 rpm were used. The temperatures in
each extrusion zone were the same as the
first extrusion.

Injection of the specimens: For the
tensile and impact tests, the injection
of the specimens was carried out using
the Haake mini jet pro from Thermo
Scientific, following the heating cylinder
temperature process parameters: 200
°C; mold temperature: 60 °C; injection
pressure: 140 bar; back pressure: 80 bar
(pure LDPE), 70 bar (additive LDPE), with
injection pressure time of 15 seconds and
back pressure time of 7 seconds.

Printing parameters for 3D Printing;:
An S3 3D Printer — Sethi3D - 1.75 mm
was used, with a layer height of 0.2 mm,
filling density of 100%, printing speed of
45 mm/s, extruder temperature of 240 °C,
and bed temperature of 20 °C. Super 77
(3M) was used for fixing the table.

(CH, and CH,) and asymmetric angular
deformation of CH, at 770 cm™ was
also visible, which is in agreement with
literature (Redighieri, 2006). After the
addition of GO, bands in the regions
from 3,400 to 3,100 cm™ attributed
to the -OH (hydroxyl) group became
visible. The band with a wavenumber
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emerged as a new and exponent technique
to produce parts with complex geometries
directly from the desired material. For this
growing technology, investigations in this
area, with different types of materials and
reinforcements, are still under develop-
ment for challenges related to the process
parameters and performance of these
materials for the targeted applications.

This study aims to develop, evaluate,
and characterize low-density polyethylene
(LDPE) polymer nanocomposites, rein-
forced with graphene oxide and printed by
3D additive manufacturing. The specific
objective was to investigate the influence
of the amount of reinforcement in the
structure of the preprinted material and
the mechanical properties of the final
printed composite.

Mechanical analysis of the injected
samples was done by tensile tests under
the following conditions in accordance
with D638-14. A type 4 specimen was
used with a test speed of 5 (0.2) = 25%
mm/min. Impact results were obtained
in accordance with ASTM D256-10. A
total of five specimens were used in each
condition in both tests.

Infrared spectroscopy (FTIR) was
used to observe specific groups of mixture
components and their interactions, which
were analyzed with a nominal resolution
of 4 cm™ and scanned 32 times with a
transmission limit of 4000-600 cm™.

The TGA tests of the samples were
carried out in alumina crucibles with an
oxygen atmosphere (100 ml/min). The
samples were inserted into the crucibles
and taken to the oven, with support con-
nected to the precision balance. The tem-
perature was regulated to vary over time in
seconds, while the balance provided data
on the mass of a sample as a function of
time. For the experiment, an isotherm was
used up to 30 °C, then 10 °C/min until the
final temperature.

close to 1100 cm™ is always found for
C-O molecules and is related to the
carbon-oxygen stretching vibration
mode, according to other authors
(Lorenzetti et al. 2005).

The addition, GO significantly increased
the hydroxyl and C-O groups, giving the
material hydrophilicity, an important



parameter for the adhesion of the printed
composite to the printing base, in 3D
printers. It is vitally important that the
first layer of the print is well adhered to
the print base to avoid defects on the face
of the material in contact with the base.

Hydrophilic surfaces facilitate this adhe-
sion, helping to prevent the printed com-
posite from detaching and moving during
the process. Printed surface quality and
hydrophilicity can affect the surface qual-
ity of printed parts. Hydrophilic surfaces
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can lead to a uniform distribution of the
printing material, improving the quality of
the part, in addition to providing increased
cell adhesion for possible medical and phar-
maceutical applications (Lorenzetti et al.
2005; Yuan et al.,2018; Zhou et al., 2019).
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Figure 1 - FTIR graph for pure LDPE, LDPE-0.5%wtGO,
LDPE-1.5%wtGO samples. FTIR spectra were obtained with a resolution of 4 cm ™ in the 4000 to 600 cm ' region,
where the main acquisition bands that characterize the compound are highlighted by their respective frequencies.

Figure 2 shows the graphs generated from the tensile test on pure LDPE, LDPE-0.5%wtGO, and LDPE-1.5%wtGO samples.
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Figure 2 - Tensile tests graph for pure LDPE sample, LDPE/GO - 0.5%, LDPE/GO - 1.5%,
under the conditions of standard D638 - 14 with a test speed of 5 (0.2) + 25% mm/min.

Table 1 - Tensile test results of pure LDPE and additive LDPE.

Series Modulus of Elasticity Ultimate Tensile Maximum Elongation Tensile Strength Elongation Rupture
(MPa) Strength (MPa) (%) (MPa) (%)
PURE LDPE 276 £ 28 20.5+21 73+3 18.7+2.1 80+3
LDPE/0.5%wtGO 296 + 46 19.7+£2.1 557 183 +£1.8 62+5
LDPE/1.5%wtGO 384 +63 21.6+0.6 58+5 14+3 64+7

The results in Table 1 show the
increase in Young’s modulus of the com-
posite with increasing GO loading in the
LDPE matrix due to the high stiffness of

GO (290 - 430 GPa) (Liu et al., 2012),
compared to the LDPE base. Due to the
standard deviation observed between
the Pure LDPE and LDPE/0.5%wtGO

REM, Int.

samples, there was no increase in Young's
modulus, although there is a tendency
for an increase due to the increase in
reinforcement load, as observed between
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Pure LDPE and LDPE/1.5% wtGO. The
LDPE/1.5%wtGO samples showed an av-
erage increase of 39.13% in their Young’s
modulus compared to pure LDPE, even
with such a high standard deviation. The
minimum Young's modulus values for the
1.5% LDPE samples are still higher than
the maximum values obtained for pure
LDPE, representing in this scenario an
increase of 6.1%, representing an effective
increase in this mechanical property. The
performance of a composite is directly
related to the quality of the interfacial
interaction between reinforcement and
matrix, associated with the aspect ratio
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of the filler, in addition to the functional
groups available on the GO surface, as
well as the proportion and dispersion
of the reinforcement in the matrix. For
small amounts of reinforcement or low
dispersion, the elasticity parameter is not
sensitive and only begins to improve with
a more homogeneous dispersion and an
increase in the amount of filler in the
matrix (Fu et al., 2008).

A decrease in the ultimate strength
of the samples in LDPE-0.5%wtGO
was observed in relation to pure LDPE.
A weak interfacial interaction and low
dispersion provide low load transfer

between the matrix and reinforce-
ment. In this case, the reinforcement
becomes a stress concentrator, favoring
the presence of places susceptible to
rupture, leading the material to rupture
with lower loads (Fu et al., 2008). The
LDPE-1.5%wtGO samples showed an
ultimate strength of 21.6 MPa, which
represents a 5.3% increase in ultimate
strength. The toughness of the materials
did not significantly change (Table 2).
However, the decrease observed in ad-
ditive materials may be related to their
loss of ductility due to added fillers
(Croucillo et al., 2018).

Table 2 - Results of impact test on pure LDPE and additive LDPE.

Series Energy/Thickness (J/m) Energy/area (J/m?) Impact Speed (m/s)
PURE LDPE 298 37.2 3.45
LDPE/0.5%wtGO 275 34.2 3.45
LDPE/1.5%wtGO 289 36.9 3.45

In the TGA analysis illustrated in
Figure 3, the LDPE-1.5%wtGO compos-
ite presented a curve close to pure LDPE
but slightly higher, with the beginning of
thermal degradation of pure LDPE around
220°Cand 250 °C for LDPE-1.5%wtGO.
Pandey et al. (2016) verified the same
phenomenon using graphene as reinforce-
ment in HDPE. They observed that the
TGA curves showed the same degradation
profile, with a positive displacement of the
curves, when increasing the load of carbo-
naceous material in the direction of the
increase in degradation temperature dur-
ing the test. These authors concluded that
when the graphene in the matrix increases,

Weight (%)

100

the composite acquires greater thermal
stabilization, as also observed by Bu et al.
(2016). Quiles-Diaz et al. (2017) reported
the same phenomenon and attributed the
delay in the decomposition process to the
barrier effect of nanoparticles, which pre-
vents the transport of gas-phase products
of polymer decomposition. In contrast to
the pure LDPE and LDPE-1.5%wtGO,
the LDPE-0.5%wtGO composite showed
greater thermal stability, starting its deg-
radation at around 310 °C with an abrupt
drop in mass around 415 °C. The mecha-
nism favored thermal stability with sudden
mass loss compared to pure LDPE, and the
mechanism of LDPE-1.5%wtGO is not yet

clear, obtaining a mass loss only slightly
above that of pure LDPE; however, this
mechanism will be studied in future work.

The importance of knowing the
mass loss in relation to the temperature
of this nanocomposite is related to the ex-
trusion of this material in the 3D printer.
After several printing attempts, this nano-
composite obtained better extrusion and
adhesion on the base of the 3D printer
with an extruder temperature of 240 °C
and bed temperature of 20 °C. Thus, for
extrusion and adhesion in the 3D printer,
this nanocomposite with LDPE matrix
and GO filler has a mass loss in relation
to temperatures above 240 °C.
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Figure 3 - TGA graphs of pure LDPE, LDPE-0.5%wtGO, LDPE-1.5%wtGO samples operated with an
oxygen atmosphere (100 ml/min) and an isotherm up to 30°C, then 10°C/min until the final temperature.
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3.2 3D printing

After mechanical tests, the pure
LDPE and added LDPE filaments were
inserted into the 3D printer. Pure LDPE
could not be printed, possibly due to its
high ductility, while the added LDPE
achieved good printing performance, as

seen in Figure 4. The samples with GO
demonstrated satisfactory printability,
where the parameters and geometries
used for testing were simpler and with
printing configurations and filaments
similar to those of materials already
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commonly used, such as PLA (poly lactic
acid). This calls for further investigation
of the state of the art on the interaction
of GO and other carbonaceous materials
in 3D printable polymers for automotive,
aeronautical, and medical applications.

Figure 4 - Printed samples of LDPE-0.5%wtGO (left), LDPE-1.5%wtGO (right) - with extruder
temperature of 240 °C and Print Bed of 20 °C - Layer Height: 0.2 mm - Filling density: 100% - Speed: 45 mm/s.

4. Conclusions

This research developed GO-rein-
forced LDPE composites for 3D printing
applications. FTIR revealed that the
addition of graphene oxide significantly
increased hydroxyl and CO groups. This
provided the material with the neces-
sary hydrophilicity for adhesion to the
printing table and quality printed sur-
face. Additional studies should explore
applications of this material in various
areas including medical and pharmaceu-
tical applications, given the mechanical
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