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Abstract: Crystallinity and rheological behavior are significant for processing semi-crystalline poly-
mers with fine mechanical properties. There is always an economical need to create a less expensive
new material with better properties. Non-isothermal crystallization and oscillatory shear rheology of
different branch-type polyethylene-polyethylene blends were investigated. Samples of high-density
and low-density polyethylene (HDPE/LDPE) (20/80, 40/60, 60/40 and 80/20 weight ratios) and two
types of high-density and linear low-density polyethylene (HDPE/LLDPE) (40/60 and 60/40 weight
ratios) were prepared via extrusion. The materials were tested by differential scanning calorimetry
(DSC) at several cooling rates (5, 10, 20, 30 and 40° /min) and by oscillation rheometry (ARES G2) at
low angular frequency range to prove their miscibility or immiscibility. It was found that the one-peak
melting endotherm of the 80-20% HDPE-LDPE blend could indicate miscibility in the solid phase,
while the other HDPE-LDPE blends with two-peak curves are partially or not miscible. In contrast,
all the HDPE-LLDPE blends indicate co-crystallization, but the 40-60% HDPE-LLDPE butylene blend
is probably immiscible. It was revealed that complex viscosity decreases with angular frequency:
linearly for HD-LD blends and not linearly for HD-LLDPE blends. The complex viscosity shows
linear behavior with composition for HD-LLDPE blends, while there is a positive-negative deviation
for HD-LD blends. In the liquid phase, according to rheological measurements, the HDPE-LDPE

check for blends are not or partially miscible, while the HDPE-LLDPE blends are probably miscible.
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1. Introduction

Polyethylene (PE) has been widely used in the packaging industry for more than
Academic Editors: Aleksander Hejna  8() years. The structure of PE is simple; however, the content and length of the side

and Abderrahim Yassar chain branching determine the degree of crystallinity, and the mechanical properties [1].
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material properties [3-7].

Using polyethylene—polyethylene blends, the thermal and mechanical properties

change with the branching degree. The final material behavior will be composed of the
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On the other hand, LCB can enhance the shear thinning behavior, which can be
beneficial for blow molding or film preparation [10]. The LCB containing m-HDPE is
miscible in m-LLDPE and with the HDPE content the melting temperature increases.

Several researchers investigated the effect of MW on miscibility. Some said that the
effect of MW on miscibility can be neglected [11,12]. Others said that materials with lower
MW are more miscible [13,14].

Hameed et al. (2006) found that in the solid phase, the miscibility is independent of
the molar mass or the branch degree. However in the liquid phase, the HDPE/LLDPE
blend with lower MW is miscible, but with higher MW there is a negative deviation with
log additivity rule, which could be caused by layered morphology. The HDPE-rich phase
is compatible because co-crystallization has occurred. In the LLDPE-rich phase, several
exotherm peaks by DSC show separated crystallites [15].

When mixing the HDPE-LDPE mixture, there is a contradiction in terms of composi-
tion. In the study of [5,16], mixing was possible at low HDPE content, as the distribution of
HDPE crystals in the LDPE matrix improved. In the research of [7,11], however, the blend
with a high HDPE content was mixed.

In the HDPE-LDPE mixture, phase separation often occurs in the crystalline phase
[1,11,17-24], since crystals of different sizes melt at different temperatures and those with
different structures and materials create different crystal modifications. That is why the
slower the blend is crystallized by cooling, the more the differences between the crystal
structures appear, and the more it segregates [24,25]. This also means that rapid cooling
can prevent segregation [26]. If the raw materials are not mixed, the components still
interact, and a fractionation effect occurs [27,28]. This means that parts of the raw materials
with similar branching/density act on each other as nucleators, so they crystallize at the
same time.

Based on experiments, HDPE /LLDPE blends mix better with a high HDPE content [15,29].

Samples with broad MWD values show higher Newtonian viscosity, which could be
useful in manifesting long-chain branching [30]. Long-chain branches can cause phase
separation, and make the material thermorheologically complex; however, this field is
quasi-unknown for Arrhenius-type polymers [31-33].

Hussein et al. also predicted that the increasing branch degree makes the polymer melt
more immiscible. However, LLDPE/LDPE blends with high hexene comonomer content
are miscible, while those with low hexane comonomer content are immiscible [34].

Chen et al. measured ultrahigh molecular weight polyethylene (UHMWPE) and the
blends with LDPE were miscible, while with LLDPE, the miscibility had strong weight
fraction dependence and micro-phase separation occurred. The measured three endotherm
peaks by differential scanning calorimetry (DSC) show co-crystallization. The crystalliza-
tion rate of the pure materials differs, so liquid—solid phase separation forms. That also
indicates a decrease in crystallization temperature [35].

Some investigated the effect of catalyst type (Ziegler-Natta (ZN) or metallocene (m)).

Hill et al. found that there is no effect of the catalyst type [36]. However, Lee et al.
measure the ZN-LLDPE to be more miscible in HDPE, than m-LLDPE [7]. Hussein et al.
found that in the m-LLDPE-rich phase, the other polymer with high BC is less miscible [34].

Melt miscibility in the function of branching structure can be investigated via time-
temperature superposition (TTS), Han plot (G” vs. G”), van Gurp-Palmen plot (5 vs. G¥), Cole—-
Cole plot m” vs. ") and viscosity vs. concentration (blend ratio) curve [9,10,16,35,37-39].

The crystalline phase can be investigated by calorimetry. The cooling rate influences
the quantity and structure of crystals. In blends, generally, a co-crystallized phase improves
the properties [40,41]. The co-crystallization is a sign that the blend is compatible with
the crystalline phase [42,43]. In some cases, more than one type of crystalline structure
is formed [4]. The fact that phase separation or co-crystallization is generated is a matter
of blend ratio [15]. By calorimetric investigation, one melting peak can indicate complete
co-crystallization, while two melting peaks might indicate phase separation [1]. The
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mechanical properties of both the phase-separated and the co-crystallized blends can be
better, compared with the original PE’s [42].

During crystallization, we can see that the blends do not mix [44,45], or only separate
due to slow cooling [46]. But they can also mix [6,7,27,40,47] and co-crystals are formed
even with slow cooling [tashiro1999] or partial melting in the melt state [48].

Usually, processing of the thermoplastics happens in a molten state (extrusion, injection
molding), so knowing the rheological properties is essential. The molar mass influences
the melt strength and the viscosity [1], the melt strength is also affected by the branching
structure: for LDPE the highest, then for HDPE, and for LLDPE the lowest [49]. Some
researchers said that not just the branch content, but also the branch distribution determine
the properties [50]. The melt miscibility is not affected by the high viscosity difference of
the base materials [51-54].

The rheological investigations of polyethylene blends are usually between 180 and 210 °C;
however, there are PE types, which are suggested to prepare even at 270 °C. Recently, several au-
thors investigated HDPE-LDPE or HDPE-LLDPE blends [5,15,16,29,34,38,42,51,55-58]; how-
ever, only a few deal with the comparative study of these blends at elevated temperatures
(230-250 °C).

Therefore, in this study, blends of high-density and low-density polyethylene (HDPE/LDPE)
(20/80, 40/60, 60/40 and 80/20 weight ratios) and two types of high-density and linear
low-density polyethylene (HDPE/LLDPE) (40/60 and 60/40 weight ratios) were prepared
via extrusion. Results of non-isothermal crystallization and oscillatory shear rheology of
different comonomer-type polyethylene—polyethylene blends are shown.

2. Materials and Methods

HDPE TIPELIN FA 381-10 (with hexen-1 comonomer) [59], LDPE TIPOLEN FB 243-51
(not containing any additives) [60] and two types of LLDPEs: Exceed 3518 (with hexane
comonomer) [61] and Flexirine CL10U (with butylene comonomer) [62] were selected.
HDPE and LDPE are produced by MOL Group, TVK Nyrt. Hungary. LLDPEs are produced
by Exxon Mobile Chemicals and ENI Versalis, respectively. The Melt Flow Rate of the four
polyethylene types was determined at 190 °C with 2.16 kg. The MFR values are 0.28, 0.75,
3.5 and 2.5 g/10 min, respectively. Their densities at 23 °C are 937, 921, 918 and 918 kg/m?,
respectively (Table 1).

Table 1. Polymer characteristics of the examined materials.

Investigated Property

Name of Raw Material

MER Values (g/10 min) Density at 23 °C (kg/m3)
HDPE TIPELIN FA 381-10 0.28 937
LDPE TIPOLEN FB 243-51 0.75 921
LLDPE Exceed 3518 3.5 918
LLDPE Flexirine CL10U 2.5 918

The PE-PE blends were made by a Collin Teach-line conventional extrusion line with an
E20T single-screw extruder, with 190-200-210 °C zone temperatures and 80 rpm extruder
revolution. The feed rate of the granulate in the extruder is 0.7 kg/h. These standard
parameters were used to make recycled samples along the blends by producing filament
from the original materials and grinding them. Taking everything into consideration, the
starting material was the same in the recycled case, only the ones produced along the
mixtures were processed once by a grinding process after the production of filament and
then extruded once more. Recycled samples are useful, because they contain the same
mechanical and heat impact as the blends, so they are ideal for references. The original
materials mean the samples obtained from the manufacturers. They were measured without
preprocessing (extrusion).
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HDPE/LDPE and two types of HDPE/LLDPE blends were made in 100/0, 80/20,
60/40, 40/60,20/80,0/100 and 100/0, 60/40, 40/60, 0/100 weight ratios, respectively. In
the notation of the blends, the first number is always the HDPE percentage and the second
number is the other PE (abbreviated as LD, Flex or Ex) percentage.

Melting and crystallinity of the samples were investigated by differential scanning
calorimetry (DSC). Thermal Analysis TA Q200 heat-flux DSC equipment was applied
according to the ISO-11357-1 standard [63]. All the samples were between 3 and 5 mg. The
measuring atmosphere was nitrogen gas with a 50 mL/min flow rate. At non-isothermal
conditions (between 30 and 180 °C), the cooling rate was 5, 10, 20, 30 and 40 °C/min.

The rheological behaviors of the samples were characterized by oscillatory shear
rheometry ARES G2 with an SMT system (Separated Motor Transducer) and with an FCO
(Forced Convention Oven) [64]. A 25 mm diameter cone-plate geometry was applied and
approximately 0.5 g granulate was used for each measurement. The angular frequency
was between 6.28 and 628 rad/s at 0.1% strain. The trim gap was 0.09 mm and the
geometry gap was 0.04 mm. The HDPE/LDPE blends were investigated at 230 °C, while
the HDPE/LLDPE blends at 250 °C. These temperatures can seem high compared to the
processing temperature of common polyethylenes, but both LLDPEs require a higher
processing temperature according to the manufacturers. For example, it is around 270 °C
for the Exceed LLDPE [61]. For the HDPE/LDPE blends we tried to find a temperature
near the other measuring temperature without too high flowability.

3. Results and Discussion

DSC measurement is appropriate to investigate the chemical or physical changes
in polymers such as crystal melting or crystallization. The first melting curve can show
information from the processing, so the second melting curve was investigated.

The melting endotherms of the HDPE-LDPE blends show a two-peak curve. The
peak temperature of the recycled materials is higher than the originals, and the difference
is increasing with the heating rate (~3 °C at 40 °C/min). The melting endotherm of the
recycled materials is also broader and increases with the heating rate. The butylene and
hexane LLDPEs show two peaks melting at 5 °C/min, and the two peaks merge into
one with the heating rate. Before the melting peaks, all the materials and blends have
a subpeak at 110 °C, which does not change with the rate. It is possible that the more
branched parts melt at lower temperatures. All the HDPE-LLDPE blends have a one-
peak melting, which can indicate co-crystallization. However, the peak temperature of
the 60—-40% HDPE-LLDPE butylene blend and all the HDPE-LLDPE hexane blends are
between the original materials and the height of the peak is proportional to the HDPE
content, the peak temperature of the 40-60% HDPE-LLDPE butylene blend is near to the
peak temperature of HDPE and the height of the peak is smaller by a lot.

Shen et al. found that during the crystallization of mixtures, a peak is visible on DSC,
which may indicate co-crystallization (linear fraction of HDPE and LLDPE co-crystallize)
or overlapping of peaks (HDPE acts as a nucleator for LLDPE, while LLDPE acts as a
diluent for HDPE- re, so the vertices meet). Due to the SCB content, the chain regularity
of LLDPE is lower, therefore a smaller, wider, lower temperature peak is formed. By
increasing the HDPE component, the area of thicker lamellae (at higher temperatures)
shows a positive difference, as more perfect crystals are formed. According to this, the
degree of crystallinity is proportional to the HDPE content and this affects the melting and
crystallization temperature as well [42].

Based on Hameed et al.’s research, the compatibility in the solid phase of low molec-
ular weight HDPE /LDPE blends is independent of molecular weight and branching but
depends on the HDPE content (the more content, the more co-crystals) [15].

Hill et al. also found for linear and branched PE blends that segregation occurs at low
linear PE contents. Co-crystallization occurred at a ratio of 6:4 (linear-branched) [11].

Melting and crystallization curves of HDPE-LLDPE (Exceed) blend at 20 °C/min heat-
ing and cooling rate can be seen in Figure 1. The crystallization process starts at a higher tem-
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perature for the blends, while for the original and recycled LLDPE (EX) it is more than 10 °C
later. All the materials have a postcrystallization at around 65 °C (for HDPE-containing
materials it is a higher value), so the blends have a broader crystallization interval.
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Figure 1. Melting (a) and crystallization (b) curves of HDPE-LLDPE (Exceed) blends at 20 °C/min
heating/cooling rate.

The double-peaked melting endotherm and crystallization exotherm seen in the HDPE-
LDPE mixtures and the single-peaked melting endotherm and crystallization exotherm seen
in the HDPE-LLDPE mixtures (Figure 1) indicate that in the former case, miscibility depends
on the composition and partial miscibility is possible, while in the latter, co-crystallization
occurs and the blends are miscible (besides the 40-60% HDPE-LLDPE butylene blend).

Crystallinity is shown in the function of the heating rate (Figure 2) All three blends
show crystallinity increasing with the heating rate; however, in Figure 2a at 5 and 40 °C/min
some crystallinity values show deviation. This could be caused by phase separation. The
HDPE has larger, more uniform crystallites, so the crystallinity is escalating with HDPE
content. As the HDPE content increases, phase inversion occurs, and the matrix and
dispersed phase switch place, HDPE will be the matrix and the other PE will be the
dispersed phase. The heating and cooling rate influence the crystallization process. The
lower rate enhances the phase separation [25], while a much higher rate can hinder it [26].
The location of the original and recycled materials is different for each PE. The processing
can cause damage to the linear polymer chain, so the recycled HDPE has lower crystallinity.
Recycled Flex and recycled LDPE have a higher value, while the value of recycled Ex does
not change. The processing does not have the same effect on the small chain branches as
the longer chains. In all cases, the crystallinity of blends is between the base materials and
the recycled ones. For HD-LD blends (Figure 2a), between 10 and 30 °C/min and from 40
to 80 wt% HDPE content, the degree of crystallinity seems similar to the expected value of
60—40% blend. A characteristic crystalline structure is probably formed at these velocities.

The possible phase separation could be between 20 and 40 wt% HDPE content. For
HD-Flex blends (Figure 2b), there is a gap between 40 and 60% HDPE content, which
can indicate phase separation or alteration. For HD-Ex blends (Figure 2c¢), all the curves
are nearer to the HDPE curve, than to the Ex curve. This means that, if there is phase
separation, it is under 40% HDPE content. Comparing the curves with the ones calculated
by the mixing rule, the 40-60% HDPE-Flex blend is falling behind, while the 60-40% blend
is better than the calculated. All the HDPE-Ex blends are better than expected.
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Figure 2. Crystallinity in the function of heating rate: (a) HD-LD blends, (b) HD-Flex blends and
(c) HD-Ex blends.

In Figure 3a,b, the crystallization shows a large deviation from linearity, which indi-
cates that the mixtures are not miscible in all compositions, while in Figure 3c there is only
a small positive deviation, which may mean that the mixtures are partially or completely
miscible. The heating rate only has an effect on the degree of crystallization of HDPE-LDPE
mixtures, even there only at very low (5 °C/min) and very high (40 °C/min) rates, so
this is probably due to the uncertainty of the equipment at 40 °C/min. At5 °C/min, the
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degree of crystallinity follows the decreasing trend seen at the other heating rates, but
phase transitions occur at other compositions. It is possible that at 5 °C/min the structure
changes between 40 and 60% HDPE content, while at higher speeds between 20 and 40%. It
is likely that the in Figure 3b phase separation occurs between 40 and 60% HDPE content.
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Figure 3. Crystallinity in the function of HDPE content: (a) HD-LD blends, (b) HD-Flex blends and
(c) HD-Ex blends.



Materials 2023, 16, 6402 8 of 18

The extrapolated starting temperature of crystallization is shown as a function of the
cooling rate (Figure 4). The starting temperature decreases with the cooling rate. While
HDPE fractions form crystallites at higher temperatures (because of the linear structure),
the starting point of crystallization of blends is significant for HDPE. Therefore, all the
blends have a similar starting temperature of crystallization. The processing does not affect
all the long chains, so recycled HDPE and original HDPE diagrams are the same, except
at 40 °C/min, where there is too little time to form the same crystallite. Nevertheless, for

the LD, Flex and Ex materials, the recycled ones have higher starting temperatures. Maybe
after extrusion, the chains remained oriented.
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Figure 4. The starting temperature of crystallization as a function of cooling rate: (a) HD-LD blends,
(b) HD-Flex blends and (c) HD-Ex blends.

The peak temperature of crystallization decreases with the cooling rate (Figure 5).
HD-LD blends (Figure 5a,b) have two peaks, where the first peak (at higher temperatures)
is specific for HDPE and the second peak is specific for LDPE fraction. Until 60% LDPE con-
tent, the first peak temperature is not shifted by the other ingredient, and the second peak
temperature is shifted in little extent only at a higher cooling rate. The peak temperature
curve of the recycled materials is always steeper than that of the originals or the blends,
so the cooling rate influences the peak temperature more for these recycled materials. In
contrast, for Flex and Ex (Figure 5c,d) the curve steepness of the original and the recycled
materials are the same. For the LLDPE blends, the peak is determined mainly by HDPE.
The maximum temperature of Ex was lower than that of Flex; however, Ex affected the
peak temperature less. The recycled LLDPE materials (Flex and Ex) has slightly higher
peak temperature than the originals.
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Figure 5. Peak temperature of crystallization as a function of cooling rate: (a) HD-LD blends first
peak, (b) HD-LD blends second peak, (c) HD-Flex blends and (d) HD-Ex blends.

The rheological behavior can be characterized by complex viscosity and complex
modulus values investigated by shear oscillation.

The complex viscosity is represented in the function of angular frequency, both axes
use the logarithmic scale (Figure 6). In general, complex viscosity decreases with angular
frequency. For HD-LD blends (Figure 6a), the curves are parallel, so the viscosity changes
the same way for all the materials. LDPE and the 20-80% blends; and the 40-60% and
60—40% blends have the same viscosity values at all frequencies, respectively. Even a small
percentage of LDPE could decrease the viscosity of HDPE. For LLDPE blends (Figure 6b,c),
the curves are not parallel, at lower frequencies there are bigger differences because the
complex viscosity is more sensitive to the structure [9]. At higher values, the curves are
intersecting. For HD-Ex blends (Figure 6c¢), this intersection is more regular than that of
HD-Flex blends. Cho et al. found the same curve shapes for HDPE-LDPE (parallel) and
HDPE-LLDPE (intersecting) [1]. They concluded that all the blends were miscible, but the
complex viscosity of their blends showed linear behavior with composition.

Plots of complex viscosity versus HDPE content show a linear relationship; however,
20-80% and 60-40% HDPE-LDPE blends have a significant negative deviation, while HDPE-
LLDPE blends have a smaller negative deviation. Curves where the angular frequency
difference was equal (Figure 7b,c) show that at lower frequency values complex viscosity is
influenced more by angular frequency.
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Figure 6. Complex viscosity in function of angular frequency: (a) HD-LD blends, (b) HD-Flex blends
and (c¢) HD-Ex blends.

The complex modulus contains the storage and loss modulus parts, which increase
in function of angular frequency (Figure 8). The storage modulus curves (G1) of HD-LD
blends are parallel, while those of HD-LLDPEs have intersections. LDPE and the 20-80%
blends and the 40-60% and 60-40% blends have the same modulus values at all frequencies,
respectively (Figure 8a). The loss modulus curve of HD-Ex blends is the most orderly, the
curves intersect at one point, at 50 rad/s.

The given storage (G1) and loss (G2) modulus curves have an intersection in the mea-
sured interval (despite HDPE, Flex and Ex recycled materials), which show the polydisper-
sity of the samples. For HDPE-LDPE blends ((Figure 8a), PDI increases with HDPE content.

In Figure 9, Han plots are shown, (a) for HDPE-LDPE blends at 230 °C, (b) for HDPE-
LLDPE (Flex) blends at 250 °C and (c) for HDPE-LLDPE (Ex) blends at 250 °C. Han plots
(log storage modulus (G’) versus log loss modulus (G”)) are independent of composition
or temperature for compatible blends. However, none of the blends are independent of
composition. HDPE-LDPE blends show a good similarity to LDPE or HDPE, which means
that one or more blends are compatible, but certainly, there is a phase separation at a certain
composition. A 20-80% blend is similar to LDPE, 40-60% and 60—40% blends have the same
values between the original materials, while an 80-20% blend is similar to HDPE. Curves
of the HDPE-LLDPE (Flex) blends are between the original materials and are similar to
HDPE. A 60-40% blend of HDPE-LLDPE (Ex) can be compatible because its curve is on the
HDPE curve. The 40-60% blend is probably immiscible.
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Figure 7. Complex viscosity in function of HDPE content: (a) HD-LD blends, (b) HD-Flex blends and

(c) HD-Ex blends.
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In Figure 10, the imaginary part of viscosity versus the real part of viscosity (Cole-Cole
plot) are shown for (a) HDPE-LDPE, (b)HDPE-LLDPE (Flex) and (c) HDPE-LLDPE (Ex)
blends. In the case of miscible blends the Cole—Cole plot forms a parabola at a higher
loss viscosity range (at a lower frequency). In the measured region, the elastic—viscous
behavior can be seen. The HDPE-LDPE blends are similar to each other; however, the more
HDPE content, the more viscous are the blends. The HDPE-LLDPE (Flex) blends are similar



Materials 2023, 16, 6402

14 0f 18

to each other but are between the original materials. The 40-60% blend is more viscous
than the 60—40% blend. On the other hand, the slope of the HDPE-LLDPE (Ex) blends
are different. The 60-40% blend is more viscous and similarly as good as HDPE. At this
frequency region, it is not sure that the blends are immiscible.
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4. Conclusions

Three types of polyethylene—polyethylene blends were processed via extrusion and
characterized by calorimetry and rheometry. This study concluded the following;:

- The one-peak melting endotherm of the 80-20% HDPE-LDPE blend could indicate
miscibility in the solid phase, while the other HDPE-LDPE blends with two-peak
curves are partially or not miscible.

- Allthe HDPE-LLDPE blends have a one-peak melting, which can indicate co-crystallization.
However, according to the peak temperature and the height of the peak (degree of
crystallinity) of the 40-60% HDPE-LLDPE butylene blend is immiscible, while all the
other HDPE-LLDPE blends are miscible in solid phase.

- According to the change in crystallinity, the HDPE-LDPE blends have more phase
inversions, the HDPE-LLDPE butylene blends have a phase inversion between 40 and
60% HDPE content, while the HDPE-LLDPE hexane blends have no or below 40%
HDPE content.

- Ingeneral, complex viscosity decreases with angular frequency. For HD-LD blends
the curves are parallel, while for HD-LLDPE blends are not (they have intersection).

- The complex viscosity shows linear behavior with composition, but some blends
have a significant negative deviation. At lower frequency values, complex viscosity is
influenced more by angular frequency than at higher frequencies.

- The storage and loss modulus increase in function of angular frequency. The curves of
HD-LD blends are parallel, while those of HD-LLDPEs have intersections.

- Inthe liquid phase, according to rheological measurements, the HDPE-LDPE blends
are not or partially miscible, while the HDPE-LLDPE blends are probably miscible.

- Theresults can be used in industry, for example, in the recycling of mixed polyethy-
lene waste, from which new polyethylene mixtures are made. These mixtures can
contribute to the application of covering cables in the automotive industry, where the
recycling rate is of particular importance.

Author Contributions: Conceptualization, Z.W.; Methodology, D.N.; Investigation, D.N.; Data
curation, D.N.; Writing—original draft, D.N.; Writing—review & editing, Z.W.; Visualization, D.N.;
Supervision, Z.W. All authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by the European Union within the framework of the National
Laboratory for Artificial Intelligence (RRF-2.3.1-21-2022-00004). This work was supported by the
Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences (ZW).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cho,K; Lee, B.H.; Hwang, K.M.; Lee, H.; Choe, S. Rheological and mechanical properties in polyethylene blends. Polym. Eng. Sci.
1998, 38, 1969-1975. [CrossRef]

2. Resch,].A.; Kefiner, U,; Stadler, F.J. Hermorheological behavior of polyethylene: A sensitive probe to molecular structure. Rheol.
Acta 2011, 50, 559-575. [CrossRef]

3. Vicente-Alique, E.; Vega, ].E.; Robledo, N.; Nieto, ].; Martinez-Salazar, J. Study of the effect of the molecular architecture of the
components on the melt rheological properties of polyethylene blends. J. Polym. Res. 2015, 22, 62. [CrossRef]

4. Zhao, Y,; Liu, S.; Yang, D. Crystallization behavior of blends of high-density polyethylene with novel linear low-density
polyethylene. Macromol. Chem. Phys. 1997, 198, 1427-1436. [CrossRef]

5. Sarkhel, G.; Banerjee, A.; Bhattacharya, P. Rheological and mechanical properties of LDPE/HDPE blends. Polym. Plast. Technol.
Eng. 2006, 45, 713-718. [CrossRef]

6.  Rana, S.K. Effect of cocrystallization on kinetic parameters of high-density polyethylene/linear low-density polyethylene blend. J.
Appl. Polym. Sci. 1996, 61, 951-957. [CrossRef]

7. Lee, H.S.; Denn, M.M. Blends of linear and branched polyethylenes. Polym. Eng. Sci. 2000, 40, 1132-1142. [CrossRef]


https://doi.org/10.1002/pen.10366
https://doi.org/10.1007/s00397-011-0575-9
https://doi.org/10.1007/s10965-015-0705-7
https://doi.org/10.1002/macp.1997.021980511
https://doi.org/10.1080/03602550600609663
https://doi.org/10.1002/(SICI)1097-4628(19960808)61:6%3C951::AID-APP9%3E3.0.CO;2-G
https://doi.org/10.1002/pen.11241

Materials 2023, 16, 6402 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Utracki, L.A.; Favis, B.D. Polymer alloys and blends. Handb. Polym. Sci. Technol. 1989, 4, 121-185.

Agrawal, P; Silva, M.H.; Cavalcanti, S.N.; Freitas, D.M.; Aradjo, ].P; Oliveira, A.D.; Mélo, T.J. Rheological properties of high-
density polyethylene/linear low-density polyethylene and high-density polyethylene/low-density polyethylene blends. Polym.
Bull. 2021, 79, 1-23. [CrossRef]

Liu, C.; Wang, J.; He, J. Rheological and thermal properties of m-LLDPE blends with m-HDPE and LDPE. Polymer 2002, 43,
3811-3818. [CrossRef]

Hill, M.].; Barham, PJ.; Keller, A.; Rosney C.C.A. Phase segregation in melts of blends of linear and branched polyethylene.
Polymer 1991, 32, 1384-1393. [CrossRef]

Alamo, R.G.; Graessley, W.W.; Krishnamoorti, R.; Lohse, D.J.; Londono, ].D.; Mandelkern, L.; Stehling, F.C.; Wignall, G.D. Small
angle neutron scattering investigations of melt miscibility and phase segregation in blends of linear and branched polyethylenes
as a function of the branch content. Macromolecules 1997, 30, 561-566. [CrossRef]

Tanem, B.S.; Stori, A. Investigation of phase behaviour in the melt in blends of single-site based linear polyethylene and
ethylene-1-alkene copolymers. Polymer 2001, 42, 4309-4319. [CrossRef]

Hameed, T.; Hussein, I.A. Rheological study of the influence of Mw and comonomer type on the miscibility of m-LLDPE and
LDPE blends. Polymer 2002, 43, 6911-6929. [CrossRef]

Hameed, T.; Hussein, I.A. Melt miscibility and mechanical properties of metallocene LLDPE blends with HDPE: Influence of Mw
of LLDPE. Polym. |. 2006, 38, 1114-1126. [CrossRef]

Liao, H.Y,; Qi, L.Y.; Tao, G.L.; Liu, C.L. Dynamic rheological behavior of two LDPE/HDPE binary blending melts. Polym. Bull.
2015, 72, 1197-1205. [CrossRef]

Fan, Z.].; Williams, M.C.; Choi, P. A molecular dynamics study of the effects of branching characteristics of LDPE on its miscibility
with HDPE. Polymer 2002, 43, 1497-1502. [CrossRef]

Stafford, B.B. Application of differential thermal analysis to polyethylene blends. J. Appl. Polym. Sci. 1965, 9, 729-737. [CrossRef]
Yang, L.; Somani, R.H.; Sics, I.; Hsiao, B.S.; Kolb, R.; Fruitwala, H.; Ong, C. Shear-induced crystallization precursor studies in
model polyethylene blends by in-situ rheo-SAXS and rheo-WAXD. Macromolecules 2004, 37, 4845-4859. [CrossRef]

Haghighat, S.; Birley, A.W. Blends of polyolefins: Characteristic melting and crystallization data. Adv. Polym. Technol. ]. Polym.
Process. Inst. 1990, 10, 143-151. [CrossRef]

Mandelkern, L. The effect of molecular weight on the crystallization, melting, and morphology of long-chain molecules. J. Polym.
Sci. Part C Polym. Symp. 1967, 15, 129-162. [CrossRef]

Kwag, H.; Rana, D.; Cho, K.; Rhee, J.; Woo, T.; Lee, B.H.; Choe, S. Binary blends of metallocene polyethylene with conventional
polyolefins: Rheological and morphological properties. Polym. Eng. Sci. 2000, 40, 1672-1681. [CrossRef]

Yamaguchi, M.; Abe, S. LLDPE/LDPE blends. I. Rheological, thermal, and mechanical properties. J. Appl. Polym. Sci. 1999, 74,
3153-3159. [CrossRef]

Alamo, R.G.; Londono, J.D.; Mandelkern, L.; Stehling, F.C.; Wignall, G.D. Phase behavior of blends of linear and branched
polyethylenes in the molten and solid states by small-angle neutron scattering. Macromolecules 1994, 27, 411-417. [CrossRef]
Morgan, R.L.; Hill, M.].; Barham, P.J. Morphology, melting behaviour and co-crystallization in polyethylene blends: The effect of
cooling rate on two homogeneously mixed blends. Polymer 1999, 40, 337-348. [CrossRef]

Wignall, G.D.; Londono, ].D,; Lin, J.S.; Alamo, R.G.; Galante, M.].; Mandelkern, L. Morphology of blends of linear and long-chain-
branched polyethylenes in the solid state: A study by SANS, SAXS, and DSC. Macromolecules 1995, 28, 3156-3316. [CrossRef]
Yao, X.; Shi, Y.; Tang, Y.; Luo, C.; Hou, L.; Ren, M.; Zheng, C.; Liu, L.Z. CRYSTAF, DSC and SAXS Study of the Co-Crystallization,
Phase Separation and Lamellar Packing of the Blends with Different Polyethylenes. Polymers 2023, 15, 1940. [CrossRef]
Donatelli, A.A. Characterization of multicomponent polyethylene blends by differential scanning calorimetry. J. Appl. Polym. Sci.
1979, 23, 3071-3076. [CrossRef]

Hussein, I.A. Melt miscibility and mechanical properties of metallocene linear low-density polyethylene blends with high-density
polyethylene: Influence of comonomer type. Polym. Int. 2005, 54, 1330-1336. [CrossRef]

Vega, ].E; Otegui, J.; Ramos, J.; Martinez-Salazar, J. Effect of molecular weight distribution on Newtonian viscosity of linear
polyethylene. Rheol. Acta 2012, 51, 81-87. [CrossRef]

Yan, Z.C.; Stadler, F]J. Classification of thermorheological complexity for linear and branched polyolefins. Rheol. Acta 2018, 57,
377-388. [CrossRef]

Stadler, EJ.; Chen, S.; Chen, S. On “modulus shift” and thermorheological complexity in polyolefins. Rheol. Acta 2015, 54, 695-704.
[CrossRef]

Shaidullin, N.M.; Salakhov, LI.; Borisenko, V.N.; Tavtorkin, A.N.; Nifant’ev, L.E. Structural, rheological, and mechanical properties
of binary compounds based on high-density polyethylene and linear low-density polyethylene. Russ. J. Appl. Chem. 2020, 93,
1179-1187. [CrossRef]

Hussein, L A. Influence of composition distribution and branch content on the miscibility of m-LLDPE and HDPE blends:
Rheological investigation. Macromolecules 2003, 36, 2024-2031. [CrossRef]

Chen, Y.; Zou, H.; Liang, M.; Liu, P. Rheological, thermal, and morphological properties of low-density polyethylene/ultra-high-
molecular-weight polyethylene and linear low-density polyethylene/ultra-high-molecular-weight polyethylene blends. J. Appl.
Polym. Sci. 2013, 129, 945-953. [CrossRef]


https://doi.org/10.1007/s00289-021-03635-8
https://doi.org/10.1016/S0032-3861(02)00201-X
https://doi.org/10.1016/0032-3861(91)90418-I
https://doi.org/10.1021/ma961196j
https://doi.org/10.1016/S0032-3861(00)00811-9
https://doi.org/10.1016/S0032-3861(02)00627-4
https://doi.org/10.1295/polymj.PJ2005254
https://doi.org/10.1007/s00289-015-1332-5
https://doi.org/10.1016/S0032-3861(01)00730-3
https://doi.org/10.1002/app.1965.070090230
https://doi.org/10.1021/ma049925f
https://doi.org/10.1002/adv.1990.060100207
https://doi.org/10.1002/polc.5070150112
https://doi.org/10.1002/pen.11299
https://doi.org/10.1002/(SICI)1097-4628(19991220)74:13%3C3153::AID-APP18%3E3.0.CO;2-T
https://doi.org/10.1021/ma00080a014
https://doi.org/10.1016/S0032-3861(98)00193-1
https://doi.org/10.1021/ma00113a018
https://doi.org/10.3390/polym15081940
https://doi.org/10.1002/app.1979.070231026
https://doi.org/10.1002/pi.1860
https://doi.org/10.1007/s00397-011-0594-6
https://doi.org/10.1007/s00397-018-1088-6
https://doi.org/10.1007/s00397-015-0864-9
https://doi.org/10.1134/S1070427220080108
https://doi.org/10.1021/ma0257245
https://doi.org/10.1002/app.38374

Materials 2023, 16, 6402 17 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

Hill, M.J.; Barham, PJ. Liquid-liquid phase separation in blends containing copolymers produced using metallocene catalysts.
Polymer 1997, 38, 5595-5601. [CrossRef]

Dordinejad, A.K.; Jafari, S.H. Miscibility analysis in LLDPE/LDPE blends via thermorheological analysis: Correlation with
branching structure. Polym. Eng. Sci. 2014, 54, 1081-1088. [CrossRef]

Hameed, T.; Hussein, L. A. Effect of short chain branching of LDPE on its miscibility with linear HDPE. Macromol. Mater. Eng.
2004, 289, 198-203. [CrossRef]

Luna, C.B.B,; Siqueira, D.D.; Aratjo, E.M.; Wellen, RM.R. Tailoring PS/PPrecycled blends compatibilized with SEBS. Evaluation
of rheological, mechanical, thermomechanical and morphological characters. Mater. Res. Express 2019, 6, 075316. [CrossRef]
Gupta, A.K.; Rana, S.K.; Deopura, B.L. Crystallization behavior of high-density polyethylene/linear low-density polyethylene
blend. J. Appl. Polym. Sci. 1992, 44, 719-726. [CrossRef]

Gupta, A.K.; Rana, S.K.; Deopura, B.L. Crystallization kinetics of high-density polyethylene linear low-density polyethylene
blend. J. Appl. Polym. Sci. 1994, 51, 231-239. [CrossRef]

Shen, G.; Shen, H.; Xie, B.; Yang, W.; Yang, M. Crystallization and fracture behaviors of high-density polyethylene/linear
low-density polyethylene blends: The influence of short-chain branching. J. Appl. Polym. Sci. 2013, 129, 2103-2111. [CrossRef]
Gupta, A.K; Rana, S.K.; Deopura, B.L. Mechanical properties and morphology of high-density polyethylene/linear low-density
polyethylene blend. J. Appl. Polym. Sci. 1992, 46, 99-108. [CrossRef]

Morgan, R.L.; Hill, M.J.; Barham, PJ.; Van der Pol, A.; Kip, B.J.; Ottjes, R.; Van Ruiten, J. A study of the phase behaviour of
polyethylene blends using micro-Raman imaging. Polymer 2001, 42, 2121-2135. [CrossRef]

Puig, C.C.; Hill, M.J.; Odell, J.A. Absence of isothermal thickening for a blend of linear and branched polyethylene. Polymer 1993,
34, 3402-3407. [CrossRef]

Hu, S.R.; Kyu, T;; Stein, R.S. Characterization and properties of polyethylene blends I. Linear low-density polyethylene with
high-density polyethylene. J. Polym. Sci. Part B Polym. Phys. 1987, 25, 71-87. [CrossRef]

Lee, H.; Cho, K.; Ahn, TK,; Choe, S.; Kim, L].; Park, I.; Lee, B.H. Solid-state relaxations in linear low-density (1-octene comonomer),
low-density, and high-density polyethylene blends. J. Polym. Sci. Part B Polym. Phys. 1997, 35, 1633-1642. [CrossRef]

Sasaki, S.; Tashiro, K.; Gose, N.; Imanishi, K.; Izuchi, M.; Kobayashi, M.; Imai, M.; Ohashi, M.; Yamaguchi, Y.; Ohoyama, K. Spatial
distribution of chain stems and chain folding mode in polyethylene lamellae as revealed by coupled information of DSC, FT-IR,
SANS, and WANS. Polym. ]. 1999, 31, 677—-686. [CrossRef]

Liang, ].Z.; Zhong, L. Elongation properties of polyethylene melts. Polym. Eng. Sci. 2011, 51, 2490-2494. [CrossRef]

Gelfer, Y.; Winter, H.H. Effect of branch distribution on rheology of LLDPE during early stages of crystallization. Macromolecules
1999, 32, 8974-8981. [CrossRef]

Shan, C.L.P; Soares, ].B.; Penlidis, A. HDPE/LLDPE reactor blends with bimodal microstructures—Part II: Rheological properties.
Polymer 2003, 44, 177-185. [CrossRef]

Andrea, A.M.; Jaroslav, B.; David, B. Low dose cosmic radiation effects on polycarbonate. Perner’s Contacts 2019, 2, 170-176.
Adam, B.; Polgér, B.; Nagy, D. The effect of different printing parameters on mechanical and thermal properties of PLA specimens.
Gradus 2020, 7, 166-173. [CrossRef]

Dorottya, N.; Krisztian, B. Rheological study of high and linear low density polyethylene blends. Perner’s Contacts 2019, 2, 206.
Shen, H.W.; Xie, B.H.; Yang, W.; Yang, M.B. Thermal and rheological properties of polyethylene blends with bimodal molecular
weight distribution. J. Appl. Polym. Sci. 2013, 129, 2145-2151. [CrossRef]

Shahi, P.; Behravesh, A.H.; Haghtalab, A.; Rizvi, G.; Pop-Iliev, R.; Goharpei, F. Effect of mixing intensity on foaming behavior of
LLDPE/HDPE blends in thermal induced batch process. Polym. Plast. Technol. Eng. 2016, 55, 949-964. [CrossRef]

Adam, B.; Weltsch, Z. Thermal and Mechanical Assessment of PLA-SEBS and PLA-SEBS-CNT Biopolymer Blends for 3D Printing.
Appl. Sci. 2021, 11, 6218. [CrossRef]

Berczeli, M.; Weltsch, Z. Enhanced wetting and adhesive properties by atmospheric pressure plasma surface treatment methods
and investigation processes on the influencing parameters on HIPS polymer. Polymers 2021, 13, 901. [CrossRef]

Technical Data Sheet. Available online: https:/ /www.molgroupchemicals.com /userfiles /products/40/40_tds_hu.pdf?v=169537
3226 (accessed on 19 September 2023).

Technical Datasheet. Polyethylene Tipolen FB 243-51. LDPE for Film. Available online: https://webcache.googleusercontent.
com/search?q=cache:vt3bogM5REM]:https:/ /www.molgroupchemicals.com/userfiles /products/13/13_tds_en.pdf+&cd=2&
hl=hu&ct=cInk&gl=hu (accessed on 19 September 2023).

Exceed™ 3518CB Cast. Performance Polymer. Available online: https://exxonmobilchemical.ulprospector.com/en-US/ds24387
3/Exceed%E2%84%A2%203518CB%20Cast.aspx?1=58933&U=1 (accessed on 19 September 2023).

Flexirene®CL 10 U. Available online: https://plastics.ulprospector.com/datasheet/e87911/flexirene-cl-10-u (accessed on
19 September 2023).


https://doi.org/10.1016/S0032-3861(97)00108-0
https://doi.org/10.1002/pen.23652
https://doi.org/10.1002/mame.200300173
https://doi.org/10.1088/2053-1591/ab131c
https://doi.org/10.1002/app.1992.070440418
https://doi.org/10.1002/app.1994.070510204
https://doi.org/10.1002/app.38937
https://doi.org/10.1002/app.1992.070460110
https://doi.org/10.1016/S0032-3861(00)00449-3
https://doi.org/10.1016/0032-3861(93)90468-P
https://doi.org/10.1002/polb.1987.090250106
https://doi.org/10.1002/(SICI)1099-0488(19970730)35:10%3C1633::AID-POLB15%3E3.0.CO;2-B
https://doi.org/10.1295/polymj.31.677
https://doi.org/10.1002/pen.22036
https://doi.org/10.1021/ma990588y
https://doi.org/10.1016/S0032-3861(02)00721-8
https://doi.org/10.47833/2020.3.ENG.001
https://doi.org/10.1002/app.38850
https://doi.org/10.1080/03602559.2015.1132444
https://doi.org/10.3390/app11136218
https://doi.org/10.3390/polym13060901
https://www.molgroupchemicals.com/userfiles/products/40/40_tds_hu.pdf?v=1695373226
https://www.molgroupchemicals.com/userfiles/products/40/40_tds_hu.pdf?v=1695373226
https://webcache.googleusercontent.com/search?q=cache:vt3bogM5REMJ:https://www.molgroupchemicals.com/userfiles/products/13/13_tds_en.pdf+&cd=2&hl=hu&ct=clnk&gl=hu
https://webcache.googleusercontent.com/search?q=cache:vt3bogM5REMJ:https://www.molgroupchemicals.com/userfiles/products/13/13_tds_en.pdf+&cd=2&hl=hu&ct=clnk&gl=hu
https://webcache.googleusercontent.com/search?q=cache:vt3bogM5REMJ:https://www.molgroupchemicals.com/userfiles/products/13/13_tds_en.pdf+&cd=2&hl=hu&ct=clnk&gl=hu
https://exxonmobilchemical.ulprospector.com/en-US/ds243873/Exceed%E2%84%A2%203518CB%20Cast.aspx?I=58933&U=1
https://exxonmobilchemical.ulprospector.com/en-US/ds243873/Exceed%E2%84%A2%203518CB%20Cast.aspx?I=58933&U=1
https://plastics.ulprospector.com/datasheet/e87911/flexirene-cl-10-u

Materials 2023, 16, 6402 18 of 18

63. ISO 11357-1:2009; Plastics—Differential Scanning Calorimetry (DSC)—Part 1: General Principles. International Organiza-
tion for Standardization: Geneva, Switzerland. Available online: https://www.iso.org/standard/41637.html (accessed on
19 September 2023).

64. ARES-G2. Available online: https://www.tainstruments.com/ares-g2/ (accessed on 19 September 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.iso.org/standard/41637.html
https://www.tainstruments.com/ares-g2/

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

