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ABSTRACT: Polyolefins (polyethylene (PE) and polypropylene
(PP)) are the most abundant polymers found in plastic solid waste.
They are expensive to separate, and recycling them in the form of
blends is not viable due to their immiscibility and incompatibility.
Following the idea of the circular economy where waste is turned
into raw materials for manufacturing technological products using
minimum energy, a solution is proposed for the poor behavior of
immiscible PE/PP blends by taking advantage of their immiscibility
to transform them into microfibrillar composites (MFCs). PE/PP
blends with an 80:20 content ratio were studied, emulating the
ratio found in municipal waste. A microfibrillar structure was
achieved through an unusual combination of common industrial processing techniques: extrusion, drawing, and injection. The
performance of the resulting fibrillar materials was evaluated by means of tensile, fracture, and impact tests, and the results were
compared with those of unstretched blends (UBs) with droplet morphology. The effect of adding a compatibilizer was also
evaluated. The results were promising as the performance of the MFCs was much better than that of the nonfibrillated blends, and a
synergistic effect between the addition of the compatibilizer and microfibrillation process was observed. It seems that this type of
processing has great potential for large-scale application in immiscible recycled polyolefin blends in which the final properties can be
improved by modifying their morphology, obviating the need to separate these polymers in mixed waste streams.
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1. INTRODUCTION

In recent decades, the significant growth in the world’s
population has increased the consumption of polymers
drastically. In 2018, the global plastics production reached
359 million tons, 36% of which were single-use plastics.1

Unfortunately, the dramatic growth of the plastics industry has
not been accompanied by a recovery strategy, and approx-
imately 91% of plastics are not recycled, resulting in a vast
amount of plastic waste and few solutions.
The current production model as a linear economy is not

sustainable over time because, without value retention, plastic
materials and energy used are wasted. By contrast, the circular
economy proposes a new paradigm where waste is converted
into raw material for manufacturing new technological
products using minimum energy. In this way, waste is reduced,
fewer natural resources are extracted, and greenhouse gas
emissions are limited.2−4

A circular economy requires new technologies for the
treatment of waste. Municipal solid waste (MSW) is made up
of elements that are discarded after use. Although different
percentages of different polymers are found in plastic waste,
data published by the UN in 20181 reported that polyolefins

(polyethylene, PE, and polypropylene, PP), the most abundant
polymers in plastic solid waste, account for 70% of the total.
The PE/PP ratio in plastic waste was estimated to be
somewhere between 80:20 and 65:35 depending on the
geographical location.5

Developed countries promote the circular economy by
obliging companies to use certain amounts of recycled
materials in their products. However, two reasons make it
difficult to implement large-scale amounts of recycled material:
downcycling and the process involved in separating certain
plastics from solid waste. In downcycling, the recycled plastic
material is of inferior quality and can only be used for other,
different applications, thus limiting their “circularity”.6 Second,
the process of separating plastic waste into individual polymers
is costly and the sorting process is inefficient. One low-cost
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separating option could be a simple successive flotation
technique that would generate two separate fractions: a light
one of low-density polyethylene (LDPE) and PP, and a heavier
one, made of the remaining, precipitating plastics.7,8 Any
further separation of LDPE/PP is not economically attractive,
so the possibility of recycling them as a blend would seem to
be a financially viable alternative.
For some years, blends involving different kinds of PE

(LLDPE, LDPE, HDPE),9−13 and different amounts of PP14,15

have been studied. These blends have also been compatibilized
with a range of copolymers16−18 and processed using
conventional plastic processing methods (injection and
compression molding). Mourad et al.19 provided a thorough
insight into how the composition of the blend influences the
morphology, the thermal and rheological properties, and,
therefore, the mechanical behavior of these materials.20−25

They concluded that the potential applications of PE and PP
are limited, given their immiscibility, incompatibility, and poor
interfacial adhesion. In a previous work, blends with different
LDPE/PP ratios were studied. It was concluded that the 75:25
LDPE/PP ratio was the most promising blend,26,27 which also
happens to be the same as the PE/PP ratio found in MSW.
However, none of these studies provided a solution to the
problem of plastic waste. Recently, some isotactic polypropy-
lene (iPP)-polyethylene (PE) multiblock copolymers were
synthesized by Xu et al. to use them as compatibilizers.28 Their
results demonstrate exciting opportunities to recycle the
world’s top two polymers through simple melt blending.
However, these copolymers are still at a laboratory scale.
An alternative solution to the poor performance of PE/PP

blends would be to take advantage of their immiscibility and
transform them into microfibrillar composites (MFCs). MFCs
consist of a thermoplastic polymer matrix with microfibrils of
another thermoplastic polymer as reinforcement. The blend
has to be incompatible for this type of morphology to
develop.29

The production of MFCs involves three basic steps.29 The
first is a blending stage, where two immiscible polymers (with
very different melting temperatures) are melt-blended. The
second stage involves hot or cold drawing of the extruded
filament, which causes microfibers to develop in both blend
components. Finally, a specimen is obtained by injection or
compression molding (isotropization) at a processing temper-
ature that lies between the melting temperatures of the two
components. This causes the component with the lower
melting temperature to melt, forming an isotropic and relaxed
MFC matrix. At the same time, microfibers of the higher
melting-point component retain their molecular orientation
and morphology (without significant changes) and become the
reinforcing phase.29

In this processing method, a compatibilizer is needed to
improve the dispersion of the second phase and the
homogeneity of the compound, as it locates at the interface
between the two polymers in the blend. In this way, second
phase coalescence is avoided and a finer dispersion of smaller
particles is achieved. This also leads to enhanced adhesion
between phases, which, in turn, allows a more effective load
transfer during mechanical loading.30

Some work on MFCs has been reported, mostly on PE/PET
and PP/PET blends. Yi et al.31 found that the low viscosity
ratio between PP and PET facilitated the formation of smaller
and uniformly dispersed particles during the melt blending
stage, which led to narrower microfiber diameters after

stretching, resulting in greater strength and modulus.
Improving the interfacial adhesion led to better mechanical
properties than the incompatible system, especially tensile and
impact strength. They also studied the exact compatibilizer
content above which the mechanical properties are diminished.
Jayanarayanan et al.32 also studied the PP/PET system and

reported that the narrowest PET fibers were obtained with a
stretch ratio of 8. Beyond this ratio, fiber breakage was
observed during stretching. Consequently, tensile properties
improved with the stretch ratio up to an optimized level of
between 5 and 8, beyond which they decreased. Furthermore,
in a later work,33 they reported that for some stretch ratios (5
and 8), PET microfibrils can act as heterogeneous nucleation
sites for PP crystallization, thus increasing the crystallinity of
this phase. In addition, the high aspect ratio (L/D) and
abundance of PET microfibrils contributed to delayed thermal
degradation, which was not observed at higher stretching
ratios.34 Jayanarayanan et al.35,36 also studied the LDPE/PET
system and reported that the addition of a compatibilizer
increased the aspect ratio in LDPE matrix PET fibers. The
compatibilized MFCs showed improved mechanical properties
(strength and modulus) compared to LDPE (50% higher),
blends without a compatibilizer (39%) and blends without
stretching (51%). The improvement was not only connected
with the presence of the compatibilizer, but the mechanical
properties also improved up to 75:25 LDPE/PET blend
composition, above which the properties deteriorated as a
consequence of fiber agglomeration.
In addition, the diffusivity and permeability of MFCs were

found to be lower than those of neat blends due to the
tortuous path created for solvent diffusion. Fakirov et al.37

showed that results obtained for MFCs with LDPE/PET are
comparable to those obtained for LDPE with 30% commercial
glass fiber, and are even 30 to 40% higher than those following
the rule of mixtures. In summary, the aforementioned studies
found that there is an inflection point at which mechanical
properties no longer improve with the stretching ratio, relative
ratio of blends, and compatibilizer content.36,38−40 To the
authors’ knowledge, there is no reported work on microfibrillar
PE/PP composites obtained by extrusion, stretching, and
isotropization.
Based on the aforementioned data, the challenge of this

work was to find value in this waste raw material by applying a
closed-loop recycling process (upcycling) where the mechan-
ical properties of the material obtained were similar to or even
better than those of the original materials.

2. EXPERIMENTAL SECTION
2.1. Materials and Processing. In this study, a low-density

polyethylene was used as the matrix (ALCUDIA 2308F, with a melt
flow index of 7 g/10 min 2.16 kg, 190 °C) and polypropylene was
selected as the minority phase (Isplen PP 070 G2M, with a melt flow
index of 12 g/10 min −2.16 kg, 230 °C), both provided by Repsol
(Spain). A terpolymer of propylene, ethylene, and butene (Braskem
Symbios 4102) was used as a compatibilizer with a melt flow index of
5.5 g/10 min (2.16 kg, 230 °C).

LDPE and PP were manually premixed in an 80:20 weight ratio of
LDPE/PP, and the compatibilizer content was set as 0, 7 and 15 wt %
of the minority phase, corresponding to 0, 1.4, and 3 wt % of the total
PE/PP weight. Melt blending was performed in a Collin ZK 25T
SCD15Teach-Line twin-screw extruder (screw diameter = 25 mm, L/
D ratio = 18) with a screw speed set to 50 rpm and barrel temperature
profile between 160 and 190 °C.
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Microfibrillar blends (MFB) were obtained immediately after the
extrusion process. Figure 1 shows a scheme of the experimental
configuration employed. The extruded filament was immersed in a
warm water bath at 40 °C for its solidification. This filament was then
passed through two pairs of rollers to generate a continuous draw.
The first pair of rollers was kept at the same speed as the extrudate
and at a temperature of 85 °C. The second pair of rollers was set at a
higher speed, to achieve a draw ratio greater than 1. The ratio
between the speeds of the two pairs of rollers (V2/V1) was taken as
the draw ratio and was set equal to 2.5. Immediately after the rolls, the
obtained MFB filament was pelletized. In the following stage, the
obtained pellets were injection-molded in a Battenfeld BA-230-E
machine at 140 °C. This low processing temperature, intermediate
between the melting temperature of PE and that of PP, was selected
with a view to maintaining the integrity of the PP microfibers and
obtaining an MFC. The mold allowed tensile, impact, and fracture test
specimens to be obtained in the same cycle. The injection processing
parameters were: injection speed: 45 mm/s, injection pressure: 22
MPa, holding time: 3 s, cooling time: 15 s, and the mold was kept at
room temperature (23 °C). For comparison purposes, nonstretched
blends were extruded and pelletized without applying any stretching
step, and then injection-molded with the same processing parameters.
The unstretched blends (UBs) were designated in this work as UB-0
(without compatibilizer), UB-7 (with 7% compatibilizer), and UB-15
(with 15% compatibilizer), while the microfibrillated samples were
designated as MFC-0, MFC-7, and MFC-15.
2.2. Morphological Characterization. The samples were

immersed in liquid nitrogen for 10 min and cryo-fractured to observe
the microstructures that developed during processing. All of the cryo-
fractured surfaces were coated with a thin layer of gold and observed
in a Hitachi S-2700 scanning electron microscope (SEM) with an
accelerating voltage of 15 kV. To analyze the effect of the
compatibilizer, a quantitative analysis of the morphology of the PP
particles in the blends was carried out before stretching. From the
SEM micrographs of the unstretched blends, the number and volume
average (dn and dv) of the cross sections of the particles were
measured. For this, Image J software was used to measure at least 300
particles. The size dispersion (D) and the average number of particles
per cm3 were also calculated. The number and volume average were
obtained using the following equations41

∑ ∑=d n d n/n i i i (1)

∑ ∑=d n d n d/i i i iv
4 3

(2)

where ni is the number of droplets with diameter di.
The particle size polydispersity was evaluated as

=D d d/ nv (3)

The volume fraction of the dispersed phase was calculated from the
following equation

ρ ρ ρ= [ + − ]X X X X( / )/ / (1 )/ mv p d p d p (4)

where Xp is the weight fraction of the minority phase, ρd is the density
of the dispersed phase, and ρm is the matrix density.

The mean number of particles per cm3 was determined from

π= [ ]N X d/ /6( )i nv
3 (5)

2.3. Thermal Characterization. A Pyris 7 PerkinElmer under
nitrogen atmosphere was used to perform differential scanning
calorimetry analysis (DSC). The samples were heated from 50 to 200
°C at 10 °C/min. The percentage crystallinities (Xci) of the LDPE
and PP in the blends were calculated using the following equation

= Δ Δ Φ ×Xc H H( / ) 100%i m i m i i, ,
0

(6)

where ΔHm,i and ΔHm,i
0 are, respectively, the measured melting

enthalpies and the heat of fusion for 100% crystalline PE (293 J/g)31

or PP (207 J/g),42 and φi is the weight fraction of the analyzed
constituent.

2.4. Uniaxial Tensile Tests. Tensile tests were carried out
following the ASTM D638 standard under quasi-static loading
conditions (cross-head speed of 10 mm/min) over dog-bone
specimens (type IV) in an Instron universal testing machine (model
5569). Young’s modulus (E) was calculated as the maximum slope of
the stress−strain curve in the 0.05 and 0.25% strain range. Maximum
strength (σmax) and elongation at break (εb) were also obtained from
the stress−strain curves.

2.5. Fracture Characterization. To evaluate the crack
propagation behavior and the toughness of the blends, fracture tests
were performed on 80 mm × 12.5 mm SENB specimens (single-edge
notched bending) with a thickness of 3.2 mm, under quasi-static
loading conditions.

Sharp precracks were introduced perpendicular to the flow
direction using a razor blade fitted in a Ceast Notchvis notching
machine. Tests were conducted in an Instron EMIC 2350 universal
testing machine at room temperature with a constant cross-head
speed of 2 mm/min.

To identify the fracture behavior, the concept of ductility level
(DL) was applied to exploratory tests using samples with a notch
length-to-width ratio (a/W) of 0.5. The DL was defined by Martinez
et al.43 as the relation between the displacement at break and the
initial ligament length (l). Five replicates for each blend were tested to
ensure result repeatability. The fracture behavior was found to be in
the post-yielding range (0.15 < DL < 1). The essential work of
fracture (EWF) was applied to evaluate the toughness of the
materials. EWF is an approach that can be used to evaluate the crack
propagation of ductile polymeric materials. This methodology has
been extensively used and explained by leading authors on the

Figure 1. Scheme of the microfibrillation process: unstretched blend (UB) (a) and microfibrillar blend (MFB) at different magnifications (b, c).
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subject43,44 and states that the essential work of fracture, wf, can be
expressed as

β= = +w W lt w w l/f f e p (7)

where Wf is the total work of fracture, l is the ligament, t is the
thickness, β is a geometrical factor, we is the essential work of fracture,
and wp is the nonessential work of fracture.
It is important to note that for the plane stress EWF approach to be

applicable, it is mandatory that the crack propagates over a fully
yielded ligament, and that self-similarity occurs in the load−
displacement curves of varying ligament length specimens. The
ligament lengths varied between 4 and 12 mm, and the distance
between the supports was 72 mm. The fracture surfaces were
observed with SEM, under the same conditions used for character-
izing the microstructure.
Due to the three-point bending solicitation mode and the

considerable ductility of the evaluated materials, some samples did
not fracture during the test. Thus, an approach proposed in the
literature45 that suggests using an energy partition between yielding
and post-yielding for EWF tests was applied. This partition is
applicable for load−displacement curves where the yielding is
characteristically separated from the subsequent deformation by a
load drop. This point is easily identified in the curve and indicates a
clear transition between the onset and the propagation of cracks. The
first part indicates the work required for yielding (until the load falls)
while the second part indicates the work required for subsequent
deformation [eq 8]. In this way, the value we,y represents the inherent
onset parameter of the material. This approach has been successfully
applied by several authors46−48

β β= + = + + +w w w w w l w w l( ) ( )f y n e,y y p,y e,n n p,n (8)

where we,y and we,n represent the specific essential works of yielding
and subsequent deformation, respectively, and wp,y and wp,n represent
the nonessential works of yielding and subsequent deformation,
respectively. The values βy and βn are geometrical factors associated
with the shape of the plastic zone during yielding and subsequent
deformation, respectively.
2.6. Impact Characterization. The impact resistance of the

materials was studied by Izod impact tests using a CEAST 6548/000
pendulum with an energy of 4 J. Tests were carried out on specimens
with a section of 3.2 mm × 12.5 mm obtained by injection molding, in
accordance with ASTM D-256 standard recommendations. The
notches (2.54 mm depth, 0.25 mm tip radius) were machined after
injection molding. A minimum of 8 specimens were tested for each
material and the tests were carried out at room temperature (23 °C).
The impact resistance was calculated as the ratio between the energy

lost by the pendulum through the impact (taking into account the
energy lost by friction with the air) and the specimen thickness.

3. RESULTS
3.1. Morphological Characterization. Figure 2 shows

the effect of hot drawing on the filament morphology of the
MFBs (bottom row) compared with that of the UB filaments
(top row). On the one hand, as the figure shows, the hot-
drawn material showed the orientation in the form of
continuous fibers of both the dispersed phase and the matrix
(Figure 2d−f). This fibrillar morphology makes it very difficult
to carry out a qualitative or quantitative comparison of the
particle size of the MFBs with or without different
compatibilizer contents.
On the other hand, and as expected, the unstretched

filaments in the UBs exhibited the typical sea-island
morphology of immiscible blends, with isolated domains of
the minor component dispersed in a continuous phase of the
main component (Figure 2a−c). Spherical and elliptical PP
particles were observed without any orientation, uniformly
distributed in the main LDPE matrix.
The results of average particle sizes for the UB samples are

displayed in Table 1. The D values indicate a wide distribution

of particle sizes as they differ from 1. The particle size was
slightly affected by the amount of interfacial modifier probably
because it was located at the interface, thus reducing the
interfacial tension. As a result, an increase in the amount of
compatibilizer slightly reduced the size of the dispersed
particles.35,41 Given the reduced size of the particles in each
of the three cases (which may be responsible for the limited
changes caused when the compatibilizer was added), it can be
concluded that the selected blend compositions and the
processing parameters used to extrude the blends effectively
produced a fine dispersion of the minor component.

Figure 2. SEM micrographs of the longitudinally cryo-fractured surfaces of extruded LDPE/PP unstretched and microfibrillar blend filaments (UB
and MFB, respectively): UB-0 (a), UB-7 (b), UB-15 (c), MFB-0 (d), MFB-7 (e), MFB-15 (f).

Table 1. Statistical Morphology Characterization

blend dn (μm) dv (μm) D N × 10−12 (cm−3)

UB-0 0.261 0.383 1.469 21.9
UB-7 0.253 0.384 1.515 23.9
UB-15 0.251 0.354 1.409 24.5
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3.2. Thermal Characterization. Figure 3 shows DSC first
heating scans for the blends after each step of the
microfibrillation process. Figure 3a,b shows, respectively, the
DSC scans of the samples after the extrusion and stretching
stages, and Figure 3c shows those of the unstretched blends
and stretched fibrillar compounds after injection molding
(second heating scans are also indicated using dotted lines).
Neat LDPE and PP have also been included as a reference.
The calorimetric parameters extracted from Figure 3c are
presented in Table 2.
As can be seen in Figure 3, all of the materials have two

melting points at approximately 114 and 169 °C, which
correspond to the LDPE and PP crystalline phases. As can also
be seen, the melting peak of PP becomes broader after the
second processing stage (Figure 3b) indicating a wider lamellar
size distribution. This is probably a consequence of the hot
stretching process.
As shown in Figure 3c, in the first DSC heating scans after

the injection molding process, the PP melting endotherms of
microfibrillated compounds become even broader, covering a
more extensive temperature range, and display a bimodal
character in most cases. This is due to a reorganization process
that occurred during the DSC heating scan (i.e., melting-
recrystallization-melting)49 possibly triggered by the highly
oriented crystals within the MFCs.46,50 The microfibrillation
process generates a wider distribution of oriented crystals that
easily undergo relaxation, melting, and recrystallization during
heating, as observed in the first heating scans of Figure 3c.
After the samples melt, the thermal history is erased. The
samples were cooled from the melt in the DSC at 20 °C/min
where they crystallized from an isotropic melt. The second
DSC heating scans (dotted lines in Figure 3c) show that the
melting endotherms corresponding to the PP crystals are in
general narrower and unimodal. These second heating DSC
scans results (for the PP phase) thus confirm that the peculiar
bimodality and broadness of the DSC first heating scans are
related to the microfibrillation process and the morphological
transformation that occurs upon heating the PP crystals.
With respect to the LDPE crystalline phase, the melting

temperatures varied slightly (within 1−2 °C) in the drawn and
injected blends compared to neat LDPE, but did not present a
consistent trend. Moreover, the crystallinity of the LDPE phase
decreased, compared to that of neat LDPE (included in Table
2 as a reference). The reason for this behavior is unknown, but
may be related to the fibrillar morphology and the fact that the
material crystallizes in the presence of solidified PP fibrils,
possibly exerting a confinement effect.
The effect of the amount of compatibilizer and the

stretching process on the crystallinity can also be observed in
Table 2. The blends with 15 wt % of compatibilizer showed a
reduction in the crystallinity of both phases, possibly caused by
greater interaction between the two components. Taking into
account that crystallinity determinations by DSC can yield up
to 15% errors (due to the combined effects of calibration
errors, baseline fluctuations, and, above all, integration errors),
no significant difference in the degree of crystallinity in the PP
phase was detected when the droplets were compared (UBs)
with the microfibers (MFCs).
3.3. Uniaxial Tensile Behavior. Typical uniaxial stress−

strain curves under quasi-static loading conditions are shown in
Figure 4. As can be seen, all of the materials displayed ductile
behavior after elastic deformation, with failure taking place
during the necking of the specimens.

Table 3 shows the tensile parameters of the UB and MFC
materials. On the one hand, it can be observed that the

Figure 3. DSC first heating scans for each step of the microfibrillation
process (a) after extrusion, (b) after stretching, and (c) after injection
moulding (dotted lines indicate the melting endotherms from the
second heating scans).
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addition of the compatibilizer did not significantly affect the
tensile behavior of the unstretched blends, which showed very
similar modulus, tensile strength, and elongation at break
values.
Regarding the MFC specimens, significant improvements in

tensile properties were observed as a result of two overlaid
effects: the stretching process and the compatibilization. It is
evident that fibrillated domains of PP strengthened the LDPE
matrix compared to the spherical domains of PP present in the
unstretched blends. Both the tensile strength and the modulus
increased significantly due to the transformation of the blends
into microfibrillated composites. In addition, the PP fibers
managed to reinforce the blends without any loss of ductility:
the elongation at break values remained unaltered compared to
those of the unstretched materials. Moreover, the compatibi-
lization of the microfibrillated composites led to a greater
increase in small-strain tensile parameters (modulus and
strength), again without any loss in ductility.
Despite the fact that the MFCs presented a lower percentage

of crystallinity in the LDPE phase, the improvement in

mechanical behavior can be attributed to an increased load
transfer between the more rigid PP and the softer LDPE due to
greater interfacial interaction, which was achieved thanks to
two synergistic contributions. On the one hand, the micro-
fibers increased the contact area between the LDPE and the
PP; while on the other, the presence of the compatibilizer
increased the compatibility and, as a result, facilitated the stress
transfer between the matrix and the fibers. The compatibilizing
effect seems to be significant up to a 7 wt % compatibilizer
content but diminishes once this amount is exceeded.
It has been reported that in compatibilized PP/PET

microfibrillated composites, the aspect ratio of microfibrils
and mechanical properties improves only up to an optimum
amount, above which the properties are not only not
enhanced, but are actually diminished.39,51,52

3.4. Fracture Behavior. All of the materials in this study
exhibited ductile fracture under the applied test conditions. As
can be seen in Figure 5, a well-defined maximum followed by a
gradual drop in load was observed in the load−displacement
curves of all of the materials. Initially, the load increases with
displacement, then the ligament begins to yield, and the crack
grows steadily. It was also observed that the longer the
ligament, the greater the displacement and the load. The
specimens exhibited a plastic zone with strain softening,
indicating that the energy dissipation mechanisms were
probably cavitation and matrix cracking. However, some
differences between the UBs and the MFCs were observed.
In the case of the MFCs (with or without a compatibilizer), as
the displacement increased, the load decreased more gradually
from the peak than in the case of the UBs.
The fracture behavior of the UBs and the MFCs was

characterized using the EWF method, with energy partition
between yielding and post-yielding. Values for the specific
work of yielding (wf,y) for all of the materials were determined
by integrating the areas under the load−displacement curves
up to the maximum load. Figure 6 shows the specific yielding
work as a function of the ligament together with a linear fit.
The resistance to the initiation of crack propagation is

Table 2. Calorimetric Parameters of the PP and LDPE Phases in UBs and MFCs after Injection Moldinga,b,c

LDPE PP

sample Tm
1 (°C) ΔHm

1 (J/g) Xc
1 ΔHc (J/g) Tm

2 (°C) ΔHm
2 (J/g) Xc

2 Tm
1 (°C) ΔHm

1 (J/g) Xc
1 ΔHc (J/g) Tm

2 (°C) ΔHm
2 (J/g) Xc

2

UB-0 116 69 29 72 115 76 33 174 15 36 94 167 14 33
MFC-0 115 75 32 72 115 80 34 170 14 34 94 166 12 29
UB-7 114 61 26 81 114 69 29 162 14 33 95 166 15 37
MFC-7 118 75 32 78 116 52 22 162 13 27 93 169 1 27
UB-15 116 68 29 79 115 52 22 170 12 28 94 167 12 28
MFC-15 115 68 29 79 115 53 22 167 12 29 94 167 11 27

a1-First heating scan. b2-Second heating scan. cTm = melting temperature, ΔHm = measured melting enthalpy, Xc = percentage crystallinity, ΔHc =
measured crystallization enthalpy.

Figure 4. Stress−strain curves for the UB and MFC blends.

Table 3. Mechanical Parameters of the UB and MFC Blends

tensile behavior fracture behavior impact behavior

sample E (MPa) σmax (MPa) εb (%) we,y (kJ/m
2) βwp,y (MJ/m3) impact energy (J/m)

UB-0 483 ± 5 18.6 ± 0.3 32 ± 3 0.5 ± 0.4 0.7 ± 0.1 98 ± 4
MFC-0 519 ± 11 19.5 ± 0.4 35 ± 2 2.0 ± 0.6 0.8 ± 0.1 121 ± 4
UB-7 499 ± 10 18.5 ± 0.2 32 ± 2 1.5 ± 1.0 0.7 ± 0.1 102 ± 7
MFC-7 619 ± 13 21 ± 0.4 35 ± 4 7.2 ± 1.7 0.8 ± 0.3 137 ± 10
UB-15 485 ± 6 18.3 ± 0.4 29 ± 2 2.4 ± 0.9 0.5 ± 0.1 97 ± 4
MFC-15 636 ± 19 21 ± 1 34 ± 4 6.8 ± 1.9 0.7 ± 0.2 139 ± 10
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represented by the specific essential work of yielding (we,y),
and the resistance to further crack propagation is related to the
slope of the linear regression of wf,y vs L (βwp,y). Table 3 shows
the fracture parameters from the EWF analysis.
Regarding the unstretched blends, a slight increase in the

initiation parameter values (we,y) was observed when a
compatibilizer was added, while the propagation parameter
remained constant. This is attributed to the high degree of
incompatibility between the LDPE and PP phases as well as
the stress-concentrating effect of the PP particles, which both
make it easier to create a path for crack propagation.47,48

Regarding the microfibrillated composites, compared to the
UBs, a significant increase in the initiation parameter value
(we,y) was observed when no compatibilizer was added. In fact,
this increase was even higher in the case of compatibilized
blends. According to Mai and co-authors,53 in short glass fiber-
reinforced thermoplastics, the physical meaning of we,y is the
work required to debond, slide and pull out the fibers, deform
the matrix, and subsequently fracture it through the crack plane
in the fracture process zone. In the MFC samples presented
here, the injection process was performed above the melting
temperature of the matrix component (LDPE), but below that
of the second phase (PP), with a view to preserving the PP

microfibers in the final pieces. Consequently, the PP
microfibers were in a solid state during this processing step.
As the blend cooled from processing to room temperature

Figure 5. Load−displacement curves for (a) UB-7 and (b) MFC-7 for
different ligament lengths.

Figure 6. Work of fracture vs ligament length plots comparing UBs
and MFCs. (a) Noncompatibilized, (b) with 7% compatibilizer, and
(c) with 15% compatibilizer.
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inside the mold, the LDPE experienced crystallization
shrinkage, while the PP microfibers hardly shrank due to the
absence of phase transition, i.e., only molecular relaxation
occurred. Therefore, high thermal residual stress (compressive
stress) developed between the PP fibers and the LDPE matrix.
During testing, due to the deformation of the matrix, relative
motion at the interfaces was favored and thus, a frictional force
was generated. The frictional force caused the PP fibers to
withstand the external stress and consequently strengthened
the final sample. This effect was amplified in the presence of
the compatibilizer, probably due to the increased fiber/matrix
interaction.53,54

Regarding the propagation stage, the nonessential work βwp,y
remained constant as the compatibilizer content increased,
both in the UB and the MFC samples. This parameter
indicates the energy required for plastic deformation to occur
mainly in the LDPE matrix. This result is probably due to the
excess of microfibers in the matrix (indicated by the large
number of particles observed in the blends before stretching),
which limits the ductility of the samples. This is because the
microfibers themselves have a low capacity for deformation,
and the interfacial adhesion between the fibers and the LDPE
was poor due to their incompatibility,54 even at large
compatibilizer contents.
3.5. Behavior under Impact Conditions. The impact

energy values obtained by noninstrumented Izod tests for all of
the studied materials are shown in Table 3. The MFCs
presented significantly higher impact resistance values than the
corresponding unstretched blends (23, 34, and 43% with
respect to 0, 7, and 15% compatibilized materials, respec-
tively). As for the tensile behavior previously explained, the

fibrillated morphology of the dispersed phase (PP) allowed a
greater load transfer on impact, possibly due to the greater
contact surface area between the PP fibers and the LDPE
matrix. Actually, the toughness calculated from the stress−
strain curves of the tensile test showed similar results (16, 25,
and 39% increases with respect to unstretched blends) to those
of Izod impact test. With respect to the effect of
compatibilization, barely significant increases were observed
in the UBs. However, a 13% increase in the impact strength
was observed in the 7% compatibilized MFC compared to the
noncompatibilized MFC, with no further increases detected at
higher compatibilizer contents, consistent with the results
reported by Zanjanijam et al.55 for PP/PVB blends. The
favorable behavior of the compatibilized MFCs can be
attributed to an increase in the interfacial adhesion, which
led to a more efficient stress transfer between the PP fibrillar
domains.56 These results contrast with those reported in the
literature35,36 for LDPE/PET blends compatibilized with graft
copolymers where compatibilized MFCs showed a decrease in
impact energy compared to noncompatibilized MFCs. The
authors attributed their observations to the amount of
compatibilizer added, which caused a discontinuity in the
PET microfibers, which further deteriorated during the
isotropization process.
The fracture surfaces of the specimens subjected to the Izod

impact tests are presented in Figure 7. The toughness of
polymeric materials can usually be easily related to the
roughness observed in SEM micrographs: a rough fracture
surface indicates a ductile material with high impact resistance.
It was observed that the UB-0 samples presented smoother
fracture surfaces than the corresponding MFC-0 samples,

Figure 7. SEM micrographs of the Izod impact test fracture surfaces of the UBs and the MFCs: UB-0 (a), UB-7 (b), UB-15 (c), MFC-0 (d), MFC-
7 (e), MFC-15 (f).
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confirming that the microfibrillation process promoted plastic
deformation even during impact fracture and therefore energy
absorption. The surfaces of the compatibilized blends (UB-7
and UB-15) were similar to the noncompatibilized UB-0,
exhibiting smoother fracture surfaces than the MFC samples. A
higher degree of plastic deformation was achieved in MFC-7
and MFC-15, in comparison with MFC-0; the fracture surfaces
were rougher and the ductile tearing deformation mechanisms
were greater in the first two than in the MFC-0 samples. As
previously mentioned, the addition of the compatibilizer and
the microfibrillation process have a synergistic effect on the
damage mechanism which was clearly evidenced in the impact
toughness values.

4. CONCLUSIONS

In this work, the improvement of the mechanical performance
of LDPE/PP blends through morphology manipulation was
analyzed. It was possible to obtain microfibrillated composites
by in situ formation and development of PP microfibrils in an
LDPE matrix following an unusual combination of common
industrial processing techniques. Both nonstretched blends
(UBs) and microfibrillar composites (MFCs) were studied at
varying compatibilizer concentrations of 0, 1.4, and 3 wt % of
the total PE/PP content (0, 7, and 15 wt % of the minority
phase).
The morphologies of the UBs and the MFCs were analyzed

at different processing stages. As expected, the UB samples
exhibited a droplet morphology. The MFCs presented a
fibrillar morphology, which could be verified indirectly by
analyzing their mechanical behavior.
The tensile strength of the MFCs increased by 15%

compared with the UBs, regardless of the amount of
compatibilizer added. Young’s modulus increased by a higher
percentage (from 7 to 30%) when the compatibilizer was
added. Furthermore, this reinforcing effect occurred without
any loss of high-strain mechanical properties, i.e., elongation at
break. No further significant changes in tensile properties were
found when the compatibilizer content was increased.
Fracture characterization by the EWF showed that the

resistance to the initiation of fracture propagation increased in
the MFCs relative to the UBs. This parameter showed a
dependence on the morphology of the dispersed phase
(particulate vs microfibrillated) and on the presence of the
compatibilizer. From these results, it is evident that the
incorporation of PP microfibrils in the LDPE matrix allows a
significant improvement in fracture toughness.
Finally, the microfibrillation process in the LDPE/PP blends

led to a 23% increase in the impact resistance relative to the
unstretched blends. This parameter was further increased (to
43%) when a compatibilizer was added. Again, no significant
differences were found when the compatibilizer content was
increased.
As it was said before, a circular economy requires new

technologies for the treatment of waste. Based on our results, it
is evident that this type of processing has enormous potential
for large-scale application in immiscible recycled polyolefin
blends where final properties can be improved by modifying
their morphology. The application of these conventional
processing techniques in a nonconventional way is innovative
and represents a significant and positive contribution to the
recycling of the world’s top two polymers through simple melt
blending, as the process could be easily used in a production

environment, obviating the need to separate these plastics in
mixed waste streams.

■ AUTHOR INFORMATION
Corresponding Author

Gonzalo Guerrica-Echevarría − POLYMAT and Department
of Advanced Polymers and Materials: Physics, Chemistry and
Technology, Faculty of Chemistry, University of the Basque
Country UPV/EHU, 20018 Donostia-San Sebastian, Spain;
orcid.org/0000-0003-1255-8899;

Email: gonzalo.gerrika@ehu.eus

Authors
Caren Rosales − INTEMA, University of Mar Del Plata
CONICET, 7600 Mar Del Plata, Argentina; orcid.org/
0000-0002-1942-5354

Nora Aranburu − POLYMAT and Department of Advanced
Polymers and Materials: Physics, Chemistry and Technology,
Faculty of Chemistry, University of the Basque Country
UPV/EHU, 20018 Donostia-San Sebastian, Spain;
orcid.org/0000-0001-5730-9867

Itziar Otaegi − POLYMAT and Department of Advanced
Polymers and Materials: Physics, Chemistry and Technology,
Faculty of Chemistry, University of the Basque Country
UPV/EHU, 20018 Donostia-San Sebastian, Spain;
orcid.org/0000-0001-8269-8489

Valeria Pettarin − INTEMA, University of Mar Del Plata
CONICET, 7600 Mar Del Plata, Argentina; orcid.org/
0000-0001-7927-2647

Celina Bernal − ITPN, University of Buenos Aires
CONICET, 1127 Buenos Aires, Argentina; orcid.org/
0000-0002-6949-3400

Alejandro J. Müller − POLYMAT and Department of
Advanced Polymers and Materials: Physics, Chemistry and
Technology, Faculty of Chemistry, University of the Basque
Country UPV/EHU, 20018 Donostia-San Sebastian, Spain;
IKERBASQUE, Basque Foundation for Science, 48009
Bilbao, Spain; orcid.org/0000-0001-7009-7715

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsapm.1c01932

Funding
This research was funded by Ministerio de Ciencia, Tecnologiá
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