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ABSTRACT: Nanofibrous morphology has been ob-
served in ternary blends of low density polyethylene
(LDPE), linear low density polyethylene (LLDPE), and iso-
tactic polypropylene (PP) when these were melt-extruded
via slit die followed by hot stretching. The morphology
was dependent on the concentration of the component poly-
mers in ternary blend LDPE/LLDPE/PP. The films were
characterized by wide angle X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), and testing of mechanical
properties. The XRD patterns reveal that the B phase of PP
is obtained in the as-stretched nanofibrillar composites,
whose concentration decreases with the increase of LLDPE
concentration. The presence of PP nanofibrils shows signif-
icant nucleation ability for crystallization of LDPE/LLDPE
blend. The SEM observations of etched samples show an
isotropic blend of LDPE and LLDPE reinforced with more
or less randomly distributed and well-defined nanofibrils
of PP, which were generated in situ. The tensile modulus

and strength of LDPE/LLDPE/PP blends were signifi-
cantly enhanced in the machine direction than in the trans-
verse direction with increasing LLDPE concentration. The
ultimate elongation increased with increasing LLDPE con-
centration, and there was a critical LLDPE concentration
above which it increased considerably. There was a dra-
matic increase in the falling dart impact strength for films
obtained by blow extrusion of these blends. These impres-
sive mechanical properties of extruded samples can be
explained on the basis of the formation of PP nanofibrils
with high aspect ratio (at least 10), which imparted rein-
forcement to the LDPE/LLDPE blend. © 2007 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 107: 4005-4012, 2008
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INTRODUCTION

Blending and alloying of structurally different poly-
mers offers an opportunity to convert waste plastics
into “new” polymeric materials with specific appli-
cations. In recent years, there has been a great deal
of commercial interest in blends based on polyole-
fins'™ due to several reasons: improvement of pro-
cessability for certain grades, multilayer films with
high barrier properties, recycling of these materials,
etc. It is known that development of structure and
morphology of the blends depends on the composi-
tion, compatibility of the two components, process-
ing parameters, etc.” The study of blends in which a
component can crystallize is complex because the
amorphous component influences the crystallization
thermodynamics and kinetics of the other compo-
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nent. Blends in which both components can crystal-
lize are even more complex because the phase sepa-
ration and crystallization processes can occur simul-
taneously and/or in competition. Few articles have
been published about polyethylene and polypropyl-
ene blends, wherein there is a strong influence of
one of the components on the crystalline structure of
the other.* A number of studies are also available on
the thermal and mechanical properties of PP blended
with polyethylene.””

It has been long established that the morphology
of the dispersed phase in a polymer matrix compos-
ite has profound effect on the mechanical proper-
ties.>” For example, the fibrous or flaky morphology
with high aspect ratio leads to composites having
remarkably high stiffness. However, externally add-
ing materials such as carbon, glass fibers, mica, wol-
lastonite, etc. may reduce processability. Therefore,
for the aforementioned reasons, extrusion of an im-
miscible polymer pair in which the dispersed phase
forms fibers in situ is a practical method to improve
the mechanical properties of existing polymers.'’
A typical example is the so-called microfibrillar self-
reinforced composite (MFC), which is fabricated by
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TABLE I
Characteristic Properties of LDPE, LLDPE, and PP Used in Producing the Nanofibrillar Blends
Melt flow T, (°C) T, (°C)
index Densi (Melting (Crystallization
Material Supplier Grade (g/10 min) (g/cm”) range) temperature)

Low density polyethylene IPCL?, India Indothene 0.5° 0.920 105-110 90

(LDPE) (1005FY20)
Linear low density IPCL?, India Indothene-LL 1.0? 0.920 118-121 104

polyethylene (LLDPE) (20FA010)
Isotactic polypropylene (PP) IPCL?, India Koylene 10.0° 0.9 165-175 119

(SM100N)

3 IPCL: Indian Petrochemicals, Baroda, India.
190°C/2.16 Kg.
€200°C/2.16 Kg.

extrusion and subsequent cold or hot drawing of an
incompatible polymer pair. This type of material
was originally manufactured by the following three
processing steps:''™'? (a) melt-blending of the start-
ing neat polymers and extrusion, (b) cold drawing of
the blend, and (c) subsequent annealing of the
drawn blend at constant strain and at T < T < T»,
where Ty and T, are the melting temperatures of
the two components, respectively. The in situ
microfibrillar blend provides a promising route to
enhance the properties of general-purpose polymer-
based blends.'*'® However, the ternary blends
have not been studied before for generation of such
morphology.

Polyethylene (PE) and isotactic polypropylene (PP)
are widely used general-purpose polymers in many
fields, especially in packaging and automotive appli-
cations.'”?® The blends of LDPE and LLDPE or
HDPE for multilayer packaging have been well
established.”*® In the present study, the ternary
blends, LDPE/LLDPE/PP, have been investigated
for the structure development and morphology, and
their effect on the mechanical properties of the mate-
rials obtained has been examined.

EXPERIMENTAL
Materials

The LDPE, LLDPE, and PP used in this study were
commercial grade polymers, and their characteristics
properties as provided by the suppliers are listed in
Table I. The LDPE grade (Indothene 1005FY20) for
liquid packaging applications was wused in this
study. Film extrusion grade LLDPE (Indothene-LL
20FA010) was used to make a blend with LDPE and
PP. The clear extrusion grade PP (Koylene SM100N)
was used as the third component in the ternary
blend LDPE/LLDPE/PP. All the materials were
dried at 60-70°C for at least 6-8 h in an oven before
being compounded. No further additives/compati-
bilizers were used during processing.
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Processing of LDPE/LLDPE/PP blends and film
preparation

The LDPE, LLDPE, and PP granules were dry-mixed
in a tumble jar with the following weight ratios for
LD/LLD/PP: 90/00/10, 72/18/10, 63/27/10, 54/36/
10, 45/45/10, 36/54/10, 27/63/10, 18/72/10, 00/90/10,
respectively. The processing parameters used for the
preparation of films by extrusion are explained as fol-
lows. These resins for films were made from the melt-
blending of LDPE and LLDPE at a fixed amount of PP
(10 wt %) in a twin-screw extruder. This melt-mixed
blend was then extruded through a slit extrusion die
with 50-mm width and 1.0-mm thickness using Haake
tape/film extruder (Model PolyLab 4). The tempera-
tures from hopper to die were 150, 170, 190, and 210°C,
respectively, and the rotation of the screw was main-
tained at 40 rpm. The extrudate was hot-stretched by a
take-up device with two pinching rolls to facilitate the
formation of nanofibrils. The film thickness was con-
trolled to be 80 um. The blend films were also pro-
cessed by blow extrusion using a laboratory scale plant
with the parameters mentioned in Table I

Characterization of structure

The extruded films were characterized by using X-ray
diffraction (XRD) technique. XRD measurements were

TABLE II
Processing Parameters in Blown Films Extrusion of
LDPE/LLDPE/PP Ternary Blend

Processing parameter Value
Screw diameter (mm) 30 mm
Length to diameter

ratio for screw 25:1
Screw speed (rpm) 40
Extrusion pressure (bar) 5
Blow up ratio 2.5
Extrusion temperature

profiles from the feed

zone to the die in

steps of 10°C 180-210°C
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Figure 1 XRD Scans of the LDPE/LLDPE/PP ternary blends at different compositions. (A) LD/LLD/PP (90/00/10), (B)
LD/LLD/PP (63/27/10), (C) LD/LLD/PP (45/45/10), (D) LD/LLD/PP (27/63/10), (E) LD/LLD/PP (00/90/10).

carried out on a Phillips diffractometer (CuKa radia-
tion with B-Ni filter, A = 1.542 A) at room tempera-
ture. The diffractograms were scanned in a 20 range
of 10-50° at a rate of 4°/min. To study crystalline con-
tent and phase, the samples were also characterized
by differential scanning calorimeter (DSC, Mettler
821E) under nitrogen atmosphere, between 0 and
200°C, at a heating rate of 10°C/min.

To reveal the microstructure of blends, these were
subjected to solvent vapor etching process using xy-
lene. Samples were exposed to xylene vapors for
around 4 h at 60-70°C. This type of treatment prefer-
entially etches the less crystalline low-melting-phase
LDPE/LLDPE than the crystalline high-melting PP,
which leads to bringing up these domains and
increasing differentiation in observation. After etch-
ing, samples were scanned under scanning electron
microscopy. The specimens for morphological obser-
vation included the blends of LDPE, LLDPE, and PP
at various weight ratios. Before observation, the sam-
ples were coated with gold in a vacuum chamber to
make them conductive. The morphology was
observed by a JEOL JSM-5900LV scanning electron
microscope (SEM).

Measurement of properties

The samples were cut from the extruded films in
machine and transverse direction and used for me-
chanical characterization. The tensile properties of
the films were measured according to ASTM D882
with on Instron 4204 (INSTRON Series IX Auto-
mated Materials Tester: Version 8.30.00) at room
temperature. The specimens having dimensions of
15-mm width and 150-mm length were used and the

data was recorded at a crosshead speed of 50 mm/
min. All specimens were conditioned at room tem-
perature (25°C) for at least 24 h. Five samples were
tested, and the average values were reported for
each composition. The falling dart impact strength
was measured according to ASTM D1709 (Type A).
At least four specimens were tested for each compo-
sition, and average values have been reported.

RESULTS AND DISCUSSION

The development of various morphological features
and also the overall crystallinity in the blends
depend on composition, processing conditions, etc.
In a blend containing both the components having
crystallizing tendency, it is essential to determine the
effect of the third component on the crystallinity of
the blend at all compositions. This is clearly evi-
denced in the present studies on LDPE/LLDPE
blends containing additional component, ie., PP,
which apparently acts as a nucleating agent. Figure
1 shows the XRD scans of the films extruded using
blown film process from the ternary blend of LDPE/
LLDPE/PP containing different concentrations of
LLDPE with fixed concentration (10%) of PP. Curves
A, B, C, D, and E represent the LLDPE content rang-
ing from 0, 27, 45, 63, and 90 wt %, respectively.
Other compositions were also studied but the XRD
scans are not included in the figure for better clarity.
From these scans, it is noticed that two major peaks
of PE and two smaller peaks of PP (a-phase) are
mainly present in the 26 range of 10°-30°. The major
peaks have been designated as P1, P2, and P3, where
P1 and P3 are for PP (a-phase) and P2 for major
reflection 110 of PE. The difference occurs in the rel-
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Figure 2 Change in the relative peak intensity for the P,
and P; in the XRD scans of the ternary blends with LLDPE
concentration. PP concentration was 10% in all cases.

ative intensities of these peaks with composition,
especially the intensity of peak 2 (110 reflection).
However, there is no uniform increase in these
intensities, since these depend on the relative crystal-
line growth induced in each component. Figure 2
shows the intensity ratio of peak 2 with respect to
peak 3 for different concentrations of LLDPE. It is
interesting to note that in the ternary blend, the
melting point of PP is the highest, and its crystalliza-
tion temperature is also much higher than that of
the other components (see Table I). Hence, as the
melt cools during film processing, PP would crystal-
lize first and become a solid dispersed phase in the
molten LDPE/LLDPE blend, which would subse-
quently crystallize around it. Hence, it is the influ-
ence of PP present in the LDPE/LLDPE blend,
which has been observed in the present studies.
Other authors have studied earlier, the influence of
addition of HDPE, LDPE, etc. to the PP and its crys-
tallization behavior, and many have reported contra-
dictory findings.” ! In the present findings, concen-
tration of PP was much below 20%, and hence it is
unlikely that it will form a continuous phase or it
will get nucleated by the polyethylene phase. There
is another interesting feature observed from Figure
2, ie., the peak intensity ratio (P»/P;) shows a
decreasing trend with the increase of LLDPE content
but at certain composition (45-53% of LLDPE), there
is a slight increase of P2/P3 seen above the normal
trend. This indicates that the crystallization in these
ternary blends is governed by the composition, and
each component may influence crystallinity of the
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other. Figure 3 shows the variation of crystallinity as
a function of LLDPE concentration determined from
the XRD scans. The degree of crystallinity was esti-
mated by measuring the area under the all the crys-
talline peaks and overall amorphous region in the
XRD scans in the same manner as reported else-
where.?*>* Tt is observed that the crystallinity is
much higher in the presence of 10% of PP than the
original binary blend, and the difference increases
for higher LLDPE content above 60%. Since LDPE
has low crystallinity, this enhancement of crystallin-
ity value must originate from preferential nucleation
of LLDPE on the surface of PP, which was main-
tained at 10%. The DSC thermograms (first heating
cycle) of these ternary blend films are shown in
Figure 4. It is interesting to observe that as the con-
centration of PP is increased, there are not only multi-
ple melting peaks observed in the region of 150-
160°C but also the melting endotherm (123°C) of
LLDPE becomes more intense and sharp. This sug-
gests that PP is crystallized in two crystalline forms
(o and B), and also LLDPE has higher crystallinity
when PP is present in the LDPE/LLDPE blends.
These are in agreement with the findings from XRD,
ie., the crystallinity in these blends is affected by the
presence of PP. Further, PP is found to crystallize in
two phases, which is in keeping with the earlier
reports that PP when subjected to shear deformation
and orientation during crystallization can exist in two
phases.” Figure 5 shows the SEM micrographs,
recorded at 25KX magnification, of these ternary
blend films at different compositions: (A), (B), and (C)

60 |
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Figure 3 Variation of crystallinity in the LDPE/LLDPE/
PP ternary blends with LLDPE concentration at fixed PP
content (10%) compared to original (0% PP).
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Figure 4 DSC first heating scans of the ternary blend
films of LDPE/LLDPE/PP with varying concentrations
of PP at fixed LDPE/LLDPE composition of 20/80. (A)
PP = 0 wt %, (B) PP = 5 wt %, (C) PP = 10 wt %, (D)
PP = 15 wt %.

corresponding to films containing LLDPE concentra-
tion of 56, 63, and 72 wt %, respectively, at fixed
weight ratio of PP (10 wt %). In all cases, in situ gen-
erated nanofibrillar morphology is clearly noticed.
When the concentration of LLDPE was increased
from 56 to 72 wt %, the shape of the dispersed phase
(PP) underwent significant changes: at low concentra-
tion of LLDPE (56 wt %), the dispersed PP phase is
rod-like particles with a low aspect ratio while at
high concentration of LLDPE, the PP particles are
almost deformed into nanofibrils of length equal to
300 nm and width equal to 30 nm [see Fig. 5(C) with
scale bar of 300 nm]. The smallest size which could
be detected at higher magnification (35KX) was 5
nm, but because these micrographs could not give
good quality prints, these have not been included
here. The blends with LLDPE (56 wt %) addition
have shorter fibrils, because the LLDPE forms a thin
shell around the PP spheres and does not allow their
coalescence. Thus, these ternary blends exhibit in situ
fiber formation of PP dispersed phase, which goes to
nanofibrillar stage at higher concentration of LLDPE.
Other authors who studied the LCP/thermoplastics
in situ composite also found that under same process-

4009

ing parameters there is a minimum concentration

below which the droplet—fiber transition is difficult to
35,36
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Figure 5 SEM micrograph of the LDPE/LLDPE/PP ter-
nary blends at different weight ratios. (A) LDPE/LLDPE/
PP (34/56/10), (B) LDPE/LLDPE/PP (27/63/10), (C)
LDPE/LLDPE/PP (18/72/10). SEM taken after solvent
vapor etching.
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Figure 6 Tensile modulus of the ternary blends of LDPE/
LLDPE/PP at fixed concentration of PP (10%) and varying
percentage of LLDPE.

To study the effect of these morphological features
on the mechanical properties, the films were tested
for tensile, elongation, and falling dart impact mea-
surements. The tensile strength, tensile modulus,
and elongation at break as a function of LLDPE con-
centration are shown in Figures 6-8, respectively.
Significant increases in tensile modulus and tensile
strength are observed with increasing LLDPE con-
tent, while above the LLDPE content of 45%, the ten-
sile modulus and tensile strength were considerably
increased. This can be associated with the corre-
sponding increase in the overall crystallinity
observed in these blends. On the other hand, the
elongation at break of these in situ fibrous compo-
sites, as shown in Figure 8, shows increasing trend
with the LLDPE content initially, but remains same
in the mid region and again increases at high LLDPE
content. This trend is not in keeping with the expect-
ations from crystallinity, which is found to increase
at such compositions and would lead to decrease in
the elongation/flexibility.

Most interesting features of the films made from
these ternary blends were observed in their falling
dart impact properties. In Figure 9(A), the impact
strengths of the films of these blends are shown with
the increase of LLDPE content at same PP content
(10%), and Figure 9(B) indicates the dart impact
values of the ternary blend films made by lab-scale
blown film extruder, which have biaxial orientation
with blow ratio of 2.5 as a function of PP content at
same LDPE/LLDPE concentration of 20/80, respec-
tively. The tremendous increase in the impact
strength is seen in these blends, which is unusual
for LDPE/LLDPE films. These findings can be
explained only on the basis of reinforcing effects of
the PP fibers generated in situ during processing.
There appears to be an optimum composition at
which all the mechanical properties are maximum.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Tensile strength of the ternary blends of LDPE/
LLDPE/PP at fixed concentration of PP (10%) and varying
percentage of LLDPE.

The phenomenon of self reinforcement has been
observed in thermoplastic/LCP-based composites,” *°
where in situ fiber formation has been reported. Sim-
ilar phenomenon may be present in the ternary
blends of LDPE/LLDPE/PP wherein the PP fibers
having much higher modulus than the LDPE/
LLDPE can give the reinforcement. Since there is no
particular orientation of these fibers in the films
made from these blends, there is overlap of the
fibers giving crisscross effect, similar to cross-ply
composites.*’ This can lead to increase in the
strength, modulus as well as impact strength of the
product. Thus, fibrillar structure is a key step in
achieving reinforcement. However, the generation of
the microfibrils or nanofibrils is a complex rheologi-
cal as well as thermal process, in which the dis-
persed phase is first deformed into fibers under an
appropriate flow field and then frozen into the solid
state before it could relax back to the spherical form
or into larger particles. Hence, it is necessary to opti-
mize proper processing conditions and composition
of the blend during processing to obtain in situ com-
posite with different micro or nanofibrillar struc-
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Figure 8 Variation of elongation at break with LLDPE
content for the ternary blends of LDPE/LLDPE/PP at
fixed concentration of PP (10%).
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Figure 9 Falling dart impact strength of the ternary
blends of LDPE/LLDPE/PP at (A) fixed concentration of
PP (10%) and varying concentration of LLDPE made from
slit die. (B) Films with different concentration of PP at
fixed LDPE/LLDPE composition of 20/80 made from lab-
scale blown film extruder with blow up ratio of 2.5.

tures, giving large improvements in the properties
using commonly available materials. Further studies
are underway to investigate melt flow behavior and
structure development of these ternary blends with a
whole range of compositions with various grades of
polymers having different melt flow index values.
These results being much more exhaustive will be
presented in later publications.

CONCLUSION

It has been shown that by processing the ternary
blends of LDPE/LLDPE/PP, in situ nanofibrillar

morphology can be generated, which has been con-
firmed from WAXRD and SEM observations. These
show high level of orientation and nanofibrillar mor-
phology with a small diameter of the fibrils (10-5
nm). The effect of the LLDPE concentration upon the
distribution and the size of the dispersed PP phase,
as well as on fibrils has been brought out. The ten-
sile. modulus and strength of LDPE/LLDPE/PP
blends were significantly enhanced with increasing
LLDPE concentration in machine as well as trans-
verse directions, indicating that the in situ generated
nanofibrils of PP have good reinforcement in the
LDPE/LLDPE blend. Ultimate elongation increased
with increasing LLDPE concentration in both the
directions because of reinforcement and higher
degree of downgauging of the films extruded from
the LDPE/LLDPE/PP blend.
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