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Abstract: This work demonstrates the potentials of a commercially available few-layer graphene
(FLG) in enhancing the electro-dissipative properties, mechanical strength, and UV protection of
polyolefin blend composites; interesting features of electronic packaging materials. Polyethylene (PE)/
polypropylene (PP)/ FLG blend composites were prepared following two steps. Firstly, different
concentrations of FLG were mixed with either the PE or PP phases. Subsequently, in the second
step, this pre-mixture was melt-blended with the other phase of the blend. FLG-filled composites
were characterized in terms of electrical conductivity, morphological evolution upon shear-induced
deformation, mechanical properties, and UV stability of polyolefin blend composites. Premixing of
FLG with the PP phase has been observed to be a better mixing strategy to attain higher electrical
conductivity in PE/PP/FLG blend composite. This observation is attributed to the influential effect
of FLG migration from a thermodynamically less favourable PP phase to a favourable PE phase via
the PE/PP interface. Interestingly, the addition of 4 wt.% (~2 vol.%) and 5 wt.% (~2.5 vol.%) of FLG
increased an electrical conductivity of ~10 orders of magnitude in PE/PP—60/40 (1.87 x 107> S/cm)
and PE/PP—20/80 (1.25 x 105 S/cm) blends, respectively. Furthermore, shear-induced deformation
did not alter the electrical conductivity of the FLG-filled composite, indicating that the conductive FLG
network within the composite is resilient to such deformation. In addition, 1 wt.% FLG was observed
to be sufficient to retain the original mechanical properties in UV-exposed polyolefin composites.
FLG exhibited pronounced UV stabilizing effects, particularly in PE-rich blends, mitigating surface
cracking and preserving ductility.

Keywords: graphene; polyolefin; electrical conductivity; photoprotection; mechanical properties

1. Introduction

Currently, the incorporation of carbonaceous filler [1-9] in the polymer matrix is a
promising field of research, aiming at the improvement of the properties of polymers.
Among these carbon-based fillers, carbon black is zero-dimensional, carbon nanotube is
one-dimensional, and graphene is two-dimensional [10]. Due to the two-dimensional
geometry of graphene, the extent of dermal effect, inhalation problem, and gene toxicity
associated with graphene is much less than that of carbon black or carbon nanotube [11].
This ensures the safer handling of graphene. Moreover, graphene [12] stands out as a highly
promising candidate. Theoretically, sp>-hybridized carbon atoms are arranged in a hexago-
nal lattice within atomic thickness to form pristine graphene [13]. This unique structure
offers remarkable characteristics. A perfect single-layer graphene is not only the light-
est (weighing merely 0.77 milligrams per square meter) but also the strongest (300 times
stronger than Kevlar) nanofiller discovered to date [14]. Furthermore, graphene demon-
strates exceptional electrical and thermal conductivity, along with remarkable flexibility,
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capable of stretching up to 25% of its original length without fracturing. These remarkable
attributes refer to graphene as a wonder material with the capability of enhancing its
properties (processability [15], photostability [16], mechanical [17], and electrical [18]) of
polymer composites.

In general, graphene has been observed to enhance the tensile strength and stiffness of
polymeric systems, often at the expense of ductility and impact strength [17-19]. Neverthe-
less, some exceptional observations can be found in the literature [20,21]. Due to graphene’s
intrinsic electrical conductivity, it can significantly improve the electrical conductivity of
polymer composites [22,23]. Furthermore, polymer blend composites often exhibit an even
higher electrical conductivity than single polymer/conductive filler composites. This is
attributed to the double percolation effect [24-29], which is achievable in co-continuous
polymer blend composites. Moreover, the migration of electrically conductive filler from
one phase to another via the polymer phase interface (achievable via strategic mixing
conditions) can also facilitate the improvement of electrical conductivity in polymer blend
composites [30].

Numerous studies [31-34] have investigated the influence of laboratory-processed
graphene on the mechanical and electrical properties of various polymer composites.
However, the large-scale production of very pure and fully exfoliated graphene is chal-
lenging [35]. In contrast, mass production of few-layer graphene (FLG) is obtainable
following the cost-effective mechanochemical exfoliation of graphite [36], which involves
a lower carbon footprint in comparison to mass production of carbon black [37]. Despite
exhibiting a wider size distribution and increased defects compared to lab-grade graphene,
particles produced through this process still retain many of graphene’s notable properties.
Accordingly, better electrical conductivity, improved mechanical strength, and improved
photostability of commercial-grade few-layer graphene-filled (FLG) polymer composites
have been reported in the literature [16,38]. Nevertheless, research aiming to achieve a
combination of improved electrical conductivity, mechanical strength, and photoprotection
in the same polymer blend composite remains limited in the literature.

In this connection, polyolefin systems were chosen due to their versatility in domestic
and industrial applications. Moreover, approximately 50% of global plastic waste is com-
posed of PE/PP mixtures [39]. A significant portion of this plastic waste can be recovered
as a PE/PP mixture from post-consumer waste using simple separation steps. However,
further separating PE from PP is both complex and costly [40]. This motivates research into
enhancing the properties of controlled PE/PP blend systems to gain a deeper understand-
ing. Such knowledge could be valuable in guiding the upcycling of polyolefin mixtures
recovered from post-consumer waste. In this study, polyethylene (PE), polypropylene (PP),
and PE/PP blend systems were selected to explore the potential of incorporating commer-
cially available FLG. Different concentrations of FLG were melt-mixed with PE, PP, and
PE/PP blend systems. For the PE/PP blend system, two different FLG mixing strategies
were employed to investigate their influence on the electrical properties of the composite.
However, if the filler fails to stabilize the morphology, subsequent morphological evolution
during post-processing is a likely phenomenon for an immiscible polymer blend compos-
ite. Shear-induced deformation followed by small-amplitude oscillatory shear (SAOS), a
rheological approach [41], was conducted to study the morphological stability /evolution
of the PE/PP/FLG blend composite. After the deformation step, SAOS was performed
to reach an equilibrium state of the deformed morphology. A similar approach has been
extensively studied for droplet-dispersed type polymer blend systems [42]. Furthermore,
the influence of adding FLG on the mechanical properties of the composites before and
after UV exposure was documented.

2. Materials and Methods
2.1. Materials

GrapheneBlack 3X, a few-layer (6 to 10) graphene powder, was received from NanoX-
plore Inc., Montreal, QC, Canada, to prepare the composites for this study.
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Two homopolymers, high-density polyethylene (HDPE) and polypropylene (PP), were
used as the thermoplastic components of the composites. Table 1 outlines the specifications
of the polymers.

Table 1. Identification, MFI, and density of the polymers used in this work.

Polymer Commercial Name MEFI (g/10 min) Density (g/cm®)
HDPE Alathon H5618 17 (190 °C, 2.16 kg) 0.955
PP Polypropylene 3720 WZ 20 (230 °C, 2.16 kg) 0.905

2.2. Methods

To prepare the composites for this study, master batch (MB) pellets of either PE/FLG
or PP/FLG were used for the preparation of composites. The MB pellets contained 30 wt.%
FLG, provided by NanoXplore, Inc. The samples were produced by using a HAAKE
twin-screw extruder (Rheomex OS PTW16/40).

PE and PP were separately blended at 200 °C and 150 rpm with their respective MB
pellets to create the PE/FLG and PP/FLG composites. Each composite consisted of 1 and
5 wt.% of FLG, respectively.

In addition, PE/PP—20/80 and PE/PP—60/40 blend composites with the FLG con-
centration ranging from 1 to 5 wt.% were prepared in two steps. First step: PE/FLG or
PP/FLG MB pellets were blended with PE or PP at 200 °C and 150 rpm, referred to as
the premixing step. Second step: these premixtures were melt-blended with the other
respective polymer blend at 190 °C and 115 rpm.

Finally, extruded pellets were injection molded in an Arburg Allrounder
221K-350-100 Injection molding machine to prepare dog-bone-shaped specimens and
rectangular specimens for the characterization of tensile and impact properties, respectively.
During injection molding, a certain temperature profile (zone 1: 175 °C, zone 2—180 °C,
zone 3—180 °C, zone 4—180 °C, zone 5—185 °C) was followed at a 0.3 in®/sec injection
speed and 8500 Psi injection pressure. It is worth mentioning that the injection duration
was 30 s, pressing was continued for 5 s, clamping pressure was maintained at 1000 psi,
and the injected samples were cooled for 25 s while the mold temperature was maintained
at70 °C.

Moreover, disks of 1 mm thickness and 25 mm diameter were prepared by compressing
the composites at 200 °C and 10 MPa for 10 min in a compression mold.

2.3. Photodegradation Process

The injection-molded composites were weathered in a QUV chamber. The samples
were treated under UV radiation for a total of 2 weeks and 4 weeks by following the
alternating two steps mentioned in Table 2.

Table 2. Weathering conditions of the specimens in QUV chamber.

Step Function Irradiance (W/m?2) Temperature (°C)  Time (h:m)
1 Exposure to UV radiation 0.89 60 8:00
2 No UV radiation n/a 50 4:00

2.4. Characterizations

Scanning electron microscope (SEM) images were captured by using a Hitachi SEM
53600-N (Model: MEB-3600-N, manufactured by Hitachi Science Systems, Ltd., Tokyo,
Japan). Prior to SEM imaging, the surface (cryo-fracture or UV exposed) of the samples
was gold coated by employing a Gold Sputter Coater (Model: K550X, manufactured by
Quorum Technologies Ltd, East Sussex, Lewes, UK).

The electrical conductivity of the composites was assessed using a broadband dielectric
spectrometer (BDS) from Novocontrol Technologies GmbH & Co. KG, Montabaur, Germany.
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The investigation was conducted under an excitation voltage of 3 VRMS across a frequency
range from 1 x 1072 to 3 x 10° Hz. Gold-coated disk-shaped composites of 1 mm thickness
were sandwiched between two brass disks (electrodes) of 25 mm diameter in order to create
a plane capacitor structure for the analysis of the electrical properties. The real part of the
complex electrical conductivity at the lowest frequency (1 x 1072 Hz) has been reported as
the electrical conductivity of the composite in the subsequent section of this study.

Shear-induced coalescence followed by SAOS was conducted on the rheometer,
MCR 501. Compression-molded neat and FLG-filled PE/PP—20/80 composites were
sheared at 0.05 s~ 1 rate for 500 s, 2000 s, and 5000 s, respectively. In other words, the
samples were deformed at 25, 100 and 250 strains (shear rate x duration), respectively.
After each extent of deformation, the sample was subjected to SAOS for stabilization of the
deformed morphology, and the sample was saved for further investigation. A schematic
representation of the rheological approach has been provided in Figure 1. The shear rate
(0.05 s~1) was chosen low enough to favor coalescence. This shear rate was selected based
on the critical capillary number (a function of the viscosity ratio of the dispersed matrix
phase, the viscosity of the matrix phase, the interfacial tension and the average droplet
size). Relevant theory [43,44], the calculation of the critical capillary number, and the
selection of the shear rate to investigate the morphological evolution are provided in the
Supplementary section of this work. It is worth mentioning that the deformed samples
were saved and cryo-fractured, followed by a gold coating to investigate the resultant
morphology using SEM images.

Shearing at
1| 0.05sfor
deformation

0.05 s1}500s

Shear rate

Saved the sample to check
» morphology after deformation
—AL Strain = shear rate x duration
25

SAOS to investigate
morphology

Figure 1. A schematic representation of the shear deformation followed by SAOS, a rheological
approach, to study the morphological evolution of neat and FLG-filled PE/PP blends. A similar
approach was followed for 2000 s and 5000 s, respectively.

The tensile properties were characterized according to ASTM D638 at room tempera-
ture with a 10 kN load cell and a crosshead speed of 50 mm /min. The MTS Alliance RF/200
tensile test apparatus was used for the investigation of tensile property. Dog-bone-shaped
samples with 160 mm length, 12 mm width, and 3.5 mm thickness were used to characterize
the tensile properties of the samples.

The Izod (notched) impact strength was investigated according to ASTM D256 by using
the impact strength tester device (manufactured by International Equipments, Maharashtra,
India). Prior to the test, a notch was created on each sample (62 mm x 12 mm) by using a
motorized notch cutter, manufactured by International Equipments, India.

At least five replicas were considered for each sample to investigate mechanical
properties, and the average value has been reported along with the standard deviation (SD)
as an error bar.

A Perkin-Elmer FTIR spectrometer(manufactured by PerkinElmer, Wales, UK), specifi-
cally the Spectrum Two™ model equipped with a diamond crystal, was utilized for captur-
ing the Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
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spectrum. Thin films collected from the surface of both neat and FLG-filled composites
(both pre- and post-UV exposure) were analyzed to obtain their respective FTIR spectra.
Each spectrum comprised 10 scans and was collected at a resolution of 4cm™~! across the
wave number range of 4004000 cm 1.

FTIR spectra were utilized to investigate the relative carbonyl content of each sample,
employing Equation (1)

Ac_o after UV exposure
Ac—o before exposure

)

Relative carbonyl content =

In this context, Ac—o) denotes the area under the peak (within the wave number
range of 1680-1800 cm '), indicative of the C=O functional group [16]. FTIR spectra of
samples before and after UV exposure can be found in the Supplementary Materials (see
Figure Sla—e). Evaluating the relative carbonyl content is of interest as it serves as an
indicator of polymer degradation over time. To ensure accuracy, a minimum of three
spectra from distinct regions of the samples were analyzed to compute and present the
average carbonyl content values.

3. Results and Discussion
3.1. Morphology of Neat Blends

Figure 2a—c illustrate the microstructure of neat PE/PP blends with ratios of 20/80,
60/40, and 80/20, respectively. All the blends presented a droplet-dispersed morphology.
However, droplet phase and size are governed by the blend composition. For instance, the
PE/PP—20/80 blend represents PE droplets in the PP matrix. In contrary, PE/PP—60/40
and PE/PP—80/20 blends show PP droplets dispersed in the PE matrix. However, PP
droplet size is bigger in PE/PP—60/40 than that of PE/PP—80/20. This size difference is
attributed to the higher proportion of the PP phase (minor phase) in the PE/PP 60/40 blend
system. The presence of a comparatively higher portion of the minor phase in an immiscible
polymer blend increases the probability of droplet coalescence. This phenomenon may
result in bigger droplets in the matrix phase.

Figure 2. SEM images of PE/PP blends: (a) PE/PP—20/80, droplets representing PE phase;
(b) PE/PP—60/40, droplets representing PP phase; (c¢) PE/PP—80/20, droplets representing
PP phase.

3.2. Influence of FLG on Morphology of Blend Composite

Figure 3 illustrates the distribution of PP droplet size (number average droplet radius,
Ry) in a neat and FLG-filled PE/PP—20/80 blend composite. The addition of FLG results in
a reduced and narrower distribution of PE droplet size. The addition of 2 wt.% and 5 wt.%
of FLG results in a notable reduction in droplet size. The formation of finer morphology is
attributed to the inhibition effect of rigid filler against the coalescence of droplets to grow
bigger. A similar effect of rigid fillers was reported in the literature [45].
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Figure 3. Distribution of PE droplet size in neat and FLG-filled PE/PP—20/80 blend composite with
1,2 and 5 wt.% of FLG, respectively.

The SEM micrographs in Figure 4a—c depict the influence of the addition of 5 wt.% of
FLG on the microstructure of PE/PP blend composites. The introduction of FLG causes
deformation of PE droplets in PE/PP—20/80 and PP droplets in PE/PP—60/40 and
PE/PP—80/20 blends, respectively. Particularly in the PE/PP—60/40 blend, the deforma-
tion of relatively larger PP droplets enhances the likelihood of continuity in the minor PP
phase. This phenomenon, in turn, can facilitate the creation of an uninterrupted network of
electrically conductive fillers in the polymer blend composite.

Figure 4. SEM images of the phase morphology of 5 wt.% FLG-filled composites; (a) PE/PP—20/80;
(b) PE/PP—60/40 and (c)PE/PP—80/20. The red arrows are used to indicate the presence of FLG in
the composites.

3.3. Influence of FLG on Electrical Conductivity of Composites

The impact of different FLG mixing strategies has been studied (see Figure S2 in the
Supplementary Materials) on the electrical conductivity of a PE/PP—60/40 blend compos-
ite. Notably, the composite exhibits significantly higher electrical conductivity when FLG is
pre-mixed with the PP phase compared to when it is pre-mixed with the PE phase. This
observation motivated us to carry on the rest of the study with composites, where FLG
was pre-mixed with the PP phase. Figure 5 reports the change in electrical conductivity in
FLG-filled composites with different concentrations of FLG in the composites. The graph
displays that the electrical conductivity of PE/PP—60/40 blend composite is higher than
that of PE/PP—20/80 blend composite, specifically up to 4 wt.% of FLG. However, when
the FLG concentration reaches 5 wt.%, both blend composites demonstrate similar electrical
conductivity. This suggests that the electrical properties are significantly influenced by
the morphology, governed by blend compositions. In contrast, FLG-filled PE, PP, and
PE/PP—80/20 remain insulative, even at a dosage of 5 wt.% FLG. Notably, the PP/FLG
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composite exhibits higher electrical conductivity than that of PE/FLG at 9 wt.% concen-
tration of FLG. This observation implies that a relatively lower concentration of FLG is
required in the PP matrix compared to the PE matrix to establish a continuous FLG network.

110
- O PE/PP - 60/40
g A~ PE/PP - 20/80
2} O PE/PP - 80/20 O )
S 1x106{ X PP3720 o7
T X PE5618 X
& Sl
T 1x 1010 - A
2 o .
=
S L x 10-14
= ERYLY
£ A B x
g 8 X
=
1% 10718 — - - : - -
0 1 3 4 5 9

Concentration of FLG (wt.%)

Figure 5. Real part of the conductivity of the compounds at 1072 Hz (the lowest frequency) for
different concentrations of FLG. Dotted lines are used to guide the reader’s eye.

3.4. Influence of Deformation on Electrical Conductivity of Blend Composite

Figure 6 presents the electrical conductivity of the deformed PE/PP—20/80 blend
composite, containing 5 wt.% FLG, as a function of the frequency of the applied electric field.
After deforming the composite in molten condition in the Rheometer, the samples were
preserved to investigate the electrical conductivity. Intriguingly, despite the deformation in
morphology (discussed using Figure S3 in the Supplementary Materials) and a change in
filler localization (see Figure 54 in the Supplementary Materials), the electrical conductivity
of the composite remained unchanged. This underscores the robustness of the FLG network
in withstanding mechanical deformation in molten conditions. This observation is in
agreement with the observation reported in the literature [46].

1x1072
ONo Strain
A 25 Strain
=100 Strain
1x1074 1 X 250 Strain

Electrical conductivity (S/cm)

1x10°8 T T T
1x1072 1x10° 1 x 102 1x104 1x 106

Frequency (Hz)

Figure 6. Electrical conductivity of PE/PP -20/80 blend composite (containing 5 wt.% FLG) after
deformation by different strains, as a function of frequency.



Crystals 2024, 14, 687

8 of 15

3.5. Influence of FLG on Mechanical Properties Polyolefin Composites

In Figure 7a—c, the mechanical properties of the samples are plotted as a function of
FLG concentration. Since the ductility of PE is around 10 times higher than that of neat
PP, the ductility of PE has been plotted on the secondary axis of Figure 7c with different
concentration of FLG. Figure 7a illustrates that the tensile modulus of neat PP is higher than
that of neat PE. In addition, the tensile moduli of PE, PP, and PE /PP blends are increased
by the additions of FLG. It is worth mentioning that the tensile strength of the samples as a
function of the concentration of FLG has been provided in Figure S5 in the supplementary
materials. The stiffness of polymeric materials can be increased due to the reinforcement
effect of rigid fillers. Analogous findings can be observed in the literature [47,48]. Figure 7b
shows that the impact strength of PE, PP, and PE/PP blend composites was not significantly
affected by the presence of FLG. A similar effect of rigid filler on the impact strength of
polymer material was reported earlier [49]. However, Figure 7c shows that the addition of
FLG decreased the ductility of the composites. The reduction in elongation at break of PE
and PE/PP—60/40 (PE- rich blend) composites is statistically more significant than that
of PP and PE/PP—20/80 (PP- rich blend) composites. The presence of rigid filler hinders
the polymer chain mobility, which ultimately affects the ductility of the composite. Several
works in the literature have reported similar findings [2,17,19].

" PE 5618 OPE/PP -60/40 BPE/PP -20/80 mPP # PE 5618 TPE/PP - 60/40 EPE/PP -20/80 m PP

(a) 30 (b

w
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Tensile modulus (GPa)

Impact strength (J/m)
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>
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0 1 5 0 1 5
Concentration of FLG (wt.%) Concentration of FLG (wt.%)
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Figure 7. Mechanical properties of: (a) tensile modulus, (b) impact strength, and (c) elongation at
break of PE, PE/PP blends, and PP composites with different concentration of FLG.

3.6. Effect of Adding FLG on UV-Exposed Composites
3.6.1. Property Retention of UV-Degraded Composites

In Figure 8, the retention of elongation at break (a sensitive property to UV degrada-
tion) after 4 weeks of UV exposure for neat and FLG-filled PE, PE/PP—60/40,
PE/PP—20/80, and PP is plotted as the FLG concentration was varied in the compos-
ites. The figure illustrates that UV-exposed unfilled PE, PP, and PE/PP blends become
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too brittle to capture the correct elongation at break under the testing condition. This
indicates a substantial UV degradation of the pure polyolefins. Conversely, FLG-filled
polyolefin composites exhibit enhanced retention of ductility under UV radiation, owing to
the photoprotective properties of FLG. Nevertheless, this photoprotective effect of FLG is
more pronounced in polymeric systems where PE is the predominant phase compared to
those where PP is the major component. Further analyses have been carried out in terms of
sample surface imaging and FTIR investigation.

OPE XPE/PP-60/40 +PE/PP-20/80 OPP
120

—_
4
) a 9
-
S 100 - X
: ®
-
< 80 -
= ®
2
=
S 60 -
=
S
& 40 { UV-exposed unfilled
° samples were
E too brittle to capture
£ 20 the elongation at
% break accurately
& 0 : : T
0 1 5

Concentration of FLG (wt.%)

Figure 8. Retention of elongation at break of UV-exposed PE, PE/PP blends, and PP as the FLG
concentration increased in the specimens.

3.6.2. Appearance of the Compounds after UV Exposure

The SEM images in Figure 9a—c illustrate the surfaces of neat PE, PE/PP—60/40 blend,
and PP samples, which were exposed for 4 weeks under UV radiation. Figure S6 has been
provided in the Supplementary section to extend the idea of the appearance of a polyolefin
sample before UV exposure. Additionally, Figure 9d—f display the UV-degraded surfaces
of PE, PE/PP—60/40 blend, and PP composites, containing 1 wt.% FLG, respectively.
Apparently, the presence of FLG lessens the occurrence of UV degradation-driven cracks
in the samples’ surface compared to their neat counterparts. This suggests that FLG can
mitigate the UV degradation process in polyolefins.

PE/PP - 60/40

Figure 9. SEM micrographs of the UV-exposed unfilled (a) PE, (b) PE/PP—60/40, and (c) PP along
with 1 wt.% FLG-filled (d) PE, (e) PE/PP—60/40 and (f) PP composites.
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3.7. Chemical Analysis

In Figure 10, the relative carbonyl content of UV-exposed samples of PE,
PE/PP—60/40, PE/PP—20/80 blends, and pure PP, both without and with FLG, is plot-
ted against exposure time. The relative carbonyl content is determined by analyzing the
FTIR absorption spectra of each UV-exposed sample and normalizing them against the
carbonyl content of the corresponding sample prior to UV exposure. The incorporation of
FLG reduces the formation of carbonyl content in UV-exposed composites, indicating the
UV-stabilizing effect of FLG in polyolefin systems.

aOPE BPE/PP - 60/40
8PE/PP -20/80 arprp
@PE with 1 wt.% FLG @PE/PP - 60/40 with 1 wt.% FLG

QOPE/PP - 20/80 with 1 wt.% FLG  @PP with 1 wt.% FLG

ik
N

ok
—]
1

>
1

=
1

N
1

Relative carbonyl content (%)
a

=
1

2 Exposure time (Weeks) 4

Figure 10. The change in the relative carbonyl content of UV-exposed PE, PE/PP blends, and PP
samples with the duration of the UV exposure.

Furthermore, it is evident that the relative carbonyl content in UV-exposed PP is
significantly higher compared to that in PE, suggesting that PP is more susceptible to
UV degradation than PE. This tendency towards UV degradation is also observed in
PE/PP blends; blends with a higher proportion of PP exhibit greater susceptibility to UV
degradation compared to those with more PE. An explanation has been extended in the
discussion part. Figure 10 illustrates the order of UV degradation tendency in the PE/PP
polymer system as follows: PP > PE/PP—20/80 > PE/PP—60/40 > PE. A similar order of
UV degradation tendency is noted in FLG-filled PE/PP composites, but the degradation
rate is slower, attributed to the UV-stabilizing effect of FLG.

3.8. Discussion

The comprehensive analysis of the morphology, electrical properties, mechanical
properties, and UV degradation behavior of FLG-filled PE/PP blend systems provides
valuable insights into the multifaceted effects of FLG on polyolefin blend systems.

In a filler-filled, immiscible polymer blend system, double percolation [24-29] is
an interesting phenomenon. This phenomenon refers to the percolation of one phase
through another phase with the concomitant formation of a filler network through one
of the percolating phases. In the case of a conductive filler, the double percolation effect
increases the electrical conductivity of the composite by a significant order of magnitude.
In this work, Figure 4b shows that the PP phase was not percolated through the PE
matrix in the 5 wt.% FLG-filled PE/PP—60/40 blend composite. Despite lacking the
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double percolation effect, this composite presents higher electrical conductivity. In fact, the
predominant presence of FLG in the PP phase of the PE/PP blend composite is likely due to
the premixing of FLG with the PP phase. Moreover, FLG migration from the PP to PE phase
via PE/PP interface is also realized according to thermodynamic prediction [30]. Therefore,
thermodynamic preference-induced FLG migration from the PP to PE phase via the PE/PP
interface and volume exclusion effect of the PE phase in PE/PP—60/40 and 20/80 blend
are two dominant factors in tailoring the conductive FLG network in PE/PP—60/40 and
20/80 blend composites. It has been reported in the literature [50] that once the conductive
filler network is fully developed, further addition of filler does not reflect any significant
effect on the conductivity of the composite. This phenomenon can be referred to as the
saturated effect of the filler network. Moreover, blends with ratios of 60/40 and 20/80
exhibit superior conductivity compared to PE/FLG or PP/FLG composites, even when FLG
concentration is higher (9 wt.%). This difference can be attributed to the poor dispersion
of FLG in the PE phase compared to the PP phase under the same processing conditions.
Moreover, superior electrical conductivity in the PE/PP—60/40 blend composite is not
observed when FLG is pre-mixed with PE (see Figure S2 in the Supplementary section).
This could be attributed to the possible wrapping of FLG by insulating PE due to a stronger
affinity between FLG and PE. Consequently, an interrupted FLG network results in reduced
electrical conductivity in PE, even at higher concentrations of FLG. Additionally, during
composite cooling, small PE crystals may form on FLG surfaces, impeding FLG contact and
resulting in lower electrical conductivity in FLG-filled PE/PP—60/40 blend composites,
prepared by FLG premixing with PE phase. These findings underscore the critical role
of FLG dispersion and localization in attaining optimal electrical properties in polyolefin
blend composites.

Furthermore, the shear-induced deformation applied in the molten condition of the
compound does not affect the electrical conductivity of the composite in its solid state.
This indicates that the conductive network established by FLG remains unaffected even
under applied shear deformation. This highlights the resilience of FLG-filled composites to
mechanical deformation while maintaining electrical performance.

FLG addition enhances the tensile modulus of both PE and PP, indicating improved
stiffness attributed to the reinforcement effect of FLG. When mechanically strong, rigid
fillers are present in polymer-like materials, the fillers act like stress concentrators, facil-
itating load transfer. In turn, the filler-filled composite increases. Furthermore, better
filler-matrix adhesion results in higher strength in the composite. Moreover, FLG incorpo-
ration does not adversely affect the impact resistance of the polyolefin blend composites.
In general, rigid fillers have two opposing effects on the impact strength of a filler-filled
composite. One effect is its role as a defect center, responsible for reducing the impact
strength of the composite. Another role is to resist the crack, which is responsible for
increasing the impact strength of the composite. When these two effects counterbalance
each other, the impact strength of the filler-filled composite may remain unchanged. How-
ever, the impact strength of a filler-filled composite can also be influenced by filler-matrix
adhesion, filler loading, and the interfacial properties of the composite. The preservation of
mechanical properties coupled with the enhancement of stiffness underscores the potential
of FLG as a multifunctional filler in polyolefin blend systems. However, the presence of
graphene reduced the ductility of the composite, irrespective of the composition of the
sample. In general, the presence of rigid particles like few-layer graphene restrains the
mobility of polymer chains, which results in a reduction in the ductility of the filler-filled
polymer composite.

Furthermore, FLG demonstrates a UV stabilizing effect on polyolefin composites,
reducing the formation of carbonyl content, indicative of UV degradation of polymers.
Usually, light-absorbing groups (chromophores), as internal or external components in
polymer materials, initiate photodegradation [51]. Initially, chromophores absorb photons
from UV radiation and become excited. These excited chromophores then break down into
free radicals due to further UV exposure in the presence of oxygen. These free radicals attack
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the polymer chains and propagate the photodegradation process. The presence of graphene
in the polymer matrix can decelerate the photodegradation process by absorbing photons.
Additionally, graphene can interact with excited chromophores, absorbing their energy and
releasing it as heat, which is known as the quenching effect. Moreover, the -conjugated
electrons in graphene can react with free radicals, neutralizing them and thereby slowing
down the photodegradation of the polymer material via the free radical scavenging effect of
graphene. Apart from these chemical effects of graphene, it can also act as a physical barrier
against oxygen diffusion through the polymer matrix due to its two-dimensional geometry.
It has been noticed that the UV stabilizing effect of FLG is more pronounced in PE-rich
blends compared to PP-rich blends, highlighting the differential susceptibility of PE and
PP to UV degradation. PP exhibits a comparatively higher sensitivity to UV degradation,
potentially attributed to the presence of tertiary carbon atoms within the polymer chain [52].
The tertiary carbon atom can be readily attacked by UV radiation, which makes PP more
susceptible to UV degradation than PE. The presence of FLG mitigates UV-induced surface
cracking and preserves the ductility of the composite materials, further emphasizing its
role in enhancing the durability and performance of polyolefin blend composites under
UV exposure.

4. Conclusions

This study underscores the notable influence of FLG inclusion on the electrical conduc-
tivity, mechanical properties, and UV protection of polyolefin blend composites, as follows:

e  The addition of FLG results in electrically conductive, mechanically strong, and more
durable PE/PP blend composites.

e  The application of shear-induced deformation in molten conditions can change the phase
morphology of the blend composite, yet the electrical conductivity remains unaffected,
highlighting the resilience of the conductive network within the FLG-filled composites.

e Only 4 wt.% (~2 vol.%) of commercial-grade and low-cost FLG could induce an
electrical conductivity of the order of 1.87 x 10~° S/cm (semi-conductive zone) in
PE/PP—60/40.

As little as 1 wt.% FLG is adequate to retard the UV degradation of polyolefin composite.
FLG demonstrates a UV stabilizing effect, more pronounced in PE-rich blends, miti-
gating UV-induced surface cracking and preserving ductility.

In conclusion, FLG offers a versatile solution for designing a reinforced electrostatic
dissipative polyolefin composite with improved UV resistance. By understanding the
interplay between FLG dispersion, morphology, and filler-polymer interactions, it is possi-
ble to tailor the properties of these composites for a variety of applications, from electric
applications (semi-conductive separators in power cables, electro-dissipating packaging
materials, etc.) to outdoor structural components.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14080687/s1.  Figure S1: FTIR spectra of neat (a) PE,
PE/PP-20/8, PE/PP-60/40 and PP samples, and FTIR spectra of neat (b) PE, (c) PE/PP-20/8,
(d) PE/PP-60/40 and (e) PP samples indicating the carbonyl growth after UV exposure within the
wave number range of 1680 to 1800 cm~!. Figure S2: Electrical conductivity of PE/PP-60/40 blend
composite with 5 wt.% FLG; premixed with PP phase and premixed with PE phase. Figure S3:
Distribution of PE droplet size in neat and FLG-filled PE/PP-20/80 blend composite with 1 and
2 wt.% of FLG, respectively, after deformation by 250 strain. Figure S4: SEM image of 2 wt.% FLG-
filled PE/PP-20/80 blend composite after deformation, red arrows indicate the deformation-driven
migration of FLG from PP phase to PE droplet surface. Figure S5: Tensile strength of PE, PE/PP
blends and PP composites as a function of FLG concentration. Figure S6: SEM images of the surface
appearance of a polyolefin sample before UV exposure. Table S1: The parameters and corresponding
values to calculate the shear rate to ensure droplet coalescence during the coalescence test.
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