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a b s t r a c t

Nanocomposites have received significant interest in recent years, as they offer improved properties
compared to conventional materials for various applications. Among many available nanofillers, gra-
phene nanoplatelets (GNP) have shown promising results for polymer-based nanocomposite applica-
tions. This paper investigates the mechanical and thermal properties of GNP-reinforced virgin and
recycled polycarbonate (PC) nanocomposites blended via a twin-screw extruder. Effects of various key
processing parameters such as filler concentration, processing speed, barrel/die set temperature, and PC
type (virgin and recycled) on the reinforced composites were examined. Mechanical properties were
characterised by tensile testing, while thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were used to characterise the thermal properties. The results show that the processing
speed and barrel/die set temperature have a slight influence, while the filler concentration significantly
affects the properties of PC/GNPs composites. The Young's modulus and yield strength were enhanced
with increasing GNP loading, where the maximum enhancement of Young's modulus was obtained as
~33% for virgin-PC/GNP and ~39.5% for recycled-PC/GNP composites at 10 wt.-% GNP loading. However,
the failure strain was reduced with the increased GNP loading for both virgin and recycled PC/GNP
composites. Embedding GNP into the PC matrix only slightly influenced the thermal stability and glassy
transition temperature (Tg). The highest thermal stability for virgin PC/GNP composites was observed
with 1 wt.-% (2.74% increase with respect to virgin PC), while for recycled PC/GNP, it was observed with
10 wt.-% (2.42% increase with respect to recycled PC) GNP loading. Under the same GNP loading, recycled
PC-based composites showed lower thermal stability than virgin PC-based composites. The Tg evaluated
from DSC showed a rise under 1 wt.-% GNP for virgin PC/GNP and decrease afterwards with higher filler
loading, while an irregular variation for recycled PC/GNP was observed.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Materials are key components in many scientific fields. The
demand for newmaterials with enhanced properties has increased
exponentially over the years. To meet such growing demand,
k (C. Abeykoon).
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composite materials are being made by combining two or more
existing materials. In the past few decades, polymers have gained
significant interest as dominant matrix materials for composites
due to their low cost, reproducibility [1], ease of processing [2], and
so forth. Polymer nanocomposites are a special type of composite
materials that are formed by embedding different nano units
(fillers) within the polymer matrix [3e5] and are used in a wide
range of applications [6e12].

In polymer nanocomposites, fillers are the most widely used
additives to improvemechanical, electrical, and thermal properties.
The global polymer filler market was ~US$ 50.3 billion in 2020 and
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is predicted to increase over ~US$ 57.9 billion by 2026 [13]. Among
the vast selection of fillers, carbonaceous nanofillers such as carbon
nanofibers, graphite oxide, carbon nanotubes, and graphene
nanoplatelets play a promising role due to their better structural
and functional properties [5,7,14e18]. Graphene, first isolated in
2004 [19], has gained significant interest for multiple applications,
including composites [20e22], membranes [23], flexible elec-
tronics [24,25], sensors [26], biomedical [27,28] and energy [29],
due to its superior physical (2630 m2 g�1 of calculated specific
surface area) [30], mechanical (~1 TPa of Young's modulus and
~130 GPa of tensile strength) [31], thermal (~5 � 103 W m�1 K�1 of
thermal conductivity) [32] and electrical properties [33,34]. This
interest is further improved by relatively lower production cost
[35e37] and mass producibility [38,39] of graphene, where in-
vestigations were made on reinforcement with different types of
polymers [40e48].

Graphene nanoplatelet is a 2D graphite material having a
thickness of less than 100 nm [49], which contains closely packed
graphene layers bonded viaweak Van der Waals forces. Having the
thickness in the nanometres range [49] and diameter in the
micrometres range [50], GNP attains a high specific surface area
[30,51] and high aspect ratio [50,52] as a nanofiller. GNP-based
composites have shown better reinforcements at very low con-
centrations [42,43,53e55], indicating it as an effective functional
modifier. The addition of a small amount of graphene-based ma-
terials can improve Young's modulus and tensile strength of com-
posites [56,57]. Moreover, graphene-based polymer
nanocomposites have shown better mechanical, thermal, rheolog-
ical, and electrical properties in comparison to other conventional
or carbonaceous nanofiller-based polymer composites [54,58e62].
Wang et al. [54] reported better tensile and impact strength with
GNP-based high-density polyethylene (HDPE) nanocomposite than
HDPE/carbon black nanocomposite. Yasmin et al. [59] compared
the reinforcing effect of GNP and nanoclay in epoxy matrix and
elaborated that a higher elastic modulus can be obtained with GNP
as nanofillers. Similarly, Gupta et al. [60] reported significant
improvement in storage modulus, loss modulus, and glass transi-
tion temperature of GNP-based vinyl ester-based nanocomposites
[47]. Kalaitzidou et al. [62] have reported superior dimensional
stability, and rheological behaviour with exfoliated graphite
nanoplatelets reinforced polypropylene (PP) compared to the car-
bon black, nanoclay and carbon fibre reinforced PP. A study by
Ramanathan et al. [58] on graphitic nanofiller-based poly (methyl
methacrylate) (PMMA) nanocomposites reports superior mechan-
ical, thermal and electrical properties for PMMA/GNP nano-
composites than other nanofillers-based (as received graphite and
expanded graphite) nanocomposite. Moreover, they have elabo-
rated that GNP has dispersedwell within the polymermatrix due to
its smaller size and higher surface area, resulting in property im-
provements. Similar findings have been reported [53,63e65],
where a better reinforcing effect was observed due to the good
dispersion of GNP in the polymer matrix. Furthermore, the high
aspect ratio of GNP [66e69], better intercalation and interface
bonding with polymer matrix [70] are also governing factors for
better reinforcements in GNP-based nanocomposites.

Since good dispersion is a dominant factor for better rein-
forcement, the dispersion technique of GNP into the polymer ma-
trix has become an essential part of nanocomposite
characterisation. The intermolecular interactions such as Van der
Walls [71], hydrophobic-hydrophobic [71] and pep stacking [71]
will enable bonding between GNP and polymer chains but obstruct
the effective connection between two parties. Thus, in general, it
has been reported that the polymer/GNP composites are
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heterogeneous mixtures [44,45]. Therefore, selecting appropriate
processing techniques is vital to achieving good uniformity and
degree of dispersion. The most common processing methods in
polymer composites processing are solution blending [71e73], in-
situ polymerisation [74] and melt blending [5,75e77]. Solution
blending and in-situ polymerisation offer better mixing between
polymer and GNP [59,70,78,79] due to the porous nature of GNP
[80,81]. However, these two techniques are less favourable in
industrial-level production due to the involvement of hazardous
chemicals and high production costs [36,82]. On the other hand,
limitations of melt blending are reported as a relatively low degree
of dispersion [83,84], reduction in the aspect ratio of the nanofillers
[85], dependency on the equipment type, geometry, and operating
conditions [86]. However, the melt blending approach is more
popular in the polymer composites industry due to the low pro-
duction cost and scalability [87] despite the limitations mentioned
above. Melt blending is commonly performed using extruders.
Among the different selections of extruders, the twin screw
extruder has proven to deliver the best results for polymer nano-
composites [83,88,89]. Therefore, a twin screw extruder was used
to process PC/GNP nanocomposites in this study.

Polycarbonate (PC) is one of the most popular plastics, which
has found a wide range of applications in automotive, aeronautical,
electrical, photonics and construction industries [90e93]. Due to
the good mechanical (stiffness of 2.0e2.4 GPa [90], unbreakable
under unnotched condition [93]) and heat resistive properties
(glass transition temperature ~ 150 �C and heat deflection tem-
perature of 131 �C) [93], dimensional stability (coefficient of ther-
mal expansion (28e80 �C) of 7 � 10�5 K�1) [93] and optical
transparency (refractive index of 1.59 and above 80% invisible
spectrum) [90,93], PC has become popular in the nanocomposite
industry over recent years. Lago et al. [73] studied PC-based gra-
phene composites prepared using a solution blending method. A
composite containing 1 wt.-% graphene flakes reported a ~26%
increment in Young's modulus, while a ~10% increase in ultimate
tensile strength was obtained with 2.5 wt.-% graphene flakes
compared to the pristine PC used. Oyarzabal et al. [94] prepared PC/
GNP nanocomposites dispersing untreated GNP through a melt
blending method and reported a relative increment (compared to
neat PC) of ~52% in elastic modulus with 7 wt.-% GNP loading.
Similar behaviour has been published by King et al. [95], where the
elastic modulus has been enhanced by ~9% and ~50% for PC/GNP
nanocomposites prepared by melt blending with GNP contents of 3
and 7 wt.-%, respectively. Shen et al. [96] researched interfacial
interaction between PC and thermally reduced graphene (TRG)
induced by the combination of solution mixing and melt blending
methods. They observed a ~6.5% improvement in tensile strength
and a ~6.8% increment in Young's modulus in PC/graphene com-
posites madewith 10-minutes of melt mixing time compared to the
composites made with zero melt mixing time.

Polycarbonate contains bisphenol-A, which makes it an envi-
ronmentally harmful material [97e99]. Thus, the environmental
impact of PC has become a hot topic where a growing concern can
be seen in the current practices of PC disposal [97,99]. Therefore, an
uptrend is forming to recycle PC [100] and use them in
manufacturing industries [101e104]. Comparative to virgin PC,
recycled PC has shown poor properties alike other recycled mate-
rials [101,105]. Despite having substandard properties, only a
limited number of studies have aimed to improve recycled PC
properties. The main methods that are being reported involve
blending with other polymers [103,106,107] and the addition of
fillers [103,108e113]. Therefore, our study is designed to widen the
understanding of nanofiller reinforcement capability for the



Table 2
The formulation of polymers and nanomaterials.

Nanocomposite sample 1 2 3 4 5 6

Sample name GNP-0 GNP-1 GNP-3 GNP-5 GNP-8 GNP-10

PC (wt.-%) 100 99 97 95 92 90
GNP (wt.-%) 0 1 3 5 8 10
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property enhancement of recycled PC. Lorenzo et al. [112] have
investigated recovered PC matrix nanocomposites filled with
organic modified montmorillonites and have reported that
increasing the nanoclay content can sometimes lead to a deterio-
ration of the mechanical properties. Moreover, their results suggest
that the mechanical properties of the recovered PC-based nano-
composites can only be improved if the molar mass of the PC re-
mains above some critical value after processing. Glass fibre
reinforced post-consumer PC has been studied by Al-Mulla and
Gupta [110]. Their findings show that mechanical and flow prop-
erties of PC with 25% impurities blends with 15 wt.-% short glass
fibre are indistinguishable from the corresponding properties of
virgin PC with the same glass fibre content indicating that glass
fibre can significantly improve the mechanical and rheological
properties of recycled PC. However, the reinforcement capacity of
nanofiller on recycled PC has not been presented sufficiently in the
literature. Therefore, our study is designed to widen the under-
standing of nanofiller reinforcement capability for the property
enhancement of recycled PC.

This study investigates the mechanical and rheological proper-
ties of virgin and recycled PC reinforced with GNP. The composites
were processed using a twin screw extruder under four operating
conditions (see Section 2.2). The effects of various key processing
parameters such as filler concentration, processing speed and
barrel/die set temperature on the composite properties were
experimentally determined and analysed. To the knowledge of the
authors, only a very limited number of previous studies have been
reported so far by investigating the properties of recycled PC/GNPs
composites; hence this work should be useful in understanding the
performance of both virgin and recycled PC matrix with nano-
fillers.

2. Methodology

2.1. Materials

Exfoliated graphene nanoplatelets (M15 grade) with average
particle diameters of 5, 15 and 25 mm, a typical surface area of
120e150 m2/g and average thicknesses in the range of 6e8 nm
were purchased fromXG Sciences Inc. (Lansing, Michigan, USA) and
used for this study. The matrix polymer, Makrolon grade poly-
carbonate and recycled polycarbonate were obtained through
Covestro (Germany), and the essential specifications of the virgin
PC are listed in Table 1.

2.2. Preparation of nanocomposites

Melt mixing process was used to process PC/GNPs (both virgin
and recycled PC) nanocomposites via Haake MiniLab micro twin-
screw compounder (Thermo Fisher Scientific, USA), which can
provide good mixing over a broad range of processing conditions
[88]. The formulation of the nanocomposites processed in this
study is shown in Table 2. The extruder was operated at two tem-
peratures (280 �C and 300 �C) and two speeds (50 rpm and
100 rpm) in order to create four different process conditions
(50 rpm at 280 �C, 50 rpm at 300 �C,100 rpm at 280 �C and 100 rpm
at 300 �C).
Table 1
Main features of the virgin PC used for experiments.

Specific gravity, solid 1.2
Melt-flow rate (g/10 min) 3.0 (300 �C/1.2 kg)
Glass transition temperature (�C) at 10 �C/min 146
Supplier Covestro, Germany

119
A maximum weight of 3 g of the mixture of PC/GNP was used
for each processing condition to operate below the extruder ca-
pacity (7 cc), and a mixing time of 5 min was selected to achieve
good mixing. Next, the extruded products were post-processed
into dumbbell-shaped specimens via Haake Mini-jet micro pis-
ton injection moulding machine (Thermo Fisher Scientific, USA) to
obtain the tensile test samples according to ISO 527-2-1BA stan-
dard. The cylinder temperature was set to 320 �C, while 110 �Cwas
used for the mould. The injection moulding system was operated
at 120 MPa (for 14 s) followed by the post pressure of 70 MPa (for
7 s), ensuring a complete filling of the mould. To improve the ef-
ficiency of the injection moulding process, the nanocomposite
was heated for around 5 min before it was used in the moulding
system.

2.3. Characterisation

Tensile tests on nanocomposites were carried out using an
Instron 4301 universal tensile testing machine with a 5 kN load cell
according to the ISO 527-2-1BA standards. All these tests were
operated at a temperature of 23 �C (±2 �C) and relative humidity of
50 (±10%) under a tensile rate of 2 mm/min. Thermal stability tests
of the nanocomposites were analysed using a thermogravimetric
analyser (Q500, TA Instruments) with a scan range from 30 �C to
1100 �C at a constant heat rate of 10 �C/min and a continuous
50 mL/min of N2 flow. DSC studies were conducted by a TA Q100
DSC instrument by heating the specimens from 35 �C to 300 �C
under a constant heat rate of 10 �C/min. For the thermal tests, three
samples (each weighing 2e20 mg and cut from the same position
of every specimen) from each category (listed in Table 2) were used
to increase the reliability and accuracy of data and then the average
was taken for the analysis.

3. Results and discussion

3.1. Mass

As listed in Table 2, PC (both virgin and recycled) and GNP were
formulated into 6 samples under 4 different processing conditions
and the weight of the tensile test samples at each of these condi-
tions was measured and reported in Fig. 1. Furthermore, the
physical appearance of the fractured/tested tensile test samples is
shown in Fig. 2. The weight of the virgin PC/GNP specimen grad-
ually increased with increasing GNPs loading and showed positive
growthwith the processing speed. This could be because the higher
shear force generated at higher processing speeds enables GNP to
mix more thoroughly with PC. Moreover, the weight is also
increasing with the process set temperature, which might be
caused by the low viscosity of PC at higher temperatures enabling
the mixture to pack properly, increasing the specific weight. The
recycled PC shows a reduction in weight under 1 wt.-% of GNP
loading, although theweight has increased for higher loadings from
2 wt.-% to 10 wt.-%. The reduction of weight at 1 wt.-% GNP loading
can result from the escape of one or many ingredients due to the
structural damage caused by the shear force during polymer
processing.



Fig. 1. PC/GNP and recycled PC/GNP nanocomposite mass vs GNP Loading under different process parameters.

Fig. 2. The physical appearance of the fractured/tested nanocomposites processed under different conditions: (a) Virgin PC mixed with M15 GNP at 50 rpm and 280 �C; (b) Virgin PC
mixed with M15 GNP at 100 rpm and 280 �C; (c) Virgin PC mixed with M15 GNP at 100 rpm and 300 �C; (d) Virgin PC mixed with M15 GNP at 50 rpm and 300 �C; (e) Recycled PC
mixed with M15 GNP at 100 rpm and 280 �C.

D. Wijerathne, Y. Gong, S. Afroj et al. International Journal of Lightweight Materials and Manufacture 6 (2023) 117e128
3.2. Mechanical properties

The most frequently evaluated tensile properties (stress-strain
relation, elastic modulus, tensile strength, and elongation to break)
are presented in Figs. 3 and 4. According to the evaluated stress-
strain relation of the nanocomposites (Fig. 3), a general trend of
reduction in elongation to break and increment in the tensile stress
is observable with the increasing GNP loading for all the processing
120
conditions. Higher processing speed tends to increase the elonga-
tion to break, and the effect is more visible from the nano-
composites with low filler concentration. The largest change in
elongation to break is observable in 3 wt.-% GNP loading, where the
values change from 36.8% to 105.9% under 280 �C and from 32.2% to
98.8% under 300 �C. On the other hand, higher processing tem-
perature has led to a slight reduction in the elongation to break,
which is more noticeable in nanocomposites with high GNP
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loading. Comparatively, recycled PC-based nanocomposites show
similar but slightly lower elongation to break to the values shown
by virgin PC-based nanocomposites under the same GNP loading.
Fig. 3. Stress-strain curves of the composite material: (a) Virgin PC mixed with M15 GNP a
Recycled PC mixed with M15 GNP at 100 rpm and 280 �C; (d) Virgin PC mixed with M15 G

Fig. 4. (a) Young's modulus vs the GNPs Loading; (b) Yield strength against the GNPs Loadin
and recycled PC/GNP nanocomposite.
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The effect of the processing speed, barrel/die set temperature, filler
concentration and PC type on the tensile properties (this study) are
extensively discussed in this section.
t 50 rpm and 280 �C; (b) Virgin PC mixed with M15 GNP at 100 rpm and 280 �C; (c)
NP at 50 rpm and 300 �C; (e) Virgin PC mixed with M15 GNP at 100 rpm and 300 �C.

g; (c) Failure strain against GNPs Loading with different process parameters of PC/GNP
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3.2.1. Effect of processing speed
Fig. 4 shows the variation of Young's modulus (Fig. 4a), failure

strain (Fig. 4b) and tensile strength (Fig. 4c) for each processing
condition of Virgin PC/GNP and 100 rpm/280 �C processed recycled
PC/GNPs composites. A weak positive trend can be observed in
Young's modulus with the processing speed, where Young's
modulus has achieved a slight improvement in each sample under
the same temperature. A deviation can be seen in GNP loading of
8 wt.-% at 280 �C, which might be resulted from uneven mixing
during the processing stage [114] or agglomerate formation under
higher loading of larger GNP particle size [36,64,115,116]. The yield
strength indicates a mixed behaviour with the processing speed,
where it has improved under higher speeds for the samples made
at 300 �C (except GNP 5 wt.-%, which might be an error), while for
the samples made at 280 �C, an increment is shown up to 5 wt.-%
and a reduction for 8 and 10 wt.-% GNP loadings. As shown in
Fig. 4c, higher processing speeds have enhanced the failure stain,
where a significant improvement can be seen in the sample with
3 wt.-% GNP loading. Cho and Paul [88] have presented a similar
type of behaviour in tensile properties with the processing speed
on Nylon 6/organoclay nanocomposites. They have observed a
slight increase in all three properties (under higher processing
speeds) discussed above and concluded that this enhancement is
due to the more significant hydrodynamic stresses induced by the
shear rates during higher speeds. Under significantly low hydro-
dynamic stresses, the interfacial forces become dominant and tend
to increase the number of agglomerates within the nanocomposite
[116]. Thus, the property enhancement in higher processing speed
can be explained due to the low agglomeration under more sig-
nificant hydrodynamic stresses induced.

3.2.2. Barrel/die set temperature
As shown in Fig. 4a, a reduction in Young's modulus can be

noticed at the higher barrel/die set temperature under both pro-
cessing speeds. Higher yield strength (Fig. 4c) can be observed at
the higher temperature in the low filler concentration (1e5 wt.-%
GNP) region, while the trend changes and gives lower yield
strength values at GNP loading of 8 and 10wt.-%.When considering
the failure strain (Fig. 4b), it gets reduced with rising temperature.
This weakening effect is much visible in the samples processed at
100 rpm, where amaximum reduction of 72% is given under 5wt.-%
GNP loading. The temperature-dependent behaviour of the tensile
properties has also been reported in some previous studies
[117e119]. Lin et al. [117], in their molecular dynamics simulations
of graphene/PMMA nanocomposite system, have observed a
decrease in Young's modulus as the temperature rises from300 K to
500 K. Moreover, they have reported that Young's modulus of the
nanocomposites with higher graphene volume fraction are more
sensitive to the temperature and show more significant reductions
of modulus with rising temperature. This behaviour is also
observable in our results (Fig. 4a), where the difference of Young's
modulus between two temperatures is increasing (for both pro-
cessing speeds) with GNP loading up to 8 wt.-%. Sun et al. [118] also
reported similar findings for Young's modulus in their atomistic
study on the mechanical behaviours of polymer nanocomposite
reinforced with defective graphene using molecular dynamics
simulations. They [118] conclude this behaviour is due to the gain of
sufficient energy by nanocomposite atoms to overcome the acti-
vation energy barrier and become much more active, thus deteri-
orating the deformation resistance and Young's modulus of the
nanocomposite. The variations of the mechanical properties with
temperature reported in our study are consistent with the
temperature-dependent properties of the single-layer graphene
sheets [120], where Young's modulus and Ultimate strength are
reported to decrease with increasing temperature. Further, the
122
results agree with the multilayer graphene sheets [121], which
have shown a continuous reduction in Young's modulus, Fracture
stress and fracture strain with increasing temperature.

3.2.3. Filler concentration
According to this study's results, adding GNP to the PC matrix

has altered the tensile properties of both virgin and recycled PC
matrix composites. The yield point has shifted to higher stress and
lower strain under increasing GNP loading (Fig. 3), which may be
occurred due to the mobility restriction of polymer chains as a
result of the large aspect ratio of GNP and its interactionwith the PC
matrix [8,14,55]. The Young's modulus shows (Fig. 4-a) superliner
increases with the filler concentration, where the maximum
enhancement of ~33% of the modulus is given for the PC/GNP
composites with 10 wt.-% GNP. This superliner relation indicates an
additional enhancement at higher GNP loadings, which has also
been reported in previous studies [14,122e125]. This phenomenon,
where the rate of the increase of modulus increases with increasing
filler concentration, was studied by Guth and Gold [126] and
defined as accelerated stiffening. Many theories, such as Guth and
Gold [126], Jamming theory [122], and shear-lag/rule-of-mixtures
theory [14], have been employed to describe the accelerated stiff-
ening up to a certain extent.

On the other hand, the yield strength displays uneven variations
with increasingfiller content, and the trends are observable in Fig. 4c.
A decreasing trend of strength can be seen at low GNP loadings
(except for samples processed under 100 rpmat 280 �C),while a clear
development is visible between 5 and 8 wt.-% GNP loadings. More-
over, the 10 wt.-% GNP loading gives slightly reduced strength values
compared to 8 wt.-% loading except for the sample processed under
50 rpm and 300 �C, where a steep decrease is observable. Shen et al.
[41] have reported a similar downward movement under a low GNP
loading (until 1.5 wt.-%) in their study of GNP/Epoxy composites.
Moreover, they have concluded that this downtrend canbe attributed
to the effects such as nonuniformdispersion of nanofillers and/or the
presence of voids within the composites structure [41]. The
enhancement of tensile strength at 8 wt.-% GNP might occur due to
the gooddistribution and interfacial adhesion betweenPCmatrix and
fillers, enabling a better load transfer from matrix to fillers [54,127].
Then, the reduction inyield strength from8wt.-% to 10wt.-% samples
can be attributed to increasing in voids in composites under higher
nanoparticle contents [128,129] and agglomerate formation under
higher loadingof largerGNPparticle size [36,64,115,116]. In contrast to
the findings present in this paper, Lago et al. [73] have reported an
increase in strength after adding 0.5 wt.-% of graphene to PC and a
saturation-like behaviour with increasing graphene loadings (up to
3 wt.-%). This contradictory result could be associated with the
different processing methods (solution blending in Lago et al. and
melt mixing in our study) and properties of graphene used (natural
graphite flakes (þ100 mesh (�75% min)) used in Lago et al. and M15
GNP in our study). However, further studies to determine this phe-
nomenon are needed.

The failure strain decreases exponentially with the increase of
filler loading. Composites with low GNP loadings show ductile
behaviour, while high filler concentrations display brittle behaviour.
This transitional behaviour is reasonably visible in Figs. 3 and 4(b),
where higher failure stains can be seen for 0, 1 and 3 wt.-% GNP and
relatively small failure stains for other filler concentrations. This
ductile to brittle transition has also been observed by Chieng et al.
[40] in their study on GNP-reinforced poly(lactic acid)/poly(ethylene
glycol) nanocomposites processed via a melt blending method. The
decrease of failure strain with increasing GNP concentration is
commonly observable in graphene-based polymer nanocomposites
[14,40,55,130]. The formation of agglomerates may cause this
reduction at higher GNP content [54,115,131] due to the high level of
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GNP concentration where the failure was introduced during elon-
gation as an outcome of stress concentration [130].

3.2.4. Type of polymer
Asmentioned above, the processing of recycled PC is a newarea;

hence, previous research is seldom. Therefore, one of the objectives
of this study is to investigate the properties of GNP-reinforced
recycled PC nanocomposites. In order to achieve this objective,
recycled PC and its nanocomposites were processed at 100 rpm and
280 �C, then tested and compared with the virgin PC/GNP com-
posites made under the same processing conditions. As evident
from Fig. 1, the mass of the recycled PC is greater than the virgin PC,
which might be due to the presence of additional substances in the
recycled PC. This claim is also visible in Fig. 2, where the colours of
recycled PC samples (0 wt.-% GNP) and virgin PC samples (0 wt.-%
GNP) are notably different. In regard to the mechanical properties,
recycled PC exhibits lower Young's modulus, yield strength and
failure strain than the virgin PC, which might not be surprising.
However, the level of enhancement of the mechanical properties
with increasing filler content is superior in recycled PC/GNP com-
posites. Young's modulus and failure stain of recycled PC/GNP
composites depict similar trends with rising GNP loading as virgin
PC-based composites. The yield strength of recycled PC-based
composites shows a nonlinear positive relationship with the
increasing filler content. This trend is significantly different from
the trend displayed by virgin PC-based composites; thus, further
studies must be conducted to understand this phenomenon.

3.3. Thermal properties

3.3.1. Thermal stability
The thermal behaviour of the PC/GNP and recycled PC/GNP

composites are discussed in terms of thermal stability and glass
transition temperature. Fig. 5 depicts the TGA and DTG
Fig. 5. Partial (a) TGA and (b) DTG curves (420e580 �C) of virgin PC and PC/GNP compo
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thermograms of Virgin PC and PC/GNP composites with 1, 3, 5, 8
and 10wt.-% of GNP loading. The pyrolysis of virgin PC, which is due
to the separation of carbonate groups [132], starts (5% weight loss
was considered) at ~ 470 �C, whereas the 5% weight loss of all the
composites occurred at slightly higher temperatures than 470 �C,
indicating that the presence of GNP improves the thermal stability
of PC. This enhancement of thermal stability might cause by the
mobility reduction of polymer chains imposed by the fillers [55].
The highest thermal stability indicates in the composite loaded
with 1 wt.-% GNP. Themaximum degradation temperature of 1 wt.-
% GNP composite that was evaluated at the peak of the DTG curve is
523.61 �C and is a 13.95 �C rise compared to the maximum
degradation temperature of virgin PC. A study by Lago et al. [73] has
also reported an 86 �C increment in maximum degradation tem-
perature with 1 wt.-% GNP content in virgin PC-based nano-
composite. In their study, graphene-based PC composites have
been prepared by a solution bending method, which is reported to
provide better mixing than the melt blending methods [78,79].

After 1 wt.-% GNP loading, the thermal stability of the com-
posites displays a gradual decrease with the increasing GNPs con-
tent. This can be clearly seen from the evaluated maximum
degradation temperatures from DTG curves, which are recorded in
Table 3.

The TGA and DTG results of recycled PC and its nanocomposites
with 1, 3, 5, 8 and 10 wt.-% of GNP loading are shown in Fig. 6. The
main weight loss (5 wt.-%) of recycled PC starts at ~455 �C, indi-
cating the lowest thermal stability among the recycled PC/GNP
composites. The degradation temperature of recycled PC is evalu-
ated as 497.49 �C. As opposed to the behaviour shown by virgin PC/
GNP composites, the recycled PC/GNP composites display a slight
growth in degradation temperature; thereby, the thermal stability
increases with GNP loading. The evaluated temperature of samples
with 1, 3, 5, 8 and 10 wt.-% GNP is shown in Table 3. As reported in
the literature, recycled PC may contain different percentages of
sites. All the samples were made under 100 rpm and 280 �C processing conditions.



Table 3
Maximum degradation temperature of virgin PC-based and recycled PC-based
nanocomposites. All the samples are made under 100 rpm and 280 �C processing
conditions.

GNP content/wt.-% Maximum degradation temperature/�C

Virgin PC/GNP composite Recycled PC/GNP composite

0 509.66 497.49
1 523.61 507.03
3 521.09 508.31
5 520.28 508.66
8 515.56 509.45
10 513.66 509.55
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impurities [106,133,134] and the purity level and the nature of the
impurities can significantly affect the properties [106,134]. The
difference in the purity level of the recycled PC (which alters the
thermal properties of recycled PC) with the virgin PC could explain
the above-discussed discrepancy in thermal stability behaviour
between the two nanocomposites.
3.3.2. Glass transition temperature
The glass transition temperature is significant to understanding

the performance and behaviour of a polymer. This study used DSC
testing to evaluate the glass transition temperature (Tg) of the GNP-
reinforced virgin PC-based and recycled PC-based nanocomposites
made under 100 rpm and 280 �C processing conditions. For the DSC
analysis, the temperature is increased by 10 �C/min from 35 to
300 �C. The thermogram of each composite is displayed in Fig. 7, and
the evaluated transition temperatures are reported in Table 4. The
evaluated Tg of virgin PC from this study agrees with the values re-
ported in the literature [135]. However, in Fig. 7a, a heat peak is
observable around Tg, which is an irregular behaviour for an amor-
phous polymer such as PC. This phenomenon could be resulted from
Fig. 6. Partial (a) TGA and (b) DTG curves (420e580 �C) of recycled PC and recycled PC/GNP
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(i) partly crystalline PC in the composite or (ii) energy added to the
composite via GNP reinforcement or due to the combination of both
(i) and (ii). This irregular behaviour is less depicted in recycled PC,
where an insignificant heat peak can be seen in DSC analysis. This
might be due to the presence of other substances in recycled PC and
their interaction with GNP after intercalation.

The evaluated Tg values (correspond to the midpoint of the glass
transition region) presented in Table 4 depict that the effect of GNP
on Tg is incidental for both virgin and recycled PC composites. The Tg
of virgin PC shows a slight increase with 1 wt.-% GNP loading but
starts to decrease with increasing GNP content. The lowest Tg of
virgin PC-based composites exhibit in 8 wt.-% GNP and is lower
than that of virgin PC. On the other hand, recycled PC shows a close
but relatively higher transition temperature than virgin PC. This
difference in Tg is another evidence supporting the claim of the
presence of other substances in recycled PC. The observed variation
of Tg in the current study with increasing GNP content in recycled
PC-based composites is obscure and thus has to be tested further
with a higher number of specimens covering a wide operating and
processing range. For recycled PC composites, first, Tg reduces with
1 wt.-% GNP and increase under 3 wt.-% loading. Then a gradual
drop can be seen until 8 wt.-%, where a modest increment is shown
with 10 wt.-% GNP loading.

The glass transition, which occurs due to freezing the motion of
polymer chain segments [136], can be studied through free volume
and polymer chain mobility. Several past studies which had
examined the glass transition behaviour of graphene-based nano-
composites have reported an increase in Tg after the addition of
graphene and a gradual decrease afterwards with increasing gra-
phene content [58,137e141]. The study by Ramanathan et al. [58]
has explained a similar behaviour (reduction in Tg with rising filler
loading) using the observation of the interparticle distances of
graphene/PMMA nanocomposites. They have observed a decrease
in interparticle spacing with increasing filler (as received graphite
composites. All the samples are made under 100 rpm and 280 �C processing conditions.



Fig. 7. DSC thermograms of (a) virgin PC and PC/GNPs composites; (b) recycled PC and recycled PC/GNPs composites. All the samples are made under 100 rpm and 280 �C
processing conditions.
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and exfoliated graphite) loading and suggest this decrease pro-
motes local particle clustering, causing an increase in particle-
particle interaction and thus a decrease in the opportunity for
strong particleepolymer bonding which leads to the reduction in
Tg. Sheng et al. [141], in their molecular dynamic simulations on
polyethylene/graphene nanocomposites, emphasise that the
reduction in Tg observed in their findings is because the graphene
act as a plasticising agent which enhances the polymer chain mo-
tion resulting in reduced Tg. Moreover, they suggest that the effect
of plasticiser may depend on the graphene content, which de-
scribes the gradual reduction of Tg with increasing filler loading.

Further explanation of this decrease inTg can be taken considering
thedecreaseof the free volume in the composite [142]. Thepolymeric
free volume model by White and Lipson [142] describes the
temperature-dependent nature of the free volume and shows a pos-
itive relationship between the free volume and the experimentally
measured glass transition temperature. The increase in GNP content
leads to a decrease in free volume; hence, the reduction inTg can also
be associated with the reduction in free volume (according to the
model proposed by White and Lipson [142]). Therefore, one can as-
sume that the gradual decrease in Tg notably observed with PC/GNP
nanocomposites in our study is due to one or a combination of the
above-mentioned available explanations. Recycled PC/GNP nano-
composites display a similar decrease in Tg with filler loading, which
Table 4
Glass transition temperatures of virgin PC, virgin PC/GNP composites, recycled PC,
and recycled PC/GNP composites. All the samples are made under 100 rpm and
280 �C processing conditions.

GNP content (wt.-%) Glass transition temperature (Tg)/�C

Matrix material:
Virgin PC

Matrix material:
Recycled PC

0 148.73 149.70
1 152.38 144.98
3 151.74 151.34
5 150.28 147.90
8 148.84 147.33
10 150.71 150.22
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can be reasonably explained in terms of the reduction of the free
volume.However, these assumptionsneed to be further analysed and
testedwith a higher number of samples towiden the understanding.
4. Conclusions

This research aimed to investigate the mechanical and thermal
properties of GNP-reinforced virgin and recycled PC nano-
composites. The nanocomposites were successfully processed us-
ing a twin screw extruder at various processing parameters, and the
results were examined considering various key processing pa-
rameters such as filler concentration, processing speed, barrel/die
set temperature, and PC type. The mechanical properties were
investigated by tensile test, while DSC and TGA testing charac-
terised the thermal properties. Tensile test results showed that
Young's modulus of the nanocomposites is superior to the matrix
material (with no GNP), where the maximum improvement of
Young's modulus was evaluated as ~33% and ~39.5% for GNP
loading of 10 wt.-% for virgin PC/GNP and recycled PC/GNP,
respectively. The failure strain of both virgin PC-based and recycled
PC-based composites decreased exponentially, and a ductile to
brittle transition was also observed with rising filler loading. From
the considered key processing parameters, processing speed and
barrel/die set temperature displayed only a slight influence on the
mechanical properties, while the filler concentrationwas identified
as the most influential parameter. On the other hand, the thermal
properties of the nanocomposites showed insignificant variation
with the matrix material (with no GNP), indicating that the GNP
hardly affects the thermal stability and glass transition temperature
of the virgin or recycled PC. Recycled PC showed lower mechanical
and thermal properties than virgin PC but exhibited better
enhancement trends when mixed with GNP. Therefore, further
studies such as morphology analysis and stress transfer efficiency
are needed to develop a better understanding of recycled PC/GNP
composites and their potential in industrial applications. Such
knowledge would help to improve the use of recycled materials,
promoting a sustainable and circular economy.
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Abbreviations

Tg Glass transition temperature
2D Two dimensional
DSC Differential scanning calorimetry
DTG Derivative thermogravimetric
GNP Graphene nano-platelets
HDPE High-density polyethylene
PC Polycarbonate
PMMA Poly(methyl methacrylate)
TGA Thermogravimetric analysis
TRG Thermally reduced graphene
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