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Abstract

The focus on fillers' influence in high-performance polymer composites has

undergone a transformation. Additionally, the utilization of additive manufactur-

ing (AM) in this venture has aroused the curiosity of investigators to empirically

enumerate the characteristics of such composites for numerous applications.

Consequently, this investigation aims to assess the thermal behavior of polyeth-

ylene terephthalate glycol (PETG) polymers reinforced with graphene flakes. As

mentioned above, various weight ratios of the constituents are manufactured,

blended, and extruded into six distinct varieties of 3D-printable filaments utiliz-

ing a twin-screw extruder. In accordance with the relevant American Society for

Testing and Materials (ASTM) standards, we perform the thermal characteriza-

tion of the compounded PETG/graphene pellets using Fourier transform-

infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), and differential

scanning calorimetry (DSC). The results reveal that enhancing the concentration

of graphene augments the thermal properties of the composites. Furthermore,

the FTIR investigation contributes to graphene's proficiency in absorbing infra-

red radiation and curbing micro-vibrations. Additionally, the study highlights

the way in which chemical interactions between graphene and PETG impact the

general effectiveness of the composites.
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Highlights
• Thermal characterization of PETG/graphene composites used for AM is

performed.
• FTIR, DSC, and TGA tests were carried out.
• Significant influence of graphene on thermal performance is witnessed.
• Useful for smart electro-mechanical devices.

1 | INTRODUCTION

With the development of rapid prototyping (RP) techniques,
there has been an increase in inquisitiveness in finding
appropriate polymers and their composites for particu-
larly challenging applications such as medical, electron-
ics, aerospace, and automotive due to the distinctive
mechanical, thermal, and physical properties of polymers
and polymer composites. Polymer composites have paved
the way for extensive study in the field and offered inno-
vative solutions to contemporary problems. The multi-
functional properties of polymers, such as mechanical
strength, biocompatibility, and environmental degrad-
ability, make them widely used. Examples include poly-
ethylene terephthalate glycol (PETG), polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), and others.
These polymers' poor thermal performance, however,
places a limit on their potential. To overcome this draw-
back, significant progress has been made in materials sci-
ence recently in the creation of composite materials with
improved qualities for various applications. There is
much interest in the incorporation of filler materials like
microparticles, fibers, carbon nanotubes (CNTs), and
nanofillers into polymer matrices, which produce com-
posites and nanocomposites. These nanocomposites are
extremely desirable for various applications, as men-
tioned above, because of their outstanding mechanical,
electrical, thermal, and barrier properties.1,2

Polymer nanocomposites have been created using
carbon-based nanofillers like carbon nanofibers, CNT,
and carbon black; among these, CNT has emerged as an
exceptionally competent conductive filler. Nevertheless,
the production expense associated with carbon nanotubes
remains a primary obstruction. Considering this, rese-
archers have sought to devise an economical substitute for
carbon nanotubes, with the breakthrough discovery of gra-
phene proving to be an auspicious development. The
advent of graphene-based composites represents a new
class of materials with enormous potential for a range of
different uses. Graphene is a 2D material with exceptional

thermal, electrical, and mechanical properties. Its
exceptional characteristics have led to a significant
increase in research focused on its incorporation in poly-
mer composites. Researchers have recently investigated
the thermal properties of thermoplastic composites incor-
porated with graphene, particularly for 3D printing
apps.2–4 Graphene is anticipated to manifest extraordinary
characteristics, encompassing elevated thermal conductiv-
ity, exceptional mechanical attributes, and outstanding
electronic transport characteristics.5–8 The distinctive char-
acteristics of graphene have elicited significant intrigue for
its prospective integration into a multitude of devices. In
contrast to carbon nanotubes, which were a favorable filler
option for composites prior to graphene's isolation, the
superior surface-to-volume ratio of graphene stems from
the unavailability of the molecules of polymer on interior
nanotube surfaces. Consequently, this underscores the
potential suitability of graphene for augmenting polymer
composites' thermal and mechanical features. The addi-
tion of fillers like graphene has further improved the per-
formance of these composites, making them suitable for
advanced applications.9 Stankovich et al.10 looked into the
potential uses of composite materials based on graphene.
They focused on these composites' extraordinary mechani-
cal strength and electrical conductivity as they detailed their
creation, structure, and characteristics. The morphological
properties, thermal, and mechanical characteristics of a
thermoplastic elastomer made of polyethylene and recycled
rubber were improved by the inclusion of graphene,
according to Paran et al.11 including its tensile strength
and tensile modulus, crystallinity, and thermal stability.
The addition of graphene oxide improved the nanocompo-
sites' thermal stability and mechanical strength. The
structural disparity of graphene-based materials can signif-
icantly impact the surface and thermo-mechanical proper-
ties of polymer composites. The impact of structural
disparity of graphene-based materials on thermoplastic
polyurethane (TPU) nanocomposites was studied by Bera
and Maji.12 Similarly, the impact of graphene oxide
(GO) on the thermal and mechanical characteristics of
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graphene oxide/hytrel (HTL) nanocomposites was
investigated by Pandey et al.13 The study reveals that
GO inclusion brings about enhancements in both the
mechanical and thermal characteristics of the material,
including substantial enhancements in both the tensile
strength and storage modulus. This leads the authors
to suggest that GO/HTL nanocomposites hold great
potential for application in structural engineering. Liu
et al.14 examined the thermal characteristics and mechani-
cal characteristics of GO-reinforced epoxy resin nanocom-
posites. The study revealed that GO incorporation notably
heightened the composites' flexural and tensile strength
and their storage modulus. Moreover, the nanocomposites
exhibited improved thermal stability and glass transition
temperature. At a modest loading of 0.15 wt%, Liao
et al.'s15 investigation into adding graphene to polyure-
thane acrylates revealed intriguing improvements in the
rheological, mechanical, electrical, and thermal charac-
teristics of the resultant nanocomposites. This discovery
highlights the positive potential of graphene as a nanofil-
ler in polyurethane acrylate matrices. Examining the sur-
face characteristics of thermoplastic polyurethane (TPU)
composites reinforced with GO and reduced graphene
oxide (RGO) is an intriguing area for investigation. There
is currently little information on how the structural dif-
ferences between GO and RGO influence their interac-
tion with TPU. For enhanced comprehension of how the
structure of graphene influences the characteristics of
TPU nanocomposites, more research is necessary in this
area. Similar to this, Wang et al.16 examined how adding
graphene to CF/PPBESK composites affected their
mechanical and thermal conductivity qualities. The out-
comes showed that the graphene-modified composites
formed a conductive network, leading to appreciable
increases in heat conductivity. Additionally, by passivat-
ing cracks and preventing crack development, graphene
increased the mechanical characteristics of the compos-
ites. These increases in interlaminar shear strength
(ILSS), compressive strength, and flexural strength
(FS) demonstrate the promise of graphene-modified com-
posites for structural applications. In contemporary
research, a body of literature exists where the utilization
of graphene nanoplatelets (GNPs) as fillers has been
explored to augment the characteristics of the epoxy com-
posite.17,18 The emergence of hybrid composite materials,
characterized by their multifaceted mechanical, thermal,
and electrical attributes, has piqued the interest of
scholars.19,20

Similarly, numerous researchers have conducted
investigations to explore the impact of graphene and
other fillers on metals, ceramics, and other thermoplastics,
aiming to determine their potential applications across
diverse fields. Graphene is employed to reinforce not only

polymer matrix materials but also metal and ceramic com-
posites, leveraging its remarkable attributes.21–23 A
groundbreaking technique for producing GO-reinforced
epoxy resin nanocomposites was introduced by Yang
et al.24 Through a two-phase extraction process,
0.0375 wt% GO incorporation led to remarkable compres-
sive failure strength and toughness enhancement.
Although the process was somewhat intricate, the study
presents a promising approach to fabricating GO-epoxy
resin nanocomposites. Overall, the authors inferred that
GO functions as a potent reinforcing agent for epoxy
resin nanocomposites. By changing the concentration of
graphene in a PC-ABS matrix from 0.01 vol% to 0.25 vol
%, Vijay et al.25 examined the behavior of the material.
The ensuing effects on microstructure, dimensional accu-
racy, and density were investigated. Additionally, the
researchers probed the impact of heightened copper par-
ticle content on thermal conductivity in an ABS matrix.
The incorporation of copper particles at 2.5 and 5 wt.%
was examined, and the nanocomposites were compared
for their thermal conductivity. The results disclosed that
enhancing the concentration of copper causes the polymer
nanocomposite's thermal conductivity to rise. To create
fused filaments, Relinque et al.26 concentrated on synthe-
sizing and characterizing acrylonitrile-butadiene-styrene
(ABS) composites with improved conductivity. The inclu-
sion of conductive fillers enhanced the electrical conduc-
tivity of the composites. These outcomes demonstrate the
potential of these composites for conductivity-required
additive manufacturing applications. The potential of
recycled PET as a sustainable substitute supply for 3D
printing was looked at in the study by Patra and Negi.27

The enhanced properties of the modified PET demon-
strated its suitability as a replacement substance in eco-
logically friendly additive manufacturing techniques. In a
study led by Mahesh et al.28 the effects of incorporating
organically modified montmorillonite (OMMT) nano clay
and short carbon fibers (SCFs) into extruded PETG como-
nomers for use in 3D printing were investigated. The
addition of SCFs and OMMT resulted in modifications of
the chemical interactions within the comonomer blend,
with more substantial alterations observed at higher
weight percentages of these additives. Interestingly, the
addition of OMMT reduced the comonomer blend's abil-
ity to absorb infrared light. However, at weight percent-
ages above 3%, particle agglomeration was noted. Sahoo
et al.29 discovered that carboxylic acid functionalization
enhances dispersion and boosts the mechanical perfor-
mance of CNT composites. The study also highlights the
influence of processing methods such as sonication and
high-shear mixing on composite properties. Overall, the
findings suggest that appropriate functionalization and
processing can yield CNT composites with greater

BEDI ET AL. 3
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thermal and mechanical characteristics. Billah et al.30

examined the thermomechanical properties of short glass
fiber-reinforced ABS and SCF for mass production with
additive techniques. Results disclosed that the inclu-
sion of fibers improved the composites' thermal stabil-
ity, stiffness, and strength while increasing the
viscosity and reducing the ductility. The findings have
potential implications for the design and optimization
of composite materials in large-scale additive manu-
facturing applications. Ramanathan et al.31 demon-
strated a remarkable rise in the glass transition
temperature of poly(acrylonitrile) with only 1 wt.% of func-
tionalized graphene sheets and a nearly 30�C improvement
in poly (methyl methacrylate) with 0.05 wt.%. The mechan-
ical properties showed a similar trend, with functionalized
graphene sheet composites matching those of single-walled
carbon nanotube-reinforced composites, underscoring the
immense potential of functionalized graphene sheets in
polymer composites.

In conclusion, the characteristics of the resultant
composites have significantly improved as a result of the
inclusion of graphene and its derivatives in polymer com-
posites. These research demonstrate the enormous poten-
tial of graphene-based polymer composites in various
applications like automobile, medical, and aerospace
industries, etc., from improving mechanical and thermal
properties to strengthening electrical conductivity and
sustainability. More study in this area is necessary to
explore the huge potential afforded by these new mate-
rials and their contribution to the development of numer-
ous sectors. From the review, it was realized, to the best
of authors' knowledge, that the works analyzing the ther-
mal behavior of PETG/graphene composites is available
in scarce. This work represents an initial endeavor in this
aspect to understand the influence of graphene reinforce-
ments on the thermal characteristics of PETG compos-
ites, which are the potential candidates for smart
structures. The fabrication of five distinct PETG compos-
ites was undertaken, with varying concentrations of gra-
phene, comprising 0.02, 0.04, 0.06, 0.08, and 0.1 wt.%.
Thereafter, a comparative analysis of the thermal behav-
ior of these composites was conducted using FTIR, DSC,
and TGA, both among themselves and in relation to the
neat PETG, to ascertain the thermal performance of the
composite materials.

2 | MATERIALS AND METHODS

2.1 | Materials

The polymer material selected for the present experiment
was PETG. It was procured from H R Organo Chem Pvt.

Ltd., Mumbai, India, along with the requisite graphene.
According to the vendor's specification, the untreated
PETG material possesses 49 MPa, 64 Mpa, and 1800 MPa
of tensile strength, flexural modulus, and strength,
respectively. As per the manufacturer's data, the molded
components created using these pellets exhibited a yield
strength of 49 MPa with a 4.5% elongation, accompanied
by a bulk density of 1.28 g/cm3. Table 1 provides the
properties of graphene, which is a hexagonally arranged
single layer of carbon atoms.

Six distinct composite compositions were synthesized
with varying concentrations of graphene, ranging from
0.02 to 0.1 weight percentage, as detailed in Table 2. The
constituent components were blended using mechanical
means to achieve the desired composition, and the result-
ing amalgamated pellets were fabricated through a twin-
screw extrusion process.

2.2 | Extrusion of 3D printed filaments
and material compounding

To create composite pellets, the mixes were subsequently
combined utilizing a lab-scale twin-screw extruder
(ZV-20). Table 3 provides a description of the extruder's
specifications. With a consistent 4.5 N-m motor torque
operating at 110 rpm and maintaining die temperatures
within the range of 285–300�C, a steady pellet output of
roughly 10 kg/h was attained. Table 4 lists the extruder's

TABLE 1 Properties of graphene filler.

Properties Values

Thickness (nm) 0.335

Density (g/cm3) 2.26

Young's modulus (Gpa) 1000

Electrical conductivity (cm2/Vs) 200,000

Thermal conductivity (W/m.K) 5000–5300

Tensile strength (GPa) 130

TABLE 2 Compositions of PETG composites.

Specimens PETG (wt.%)
Graphene
(wt.%)

PETG (A) 100% 0%

PETG+0.02 wt.% graphene (B1) 99.98% 0.02%

PETG+0.04 wt.% graphene (B2) 99.96% 0.04%

PETG+0.06 wt.% graphene (B3) 99.94% 0.06%

PETG+0.08 wt.% graphene (B4) 99.92% 0.08%

PETG+0.1 wt.% graphene (B5) 99.90% 0.1%

4 BEDI ET AL.
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observed zone temperatures during the compounding
operation. The pellets were then extruded into thin
monofilaments with a diameter of 1.75 mm after being
pre-dried at around 60�C for 4 h. A filament-winding
device was used during the extrusion process, and it was
affixed to the final stage of the extrusion line. The
extruded filaments were simultaneously coiled onto vari-
ous spools throughout this procedure. It is crucial to note
that creating smooth filaments after the addition of gra-
phene to PETG presented certain difficulties. This was
principally caused by the higher temperatures that were
seen in the zone as a result of the inclusion of the gra-
phene. The small piece of the filament of every composite
was utilized to test the thermal characteristics of the com-
posite, as shown in Figure 1.

2.3 | Fourier transform-infrared
spectroscopy (FTIR)

The ASTM E-1252 standard was followed when conduct-
ing the FTIR investigations. High-grade spectroscopic
grade potassium bromide (KBr), purchased from Sigma
Aldrich and finely pulverized before being put onto the
sample holder, was used to create the blank sample. The
Perkin Elmer Spectrum 2 instrument's FTIR chamber
then received this holder in order to do a background
scan. The blank sample was taken out once the back-
ground scan was obtained. The compounded pellets were
then crushed into a powder, and 5–8 milligrams of that
powder were combined with spectroscopic-grade KBr.
This mixture was relocated to a cylindrical block die

assembly after being further ground into powder in an
agate mortar. For 2 min, a load of 10 tonnes was applied
to generate a cylindrical disc specimen. The samples were
then examined using the Perkin Elmer Spectrum 2 equip-
ment (Figure 2A), which used IR light with a resolution
of 4 cm�1 and a wavelength range of 400 to 4000 cm�1.
The specimens were generally 12 mm in size. To create a
plot and obtain the complete spectrum, the percentage
dissimilarity in the compounds' transmittance was plot-
ted against the respective wavenumbers. In FTIR
research, this methodology guarantees accurate and pre-
cise results.

2.4 | Thermo-gravimetric analysis (TGA)

Through TGA testing, the thermal behavior of the speci-
mens was evaluated in accordance with ASTM E1131.
The Perkin Elmer TGA 4000 analyzer (Figure 2B) was
employed to analyze the specimens. The tests were car-
ried out using a steady heating rate of 10�C/min at tem-
peratures ranging from 32.10 to 750�C. To determine the
net effective residue, the specimens were heated to 600�C
in a nitrogen (N2) gas atmosphere at a constant flow rate
of 20 mL/min, and subsequently oxygen (O2) gas was
added at the same flow rate. To measure the deterioration
temperature, onset temperature, and rate, the test was
carried out. This made it possible to plot both the change
in weight percentage to temperature (TG curve) and the
weight change rate to temperature (DTG curve).

2.5 | Differential scanning
calorimetry (DSC)

The DSC SETLINE analyzer (Figure 2C) was utilized to
obtain thermograms for the composites through DSC fol-
lowing the guidelines set by ASTM D3418. The pellets of
the samples were placed in the DSC chamber's sample con-
tainer for assessment. The DSC measurements were con-
ducted from ambient temperature to 400�C at a constant
heating rate of 10�C/min and a steady supply of nitrogen
gas at a rate of 50 mL/min. Phase transitions, exothermic
and endothermic processes, major transition temperatures,
and other critical elements of the composites were studied

TABLE 3 Twin-screw extrusion line specifications.

Parameters Values

Screw L/D ratio 40

Screw speed (rpm) 600

Screw diameter (mm) 21.5

Production output (kg/h) Approx. 15 kg/h

Melt pressure transducer (bar) 200

Maximum torque (N-m) 75 (for each shaft)

Melt temperature transducer (�C) 400

TABLE 4 Temperatures of the composites' compounding and filament extrusion.

Temperatures for
different processes (in �C) Feed zone Compression zone Mixing zone Die-head

Compounding 275–285 280–295 290–300 285–305

Extrusion 180–185 190–205 210–225 205–230

BEDI ET AL. 5
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using thermograms created by graphing the change in
heat energy against temperature.

2.6 | SEM characterization

The pellet form of the PETG composites was carefully
inspected using a Hitachi S3500 SEM analyzer to

determine the microstructure and dispersion of the gra-
phene particles in the PETG composites. The low-energy
secondary electron mode was used to accomplish this
goal with a constant accelerating voltage of 10 kV. The
print quality, bonding properties, and other potential
causes of the fracture surfaces' failure were meticulously
investigated.

3 | RESULTS AND DISCUSSION

Thermal stability is a crucial parameter in characterizing
polymeric materials since the temperature often serves as
a limiting factor in their application potential. The
unique structure of graphene renders a substantial impact
on the thermal characteristics of nanocomposites, warrant-
ing a thorough investigation thereof. In this regard, ther-
mogravimetric analysis (TGA), Fourier transform-infrared
(FTIR), and differential scanning calorimetry (DSC) were
employed to assess the thermal stability of the virgin
PETG and different variants of PETG/graphene polymer
composites considered in this study.

3.1 | FTIR analysis

In view of this investigation, FTIR investigations are con-
ducted to ascertain and analyze the chemical causes of
failure. The clean PETG polymers' FTIR spectra are
shown in Figure 3A. Due to the PETG molecule'sFIGURE 1 Specimens used for thermal testing.

FIGURE 2 Experimental set-up of (A) FTIR instrument, (B) TGA analyzer, and (C) DSC analyzer.

6 BEDI ET AL.
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presence of C–H stretched alkanes, the molecules exhibit
a slight drop in transmittance between 2850 and
2900 cm�1, as shown in the figure. These C–H groups
absorb infrared radiation at this frequency range, result-
ing in a reduction in transmittance. This is a characteris-
tic feature of PETG polymers. Strong prolongation of the
ketone groups (C=O) occurs at 1710.23 cm�1. This is due
to the presence of a relatively high concentration of
ketone groups in the PETG polymer and due to the spe-
cific vibration and absorption characteristics of these
functional groups. It suggests that the ketone functional
groups are abundant and contribute significantly to the
molecular structure and chemical properties of the PETG
material. At 1407.89 cm�1, however, faint aromatic rota-
tions are also seen. The deviation seen in the compound's
fingerprint region at 1240.20 cm�1, 1093.38 cm�1, and
1016.67 cm�1 is thought to be the result of bonds of ether
in the molecule being bent and stretched by the C-O
group. Near the far end of the fingerprint region, out-
of-plane C-H bending vibrations of benzene derivatives
are visible at 872.68 cm�1 and 723.87 cm�1. The highest
transmittance percentage is noticed at 503.06 cm�1,
which affirms that 96.89% of heat is transmitted through
the sample and the rest is absorbed. It is also noticed that
the sample absorbs 8.5% more heat at the higher wave-
number than at the lower wavenumber.

The impact of graphene reinforcement on the molec-
ular vibration of PETG composites is investigated and
depicted in Figure 3B–F. Carboxylic or ketone groups can
be found at 1712.14 cm�1, strong aromatic ethers can be
found at 1241.26 cm�1, and aliphatic chloro compounds
can be found at 723.84 cm�1 in the fingerprint zone of
composite with 0.02 wt.% of graphene. As can be seen
from the FTIR spectrum in Figure 3B, when PETG is
reinforced with graphene, the transmittance % increases
compared to clean PETG, implying less IR spectrum
absorption. Because of the O–H stretching vibrations pre-
sent in the polymer composite sample, the molecules
have a moderate increment in transmittance between
2850 and 2900 cm�1 when compared to pure PETG.

Because there are more than 5 projections, it is a
large molecular structure that can be seen in the com-
posite with 0.04 wt.% of graphene, as shown in
Figure 3C. Methylene group with some functional
group bound to carbon is shown by the narrow projec-
tion at 2924.15 cm�1.

The cause of the drop in transmittance in PETG rein-
forced with 0.04 wt.% of graphene at 1713.90 cm�1 is the
significant stretching of the carboxylic group or ketonic
group (C=O). The existence of methylene in the compos-
ite could also contribute to the drop in transmittance, as
the carbonate ion at 1451.86 cm�1 is a possibility.

FIGURE 3 FTIR spectra of (A) PETG, (B) PETG +0.02 wt.% graphene, (C) PETG +0.04 wt.% graphene, (D) PETG +0.06 wt.%

graphene, (E) PETG +0.08 wt.% graphene, and (F) PETG +0.1 wt.% graphene.

BEDI ET AL. 7
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Additionally, the high peaks in the fingerprint zone sug-
gest that several functional groups, including phenol or
tertiary alcoholic, aromatic ethers, alkyl substituted
ethers, aliphatic phosphates, peroxides, aliphatic chloro
compounds, and polysulfides, are being stretched out sig-
nificantly. The plotted graph shows that increasing the
weight percentage of graphene in PETG dampens the
molecular vibrations in the polymer composite
substantially.

The number of projections is likewise larger than
5, indicating a large molecular structure as seen in
0.06 wt.% of graphene reinforcement, as shown in
Figure 3D. The existence of the methylene group may be
detected by the projection at 2921.81 cm�1, and the
reduction in transmittance can be absorbed because of
the C–H extending of alkanes existing in the composite,
as seen in pure PETG. When compared to pure PETG,
the strong stretching of the ketonic group in the finger-
print zone can be detected at 1241.96 and 724.99 cm�1,
resulting in a lower transmittance percentage and higher
spectrum absorption.

The FTIR spectra of PETG reinforced with 0.08
weight percentage and 0.1 weight percentage, as shown
in Figure 3E,F, of graphene in the polymer composite
show an increment in the transmittance at 2923.02 cm�1,
which is about 98%. This enhancement in the transmit-
tance is more when compared to other composites of
PETG with graphene. This can be credited to the exis-
tence of the O-H (acids) group at 2923.02 cm�1. The O-H
stretching vibrations present in the polymer composite
sample lead to a modest increase in transmittance
between 2850 and 2923.02 cm�1 when compared to pure
PETG. But there is a large difference in the transmittance
percentage at 1713.93 cm�1 in 0.08 wt.% spectra and
1717.42 cm�1 in 0.1 wt.% spectra. In 0.08 wt.% spectra,
the transmittance percentage is 88.36, and 95.11 in
0.1 wt.% spectra. This difference is due to the less stretch-
ing of the ketonic group in 0.08 wt.% spectra as compared
to 0.1 wt.% spectra. We can also observe this difference in
the fingerprint zone. Functional groups present in the
fingerprint zone are the same as other concentrations of
graphene.

3.2 | Thermogravimetric (TGA) analysis

Through TGA research, the thermal stability characteris-
tics of PETG composites have been examined, providing
critical insights into their behavior. The TGA test was con-
ducted using nitrogen and a range of temperatures
between 32.10�C and 750�C at a heat rate of 10�C/min.
In the study, crucial parameters like the start of degrada-
tion and the temperature of degradation have been

investigated. The results are included in this
section along with a few key parameters, including the
temperature at which degradation first starts to occur (Ti)
at 1% mass loss, the temperature at which it begins to
occur at 10% mass loss (T10), the temperature at which it
occurs at 50% mass loss (T50), the maximum temperature
at which degradation has been observed (Tmax), and the
amount of residue that remains after 750�C.

Figure 4 shows the thermogravimetric and differen-
tial thermogravimetric curves of clean polyethylene tere-
phthalate glycol and its composites reinforced with
graphene, which demonstrate the material's degradative
activity. The findings show that PETG degrades at a tem-
perature of about 373.05�C and that 453.04�C is the tem-
perature at which degrading occurs at its fastest rate, as
shown in Figure 4A. The PETG residual analysis shows
very small amounts of residue, mostly made up of car-
bon, hydrogen, and oxygen atoms. Overall, these findings
offer important new understandings of the factors
influencing the thermal behavior of composites, which
can be exploited to enhance their performance and attri-
butes. Mahesh et al.'s28 documentation of the TGA analy-
sis for PETG has a similar justification.

The TGA and DTG curves shown in Figure 4B affirm
that the thermal stability of the PETG +0.02 wt.% com-
posite material is noticeably improved, as opposed to
pure PETG. In specific, the initial degradation tempera-
ture at 1% mass loss (Ti) increased from 373.05�C to
385.24�C, the degradation temperature at 10% weight loss
(T10) increased to 398.20�C, the degradation temperature
at 50% mass loss (T50) increased to 424.25�C, the maxi-
mum observed degradation temperature (Tmax) had an
increase of 473.04�C, and the final leftover residue (mf)
after 750�C is more as compared to neat PETG.

This enhancement in the thermal stability and resi-
due percentage increase can be credited to the interfacial
interaction between the graphene filler and PETG, illus-
trated in Figure 5.

The addition of graphene to a polymer nanocompo-
site (PNC) increased the degradation temperatures,
according to earlier studies by Achaby et al.32 This
improvement in thermal stability is most likely the result
of the volatile breakdown products' impeded diffusion
inside the nanocomposites, which is strongly dependent.
It has been discovered that graphene disperses reasonably
well in PETG composite, which is probably because the
two materials contact strongly at the interface due to the
interactions between nanoparticles and polymer chains.

Incorporating 0.04 wt.% graphene to PETG compos-
ites is found to be a reliable strategy for enhancing their
thermal stability, as illustrated in Figure 4C. The rein-
forcement of graphene at increasing weight percentages
led to an increase in the composite's thermal stability.

8 BEDI ET AL.
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Remarkably, the final residue of the polymer composite
increased as the amount of graphene added to the PETG
+0.04 wt.% graphene composite increased. In contrast,
pure PETG displayed negligible final residue at 750�C.
However, at the same temperature, incorporating gra-
phene at concentrations ranging from 0.02 wt.% to
0.04 wt.% enhanced the final residue. Additionally, this
composition showed an increment in Ti, T10, T50, and
Tmax by 29.67�C, 34.22�C, 26.51�C, and 29.02�C,

respectively, as compared to neat PETG. Similarly, these
values also exceed in comparison to PETG+0.02 wt.%
graphene by 17.479�C, 23.89�C, 25.66�C, and 29.02�C,
respectively.

The excellent dispersion of the graphene filler can be
observed in Figure 6. This might be because PETG can be
easily melted and processed. Strong shear forces are
applied to the polymer during the melt mixing procedure,
which helps to break up graphene agglomerates and

FIGURE 4 Differential thermogravimetric (DTG) and thermogravimetric (TG) and curves of (A) PETG), (B) PETG +0.02 wt.%

graphene, (C) PETG +0.04 wt.% graphene, (D) PETG +0.06 wt.% graphene, (E) PETG +0.08 wt.% graphene, and (F) PETG +0.1 wt.%

graphene.

FIGURE 5 SEM images of PETG +0.02 wt.% graphene. FIGURE 6 SEM images of PETG +0.04 wt.% graphene.
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disperse the graphene particles evenly throughout the
matrix. The addition of 0.04 wt.% graphene to PETG
composites can enhance the material's heat dissipation
capacity, leading to enhanced resistance to thermal
degradation and thermal stability. Figure 4D presents
the thermal gravimetric analysis (TGA) and derivative
thermogravimetry (DTG) data of PETG +0.06 wt.% of
graphene. The graph shows a notable improvement in

the composite's thermal stability compared to pure
PETG and PETG +0.02 wt.% of graphene. However, it
is slightly lower than the thermal stability of PETG
reinforced with 0.04 wt.% graphene. The degradation
process of the composite initiated at 401.41�C with
92.42% weight loss, followed by decomposition at
479.62�C. The enhancement in thermal stability was
about 28.36�C when compared to the pure PETG,
which can be credited to the good interfacial bonding
between the PETG and graphene-reinforced PETG
composites. Moreover, the homogeneously dispersed
graphene acts as an outstanding insulator and a physi-
cal blockade for transporting volatile products during
breakdown.

Figure 4E presents the TGA and DTG curves of PETG
+0.08 wt.% graphene filler. Notably, a discernible shift in
the degradation temperature is apparent. Specifically, the
onset degradation temperature was 394.64�C, slightly
lower than the PETG +0.04 wt.% and PETG +0.06 wt.%
of graphene. However, the composite with 0.08 wt.% of
graphene still exhibited the ability to retain 50% of its ini-
tial weight at 445.40�C, indicating comparable thermal
stability to the composite with 0.04 wt.% of graphene.
These findings suggest that the 0.08 wt.% of graphene
reinforcement did not reach the percolation threshold for
PETG/graphene composites, thus differentiating its ther-
mal properties from those of PETG composites with 0.02,
0.04, and 0.06 wt.% graphene fillers. This can also be
credited to the improper dispersion of graphene in the
PETG composite, as seen in Figure 7.

The thermal behavior of PETG +0.1 wt.% graphene
composite is shown in Figure 4F. It can be revealed that
incorporating 0.1 wt.% graphene to the PETG matrix
increases the composites' thermal stability. The beginning
deterioration is observed to start at 387.68�C with 50%
of the starting weight still present at 446.53�C with the
inclusion of 0.1 wt% of graphene. However, the
improvement in thermal stability was only slightly
greater than that of the composites containing 0.02
wt.% and 0.08 wt.% of graphene in PETG composites.
This could be explained by the existence of spaces and
nanoparticle aggregation, which avoid the reliable

FIGURE 7 SEM images of PETG +0.08 wt.% graphene.

FIGURE 8 SEM images of PETG +0.1 wt.% of graphene.

TABLE 5 DTG and TGA results of

PETG and graphene-reinforced PETG

composites.
Specimens Ti (�C) T10 (�C) T50 (�C) Tmax (�C)

Residue (wt.%)
at (750�C)

PETG (A) 373.05 387.87 423.40 453.04 1.26

B1 385.241 398.20 424.25 473.04 2.34

B2 402.72 422.09 449.91 482.06 4.16

B3 401.41 419.64 447.72 479.62 3.03

B4 394.64 418.70 445.40 473.04 1.87

B5 387.68 418.68 446.53 475.29 2.45

10 BEDI ET AL.
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FIGURE 9 DSC (differential scanning calorimetry) thermogram of (A) PETG, (B) PETG +0.02 wt.% graphene, (C) PETG +0.04 wt.%

graphene, (D) PETG +0.06 wt.% graphene, (E) PETG +0.08 wt.% graphene, and (F) PETG +0.1 wt.% graphene.
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accretion of graphene elements on the surface. The
agglomeration can result in intercalated microparticles
and bigger aggregates, as seen in Figure 8, which even-
tually lower the heat resistance of the composites. The
thermogravimetric analysis (TGA) results for the com-
posites' major thermal properties are summarized in
Table 5. The information includes vital temperature
readings and residue values that are necessary for a
thorough evaluation of the thermal properties of the
composites. The goal of this presentation is to make
the thermal behavior of each composite easier to
understand and compare.

3.3 | Differential scanning calorimetry
(DSC) analysis

The enthalpy fluctuations and critical phase transition
temperature of PETG matrices within a specified range
of temperature, spanning from ambient temperature to
400�C, were meticulously gauged employing DSC. To
inspect the influence of various material additions on

the thermal efficiency of the composites, the experi-
ments were conducted solely during the initial heating
cycle.

By analyzing a DSC thermogram, which delineates
the disparity in enthalpy as a function of temperature,
the phase transitions were illustrated. The thermogram
presented in Figure 9A manifests the DSC analysis of
unmodified PETG polymers, from which it can be
deduced that the glass transition temperature (Tg) of neat
PETG is 81.70�C. As the sample progressively assimilates
heat energy, the curve exhibited by the material demon-
strates a sustained descent, indicative of the material's
thermal stability. At elevated temperatures approaching
382.04�C, the PETG sample begins to deteriorate and liq-
uefy, as indicated by a substantial uptake of thermal
energy.

The DSC thermogram of a PETG composite incorpo-
rated with a different weight percentage of graphene par-
ticles is shown in Figure 9B–F. The thermogram of
composite PETG +0.02 wt.% of graphene shows a consid-
erable change from a glassy state to a rubbery one around
83.46�C, commonly called the glass transition tempera-
ture (Tg). This can be attributed to the graphene concen-
tration, dispersion quality, and interfacial bonding
between the graphene and the PETG. The required
energy to raise the sample's temperature to the peak
value is represented by the enthalpy associated with the
peak temperature, which measures 5.003 J/g. In compari-
son to pure PETG, the Tg of the PETG composite has
improved due to the inclusion of graphene particles,
reaching 83.46�C, demonstrating that the material is now
more thermally stable. The elimination of voids within
the material brought on by the reinforcement of gra-
phene is also responsible for the composite's continuous
exothermic graph, which is free of any phase transitions.
As seen in Figure 8, fewer voids encourage effective heat
dissipation inside the composite, preventing any phase
transition. The DSC thermogram for composite PETG
+0.04 wt.% of graphene demonstrates that the glass tran-
sition temperature is improved, rising to 84.50�C. More-
over, the PETG +0.04 wt.% of graphene displays greater
thermal stability than both the PETG and PETG
+0.02 wt.% of graphene, as evidenced by the slight
increase in the glass transition temperature. This
enhancement can be attributed to the improved transfer
of thermal loads between the graphene particle and the
matrix, resulting in an extensive exothermic reaction
above 400�C before melting. The alteration in the chemis-
try of the material observed in the spectra of FTIR is con-
sistent with the findings in the differential scanning
calorimetry thermogram of the composite, indicating that
the composite's thermal resistance has improved. Fur-
thermore, owing to the nucleation-inducing influence of

FIGURE 10 SEM images of polyethylene terephthalate glycol

(PETG) reinforced with 0.06 wt.% of graphene.

TABLE 6 Glass transition temperature (Tg) values of PETG

and its composites.

Specimens
Glass transition
temperature (Tg) (�C)

PETG (A) 81.70

B1 83.46

B2 84.50

B3 80.02

B4 78.94

B5 81.67

12 BEDI ET AL.
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graphene on the matrix, there is an augmentation in the
crystalline structure of PETG composite, resulting in an
elevation of the melting point towards higher tempera-
tures. Incorporating a minute quantity of 0.06 wt.% gra-
phene to PETG elicited a substantial decline in its glass
transition temperature, which manifested as a discernible
reduction to 80.02�C. This phenomenon can be attributed
to the voids present within the matrix, as seen in
Figure 10. The voids could have resulted from inadequate
dispersion of the graphene particles within the matrix,
leading to localized areas of reduced density and increased
free volume. This, in turn, can cause a decrease in the Tg
of the composite material. Additionally, the disruption of
hydrogen bonds that had developed between the graphene

and PETG composites due to the incorporation of a small
amount of graphene particles could have contributed to
the Tg decline. Notably, no overt phase transition was evi-
dent in the composite material, as indicated by the contin-
uous exothermic heat exchange observed above 400�C.
The degradation of the composite material was detected to
commence at a temperature of 370�C. In a similar fashion
to the PETG +0.06 wt.% graphene composite, a decrease
in the glass transition is obvious for the composite with
0.08 wt.% graphene. The observed glass transition temper-
ature is 78.94�C, as depicted in the DSC graph, which
illustrates the composite transition through an endother-
mic peak. The reduction in the glass transition is attrib-
uted to the emergence of aggregates, which serve as

FIGURE 11 3D printed samples (A) PETG, (B) PETG +0.02 wt.% graphene, (C) PETG +0.04 wt.% graphene, (D) PETG +0.06 wt.%

graphene, (E) PETG +0.08 wt.% graphene, and (F) PETG +0.1 wt.% graphene.

TABLE 7 FDM 3D printing parameters for PETG and its composites.

Parameters PETG
PETG+ 0.02
wt.% graphene

PETG+ 0.04
wt.% graphene

PETG+ 0.06
wt.% graphene

PETG+ 0.08
wt.% graphene

PETG+ 0.1
wt.% graphene

Layer thickness 0.2 0.2 0.2 0.2 0.2 0.2

Raster angle (�) 45 45 45 45 45 45

Infill percentage (%) 100 100 100 100 100 100

Bed temperature (�C) 60 65 70 70 75 75

Infill shape Rectilinear Rectilinear Rectilinear Rectilinear Rectilinear Rectilinear

Printing speed (mm/s) 45 45 45 45 45 45

Nozzle temperature (�C) 225 230 235 235 240 240

BEDI ET AL. 13
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defects, resulting in a decline in the melting temperature.
As the graphene concentration rises, the likelihood of
agglomeration formation also elevates, hindering the for-
mation of molecular chains that constitute crystal lattices
and reducing the degree of crystallinity. The PETG
+0.1 wt.% graphene demonstrates the first peak at
81.67�C, indicating the Tg of the matrix. This temperature
is found to be nearly identical to that of the pure PETG
material. This similarity can be credited to the possibility
of filler content clustering, resulting in a decrement in the
composite's glass transition temperature. This phenome-
non is consistent with previous studies. Table 6 represents
the glass transition temperature values of PETG and its
composites with graphene.

3.4 | Printability of the PETG and its
composites

Polyethylene Terephthalate Glycol, or PETG, is a well-
liked 3D printing filament recognized for its superior
printability. Its printability is influenced by a number of
factors, including strong layer adhesion, little shrinking,
and little warping. A variety of 3D printers can use PETG
since it is reasonably simple to extrude and has a wide
printing temperature range. The resulting PETG gra-
phene composites can display improved thermal qualities
when PETG is mixed with graphene, as we discussed in
the above sections.

Furthermore, the strong heat conductivity of gra-
phene can also help lower the possibility of thermal
deformation during the 3D printing process. PETG gra-
phene composites might be more resistant to warping or
distortion brought on by heat, which would enhance the
dimensional stability and precision of printed products.
Overall, the thermal properties of the composite material,
including increased thermal conductivity, heat dissipa-
tion, and resistance to thermal deformation, can be
improved by adding graphene to PETG. These character-
istics make PETG graphene composites appropriate for
uses needing effective thermal control and heat transfer.
These properties also help while printing the PETG and
PETG/graphene composites. The specimens printed from
PETG and PETG/graphene composites are shown in
Figure 11, and the necessary parameters are reported in
Table 7.

4 | CONCLUSIONS

In this article, the characterization of the thermal proper-
ties of graphene-reinforced PETG composites used for
fused deposition modeling is carried out. Six distinct

variations of PETG + graphene composites were consid-
ered for the investigation. The thermal characteristics of
these composites were assessed by utilizing DSC, FTIR,
and TGA methodologies. From the FTIR analyses, it was
witnessed that adding graphene particles to PETG com-
posites did not affect the chemical composition of the
composites. Instead, the PETG molecules' ability to
absorb IR light was decreased. Among all the composi-
tions, the PETG +0.04 wt.% graphene demonstrated the
most significant reduction in absorbance. However, when
the weight percentage of graphene was raised to 0.1 wt.%,
particle agglomeration was observed, and absorbance
reduction was no longer evident.

On the other hand, the TGA investigations carried
out on composites revealed a notable improvement in
their thermal stability, particularly when exposed to tem-
peratures exceeding 400�C. This enhancement is credited
to the graphene reinforcements, which act as an effective
thermal barrier, guarding the polymer against volatile
compounds that may be expelled at higher temperatures.
According to the TGA results, the thermal stability of the
resultant composite is enhanced when graphene concen-
tration in PETG composites increases, causing an
increase in the onset degradation temperature. Out of all
the different compositions examined, PETG infused with
0.04 weight percent of graphene exhibited the highest
thermal stability, with the most significant upsurge in the
onset degradation temperature. Finally, the DSC analyses
revealed that the incorporation of 0.02 wt.% and 0.04
wt.% graphene particles exhibited a significant impact on
the glass transition temperature (Tg) of the composites.
However, for other compositions, such as 0.06 weight
percentage, 0.08 weight percentage, and 0.1 weight per-
centage, the Tg decreased, which can be credited to the
deteriorated chemical interactions between the PETG
and graphene particles, as well as the clustering of filler
content. The constant exothermic heat exchange that was
caused by the breakdown of hydrogen bonds at high tem-
peratures followed the decrease in Tg. The PETG compos-
ites did not experience any substantial changes in the
phase of the materials in the lack of such a response.
Interestingly, DSC testing also demonstrated that PETG
composites reinforced with 0.04 wt.% graphene exhibited
the most favorable outcomes, highlighting the optimal
concentration of graphene particles to achieve the desired
improvements in Tg for PETG composites. The interfacial
interaction between graphene and PETG plays a crucial
role in enhancing the thermal stability of the composite
material. Graphene, with its high thermal conductivity
and stability, serves as a reinforcing agent that disperses
uniformly in the PETG matrix, improving its thermal
properties. The interfacial interaction between graphene
and PETG enhances the degree of crystallinity and

14 BEDI ET AL.
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thermal stability of PETG. It also restricts the mobility of
PETG molecules and reduces the degree of thermal deg-
radation by preventing the release of volatile products.
This leads to improved thermal stability of the composite
material, making it suitable for various high-temperature
applications.

This study provides important new information about
the initial thermal characteristics of PETG composites
reinforced with graphene. Despite the lack of a thorough
analysis of their mechanical properties, these discoveries
set the groundwork for possible uses of these polymer
composites in the production of airplane interior compo-
nents and minor automobile parts. To determine these
composites' appropriateness in practical situations, future
studies will concentrate on thorough analyses of their
mechanical, electromagnetic, and rheological behavior.
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