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Abstract

Plastics reuse is crucial for promoting a sustainable future, especially by mitigating environmental impacts.
Recycled polyamide 66 (PA66r) was reused for the produce biopolyethylene (BioPE)-based blends, aiming
to obtain a super-tough material. Initially, a premix of PA66r with maleic anhydride-grafted ethylene—
propylene—diene (EPDM-MA) was obtained in an internal mixer. Subsequently, the BioPE/PAG6r (70/30%)
and BioPE/(PA66r/EPDM-MA) blends were processed in a twin-screw extruder and injection molded. The
rheological, mechanical, thermal, thermomechanical, structural and morphological properties were
investigated. Torque rheometry indicated an increase in the viscosity of the BioPE/(PA66r/EPDM-MA) blends
compared to BioPE/PA66r, which was confirmed by a reduction in the melt flow index (MFI). EPDM-MA
promoted greater stability in BioPE/(PA66r/EPDM-MA) blends during processing, reducing the degradation
rate and molecular weight loss. The BioPE/(PA66r/EPDM-MA) blend with the 70/(15/15)% composition
exhibited super-tough behavior, with 822.4 J/m impact strength and 233% elongation at break. Scanning
electron microscopy (SEM) indicated a fracture with high plastic deformation, elongated fibrils, and refined
particles (0.64 um), confirming the high toughness. Apparently, a core-shell morphology was formed, which
favored maintaining tensile strength, Shore D hardness and heat deflection temperature (HDT) comparable to
pure BioPE. The results indicate potential for application in the automotive industry, contributing to the

reintroduction of recycled material into the production chain.
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INTRODUCTION

Environmental technological evolution is getting increasingly necessary, aiming to minimize

environmental and social impacts [1]. This has encouraged the manufacturing sector to reinsert plastic waste
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into the production chain, creating an environmentally correct cycle and encouraging recycling [2]. In this
view, the possibility of altering the composition of virgin polymers and the mechanical properties through the
incorporation of polymer residues is crucial for developing new tailored materials for specific applications
[3,4]. This approach satisfies both technological and environmental needs [5]. A particularly interesting area
is ecological polymer blends, which combine biopolymers with recycled materials [6,7]. In this context,
biopolyethylene (BioPE) produced from renewable sources is a viable alternative for the development of

polymer blends, due to its sustainability compared to conventional polyethylene [8,9].

Green high-density polyethylene (BioPE) is a semi-crystalline thermoplastic material with good
mechanical properties and potential for the manufacture of various products, such as bottles, drums,
automobile fuel tanks, toys, household products and packaging [10]. The challenge is to improve BioPE by
increasing its impact strength, while minimizing the loss of structural stability under simultaneous mechanical
and thermal loads [11]. This improvement is relevant for automotive industry applications, and it is expanding
the applications range in other sectors of the plastics processing industry. Some investigations [12-14] have
focused their endeavours on enhancing the mechanical properties of polyethylene by using polymer blends,
prioritizing mechanical, thermal, rheological behavior, and morphology. However, due to the difference in
molecular structure between the components of the polyethylene-based polymer blend and the dispersed
phase, there is the general need to incorporate compatibilizing agents to stabilize the interface and improve
mechanical properties [15,16]. In this context, Bezerra et al. [17] produced biopolyethylene
(BioPE)/poly(caprolactone) (PCL) bioblends compatible with PE-g-MA. The composition of the BioPE/PCL
(80/20 % in weight) blend with 10 phr (parts per hundred of resin) formed a more stable morphology, resulting
in gains of 133% in impact strength and 3.5% in HDT, compared to pure BioPE. Furthermore, the PE-g-MA
compatibilizer efficiently improved these properties compared to the system without a compatibilizer. In the
work of Enriquez et al. [18], the authors processed BioPE/polytrimethylene terephthalate (PTT) blends, using
various BioPE contents. The BioPE/PTT blend in a proportion of 50/50 % in weight produced a reduction in
impact strength compared to BioPE, but with gains in elastic modulus and flexural strength. The BioPE/PTT
(20/80%) formulation showed an improvement in mechanical tensile and flexural results, in addition to a 64%
increase in impact strength. This behavior was attributed to the refinement of the BioPE phase, forming a more

stable morphology and better interfacial bonding.

In recent years, the search for sustainable solutions has intensified in several industrial areas, boosting
the production of polymer blends with part of the composition containing recycled polymer [19,20]. These
polymer blends not only reduce the amount of plastic waste discarded into the environment, but also offer
economic and technical advantages, such as reduced raw material costs [21,22]. Therefore, the reuse of
engineering polymers to modify the mechanical properties of polyethylene has been explored [23], aiming to
increase impact strength, hardness, and tensile properties. In this context, the recycling of polyamide 66
(PAG6r) constitutes a promising alternative to modify the mechanical properties of BioPE, due to its excellent

mechanical, thermomechanical and chemical resistance properties [24,25]. Improper disposal of PA66 can



pose a significant environmental challenge, as it is resistant to biodegradation and has the potential for being
accumulated in the environment. Environmental, social, and economic aspects are relevant arguments for
research into BioPE/PAG6r bioblends, given the potential for producing a new, more sustainable, material.
This is essential for the transition to a circular economy. Resources are used more efficiently, and waste are
minimized through reuse, recovery, and recycling [26,27]. By closing the life cycle of materials, recycling

contributes to reducing environmental pollution and building a more sustainable future [28].

The production of polymer blends based on BioPE with recycled PA66 has technological and
sustainability potential. At the same time, it contributes to mitigating problems related to the disposal of plastic
waste. However, due to the difference in polarity between BioPE and PA66, adding a compatibilizing agent,
capable of interacting with both phases, is necessary to increase the synergy of mechanical properties [29].
The appropriate selection of a compatibilizing agent can modify the interfacial region, thus improving stress
transfer and promoting toughening [30]. Therefore, the objective of this investigation was to produce super-
tough biopolyethylene, using recycled polyamide 66 as a dispersed phase and the maleic anhydride-grafted

ethylene—propylene—diene (EPDM-MA) as a compatibilization agent.
MATERIALS AND METHODS
Materials

e Green high-density polyethylene (BioPE) specification SHC7260® was supplied by Braskem, having
a melt flow index of 7.2 g/10 min (ASTM D1238: 190°C/2.16kg) and density of 0.959 g/cm?. BioPE
contains a minimum carbon content from a renewable source of 94%, determined in accordance with
ASTM D6866.

e The maleic anhydride-grafted ethylene—propylene—diene (EPDM-MA), coded Royaltuf 498® was
supplied by Addivant, in the form of granules. It contains 0.8-1.0% of maleic anhydride, has a density
of 0.87 g/cm?, and a characteristic glass transition temperature (Tg) of -46°C.

e Recycled polyamide 66 (PA66r, where "r"" means recycled), used to manufacture fuel filter frames for
automobiles and household appliances (casing fasteners, cable ties, bottle caps), was selected. The
commercial code of this virgin PA66 is TECHNYL® A216, supplied by Rhodia. The characteristics
of virgin PA66 were provided in the technical data sheet: density equal to 1.14 g/cm?, an elastic
modulus of 3000 MPa (ISO 527), a tensile yield strength of 85 MPa (ISO 527), an 1zod impact strength
of 4 kJ/m? (1ISO 180) and a heat deflection temperature (HDT) of 75°C (1.82 MPa, I1SO 75).

Extrusion Processing

Before being processed in the molten state, the polymers were dried in a vacuum oven for 24 hours
to remove moisture, at 80°C for PA66 and 60°C for BioPE and EPDM-MA. Initially, the PA66r/EPDM-MA
(90/10%, 80/20%, 70/30%, 60/40% and 50/50 % in weight) premixes were processed in an internal mixer,



using 280°C and 60 rpm for 10 min, as operational parameters. This procedure aimed to promote a reaction
between the amine terminal groups of PA66r and the maleic anhydride of EPDM-MA, forming the imide
group and resulting in an in-situ copolymer at the interface [31,32]. Subsequently, the BioPE/(PA66r/EPDM-
MA) blends were melt-processed in a co-rotational twin-screw extruder from Coperion Werner-Pfleiderer,
model ZSK (D = 18 mm and L/D = 40), at a screw speed of 200 rpm, feed rate of 2 kg/h, and with temperature
profiles for each zone of 220°C, 230°C, 240°C, 250°C, 260°C, 270°C and 280°C. BioPE was processed under
similar conditions as for BioPE/(PA66r/EPDM-MA) blends, aiming for a comparative effect. Table 1 presents
the investigated compositions of BioPE/(PA66r/EPDM-MA), and the labels associated to each system.

Table 1. Concentrations of BioPE/(PA66r/EPDM-MA) blends.

Proportions

Materials wt% (BioPE) wt% (PA66r, %/EPDM-MA, %)
Pristine
BioPE 100 0 (0/0)
Blends
BioPE/PAGGr 70 30 (100/0)
BioPE/(PA66r/EPDM-MA) 70 30 (90/10)
BioPE/(PAG66r/EPDM-MA) 70 30 (80/20)
BioPE/(PA66r/EPDM-MA) 70 30 (70/30)
BioPE/(PA66r/EPDM-MA) 70 30 (60/40)
BioPE/(PA66r/EPDM-MA) 70 30 (50/50)

Injection molding

The extruded materials were granulated after leaving the screws, then dried and injection-molded in
an Arburg injection molding machine, model Allrounder 207C Golden Edition. The specimens were prepared
for tensile mechanical resistance, 1zod impact, Shore D hardness and heat deflection temperature (HDT) tests,
in accordance with ASTM D638, ASTM D256, ASTM D2240 and ASTM D648, respectively. Injection
molding was carried out under an injection and holding pressure of 900 bar and 500 bar, respectively. The
operational parameters adopted were temperature profile of 230, 240, 250, 260, 270 °C, mold temperature was

set at 20 °C and cooling time of 25 s. Figure 1 shows the sample processing and molding flowchart.
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Figure 1. Schematic representation of sample processing, molding and characterization.
Blends characterization

The processability and degradation rate of the BioPE/(PA66/EPDM-MA) blends were evaluated in a
Thermo Scientific torque rheometer, with a volume of 310 cm?® at 70% of the capacity. The processing was
carried out with roller-type rotors, at a temperature of 240 °C and 60 rpm. The residence time was 15 minutes.
The methodology adopted in the characterization by torque rheometry is based on models developed in the

literature [33-39], being valid for additive polymers, polymer blends and polymer composites.

The melt flow index (MFI) determinations were carried out using a Hebert Lambert extrusion
plastometer, model CLP Schneider 3210. The tests were conducted according to ASTM 1238, using

190°C/2.26 kg. The melt flow index values correspond to an average of ten experimental determinations.

Impact strength was carried out on notched specimens, using Ceast Resil 5.5 type equipment and a
5.5 J pendulum. The test was conducted in accordance with ASTM D256, at room temperature. The 2.5 mm
deep notches were made on a Ceast Notschvis carver. The results were analyzed from an average of eight

samples.

The tensile strength tests were carried out in accordance with the ASTM D638 standard, on a universal
testing machine, Oswaldo Filizola BME, with a 20 kN load cell and a speed of 50 mm/min. The results were

obtained by averaging eight different tests.

The Shore D hardness analysis was conducted with Metrotokyo equipment, following
recommendations from the ASTM D2240 standard. A load of 50 N was applied for 10 seconds, at eight

random points.



X-ray diffraction (XRD) tests were conducted on Shimadzu XRD 7000 equipment, scanning from 5°
to 30° at 20, with Cuko radiation A = 1.54 A, tube power of 40 kV and current 30 mA. The crystallinity index
(Ic) of BioPE and polymer blends was determined using Equation (1) [40]:

le = —2<— x 100 (1)

Act+Aq

Where: Ac = area of the crystalline fraction, and Ac = area of the amorphous fraction.

Thermal transitions were studied by differential scanning calorimetry (DSC) with Shimadzu (DSC-
60Plus) equipment. The parameters were in a temperature range of 30 °C to 280 °C, heating rate of 10 °C/min,
under a nitrogen (N2) atmosphere, with a flow of 50 mL/min. The analysis was performed on injection molded
samples, using approximately 2.8 mg. The crystallinity index (Xc) of the BioPE fraction can be calculated
using Equation (2) [41]:

= % 100% )

< wxAH 1009
Where: AHs= crystalline melting enthalpy obtained by DSC; w = mass fraction of BioPE; AHt00% = melting
enthalpy of BioPE with 100% crystallinity, 293 J/g [41].

The thermal degradation behavior of polymer blends was evaluated by thermogravimetric analysis
(TGA), using equipment from TA Instruments (New Castle, DE, USA), model TGA Q500. The parameters
adopted were a heating rate of 10°C/min, nitrogen flow of 40 mL/min, in the temperature range of 30°C to
600°C, and mass of 5 mg.

The determination of the heat deflection temperature (HDT) was carried out to measure
thermomechanical stability, using CEAST equipment (HDT 6 VICAT). The analysis was carried out as
recommended by the ASTM D 648 standard, with a heating rate of 120°C/h, under a load of 455 kPa and
deflection of 0.25 mm. The liquid used for immersion was silicone oil, as it is inert. An average of three
samples was reported.

The dynamic-mechanical analysis (DMA) was carried out on a TA Instruments DMA equipment,
model Q800. The DMA equipment was operated in three-point bending mode, at a frequency of 1 Hz, heating
rate of 10 °C/min and temperature range of —100 to 100 °C. Impact strength injected samples were used, with
thickness = 3.2 mm, width = 12.7 mm, and length = 63.5 mm.

The morphology was evaluated using a VEGAN scanning electron microscope (SEM) (MIRA LMU),
using a voltage of 5 keV, and a high vacuum. The analysis was conducted on the fracture surface of the impact

test, and the samples were cut with gold.

RESULTS AND DISCUSSION

Torque rheometry



The torque rheometry test is relevant to analyze the processability and reactivity of polymer blends
formulated with reactive polymers [42], such as PAG66r and EPDM-MA. In the final stage of polymer
processing, when the material is in a molten and fluid state, the rheological behavior can be evaluated. This
evaluation allows for the assessment of the material's sensitivity to temperature and shear rate, using the
temperature parameters T(t) and torque Z(t). Furthermore, it is possible to measure its degradation rate and
molecular weight loss during the process. Figure 2 (a, b) presents the torque and temperature curves as a
function of time for pure BioPE and polymer blends. In this way it was possible to identify any significant
changes in the material's processability, thermomechanical stability and rheological behavior over 15 minutes.

Figure 2 (c) shows the evolution of torque and temperature in the range of 12-15 min, with the average value

being adopted.
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Figure 2. Torque rheometry curves as a function of time for pure BioPE and PAG66r, the BioPE/PAG6r system
and the BioPE/(PA66r/EPDM-MA) blends, for: (a) torque curves; (b) temperature; (c) torque and temperature

stabilized in the range of 12-15 min (average value).



The torque rheometry curves are consistent with those described in the literature for the processing
of polymer blends [34,39,43]. In Figure 1 (a), the torque curves showed a maximum loading peak, which
corresponds to the compaction of the solid material in the mixing chamber, therefore, to the phenomenon of
mechanical energy dissipation. Subsequently, the torque tended to reduce and stabilize, due to the melting of
the material. In this case, the viscous dissipation mechanism began to prevail in BioPE and polymer blends.
With the incorporation of the materials, there was a decrease in the temperature inside the chamber,
considering the material was at room temperature, as seen in Figure 2 (b). Then, there was a tendency for the
temperature to increase until reaching equilibrium, as a consequence of energy dissipation, generating
chamber heating. In relation to PAG66r, a different behavior was observed in the temperature curve: it reached
a maximum and began to reduce the temperature curve. This condition indicates some level of degradation
during processing for PA66r, possibly because it is a recycled material. Apparently, the viscosity of PAG6r
reduced, resulting in lower viscous dissipation than the heat flow provided through the equipment walls, which

generated the behavior shown in Figure 2 (b).

When processing polymers in the internal mixer, the torque recorded is proportional to the material
viscosity [44]. Figure 2 (c) shows the average temperature and torque results for pure BioPE, PA66r and
polymer blends, with and without the EPDM-MA copolymer, in the range of 12-15 min. The results showed
that the gross torque of the polymer blends varied with the composition, especially with the incorporation of
EPDM-MA. The pure BioPE presented an average torque of 11.6 N-m, while the PA66r obtained an average
torque of 22.5 N-m. The BioPE/PA66r blend increases torque to 17.8 N-m, a value intermediate to pure
polymers. The corresponding increase in BioPE torque was due to the higher viscosity of PA66r. In relation
to the BioPE/(PA66r/EPDM-MA) blends, an increase in the average torque was observed as the amount of
EPDM-MA increased. The torques of the BioPE/(PA66r/EPDM-MA) blends increased more prominently to
70/30, 60/40 and 50/50, which coincided with the best impact strength results. Apparently, the maleic
anhydride of EPDM-MA was able to react with the terminal amine groups of PA66r and, at the same time,
the EPDM fraction had good interaction with BioPE. This finding is consistent with some literature reports
[45,46] on polyamide-based reactive blends. In a preliminary analysis, the solubility parameters of BioPE,
PA66r and EPDM-MA can help to understand the increase in interaction, which reflected in the increase in
torque. The solubility parameters of PE and PAG6 are 16.2 (J/cm®)?Y? and 27.8 (J/cm®)2 [47], respectively,
reinforcing the fact that there is a low interaction in the BioPE/PAG6r blend. EPDM-MA, being a copolymer,
has parameters of 16.2 (J/cm®)Y? and 16.6 (J/cm®)Y2 [47], referring to ethylene and propylene, respectively.
Therefore, the maleic anhydride of EPDM-MA reacted with PAG6r, possibly stabilizing the interface, while
the EPDM fraction had good interaction with BioPE, given the similar solubility parameters. Therefore,
adding EPDM-MA to the BioPE/(PA66r/EPDM-MA) blend resulted in a higher level of synergistic

interaction, contributing to making the tough blends at room temperature, as verified later.



As previously reported, torque is directly related to the viscosity of pure BioPE and polymer blends.
Viscosity is sensitive during processing in the molten state, given that variations can occur both as a function
of temperature and molecular weight [48]. In view of this, to overcome the influence of temperature on the
torque in Figure 2 (c), the concept of adjusted torque (Z*) was introduced. The average results of adjusted
torque (Z*), degradation rate (Rz) and molecular weight variation rate (Rm) are summarized in Table 2, for
BioPE, PA66r and polymeric blends, depending on the content of EPDM-MA.

Table 2. Data used to evaluate the degradation of pure polymers and polymer blends during processing.

Parameters used in the degradation study *

Samples Z*(Nm) dz*/dt Rz (%/min) Rm (%6/min)
BioPE 17.7+0.01 0.05+0.005 0.28+0.0002 0.10 + 0.0002
PAGGr 33.1+0.12 156+0.085 4.72+0.0002 1.57+0.0002
BioPE/PAGGr 283+0.06 -0.85%+0.02 299+0.0005 1.06=0.0005
BioPE/(PA66r/EPDM-MA 90/10) 347+0.06 -0.99+0.01 2.85%+0.0003 1.01+0.0003
BioPE/(PA66r/EPDM-MA 80/20) 347+0.05 -0.74+0.02 2.12+0.0006 0.76 =0.0006
BioPE/(PA66r/EPDM-MA 70/20) 379+£0.04 -0.71+£0.02 1.86%0.0004 0.67%0.0004
BioPE/(PA66r/EPDM-MA 60/40) 39.2+0.05 -0.75+0.01 1.93+0.0003 0.69+0.0003
BioPE/(PA66r/EPDM-MA 50/50) 41.2+0.04 -0.61+0.01 1.47+0.0003 0.53+0.0003

* Results evaluated in the final processing stage (12-15 min).

The results of adjusted torque (Z*) as a function of time demonstrated the effect of adding
PAG66r/EPDM-MA to BioPE and the BioPE/PAG6r blend, respectively. The incorporation of the EPDM-MA
copolymer increased the adjusted torque of the BioPE/PA66r system, which reinforces the hypothesis of
greater interaction, contributing to promoting greater viscosity. The increments depended on the EPDM-MA
percentage. As the EPDM-MA content increased, Z* increased accordingly, especially in the range of 70/30,
60/40 and 50/50. This behavior suggests that EPDM-MA acted on the BioPE/PAG6r system, probably forming
a higher level of molecular entanglement. This was a consequence of maleic anhydride having greater affinity
for the terminal groups of PA66r, while the EPDM portion has good interaction with BioPE, as previously
discussed by solubility parameters. Degradation processes during processing in the internal laboratory mixer
can be monitored through variations in molecular weight, related to viscosity and, in turn, torque. Therefore,
the parameters of torque variation rate (Rz) and molecular weight (Rm) were evaluated, as presented in Table
2. The parameter B has already been estimated in the literature [49], to evaluate the adjusted torque Z*(t) in
the terminal time interval, specifically between 13-15 min. The behavior is evaluated by average Z* and,
subsequently, applying a linear regression of Z* versus time (t), aiming to determine the derivative dZ*/dt.
The Rz value is physically a measure of the degradation rate for pure polymers and polymer blends. 100R:
and 100Rm values are the variations in % of adjusted torque and weight molar mass per unit of time in terminal
processing conditions, respectively. As seen in Table 2, pure BioPE was found to be stable during processing,

with Rz < 1%/min. Although the residence time was 15 min, low degradation rate occurred in BioPE. In



contrast, recycled PA66 has a higher sensitivity during processing compared to BioPE, with Rz > 4%/min.
This indicates that during processing the degradation rate was more severe in the PA66r chain, possibly
because it is a recycled material and sensitive to the presence of some residual moisture. The addition of PAG6r
to the BioPE matrix had a prominent effect on increasing the degradation rate, as seen in the BioPE/PAG6r
blend (Rz = 2.99%/min). That is, the production of BioPE/PAG6r blends reduced thermomechanical stability,
which is consistent with the reduction in thermal stability by thermogravimetry (see later). Regarding the
incipient degradation of the BioPE/(PA66r/EPDM-MA) blends, the values exceeded Rz> 1%/min. However,
there was a progressive reduction in the level of degradation during processing with the reduction in the PA66r
and the EPDM-MA increase. The addition of the PA66r/EPDM-MA premix in the 50/50% fraction to BioPE
reduced degradation by approximately 50%, compared to the BioPE/PAG6r blend. The molecular weight loss
rate (Rm) followed the same trend as R; for BioPE and polymeric blends. That is, there was a greater loss of

molecular weight for the material with a higher degradation rate.

Melt flow index (MFI)

Figure 3 shows the behavior of the melt flow index of BioPE and polymer blends, depending on the
different contents of PA66r and EPDM-MA.
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Figure 3. MFI results for BioPE, the BioPE/PA66r system and the BioPE/(PA66r/EPDM-MA) blends, with
different EPDM-MA contents.

Pure BioPE showed the highest fluidity among all materials, which indicates lower viscosity under
the tested conditions. It was not possible to perform the MFI of pure PA66r under conditions of 190°C/2.16
kg, since it does not melt at that temperature. The BioPE/PA66 melt flow index decreased by 46.5% compared
to BioPE. This means that there was an increase in the viscosity of the BioPE/PA66 blend, due to the presence
of PAG6r dispersed in the BioPE matrix, which increased the flow resistance. The decrease in the MFI of the
BioPE/PAG66 blend cannot be attributed to the interactions of these phases, since there is a difference in polarity
and low compatibility [50,51], as verified later in the morphology by SEM. Therefore, the decrease in the MFI
of the BioPE/PA66 blend was due to the additivity effect. In other words, the PA66r addition, which has a
higher viscosity in the BioPE matrix, reduces the MFI. In relation to the BioPE/(PA66r/EPDM-MA) blends,
a gradual decrease in the MFI was observed with the increase in the EPDM-MA content in relation to the

BioPE/PAG6r system, which corroborates the torque rheometry.

The BioPE/(PA66r/EPDM-MA) blends with 90/10 and 80/20 presented MFI of 3.4 g/10 min and 2.9
g/10 min, respectively. The results obtained are slightly lower than 3.7 g/10 min of BioPE/PAG6r, but close
to the experimental error margin. The decline in MFI was particularly pronounced in the
BioPE/(PA66r/EPDM-MA) blends, with 70/30, 60/40 and 50/50, which is considered an indicator of
synergistic interactions between the components. The maleic anhydride group of EPDM-MA is able to react
with the amine terminal groups of PAG6r and, at the same time, EPDM has good interaction with the BioPE
chain [52]. Such synergistic behavior becomes important to increase the molecular entanglement level
between BioPE, PA66r and EPDM-MA, forming a more consistent system at the interface and improving
mechanical properties. The BioPE/(PA66r/EPDM-MA) blend with 50/50% had the lowest MFI with a value
of 0.7 g/10 min, indicating a high level of molecular entanglement. Consequently, a material was produced
with super-tough behavior in terms of impact strength and a high level of ductility under tensile, as reported

in the below sections on mechanical properties.
Scanning electron microscopy (SEM)

The mechanical properties of polymeric blends are strongly affected by the evolution of their
morphology [53,54]. In view of this, photomicrographs of the fracture surface of the impact test specimens
were acquired by SEM, with the aim of correlating them with the mechanical properties presented later. The

size of PAG6r particles was determined using ImageJ software, using two distinct fracture regions.

In Figure 4 (a), the BioPE morphology exhibited a high level of plastic deformation, with clearly
elongated fibrillations (see 10000x image), suggesting typical ductile fracture. Similar morphology for BioPE
was also verified by Bezerra et al. [11,17]. The effect of incorporating PA66r into the BioPE matrix can be
seen in the morphology of Figure 4 (b). The BioPE/PAG6r blend presented a typical immiscible blend
morphology, with a biphasic and spherical structure, indicating that PA66r was dispersed in the BioPE matrix.



It was observed that PAG6r particles are large and well defined, with a wide particle size distribution, ranging
from 5.15 — 11.98 um and an average value of 8.58 um. The measured dimensions of the PA66r particles
indicate that they are larger than the optimal size for enhancing the impact properties of polyethylene, which
ideally requires particles smaller than 1 um [55]. Furthermore, the spherical domains of the PA66r dispersed
phase in the BioPE matrix (see Figure 4 (b)) presented very smooth surfaces, indicating almost no interfacial
adhesion between the phases. This is a consequence of the high interfacial tension between BioPE and PAG6r,
generating low interfacial interaction. Consequently, the weak interface interaction, and the resulting low
strength, contributes to premature failure during impact testing. The morphology of the BioPE/PAG6r blend
did not favor obtaining good impact strength, as demonstrated in Figure 7 below. This is consistent with the

findings of Silva et al. [56], which report a low level of interfacial interaction in the BioPE/PAG6r blend.
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Figure 4. Morphology assessment by SEM, for: (a) BioPE; (b) BioPE/PAG6r.

To minimize the low level of interfacial interaction between BioPE and PAG6r, the EPDM-MA
copolymer was selected to promote greater compatibility. Maleic anhydride reacts with the amine groups of
PAG6r, while the EPDM fraction has good interaction with BioPE, as discussed in touch rheometry. Figure 5
(a-e) shows the morphology evolution of the BioPE/(PA66r/EPDM-MA) blends, with different EPDM-MA

contents.
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Figure 5. Morphology evolution of the BioPE/(PA66r/EPDM-MA) blends, for the derent levels of the
PAG6/EPDM-MA premix: (a) 90/10; (b) 80/20; (c) 70/30; (d) 60/40; (e) 50/50.

In Figure 5 (a,b), the BioPE/(PA66r/EPDM-MA 90/10) and BioPE/(PA66r/EPDM-MA 80/20)
blends showed an increase in the degree of interfacial adhesion (see red circles), indicating that the dispersed
particles did not cavitate during the impact test. Clearly, the surface of the dispersed particles is rougher, which
indicates that BioPE improved wettability with the PA66r/EPDM-MA premix. As shown in Figure 4 (b), the
BioPE/PAG6r blend had a smooth surface, due to the high interfacial tension. In view of this, the better surface
interaction of the BioPE/(PA66r/EPDM-MA 90/10 and 80/20) blends denotes that the EPDM-MA migrated
to the surface, improving the degree of interfacial adhesion. In this case, the EPDM fraction interacted with
BioPE (similar solubility parameters), while maleic anhydride reacted with PA66r [57], leading to a better
wettability and interfacial interaction. However, there are still some dispersed particles that show poor
adhesion (white arrow) and a tendency to form clusters, with particles very close to each other. Apparently,
by varying the PA66r/EPDM-MA premix from 90/10 to 80/20, there was a better dispersion and distribution
of the dispersed phase in the BioPE matrix. This behavior suggests that the EPDM-MA addition was able to
improve the morphology stability of the BioPE/(PA66r/EPDM-MA) blends. The result is in accordance with
the literature [23, 58], which suggests that the copolymer increases the interaction between phases in polymer



blends, reducing interfacial tension and minimizing coalescence. Although the BioPE/(PA66r/EPDM-MA
90/10) and BioPE/(PA66r/EPDM-MA 80/20) blends improved the interfacial interaction, there was still a
large particle size of 3.02 um (2.62-3.62 um) and 2.33 um (1.73-2.93 um), respectively. Therefore, it directly
interfered with the inhibition of an efficient toughening mechanism in the BioPE matrix, since there was no

significant improvement in the impact strength of these blends, as will be discussed later.

In Figure 5 (c), it was found that the BioPE/(PA66r/EPDM-MA 70/30) blend followed the trend of
size refining of the dispersed phase with the EPDM-MA addition, reinforcing the hypothesis of coalescence
attenuation. The estimated average diameter was 1.05 um (0.65-1.45 pm), which indicates a hybrid population
of particles dispersed in the BioPE. The effect of interfacial compatibility in the BioPE/(PA66r/EPDM-MA
70/30) blend was efficient, since interconnecting connections to the dispersed phase in the BioPE matrix were
observed. An improvement in the level of stress transfer in the interfacial region is assumed, generating an
efficient mechanism for energy dissipation. Furthermore, deformation fibrillation was intensified, indicating
greater ductility in this system. Such behavior corroborates the impact strength results discussed below. In
relation to the BioPE/(PA66r/EPDM-MA 60/40) and BioPE/(PA66r/EPDM-MA 50/50) blends, similar
morphologies were formed, as shown in Figure 5 (d,e). A very significant increase in the degree of plastic
deformation of the BioPE/(PA66r/EPDM-MA) blends with 60/40 and 50/50 was observed, suggesting that a
synergism occurred, which justifies the torque rheometry and the MFI. It was noted that there was formation
of a fibrillar structure during the impact test, indicating an improvement in ductility and the dispersed phase
accompanied the BioPE deformation. This behavior suggests that EPDM-MA promoted high interfacial
adhesion between BioPE/PAGGr, leading to greater interfacial entanglement and minimizing failure under
mechanical stress. As verified later in the impact test, the BioPE/(PA66r/EPDM-MA 60/40) and
BioPE/(PA66r/EPDM-MA 50/50) blends are highly tough at room temperature, which converges into the
developed morphology in the SEM. A very important characteristic to be evaluated in the SEM acquisitions
is the size of dispersed phase particles, since refinement within a certain limit (less than 1 um [55]) affects the
impact mechanical behavior. This is a consequence of the increase in the interfacial area, thus favoring a stress
transfer improvement. The BioPE/(PA66r/EPDM-MA 60/40) and BioPE/(PA66r/EPDM-MA 50/50) blends
presented particles of 0.67 pm (0.47-0.87 um) and 0.64 um (0.46-0.82 um), respectively, which corresponds
to the ideal range for polyethylene toughening. This probably contributed to a considerable increase in the

impact strength of these polymer blends.

Figure 6 (a-c) shows a morphology at 30000x magnification of the BioPE/(PA66r/EPDM-MA)
blends, with 70/30, 60/40 and 50/50 concentrations. In Figure 6(a), the BioPE/(PA66r/EPDM-MA 70/30)
blend presented a morphology with a high level of interaction, given the fibrillar connections in the interfacial
region (see red circle). In addition, there are some cavities in the BioPE matrix, with extensive plastic
deformation in the nearby region. However, it can be noted that a transition region occurred in the morphology,
with the composition changing to 60/40 and 50/50. An intense plastic deformation mechanism occurred, with

elongated fibrils and some particles well adhered to the BioPE. Apparently, the PA66r/EPDM-MA premix



formed a core-shell morphology, with particles well adhered to the BioPE. This behavior is consistent with

those reported in the literature [59], indicating that the core-shell structure promotes high impact strength.

magnification, for: (a) 70/30; (b) 60/40; (c) 50/50.

Impact strength

Figure 7 shows the evolution of impact strength for BioPE, the BioPE/PAG6r system and the
BioPE/(PAG66r/EPDM-MA) blends. The impact property is important for quality control, aiming for the
application of high-performance material in the automotive industry [60,61].
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Figure 7. Impact strength of BioPE and polymer blends, depending on the EPDM-MA content.



Pure BioPE showed an impact strength of 93.5 J/m, a typical value for ductile thermoplastics at room
temperature. PAG66r significantly reduced the impact strength of BioPE, around 79.4%. Given this, there was
no toughening in the BioPE/PA66r blend, due to the low level of interaction between the components, as
pointed out by SEM analysis. The polarity difference between BioPE and PAG66r resulted in high interfacial
tension and low interface adhesion, resulting in inefficient stress transfer. Similar results were also observed
in the literature [62,63], with PE/PA6 blends. The incorporation of EPDM-MA into the BioPE/PA66r blend
had a great influence on the toughening process, indicating that it promoted synergistic interactions to improve
this property. The BioPE/(PA66r/EPDM-MA) blends, in proportions 90/10 and 80/20, increased impact
strength values by 175.2% and 267.8%, respectively, in relation to the BioPE/PA66r base system. This was
taken as an indication that EPDM-MA was able to increase the interaction in the BioPE/PAG6r blend, as
discussed in torque rheometry and MFI. However, the BioPE/(PA66r/EPDM-MA 90/10) and
BioPE/(PA66r/EPDM-MA 80/20) blends were not able to achieve the impact strength of pure BioPE. In the
literature [64], it is indicated that to toughen polyethylene, the dispersed phase size, the particles distribution
and the degree of interfacial adhesion must be considered. Bartczak et al. [55] obtained polyethylene high
toughening using an impact modifier with a particle size of less than 1 um. Although the
BioPE/(PAG66r/EPDM-MA 90/10) and BioPE/(PA66r/EPDM-MA 80/20) blends had improved interfacial
adhesion compared to BioPE/PAG6r, the particle size was large, as discussed in SEM. Thus, the toughness of
BioPE was not maximized, which reflected in the lower impact performance of the BioPE/(PA66r/EPDM-
MA 90/10) and BioPE/(PA66r/EPDM-MA 80/20) blends.

The toughening of BioPE was only achieved through the preparation of BioPE/(PA66r/EPDM-MA)
blends with the EPDM-MA addition, as shown in Figure 7. The incorporation of the PA66r/EPDM-MA
(70/30) premix increased the impact strenght of BioPE to 291 J/m, indicating a gain of 211% compared to
pure BioPE. Given this, the PA66r/EPDM-MA premix acted as an impact modifier of BioPE, increasing its
toughness. However, there is a critical level of EPDM-MA that must be added to PAG6r to increase the
toughness of BioPE, which was observed from the 70/30 ratio. From a practical point of view, the
BioPE/(PA66r/EPDM-MA 70/30) blend surpassed the impact strength of high-impact polystyrene (HIPS)
(100-120 J/m) [65], used in the manufacture of toys, housewares and furniture accessories. When the
BioPE/(PAG66r/EPDM-MA) blend was formulated with 60/40, the impact strength increased significantly.
This suggests that stress transfer is being more efficient, promoting a higher level of energy dissipation in the
matrix. In general, as the EPDM-MA content increased in the BioPE/(PA66r/EPDM-MA) blend, greater
impact strength was observed. Clearly, EPDM-MA was able to increase the level of interaction in
BioPE/(PA66r/EPDM-MA) blends, which favored greater compatibility in impact properties. The effect on
impact strength was more prominent for the BioPE/(PA66r/EPDM-MA 50/50) blend, given the value of 822.4
J/im, exceeding BioPE by 780%. The impact strength value reached around 822.4 J/m denotes a state of
synergism in this property, forming a super-tough polymeric blend at room temperature. This result is
comparable to the results of high-performance blends of PA6/AES/MMA-MA [66], PA6/AES/EPDM-MA
[67], and PAG6/ABS/AI [68].



The BioPE/(PA66r/EPDM-MA 50/50) blend showed a different behavior, with a high ductility
mechanism, as seen in impact strength and elongation at break (see later). This indicates that there was a strong
flexibility behavior, like a rubber. The PA66r/EPDM-MA premix was prepared in the same 50/50 ratio, which
suggests the possibility of forming a core-shell structure. In this case, PA66r formed a rigid core, surrounded
by EPDM-MA, which interacts more efficiently with BioPE, corroborating the SEM analysis. As previously
discussed, the solubility parameter of EPDM-MA is close to that of BioPE, while maleic anhydride reacted
with PAG66r, thus generating a greater compatibility effect. That said, the high performance of the
BioPE/(PA66r/EPDM-MA 50/50) blend is probably associated with the formation of a core-shell structure,
improving toughness, which is consistent with the literature reported by Li et al. [69]. In the same vein, Chen
et al. [70] indicated that a core-shell dispersed phase to toughen a ductile matrix can improve impact strength.
According to the authors, the toughening mechanism can have a more efficient effect on the formation of
microcracks and shear bands in the ductile matrix, improving the level of energy dissipation. Figure 8 presents
a representation of the core-shell structure proposed for the BioPE/(PA66r/EPDM-MA 50/50) blend.

Figure 8. Hypothetical representation of the core-shell structure of the BioPE/(PA66r/EPDM-MA 50/50)
blend, adapted from the literature [59].

Figure 9 shows the test specimens of the BioPE/(PA66r/EPDM-MA 50/50) blend after the impact
test, using a pendulum of 5.5 J and 25°C. It was observed that the specimens did not suffer fractures after the
pendulum collision, which qualifies as NB (Non-Break). In the notch, there was a significant increase in stress
whitening, which demonstrates that the BioPE/(PA66r/EPDM-MA 50/50) blend presented a high level of
ductility and toughness. The SEM image, magnified at 50000x, revealed elongated fibrils due to plastic
deformation and, at the same time, particles connected to the BioPE matrix. In this way, there was no interface

rupture, contributing to withstand the mechanical stress imposed by the pendulum collision.



Figure 9. Test specimens of the BioPE/(PA66/EPDM-MA 50/50) blend after 1zod impact test.
Tensile strength

Figure 10 (a-d) presents the results of the tensile mechanical properties for pure BioPE and polymeric
blends, as a function of the EPDM-MA concentration. The stress vs strain curves of the samples are shown in
Figure 10 (d). Pure BioPE presented an elastic modulus of around 1.18 GPa, a value close to that observed by
[71]. The elastic modulus initially reached a maximum value in the individual presence of PA66r in the BioPE
matrix, as seen in Figure 10 (a). The BioPE/PA66r blend increased the elastic modulus to 1.75 GPa, indicating
a 48.3% increase compared to pure BioPE. PA6G6r, as an engineering material, has a higher elastic modulus
(~3 GPa), which consequently increases the stiffness of BioPE. The effect of EPDM-MA was prominent in
increasing the flexibility of the BioPE/(PA66r/EPDM-MA) blends, directly affecting to decrease the elastic
modulus. In general, it was found that the elastic modulus of BioPE/(PA66r/EPDM-MA) blends suffered a
decline for higher EPDM-MA content, especially in comparison with BioPE/PAG6r. The
BioPE/(PA66r/EPDM-MA) (90/10) composition had an increase in elastic modulus of 27% in relation to pure
BioPE, while BioPE/(PA66r/EPDM-MA) (80/20) had a similar result to BioPE. This indicates that the
formulation of the BioPE/(PA66r/EPDM-MA) (80/20) blend is already a critical concentration with EPDM-
MA, considering that, above this value, the elastic modulus began to decline below that of pure BioPE. The
BioPE/(PA66r/EPDM-MA) blends containing 70/30, 60/40 and 50/50 obtained the lowest stiffness values,
suggesting lower resistance to elastic deformation. For example, the BioPE/(PA66r/EPDM-MA 50/50) blend
presented an elastic modulus in the order of 0.75 GPa, which resulted in high ductility and improved flexibility,

as seen in impact strength and elongation at break. .
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Figure 10. Tensile mechanical properties of BioPE and polymer blends, for: (a) Elastic modulus; (b) tensile

strength; (c) elongation at break; (d) stress vs strain curves.

In Figure 10 (b), it was found that pure BioPE had a tensile strength of around 23.2 MPa, which is
similar to what was observed by Parareda et al. [72]. The BioPE/PA66r blend presented a lower value in
tensile strength compared to pure BioPE, with a decline of 20.7%. PAG66r was not able to resistance reinforce
of BioPE, suggesting an incompatibility between these phases. There is a difference in polarity between BioPE
and PAG66r, resulting in low interfacial interaction, as seen in the SEM. In this way, there was no good stress
transfer between the phases. Tensile strength depends on interfacial adhesion as it is measured in the plastic
regime. When the level of interfacial interaction between components of a polymer blend is low, microvoids
form at the interface, which leads to premature failure [73]. As reported in rheology, the maleic anhydride of
EPDM-MA is reacting capable with the amine groups of PA66r, and the EPDM fraction has good interaction
with BioPE, thus generating greater interfacial stabilization. Given this, there was a recovery in the tensile
strength of the BioPE/(PA66r/EPDM-MA) blends at levels of 90/10, 80/20 and 70/30, compared to the
BioPE/PAG6r system. These polymeric blends presented results close to the margin of experimental error,
with values comparable to pure BioPE. This behavior suggests that there was a good stress transfer in the

interfacial region, which led to an increase in tensile strength and greater compatibility in this property. In



Figure 10 (b), it was evident that there is a critical limit of EPDM-MA in the BioPE/(PA66r/EPDM-MA)
blend, which begins to lower the tensile strength. The BioPE/(PA66r/EPDM-MA) compositions with 60/40
and 50/50 had a gradual reduction in tensile strength, even returning to the value of the BioPE/PAG6r blend.
As observed in the SEM, there was a high level of plastic deformation of the BioPE/(PA66r/EPDM-MA)
blends, with 60/40 and 50/50, suggesting compatibility and interfacial resistance. The reduction in tensile
strength of BioPE/(PA66r/EPDM-MA) blends with 60/40 and 50/50 was attributed to the phenomenon of
interfacial saturation, with the higher EPDM-MA content, generating a soft and flexible interface. Therefore,

blends tend to deform at lower stress. This finding agrees with the literature [74] on polymer blends.

The elongation at break of BioPE is typical of a ductile polymer (>300%), with a high strain rate
under tensile. The incorporation of 30% PAG66r into the BioPE matrix markedly reduced the elongation at
break to 1.5%, indicating a poor deformation mechanism. The low elongation value of the BioPE/PAG66r blend
reveals an incompatibility between the components, corroborating the morphology obtained by SEM. As
demonstrated in the SEM, the BioPE/PAG6r blend showed low interfacial adhesion, suggesting that there was
no effective stress transfer and deformations between the components. Elongation at break is a terminal
mechanical property that largely depends on the degree of interfacial adhesion in polymer blends [75]. The
influence of the EPDM-MA addition was investigated to evaluate how it affects BioPE/PAG6r, since the
elongation at break is sensitive to the adhesion degree of the continuous and the dispersed phase.
BioPE/(PA66r/EPDM-MA) blends with contents of 90/10, 80/20, 70/30 and 60/40 slightly increased the
elongation at break to 5.1%, 6.2%, 10 % and 27.9%, respectively, compared to BioPE/PA66r. Even though
there was no significant recovery in elongation at break, this already indicates that there was a greater
interaction in the BioPE/(PA66r/EPDM-MA) system. In contrast, the BioPE/(PA66r/EPDM-MA) 50/50 blend
showed a very significant increase in elongation at break, with a deformation of 233%. This indicates that the
ductility mechanism under tensile was maximized, confirming the same trend as impact strength. That is, there
was synergism in this property for this composition. Apparently, the level of molecular entanglement was
efficient for the BioPE/(PA66r/EPDM-MA) blend with 50/50, which resulted in an improvement in the
deformation degree and energy distribution. This finding reinforces the hypothesis that EPDM-MA was able
to react with the amine groups of PA66r and maintain a good interaction with BioPE, improving the blend

compatibility.

Figure 10 (d) shows that pure BioPE exhibited typical behavior of a ductile thermoplastic, with large
deformation under tensile. The BioPE/PAG6r curve presented a brittle material curve, with a low level of
deformation, suggesting that PA66r decreased the ductility of the BioPE matrix. In relation to the
BioPE/(PA66r/EPDM-MA) blends, in the ranges of 90/10, 80/20 and 70/30, the deformation was gradually
improved, especially due to the higher EPDM-MA content. When the BioPE/(PA66r/EPDM-MA) blend was
formulated with 60/40, the ductility exceeded 25%, but there was a reduction in tensile strength. The ductility
mechanism was more prominent for the BioPE/(PA66r/EPDM-MA) blend with 50/50, given the deformation

degree exceeding 225%. In view of this, it reinforces the hypothesis that there was a synergistic effect in this



BioPE/(PAG66r/EPDM-MA 50/50) blend, generating a higher level of energy dissipation in the BioPE matrix
and improving ductility.

Shore D Hardness

The Shore D hardness of BioPE and polymer blends was evaluated to measure penetration resistance.
It is a property used in several industries to test more rigid plastics and, at the same time, for quality control.
Figure 11 shows the behavior of Shore D hardness for BioPE and polymer blends, with and without EPDM-
MA.
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Figure 11. Shore D hardness of BioPE and polymer blends, depending on the EPDM-MA concentration.

BioPE had a Shore D hardness of 58.2, while the BioPE/PAG6r blend increased slightly to 61 Shore
D. For the BioPE/(PA66r/EPDM-MA) blends, there was a tendency toward a reduction in Shore D hardness
due to the higher proportion of EPDM-MA compared to BioPE/PAG66r. In the investigated range of
PAG66r/EPDM-MA hybridization of 90/10, 80/20 and 70/30, the results of the BioPE/(PA66r/EPDM-MA)
blends are comparable to pure BioPE. When the PA66r/EPDM-MA fraction increased to 60/40 and 50/50, the
Shore D hardness value reduced by 6.1% and 11.6%, in relation to BioPE. This indicates that the surface is

softer, as a consequence of the greater amount of an elastomeric component in the formulation.
Dynamic-mechanical thermal analysis (DMTA)

The results of DMTA analysis in the range from -100 to 100°C for pure BioPE and polymeric blends
are presented in Figure 12. Summary values of the glass transition (Tg) and storage modulus (E') are reported
in Table 3.
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Figure 12. Thermomechanical behavior for pure BioPE and polymeric blends, for: (a) storage module (E’);

(b) Damping factor (tan d).

Figure 12 (a) shows the storage modulus (E') as a function of temperature, being associated with the
elastic component. It was observed that, around -50°C, there was a decline in the storage modulus of the
BioPE/(PAG6r/EPDM-MA) blends, due to the glass transition temperature of EPDM-MA. The
BioPE/(PA66r/EPDM-MA) blend with 50/50 showed a more pronounced decrease in E’, especially due to the
higher EPDM-MA content. In this case, the decrease in E’ was proportional to the concentration of EPDM-
MA in the BioPE/(PA66r/EPDM-MA) blends, generating a greater response in DMTA. In the analyzed range
-50 to 100°C, the BioPE/PA66r blend maintained a higher E’ curve, suggesting a higher stiffness, compared
to the other materials. EPDM-MA addition to the BioPE/(PA66r/EPDM-MA) blend caused a decrease in E’
and, therefore, in stiffness, at temperatures between -50 to 100°C. As the EPDM-MA content increased in the
range of -50 to 100°C, the storage modulus also decreased, which is more evident for the
BioPE/(PAG66r/EPDM-MA) blend containing 50/50. This decline in E’ can be attributed to the rubbery

behavior of EPDM-MA, which provides flexibility and reduces resistance to elastic deformation.

Figure 12 (b) represents the damping factor (tan d) as a function of temperature. The glass transition
temperature is indicated by the peak at tan & and is reported in Table 3. The BioPE/(PA66r/EPDM-MA) blends
showed a peak between -50 and -25 °C, suggesting the glass transition of the EPDM-MA phase [76]. The
intensity of the Ty peak increased proportionally to the content of the EPDM-MA phase, being more
pronounced for BioPE/(PA66r/EPDM-MA 50/50). As seen in Table 3, there were small, non-significant
changes in the Ty of the BioPE/(PA66r/EPDM-MA 50/50) blends. However, it is possible to make some
considerations about the small fluctuations in Tgq. The BioPE/(PA66r/EPDM-MA 60/40) and
BioPE/(PA66r/EPDM-MA 50/50) blends presented the highest glass transition values at -42.53°C and -
43.75°C, respectively. This indicates that it is restricting the molecular rotation of BioPE, suggesting a
synergistic interaction effect, possibly due to increased chain entanglement. Consequently, there was an
improvement in impact resistance and difficulty in crystallization, as verified in the crystallinity index by
XRD (see later). In contrast, the lower EPDM-MA content in the BioPE/(PA66r/EPDM-MA) blends favored
a shift in Ty to lower temperatures. This behavior favored the mobility of molecular segments in the
BioPE/(PAG6r/EPDM-MA) blends, increasing the crystallinity index. A similar result was seen in the



literature [77] with the increase in Tg in polymer blends, suggesting that it was due to greater adhesion between
the phases. As demonstrated in the MFI and SEM, there was a good interaction in the BioPE/(PA66r/EPDM-
MA) blends, especially with 60/40 and 50/50, generating greater viscosity and moving the Tq to a higher value.

The storage modulus (E") was determined in the range from -75 to 75°C to investigate the evolution
of stiffness, as shown in Table 3. In Figure 12 (a), the storage modulus remained practically constant in the
range between -100 to -50 °C, for BioPE and polymeric blends, regardless of the EPDM-MA content. This
behavior is since EPDM-MA is in a glassy state in this temperature range, with low segmental mobility in the
molecular chains. Therefore, it reflected in a storage module at -75°C with practically no significant change,
that is, the stiffness was not changed. At -25°C, the storage modulus of pure BioPE and polymeric blends was
reduced, suggesting a gain in molecular mobility, which contributed to reducing stiffness, compared to -75°C.
The decrease in E* was more severe for the BioPE/(PA66r/EPDM-MA) blends, especially with a higher
EPDM-MA content. The temperature of -25°C is higher than the glass transition temperature of EPDM-MA,
generating a gain in flexibility of the rubber fraction. As seen in Figure 12 (a), in the range between -50 to -
25 °C, there is a decrease in E’ for the BioPE/(PA66r/EPDM-MA) blends in the glass transition region,
reinforcing that the macromolecules have gained mobility. At room temperature (25°C), the storage modulus
showed the same trend as the elastic modulus under tensile. In this case, the incorporation of 30% PAG6r in
the BioPE matrix generated greater rigidity. The BioPE/(PA66r/EPDM-MA 90/10) blend had a gain in storage
modulus compared to BioPE, which is an indication of higher stiffness. The reduction in E' was more
prominent in BioPE/(PA66r/EPDM-MA) blends with higher EPDM-MA contents, given their greater
flexibility. At more extreme temperatures, such as 75°C, there was a severe reduction in the storage modulus

of all materials, indicating a more robust flexibility and tending toward the behavior of a rubber.

Table 3. Results of the glass transition (Tg) and storage modulus (E’) in the range from -75 to 75°C.

E' (MPa)
T, (°C) -75°C 25°C | 25°C 75°C

BioPE 2718 2199 1288 324
EPDM-MA -46.0" - - - -

BioPE/PAG6I 2892 2394 1457 409
BioPE/(PA66r/EPDM-MA 90/10) -47.8 2790 2187 1310 380
BioPE/(PAG6r/EPDM-MA 80/20) -45.2 2808 2056 1265 355
BioPE/(PAG6r/EPDM-MA 70/30) -44.3 2818 1835 1064 309
BioPE/(PAG6r/EPDM-MA 60/40) 425 2777 1615 884 250
BioPE/(PAG6r/EPDM-MA 50/50) -43.7 2751 1441 768 220

* Data provided in the manufacturer’s technical sheet.



Heat deflection temperature (HDT)

HDT results have practical implications when evaluating the structural stability of polymer blends

under mechanical and thermal effects. This is important for the quality sector in applications in the automotive

industry.
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Figure 13. Thermomechanical resistance by HDT for BioPE and polymer blends.

Figure 13 shows the behavior of the heat deflection temperature (HDT) of BioPE and polymeric
blends, according to the EPDM-MA content. BioPE showed an HDT of 69.1°C. The effect of adding 30%
PAG6r to the BioPE matrix was significant, considering the increase to 95.8°C. PA66r had a satisfactory
performance in increasing the thermomechanical resistance of BioPE, since it is an engineering material with
greater rigidity. HDT is a property that tends to increase in more rigid or crystalline polymeric materials. This
favors greater resistance to thermomechanical deformation [78]. As demonstrated in the tensile and DMTA
tests, the BIoPE/PA66r blend presented the highest elastic modulus value, which contributed to the
improvement of the HDT value. The BioPE/(PA66r/EPDM-MA) blends showed a continuous reduction in
HDT. That is, it varied depending on the proportion of PA66r and EPDM-MA. When increasing the EPDM-
MA content in the BioPE/(PA66r/EPDM-MA) blends, there was a decrease in thermomechanical stability due
to HDT, in relation to the BioPE/PAG6r system. EPDM-MA has elastomeric behavior, generating flexibility
in BioPE/(PA66r/EPDM-MA) blends, which directly reduces HDT. In contrast, with higher PAG6r
concentration, the HDT value was improved. This finding indicates that HDT behavior can be adapted in
BioPE/(PAG66r/EPDM-MA) blends, depending on the individual contribution of the components.



The BioPE/(PA66r/EPDM-MA) (90/10 and 80/20) blends maintained higher HDT values, compared
to pure BioPE. In the PA66r/EPDM-MA (70/30; 60/40 and 50/50%) range, the HDT results were similar to
BioPE, suggesting that the effect of flexibility prevailed, as seen in impact resistance. Despite this, there was
no significant difference in the HDT of the BioPE/(PA66r/EPDM-MA) blends in relation to BioPE, probably
due to PAG6r, which generated an equilibrium with EPDM-MA.. For example, the BioPE/(PA66r/EPDM-MA)
(50/50) blend presented an HDT close to BioPE, besides to improving impact strength to super-tough.

X-ray diffraction (XRD)

Figure 14 shows the x-ray diffractograms of pure BioPE and BioPE/(PA66r/EPDM-MA) blends,
with different EPDM-MA contents. Pure BioPE showed typical semi-crystalline polymer behavior, with
intense and broad peaks. The XRD peaks of BioPE were 21.7° and 23.8°, suggesting the (110) and (200)
planes, respectively. This finding suggests an orthorhombic crystal structure, corroborated by literature reports
[79]. The BioPE/PA66r and BioPE/(PA66r/EPDM-MA) blends maintained the XRD patterns at 21.7° and
23.8°, considering that BioPE was the polymeric matrix. However, the appearance of a small diffraction peak
at 20.6° was noted in the polymer blends, indicating reflection from the (100) plane of the a phase of PA66
[80]. Consequently, the PAG66r phase is accommodated in the BioPE chain. In relation to the
BioPE/(PA66r/EPDM-MA) blends, there was a trend for the PA66r peak (20.6°) to reduce in intensity with
the increase in EPDM-MA content. The PA66r/EPDM-MA premix and increasing the concentration of
EPDM-MA improved the interaction, due to maleic anhydride reacting with amine end groups in PAG6r. In
view of this, there was an attenuation in the crystalline phase of PA66r with the higher content of amorphous
material (EPDM-MA).
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Figure 14. XRD curves of BioPE, the BioPE/PAG6r system and the BioPE/(PA66r/EPDM-MA) blends.

Table 4 presents the results of the crystallinity index of pure BioPE and polymer blends, with and
without EPDM-MA. This parameter was calculated considering the contribution of the crystalline fraction of
BioPE and PAG6r. Due to the high level of regularity in the chain, BioPE has a high crystallinity degree, with
a value of 62.2%. The addition of 30% PAG6r to the BioPE matrix caused a deleterious effect on the
crystallinity index, reducing it to 46.4%. This behavior may be due to two factors, in the first case, the lower
amount of BioPE in the formulation, which resulted in a low concentration of crystals in the BioPE matrix. In
the second case, there was a difficulty in the molecular organization of BioPE during crystallization due to the
presence of PA6G6r, thus hindering the crystals' formation. Regarding the BioPE/(PA66r/EPDM-MA) blends,
a continuous reduction in the crystallinity index was observed, in relation to the BioPE/PA66r system. This
indicates a greater obstacle to crystals nucleating with the EPDM-MA addition, possibly because it is an
amorphous material and makes crystallization difficult [81,82]. As verified in torque rheometry and MFI,
there was a viscosity increase of the BioPE/(PA66r/EPDM-MA) blends, with the highest proportion of EPDM-
MA. It was observed that greater viscosity in polymer blends resulted in a reduction in the crystallinity index
value. The higher level of molecular entanglement in the BioPE/(PA66r/EPDM-MA) blends promoted greater



viscosity, causing loss of molecular mobility to crystallize. Consequently, it reduces the chance of forming

stable nuclei to promote crystal growth, which results in a lower crystallinity index.

Table 4. Crystallinity index obtained by XRD for BioPE and polymeric blends.

Samples Ic (%)
BioPE 62.2
BioPE/PAG6r 46.4
BioPE/(PAG66r/EPDM-MA 90/10) 44.6
BioPE/(PAG66r/EPDM-MA 80/20) 43.0
BioPE/(PA66r/EPDM-MA 70/30) 41.3
BioPE/(PAG66r/EPDM-MA 60/40) 40.5
BioPE/(PA66r/EPDM-MA 50/50) 39.3

Differential scanning calorimetry (DSC)

The heating and cooling curves obtained by DSC for pure BioPE and polymeric blends are shown in
Figure 15 (a,b). The measurements of crystallization temperature (Tc), crystalline melting temperature (Tm),

crystalline melting enthalpy (AH) and degree of crystallinity (Xc) were presented in Table 5.
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Figure 15. Curves obtained by DSC for pure BioPE and polymeric blends, for: (a) crystalline melting

temperature during the second heating; (b) crystallization temperature.

Table 5. Thermal parameters for melting and crystallization.

Samples T: (°C) Tm (°C) AH (J/g) X (%)
BioPE 118.0 131.7 169.4 82.6
BioPE/PA6G6r 117.9 131.8 123.5 60.2
BioPE/(PA66r/EPDM-MA 90/10) 118.0 131.8 117.1 57.1

BioPE/(PA66r/EPDM-MA 80/20) 118.1 1321 108.4 52.8



BioPE/(PAG6r/EPDM-MA 70/30) 117.2 131.6 99.4 48.5
BioPE/(PAG6r/EPDM-MA 60/40) 116.9 131.9 96.9 47.2
BioPE/(PAG6r/EPDM-MA 50/50) 116.7 131.2 96.4 47.0

In Figure 15 (), it is possible to note a crystalline melting peak at around 131.7°C, which corroborates
the literature [17]. The BioPE/PA66r and BioPE/(PA66r/EPDM-MA) blends presented two distinct events for
the crystalline melting temperature, suggesting the formation of immiscible blends. The first Tm peak in the
polymer blends was attributed to the BioPE matrix, while the second peak was attributed to PA66r. Regarding
the PAG6r peak in the polymer blends, two peaks were observed, Tm1 and Tmz, which indicates a bimodal
population of crystals. There are crystalline fractions in PA66r with distinct characteristics in terms of
perfection and thickness, which is consistent with the literature [83]. It was observed that the main peak (Tm)
of BioPE in the BioPE/PA66r and BioPE/(PA66r/EPDM-MA) blends was no significant difference in relation
to pure BioPE. The same trend was observed for the crystallization temperature (T¢) of the BioPE/PA66r and
BioPE/(PA66r/EPDM-MA) blends. This is, just maintaining the pure BioPE event. The PA66r/EPDM-MA
fraction did not act to accelerate the BioPE crystallization process. The BioPE/PAG6r and
BioPE/(PA66r/EPDM-MA) blends exhibited a Tc related to PAG6r in the range of 230-240°C. However, a
different behavior was noticed in the BioPE/(PA66r/EPDM-MA 50/50) blend, since T associated with PAG6r
was completely inhibited. Apparently, EPDM-MA efficiently encapsulated PA66r, which contributed to the
formation of the core-shell structure shown in Figure 8.

In Table 5, the crystallinity degree reported is exclusively for the BioPE fraction, according to
Equation 2. BioPE presented a crystallinity level of 82.6%, while the incorporation of PA66r reduced it to
60.2%. As verified in the SEM, there was a low level of interaction between BioPE and PA66r, which did not
favor a nucleating effect. The EPDM-MA addition had a negative impact on the degree of crystallinity. l.e,
there was a continuous decrease in the Xc of the BioPE/(PA66r/EPDM-MA) blends due to the addition of

copolymer, confirming the XRD trend.
Thermogravimetry (TG)

Figure 16 shows the thermogravimetry (TG/DTG) results for BioPE and polymeric blends, according
to the level of EPDM-MA. The intense peak in the DTGA curve is related to the temperature at which weight
loss is maximum, as shown in Figure 16 (b). Table 6 presents the results for 10% and 50% weight loss, as well
as the maximum loss temperature. For up to 400°C, it was observed that BioPE showed a loss of 1.38%,
possibly due to moisture evaporation. BioPE decomposition started around 400°C and ended at 493°C. In the
range between 400 and 500°C, there was a sudden reduction in the thermogravimetry curve, due to the
structural degradation of BioPE, which resulted in a loss of approximately 100% of the weight. Clearly, the
BioPE/PAG66r and BioPE/(PA66r/EPDM-MA) blends had reduced thermal stability compared to pure BioPE.
In the range up to 350°C, the polymer blends had a weight reduction of between 1.71-2.57%, indicating greater



loss of volatile components compared to pure BioPE, probably residual moisture. This behavior occurred due
to the presence of PA66r, which has hygroscopic characteristics [84]. This explains the increase in weight loss
in the range of 30-350°C of polymer blends. As demonstrated in DSC and XRD, the degree of crystallinity
decreased in the BioPE/PA66r and BioPE/(PA66r/EPDM-MA) blends in relation to BioPE, which probably
favored greater moisture diffusion, corroborating the trend of greater loss up to 350°C. The BioPE/PA66r and
BioPE/(PAG66r/EPDM-MA) blends showed two thermal decomposition events in the range of 350-500°C,
confirmed by the DTGA curves in Figure 16 (b). The first stage of weight loss in polymeric blends is
associated with the PAG6r phase, considering that the BioPE/PA66r base-blend had similar behavior in the
profile of the TG curves of the BioPE/(PA66r/EPDM-MA) blends. The onset of thermal decomposition of the
PAG6r phase at around 350°C was lower than that reported in the literature [85,86], with initial values close
to 430°C. This indicates that the PA66r used already presented a degradation level due to its recycled nature,
which results in a reduction in molar mass and early thermal decomposition. The second weight loss was
caused by BioPE and EPDM-MA, between 450-490°C. The first derivative curve showed a less intense peak

for PA66r, while the most intense was BioPE, as shown in Table 6.

In Table 6, the thermal stability parameters of pure BioPE and polymer blends are observed, for 10%,
50% and maximum weight loss (Tdamax). For Tio% and Tso%, BioPE showed the highest thermal stability
compared to the other materials. The BioPE/PA66r and BioPE/(PA66r/EPDM-MA) blends, regardless of the
EPDM-MA content, maintained T1o% and Tso% with similar values. That is, there were no significant changes
in the thermal parameters by TG/DTGA. In relation to the BioPE/(PA66r/EPDM-MA) blends in proportions
of 60/40 and 50/50, a small increase in Tio% was observed in relation to BioPE/PAG6r. Apparently, the
PAG66r/EPDM-MA premix and with a higher EPDM-MA content contributes to greater protection of PAG6r

against humidity, thus generating the T1o% displacement.
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Figure 16. Results of thermal stability by thermogravimetry of BioPE and polymer blends, for: (a) weight
loss; (b) DTGA curves.

Table 6. Results for mass loss temperatures (T10% and Tso%) and maximum decomposition (T dmax).



Samples T10% (°C) Tso00 (°C) Tamax (°C)

BioPE 442.3 4714 477.6
BioPE/PAGGr 400.3 469.2 478.7
BioPE/(PAG6r/EPDM-MA 90/10) 398.0 465.4 477.1
BioPE/(PAG6r/EPDM-MA 80/20) 396.4 461.8 474.8
BioPE/(PAG6r/EPDM-MA 70/30) 398.3 461.2 472.7
BioPE/(PAG6r/EPDM-MA 60/40) 406.7 465.2 475.4
BioPE/(PA66r/EPDM-MA 50/50) 406.7 466.4 475.2

CONCLUSIONS

In this work, recycled polyamide 66 (PA6) was reused to produce biopolyethylene (BioPE)-based
blends. The strategy adopted was the PA66r/EPDM-MA premix, aiming a reaction between the maleic
anhydride and the amine groups of PA66r to obtain an impact modifier. The BioPE/PAG6r blend presented an
incompatibility in impact strength, due to its brittle behavior. However, despite having a ductility low level,
rigidity good performance, Shore D hardness and HDT was observed. This indicates that depending on the
application and which does not require high impact, the BioPE/PA66r blend can be used. The PA66r/EPDM-
MA premix process favored the production of BioPE with impact strength high performance. l.e, there was
the formation of an efficient PA66r/EPDM-MA impact modifier at levels 70/30, 60/60 and 50/50 to toughen
BioPE. The BioPE/(PA66r/EPDM-MA 50/50) blend showed super-tough blend behavior at room temperature,
with values comparable to high toughness engineering blends. This behavior was supported by the increase in
elongation at break with strain greater than 230%, confirming the high level of ductility. As seen in torque
rheometry and MFI, there was a significant increase in viscosity, suggesting greater molecular entanglement,
justifying the reduction in the crystallinity degree and improvement under impact/elongation at break. The use
of recycled PA66 had the advantage of maintaining a greater balance of mechanical properties, contributing
to obtaining new tailor-made materials. Therefore, the reuse of recycled PA66 has technological potential for

the manufacture of bioblends, with a greater environmental focus and promoting sustainability.
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