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Abstract

In pursuit of a sustainable future, the focus on thermoplastic compounding emerges as a transformative avenue. Strategically
blending and compounding thermoplastics unlock the potential for eco-friendly materials, addressing pressing environmental
concerns. Polymer blending is a widely utilized technique that offers significant advantages in terms of cost-effectiveness
and the development of materials with diverse properties. However, achieving compatibility between polymers remains a
challenge due to their non-negligible entropy, particularly in the case of immiscible polymers like Polypropylene (PP) and
High-Density Polyethylene (HDPE). The success of such systems heavily depends on optimizing factors such as additive
selection, mixing methodology, composition, and processing conditions. Despite the extensive industrial usage of polymers
like PP and HDPE, there is still limited understanding regarding the impact of blending these polymers, especially when
graphene is introduced. This study addresses these challenges by overcoming the entropy barrier between PP and HDPE
using a high shear rate thermo-kinetic mixer and employing upcycled graphene nanoplatelets (GNP) as a type of low-cost
graphene material through interface engineering. The GNP content in the blends ranged from 0 to 1 wt%, and through
meticulous selection of the polymer weight fraction and the use of minimal GNP content, GNP was strategically localized
at the blend interface. This resulted in remarkable mechanical performance achieved through the optimized manufacturing
technique. Incorporating 0.1 wt% GNP resulted in a significant 38% increase in tensile modulus, while flexural modulus
and flexural strength saw respective increments of 39% and 22% compared to neat PP. Further enhancements were observed
with higher GNP contents. This study illuminates the transformative potential of thermoplastic compounding as a key driver
toward a sustainable future.
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Production of PP/HDPE/GNP composites by thermo-kinetic mixer
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1 Introduction

Thermoplastic compounding heralds a path toward enhanced
sustainability, where innovative formulations pave the way
for a greener and more resilient future. The production of pol-
ymer blends is a commonly employed technique to enhance
the performance of polymers and is considered to be eco-
nomically advantageous [1]. The economic benefits of poly-
mer blends arise from the ability to leverage the favorable
properties of two existing materials through mixing, rather
than resorting to the synthesis of new materials. However,
in practice, the problem of the incompatibility of polymer
blends is often encountered [2]. Most polymers are immisci-
ble and they do not mix homogeneously with each other due
to their inherent and unfavorably low mixing entropy [3].
Polypropylene (PP) and Polyethylene (PE) are among these
immiscible polymers as commodity plastics, and there have
been few attempts to improve the compatibility of PE and
PP, typically by adding a third component [4]. Graziano et al.
used 2 wt% of reduced graphene oxide (RGO) in PE/PP blend
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resulting in finer droplet-matrix morphology [5]. In another
study, they dispersed functional graphene at the interface of
the PE/PP blend and improved the thermo-mechanical prop-
erties of the nanocomposites [6]. There are studies showing
that polymer droplet diameters get smaller, especially if the
localization of nanoparticles at the interface of two polymers
can be achieved [7-9]. Studies demonstrate that nanoparticles
can enhance the compatibility of polymer blends by reduc-
ing the surface tension [10]. Recently, graphene and deriva-
tives have been used to improve the compatibility of different
polymer blend systems [11-13]. Bera et al. used RGO for
compatibilization of poly (vinylidene fluoride) (PVDF) and
thermoplastic polyurethane (TPU) blend resulting in finer
distributed holes [14]. The effectiveness of RGO in reducing
the interfacial tension between the two polymers and pro-
moting compatibilization suggests its potential as a viable
substitute for traditional compatibilizers when blending oth-
erwise incompatible polymers. In another study, thermally
reduced graphene oxide (TRG) was selectively localized at
the interface of the PP and PE blend by tailoring processing
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sequences [15]. The lower interfacial tension of TRG with
PE prompts its localization in PE within the PP/PE blend;
however, when subjected to pre-blending with PP followed
by the addition of PE, it can be localized at the interface.

Another parameter that affects the compatibility of poly-
mer blends is the kinetic and process-related parameters,
as temperature, shear force, screw design, and, speed also
play a significant role in achieving a homogeneous distribu-
tion [16]. Therefore, blend morphology can be tailored by
choosing the right manufacturing techniques and equipment.
In a study, GNP localization at the interface of a polymer
blend was controlled by melt-compounding sequences, mix-
ing times, and, shear rates [8]. The conventional production
method for melt blending of polymers is twin-screw extru-
sion [17]. It involves the melting of polymers along with
additives by exceeding their melting temperature using twin
rotating screws with co-rotating or counter-rotating designs
tailored to desired characteristics. On the other hand, another
production method, known as thermo-kinetic mixer, can
offer advantages such as improved dispersion of fillers at
high shear rates (35004500 rpm) and shorter production
cycles (30 s), leading to better dispersion and distribution
compared to conventional extrusion [18] and other type of
internal mixers [19]. The thermo-kinetic mixer, especially,
facilitates the easier exfoliation of nanofillers between poly-
mer chains and prevents agglomeration issues encountered
during polymer processing [20]. Therefore, morphology
investigation on polymer blends by using a thermo-kinetic
mixer can be effective in exploring blend compatibility, as
the majority of previous polymer blend studies have primar-
ily focused on twin-screw extrusion processes when melt
compounding is under focus [16, 21— 25].

Herein, PP/HDPE binary blends and PP/HDPE/GNP
ternary nanoblends were produced using a high shear rate
thermo-kinetic mixer, and their mechanical, rheological,
and morphological analysis were conducted to investigate
compatibilization of the blend system. Results showed
that by choosing the right manufacturing technique and
the optimum GNP loading, GNP can be localized at the
interface of the binary blends and improve the blend per-
formance in terms of mechanical properties. The incorpo-
ration of upcycled graphene nanoplatelets (GNP) derived
from waste tires is a deliberate choice with profound
implications for environmental sustainability. Utilizing
waste tires as a source of graphene not only addresses
the global challenge of tire disposal but also transforms a
potential environmental hazard into a valuable resource.
Additionally, the PP/HDPE blend matrix can be an alterna-
tive matrix to solely homo PP since the synergistic effect
of this blend showed higher mechanical properties com-
pared to neat PP and HDPE. Along with this, the addition
of GNP at 0.1 wt% resulted in a 38% increase in tensile
modulus, while 39 and 22% increases in flexural modulus

and flexural strength were achieved, respectively. Further
enhancement was achieved by increasing GNP content to
1 wt%. Therefore, this study provided a low-cost blend for-
mulation for industrial applications by changing the matrix
composition from a more expensive homo PP to a cheaper
blend of PP/HDPE by improving the mechanical behav-
ior via an adaptable processing technique. The utilization
of upcycled graphene nanoplatelets (GNP) from waste
tires contributes to a circular economy by repurposing
discarded materials. The integration of waste tire-derived
GNP in thermoplastic blends not only minimizes envi-
ronmental impact but also promotes resource efficiency.
By highlighting the synergy between waste tire-driven
GNP and thermoplastics, our study emphasizes a novel
avenue for achieving advanced material properties while
simultaneously addressing the importance of improving
the compatibility and processing of PP and HDPE blends.

2 Materials and Methods
2.1 Materials

Homo Polypropylene (PP) with a density of 905 kg/m? and
melt flow rate of (MFR) 12 g/10 min (230 °C/2.16 kg) was
supplied by Borealis, Austria. High-density Polyethylene
with a density of 965 kg/m> and melt flow rate of (MFR)
5.5 g/10 min (190 °C/2.16 kg) was supplied by PETKIM.
Unmodified waste tire-derived graphene nanoplatelet
(GNP) containing carbon (at.%: 87), oxygen (at.%: 9), and
other elements (at.%: 4) was supplied by NANOGRAFEN
Co., Kocaeli, Turkey.

2.2 Manufacturing of Polymer Blends

Manufacturing of all binary blends and ternary nanoblends
was carried out in a melt phase, at 3500-4000 rpm and
200 °C by using a custom-made Gelimat-Thermo-kinetic
Mixer (Dusatec Co, USA).

2.3 Characterization
2.3.1 Mechanical Properties

Specimens for tensile and flexural tests were prepared
by lab-scale injection molding at 180° according to the
ISO 527-2 and ISO 178 standards. The mechanical tests
were conducted using Instron 5982 Static Universal Test
Machine (UTM) for tensile and three-point bending tests
according to the ISO 527-2 and ISO 178 standards. The
average value of four test results was reported.
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Fig. 1 a Flexural modulus, b flexural strength, ¢ tensile modulus, and d tensile strength of binary polymer blends

2.3.2 Viscoelasticity and Dynamic Mechanical Properties

Dynamic Mechanical Analyzer (DMA) (Mettler Toledo,
Columbus, OH, USA) was used to investigate the viscoe-
lasticity of composites via a single cantilever bending from
—20 to 100 °C with 1 Hz frequency and 3 K/min heating
rate.

2.3.3 Thermal Properties

Thermal analysis was investigated by Differential Scan-
ning Calorimetry (DSC) 3 + 700 (Mettler Toledo, Colum-
bus, OH, USA) under nitrogen gas with a 10 °C/ min heat-
ing rate.
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2.3.4 Rheological Measurements

Frequency sweep tests were performed in Anton-Paar MCR
702 Rheometer using a parallel plate at 230 °C and strain of
1% in an angular frequency range of 1-1000 rad/s.

2.3.5 Morphological Analysis

Nikon Eclipse LV100ND was used for semi-polarized opti-
cal images. Freeze-fractured surfaces were examined under
a Leo Supra 35VP Field Emission Scanning Electron Micro-
scope (FESEM) by coating cross-sections with a thin layer
of gold. Optical microscope images were taken by using the
CLEMEX Image Analyzer System. Transmission Electron
Microscopy (TEM) was conducted to examine the distribu-
tion of GNP in ternary nanoblends at varying loading levels,
ranging from the lowest to the highest.
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Fig.2 a Flexural modulus, b flexural strength, ¢ tensile modulus, and d tensile strength of ternary nanoblends

Table 1 Overall mechanical comparison and improvement of ternary nanoblends compared to PP+ HDPE 75/25 and neat PP

Sample name

Compared to PP+ HDPE 75/25

Comparedto ~ Compared to PP+HDPE 75/25 Compared
Neat PP to Neat PP

PP +HDPE 75/25 GNP-0.1
PP +HDPE 75/25 GNP-0.25
PP +HDPE 75/25 GNP-0.5
PP +HDPE 75/25 GNP-1

PP +HDPE 75/25 GNP-0.1
PP +HDPE 75/25 GNP-0.25
PP +HDPE 75/25 GNP-0.5
PP+ HDPE 75/25 GNP-1

Tensile modulus improvement (%)
11

17

11

16

Flexural modulus improvement (%)
10

11

11

11

38
46
39
45

39
40
39
40

Tensile strength improvement (%)

5 _
7 —
6 _
7 —
Flexural strength improvement (%)

6 22
6 21
7 23
6 21
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Fig.3 a, d storage modulus; b, e loss modulus; ¢, f tan delta of binary blends and ternary nanoblends by DMA

3 Results and Discussion

3.1 Mechanical Behaviour of Binary Blends
and Ternary Nanoblends

Polymer blends were produced by adding HDPE to PP at
varying loading ratios (20-80 wt%) via a thermo-kinetic
mixer. The mechanical results of the PP/HDPE polymer
blends are shown in Fig. 1. When examining the flexural
modulus values, all blend formulations showed higher
results compared to neat PP. In particular, the PP+ HDPE
75/25 blend exhibited the highest result at 1669 MPa, rep-
resenting a 26% increase compared to neat PP. Similarly,
the same formulation showed the highest flexural strength
with 45 MPa. The tensile modulus also exhibited the high-
est value of 1830 MPa, indicating a 25% increase compared
to neat PP. The tensile strength value was 33.3 MPa, fall-
ing between the values of the two neat polymers. These
enhanced characteristics reveal the two blends’ synergistic
interaction when combined with a thermo-kinetic mixer.
Upon refining the production technique, it becomes possi-
ble to achieve compatibility between PP and HDPE, despite
their inherent immiscibility as two distinct polymers. This
transformation is facilitated through the application of a
thermo-kinetic mixer operating at elevated shear rates. This
phenomenon has spurred the notion that the substrate for
industrial manufacturing could potentially encompass a
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composite of PP and HDPE, as opposed to exclusively rely-
ing on PP.

In this context, ternary nanoblends were conducted by
adding GNP into a matrix produced with 75 wt% PP and
25 wt% HDPE to observe the interactions of these polymer
blends with GNP. The results of the mechanical properties
of ternary nanoblends are shown in Fig. 2. Additionally,
Table 1 presents the overall mechanical comparison and
improvement of nanoblends compared to PP+ HDPE 75/25
and neat PP. When 0.1% GNP was added to the compositions
of the blends, a 10% increase in flexural modulus and an
11% increase in tensile modulus were observed compared to
PP/HDPE-25. The flexural strength and tensile strength also
showed increases of 6 and 5%, respectively. However, it can
be observed that as the GNP ratio increases, the improve-
ments in mechanical properties become less significant and
reach a plateau at certain points. Table 1 provides a com-
parison of the mechanical enhancements achieved in rela-
tion to pure PP. The utilization of a PP/HDPE blend matrix
instead of pure homo PP resulted in significantly greater
improvements. This finding holds substantial significance for
industrial applications where HDPE offers a relatively cost-
effective alternative to PP while simultaneously yielding
higher mechanical properties through the synergistic effect
of the blend. In industrial applications, where costs and
mechanical performance are crucial considerations, the use
of HDPE can help as a more economically efficient option
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Table 2 Melting and crystallization behavior of binary and ternary nanoblends

Cooling 2nd Heating Crystallinity

T, AH, T,ofPP T of HDPE AH  of (PP) AH,  of (HDPE) Xcof Xc of HDPE (%)

o e (O 0 (/2 (/2 pp

(%)

PP 1112 90.6 169.1 - 90.2 - 4357 -
PP +HDPE 80/20 117.7 1249 166.5 133.4 74.7 48.7 36.09 169
PP +HDPE 75/25 117.2  131.7 166.7 134.0 70.3 60.1 3396 209
PP +HDPE 50/50 116.1 1659 166.1 135.1 44.5 114.9 21.50  40.0
PP +HDPE 25/75 1147 1977 1659 137.2 15.6 175.6 7.54 61.18
PP +HDPE 20/80 1145 181.1 1649 137.8 19.6 154.6 9.47 53.87
HDPE 117.5 2143 - 137.0 - 126.9 - 44.22
PP +HDPE 75/25 + GNP-0.1 118.0 1244 166.0 133.8 53.5 49.2 2585 17.14
PP+HDPE 75/25+GNP-0.25 1183 1253 1653 133.4 58.4 45.8 2821  15.96
PP+HDPE 75/25 + GNP-0.5 118.8 123.0 167.2 134.0 543 42.6 2623 14.84
PP +HDPE 75/25 + GNP-1 1193 1253 165.3 133.0 58.85 45.3 2826  15.78
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compared to homo Polypropylene (PP). Additionally, the
combination of HDPE and PP in a blend results in enhanced
mechanical properties, and this improvement is emphasized
as a synergistic effect, indicating that the combined materials
perform better together than individually.

3.2 Viscoelastic Behaviour of Binary Blends
and Ternary Nanoblends by DMA

Storage modulus (E’) represents the elastic energy stored
by the material and signals the solid-like behavior of mate-
rials. In compliance with Fig. 3a, PP has the highest stor-
age modulus compared to HDPE and its HDPE including
binary polymer blends. PP storage modulus is superior
to HDPE, almost 1.7 times, due to the methyl (-CH;)
group in the PP structure, which provides comparatively
good mechanical properties by preventing chain rotation
[26]. The addition of HDPE at 20 wt% in the PP matrix
slightly decreased the storage modulus, and at 25 wt%,

1.5E+03

(a) —s— PP+HDPE 75/25 GNP-0.1
—e— PP+HDPE 75/25 GNP-0.25
& —v— PP+HDPE 75/25 GNP-1
; —+— PP+HDPE 75/25
2 9.0E+02 4
2
> \
x
B 6.0E+024
a 6.
[e]
o
3.0E+02 4
\‘\s\w

1E+01 1E+02
Angular Frequency [rad/s]

1E+00

1E+03

—s— PP+HDPE 75/25 GNP-0.1

—e— PP+HDPE 75/25 GNP-0.25
—&— PP+HDPE 75/25 GNP-0.5
—v— PP+HDPE 75/25 GNP-1
~—<«—PP+HDPE 75/25

—
(2]
~—

1E+04 -

Loss Modulus [Pa]

Loss Modulus (Pa)

1E+03 4

SEv02

6E-01 TEO1 BE01 OE01 1E+00
Angular Frequency [rad’s]

1E+01 1E+02
Angular Frequency [rad/s]

1E+00

1E+03

it decreased further, which is understandable because PP
still predominates as a matrix. The storage modulus of
PP + HDPE 50/50 fell in between PP and HDPE due to the
equal proportionality. Figure 3d shows the storage modu-
lus of GNP-included ternary polymer nanoblends by tak-
ing a reference of PP+ HDPE 75/25. The storage modu-
lus of the nanoblends reached the same level with all the
GNP addition rates and became independent of the GNP
concentration. This shows that with the addition of GNP,
the solid-like behavior increased compared to PP+ HDPE
75/25. By using 0.1 wt% GNP, similar elastic properties as
1 wt% GNP can be exhibited and there is no need to use
higher ratios. Energy dissipation as heat or loss can be
examined by loss modulus (E”), and the viscous response
of the material can be attained. In line with the Fig. 3a
explanation, HDPE showed the highest loss modulus due
to easier chain deformation compared to PP, and its addi-
tion to PP increased the loss modulus of the binary blends.
PP peaks showed its B crystal peaks at around 4-5 °C, and
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HDPE showed around 39 °C. PP + HDPE 50/50 showed a
single peak at around 30 °C, and their liquid-like response
concurrently occurred at the same temperature interval.
HDPE amount exceeding 50 wt% approached to HDPE
due to its predominance in a matrix. In Fig. 3e, loss modu-
lus changes as a function of GNP loading and tempera-
ture are given. PP +HDPE 75/25 was compared with its
GNP-included ones, and liquid-like behavior underwent
a change, unlike their solid-like behavior. 1 wt% GNP
included nanoblend decreased the loss modulus at a tem-
perature interval of — 20 °C and 80 °C, which means that
stiff GNPs restricted the chain movement in PP + HDPE
75/25 but more dominantly in PP, based on the lowered
peak at 4 °C which belongs to PP phase. A slight shift
in the maximum peak position of the HDPE phase of
PP +HDPE 75/25 + GNP-1 was observed with almost no
change in its value. 0.1 wt% GNP included nanoblend has
the highest loss modulus peak where it changes when it
comes to the HDPE phase. Tan delta values represent the
viscous to elastic response (E"/E") of viscoelastic materi-
als, and the curves after 15 °C in Fig. 3c are also coherent
with the storage modulus curves in Fig. 3a. Correspond-
ingly, with the addition of GNP in the blends, tan delta
values are also converging mostly in the HDPE phase
when comparing Fig. 3c with Fig. 3d. Hereby, it is proper
to say that GNP is more dominant in affecting the HDPE
phase over PP in the produced nanoblends and/or prefers
to locate mostly in the HDPE phase compared to the PP
phase.

bl

3.3 Thermal Behaviour of Binary Blends
and Ternary Nanoblends by DSC

The thermal behavior of binary and ternary polymer blends
was investigated using differential scanning calorimetry
(DSC), revealing valuable insights into phase transitions,
melting temperatures (Tm), and crystallinity characteristics.
The resulting DSC thermograms, as shown in Fig. 4, pro-
vided a comprehensive understanding of the blends’ thermal
properties. Complementary information regarding tempera-
ture, enthalpy, and crystallinity for cooling and second heat-
ing stages is summarized in Table 2. Examining the binary
polymer blends in Fig. 4a, it was observed that HDPE exhib-
ited a Tm of 137 °C, while PP displayed a Tm of 169.1 °C.
An increase in the HDPE proportion led to an augmented
HDPE melting peak, accompanied by a decrease in the PP
peak. Additionally, the incorporation of HDPE caused a
reduction of approximately 3 °C in the Tm of PP. Nota-
bly, when the HDPE proportion reached 80%, the Tm of PP
experienced a further decrease of 4 °C. This downward shift
in Tm can be attributed to the occurrence of phase separa-
tion between PP and HDPE, influencing the overall melting
behavior. In conjunction with the Tm shift, the inclusion of
HDPE resulted in a discernible reduction in the crystallinity
of PP. Crystallinity calculations, conducted using the heat
of fusion values of 287 J/g for 100% crystalline HDPE and
207 J/g for PP [27], showed a decrease in PP crystallinity
ranging from 20 to 75% by weight. This decline in crystal-
linity signifies a corresponding decrease in the relative pro-
portion of crystalline regions, ultimately leading to a shift
towards lower temperatures. Analysis of the crystallization

Fig. 6 Semi-polarized optic microscopy images of neat PP (al-a4) and neat HDPE (b1-b4) at different magnifications
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PP+ HDPE 80/20

400 pm

PP+ HDPE 50/50

Fig.7 Semi-polarized optic microscopy images of binary blends

temperatures (Tc) revealed that binary blends exhibited
higher Tc values compared to pure PP, indicating altera-
tions in the crystallization behavior induced by the presence
of HDPE. Furthermore, in the ternary blends, specifically
the PP+ HDPE 75/25 compositions, the incorporation of
GNP demonstrated an increase in Tc values compared to
PP+ HDPE 75/25. This observation suggests that GNP may
function as a nucleating agent, promoting the formation of
smaller and more numerous crystalline structures within the
blend. Previous studies have reported the ability of GNP to
enhance the Tc of polymers [28]. For the 0.5 wt% GNP and
1 wt% GNP compositions, the crystallization peak started to
split, as shown by black arrows in Fig. 4d, indicating more
phase separation due to the incorporation of GNP in both
PP and HDPE.

3.4 Rheological Investigation of Binary Blends
and Ternary Nanoblends by Microscopic
Techniques

The rheological investigation of ternary blends is depicted in

Fig. 5. A sudden increase in complex viscosity was observed
with the addition of a small amount of 0.1 wt% GNP to the

@ Springer

PP+ HDPE 25/75

PP+ HDPE 75/25

PP+ HDPE 75/25 blend, as shown in Fig. 5a. This sudden
increase indicates good nanoparticle interaction and net-
work formation within the nanoparticles. When the ratio is
increased to 0.25 wt% GNP, the viscosity slightly decreases,
possibly due to the beginning of GNP agglomeration. Fur-
ther increases in viscosity were observed with the addition
of 0.5 wt% GNP and 1 wt% GNP, indicating a restriction in
the matrix’s mobility possibly due to the addition of rigid
GNPs in higher proportions. The storage modulus and loss
modulus values also exhibit a similar pattern of increase.
Modified Cole—Cole (Han Plot) can be used to analyze
percolation network formation concentration, and a rapid
increase in the slope can be attributed to the formation of a
nanoparticle network [29]. All GNP concentrations showed
a similar deviation from the master curve of PP+ HDPE
75/25, demonstrating their ability to improve the rheologi-
cal behavior of the matrix is similar. The absence of a dras-
tic slope change among the ternary nanoblends might arise
from the low content of GNP regarding the studies that
showed higher GNP ratios above 2 wt% GNP is needed to
reach percolation [1]. Here, below the percolation thresh-
old, it is possible to enrich the mechanical performance of
nanocomposites.
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GNP 0.5 wt% GNP 0.25 wt% GNP 0.1 wt%

GNP 1 wt%

d1

d3 d4

Fig.8 Semi-polarized optic microscopy images of ternary nanoblends. The polymer blend ratio of PP/HDPE is 75/25 and GNP concentration

varies between 0.1-1 wt%

3.5 Morphology Investigation of Binary Blends
and Ternary Nanoblends by Microscopic
Techniques

Figure 6 presents semi-polarized optical microscope images
of neat PP and HDPE. PP formed a high number of spheru-
lites, showed trap nucleation, and formed crystals (al—a4).
PP has a relatively high crystallization rate that leads to the
formation of spherulites arising from the growth of crystal-
line regions. Additionally, isotactic PP, which has a high
degree of regularity in the arrangement of polymer chains,
tends to form well-defined spherulites [30]. On the other
hand, HDPE showed smaller crystallites (b1-b4) compared
to PP. HDPE shows slower crystallization compared to PP
[31], and therefore its crystal size is smaller.

Optical microscope images of the binary blends are
shown in Fig. 7. The large spheres seen in all images in
Fig. 7 present PP spheres considering the structures they
form in Fig. 6. While PP continues to form its own morphol-
ogy with non-uniform sphere shapes as in Fig. 7, it starts to
form more uniform spheres with the addition of 0.1 wt%
GNP, as seen in Fig. 8al. The circularity of the spheres is
remarkably uniform, and there are distinct crystallization
patterns observed on the outer regions of these spheres, pri-
marily due to the localized presence of the black GNP. Inter-
estingly, these spheres did not appear at the 0.25 wt% GNP
addition. At this GNP loading rate, it might have reached the
optimum content for reducing the formation of PP spheres.
Upon adding 0.5 wt% GNP, these spheres reappeared but
with reduced quantities and diameters compared to 0.1 wt%
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Fig.9 Cross-sectional analysis of a PP, b HDPE, ¢ PP +HDPE 75/25, d PP+ HDPE 50/50, e PP+ HDPE 25/75, and f PP+ HDPE 75/25 + GNP-

0.1 by SEM under 3 kV at 10k magnification

GNP. With the addition of 1 wt% GNP, GNP increased the
nucleation rate very quickly, and leopard-patterned mor-
phologies began to form in certain regions as shown in
Fig. 8d1-d4. The GNPs initiate the crystallization of poly-
mer phases from various points throughout the matrix. As
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the GNP content increases, closer magnifications reveal that
the matrix droplets also decrease in size.

Figure 9 presents the cross-sectional analyses of neat
polymers and their binary and ternary blends to investigate
the microstructure. In Fig. 9a, the crystalline structures
formed by PP are observed. Figure 9b reveals the presence
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Fig. 10 TEM images of a—c PP+HDPE 75/25 + GNP-0.1, d—f PP +HDPE 75/25+ GNP-1 ternary nanoblends

of a ductile morphology specific to HDPE. Upon examin-
ing the PP+ HDPE 75/25 blend (Fig. 9¢), it is observed that
HDPE protrudes from the matrix in the form of tendrils,
possibly indicating interface incompatibility. Notably, are
observed in the regions highlighted by red arrows, which
are likely a consequence of such interface mismatch. In a
50/50 blend ratio, both PP and HDPE are equally distributed
in the matrix, and due to their inherent incompatibility, PP
initiates crystallization within its domains, thus exhibiting
its distinct phases. With an increased HDPE content of 75%,
HDPE becomes the major phase, manifesting its dominance
and leading to a fracture behavior reminiscent of neat HDPE,
displaying a more flexible nature. Figure 9f showcases the
sample of PP+ HDPE 75/25 4+ GNP-0.1, where 0.1 wt%
GNP is added. Notably, compared to Fig. 9c, the void struc-
tures are no longer observed, and the crystalline structure
of the PP phase reappears. This observation suggests that
GNP contributes to localized PP crystallization at the blend
interface and within the PP matrix, indicating its potential
role in enhancing crystalline characteristics.

The TEM micrographs of PP+HDPE 75/25 + GNP-0.1
and PP+ HDPE 75/25 + GNP-1 ternary nanoblends are
depicted in Fig. 10. The presence of dispersed HDPE drop-
lets surrounded by the PP matrix can be seen in Fig. 10a.
The GNP, represented by black dots indicated by arrows,

is observed precisely at the interface between the PP and
HDPE phases in Fig. 10a and closer view in Fig. 10b and c.
Conversely, when examining the blend with a 1 wt% GNP
content, a higher concentration of GNP particles infiltrating
the interphases becomes evident. A closer view in Fig. 10e
reveals significant agglomeration forming clusters with
a size of approximately 75 nm and resulting in a visually
darker image due to GNP overlap. Consequently, successful
localization of 0.1 wt% GNP at the PP+ HDPE 75/25 inter-
face was observed, while higher GNP ratios led to undesir-
able agglomeration.

4 Conclusion and Future Outlook

The current study achieved to provide a cost-effective blend
formulation by utilizing a PP/HDPE matrix and improving
its mechanical behavior through the incorporation of GNP
via an adaptable processing technique. By utilizing a high
shear rate thermo-kinetic mixer and incorporating upcycled
graphene nanoplatelets (GNP) through interface engineer-
ing, the researchers successfully addressed the entropy bar-
rier between PP and HDPE. The results demonstrated that
careful selection of polymer weight fraction and optimized
GNP loading facilitated the localization of GNP at the blend
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interface, leading to notable improvements in mechanical
performance. The addition of 0.1 wt% GNP resulted in a
significant 38% increase in tensile modulus, along with 39
and 22% increases in flexural modulus and flexural strength,
respectively. Rheological analysis indicated that the inclu-
sion of GNP in the nanoblends enhanced the complex vis-
cosity, storage modulus, and loss modulus, indicating the
formation of a nanoparticle network at low GNP contents.
Morphological studies confirmed the successful localization
of GNP at the blend interface, leading to improved crystal-
lization patterns and reduced void structures.

The successful incorporation of upcycled graphene
nanoplatelets (GNP) in PP/HDPE blend systems through a
high shear rate thermo-kinetic mixer opens promising ave-
nues for future research and applications. Investigating the
influence of different processing parameters, mixing tech-
niques, and GNP modifications on the blend morphology
and properties can provide valuable insights for tailoring
materials with specific characteristics. The industrial scal-
ability of the developed blend formulation and processing
technique assesses their feasibility for large-scale produc-
tion. This could involve evaluating the economic viability,
processing efficiency, and scalability of the thermo-kinetic
mixer in comparison to conventional extrusion methods.
Additionally, the introduction of waste tire-driven GNP
into thermoplastic blends not only enhances their recycla-
bility but also significantly elevates their mechanical prop-
erties. This approach offers a practical solution for both
waste reduction and the development of high-performance,
eco-friendly materials.

As we explore the potential of GNP-integrated polymer
blends, the idea of incorporating GNP into recycled poly-
mer blends emerges as a promising prospect. This con-
cept aligns with the broader theme of sustainable material
development, wherein recycled polymer blends, enriched
with GNP, could present a dual advantage—improved
mechanical properties and a second life for recycled
materials.
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