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ABSTRACT: Binary blends of metallocene polyethylenes
with polyethylenes and polypropylene were made in a co-
rotating twin-screw extruder. A stretching process was car-
ried out afterwards in the melt state at the extruder’s exit
to study the effect of the induced orientation on their ther-
mal and tensile properties. Capillary rheometry was per-
formed to the neat polymers to determine the viscosity
ratios of the blend components as a function of the shear
rate. SEM and Micro-Raman analyses were done to study
the morphology of the stretched and nonstretched blends.
As expected, an increase in the modulus and tensile stress
was obtained through blending. Additionally, the elasto-
meric behavior of the metallocene polyethylene (mPE)
sample is observed in all blends and it was not lost
through blending. Nevertheless, all blends without stretch-
ing exhibited a negative deviation of the linear additivity

rule of blending. The stretching of the blends made with
metallocene polyethylenes as matrices and other types of
PEs as dispersed phase did not improve the tensile proper-
ties, although some differences in the dispersed phases
were found by DSC, and microfibrils could be seen in the
drawn mPE/HDPE blend. However, blending with PP
produced an improvement in the modulus and tensile
stress of the drawn samples in comparison to their
undrawn counterpart. The tensile stresses of PP blends are
more sensitive to the drawing process than the modulus,
which can be attributed to the appearance of large fibril
fractions during this process. � 2007 Wiley Periodicals, Inc. J
Appl Polym Sci 106: 2298–2312, 2007
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INTRODUCTION

Fiber-reinforced composites have been extensively
studied because of the benefits of their remarkably
high stiffness and strength.1 However, in situ organic
composite materials have gained considerable inter-
est due to the improved tensile properties and sol-
vent permeability. This consists in dispersing a small
proportion of another elongated polymer into a ther-
moplastic matrix where the orientation is retained
by ulterior processing.2–5

In situ reinforced composites have many advan-
tages over conventional glass fiber reinforced com-
posites, such as lower energy consumption in melt
blending, less machine abrasion, etc.6–9 On the other
hand, efforts to develop polyolefins-based blends
have been intensively investigated, as a result of
their availability and the favorable combination of
the individual properties of the blend compo-

nents.10–12 In immiscible polymer blends, their prop-
erties greatly depend on the blend morphology,
which is basically determined by the following fac-
tors: blend composition, interface interaction, viscos-
ity ratio, and melt elasticity of the components and
processing conditions.13,14 Blends of metallocene
polyethylenes with conventional polyolefins have
also been studied.15–25 However, very little is known
regarding the in situ reinforced composites of metal-
locene polyethylenes with conventional polyolefins.

In the present work, two metallocene polyethy-
lenes of different molecular weights were extruded
with another metallocene polyethylene and three
conventional polyolefins (high-density polyethylene,
linear low-density polyethylene, and polypropylene)
as dispersed phases through a circular die and the
melts were drawn to produce strands with unidirec-
tional orientation of the dispersed phases. These
strands were subsequently pelletized and compres-
sion-molded at temperatures below the melting
point of the different dispersed polymers to preserve
the generated structure. The thermal and tensile
properties of the blends without stretching and
drawn were studied. Also, the isotropic characteris-
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tics of the stretched blends were studied by micro-
Raman confocal imaging spectroscopy for the blends
with PP as the dispersed phase.

EXPERIMENTAL

Materials

Three commercial polyethylenes, Engage 8411
(mPE1), Engage 8400 (mPE2), and Engage 8403
(mPE3), were used. These ethylene/1-octene copoly-
mers were manufactured by DuPont Dow Elasto-
mers and are based on their proprietary metallocene
technology. A high-density polyethylene (HDPE)
and a linear low-density polyethylene (LLDPE) syn-
thesized with Ziegler-Natta catalysts manufactured
by Poliolefinas Industriales C.A. and Resinas Line-
ales Resilin C.A., respectively, were also employed.
The polypropylene (PP) used was Stamylan P
17M10, obtained from DSM. Some technical specifi-
cations and properties of the neat polymers are
listed in Table I.

Processing

Binary blends (80/20 wt %) of the polyolefins were
prepared in a Berstorff ECS(2E25) co-rotating twin-
screw extruder (L/D 5 30 and a diameter of cylinder
of 25 mm) at 100 rpm and 0.75 kg/h of mass flow
rate. The compositions of the blends are presented in
Table II. A stretching process was carried out in the
melt state (at the extruder’s exit) in each one of the
blends with the purpose of studying the effect of

inducing an orientation during the cooling (crystalli-
zation) on their thermal and tensile properties. The
extrudate was drawn by a take-up device located at
2.7 m from the die exit. The take-up speed was set at
about 25 cm/s. The draw ratio was defined as the ra-
tio of the linear velocity of the take-up device (Vd) to
the linear velocity of the extrudate (Ve):

l ¼ Vd=Ve (1)

From a deformation point of view, it is more relevant
to define an elongational or extensional rate. Then, an
apparent elongational rate (ee) can be defined as:

ee ¼ ðVd � VeÞ=Dl (2)

where Dl is the length between the die and the take-
up device. A draw ratio of 2.9 and an apparent exten-
sional rate of 0.6 were used. The cooling of the blend
to room temperature was carried out in air during
the stretching (Fig. 1). Then, the filament was
chopped into pellets. Granules of the blends were
compression-molded using a Schwabenthan Polystat
200T hydraulic press at temperatures lower than
those needed for the melting of the dispersed phase
in order to minimize its deterioration (the dispersed
phase should have had by then fibrillar structures).
Material samples without stretching (NS) and
stretched (S) were studied for comparison purposes.
The temperatures of the extruder die and those set
for the compression molding process are listed in
Table II.

TABLE II
Composition of the Blends, Melting Zone and Die Temperatures, Estimated Temperatures (TR) of the strand at 25 cm

from the die and compression-molding temperatures

Blend
Composition of

blends 80/20 (wt %)
Melting zone

temperature (8C)
Die

temperature (8C)
TR at 25 cm

from the die (8C)
Compression

molding temperature (8C)

B1 mPE1/mPE3 150 105 94 90
B2 mPE2/mPE3 150 105 94 90
B3 mPE1/HDPE 180 140 121 110
B4 mPE1/LLDPE 160 115 104 100
B5 mPE1/PP 185 155 134 140
B6 mPE2/PP 185 155 134 140

TABLE I
Technical Specifications and Properties of the Neat Polymers

Polymer
Comonomer

content (wt %)
Density
(g/cm3) Mw/Mn

MFI
(dg/min) Tm (8C)

mPE1 33 0.880 54,900/25300 18.0 72
mPE2 40 0.870 51,900/22300 30.0 60
mPE3 16 0.913 45,740/23260 30.0 107
HDPE – 0.957 161,000/24,400 6.5 128
LLDPE – 0.931 78,700/18,200 4.6 120
PP – 0.905 273,200/72,940 10.5 163
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Characterization

The viscosities of the neat components were
obtained using a Göttfert Rheograph 2000 capillary
rheometer at 150 and 2008C with a capillary die of 1
mm in diameter and L/D ratio of 30/1. These tem-
peratures were selected according to the melt tem-
peratures of the neat polymers and to the different
blend compositions, thus the polymers used in PP-
based blends were evaluated at 2008C. The viscosity
ratios of the polymers subject to blending were
determined from the viscosity of the dispersed phase
(hd) and the viscosity of the matrix (hm) for each
blend component in a wide range of shear rates.
Tensile tests were performed using a Minimat Poly-
mer Laboratories Tensile tester at a cross-speed of
10 mm/min at room temperature on compression-
molded specimens.

The specimens were cryogenically fractured and
analyzed by SEM after a process of gold coating. A
Jeol-820 scanning electron microscope was used at
an accelerating voltage of 15 kV. The dispersed
phase domains were observed in the inner zones of
the cryogenically fractured tensile specimens. Ther-
mal properties of the materials were determined
using a Mettler Toledo DSC 821/400. The scans were
performed on small discs of about 10 mg of sample

under a nitrogen atmosphere, at 108C/min as heat-
ing and cooling rates. The temperature range
scanned went from –80 to 2008C, and backwards.
The first and second heatings and first cooling were
recorded. The heats of crystallization for 100% crys-
talline materials were taken as 293 J/g and 207 J/g
for PEs and iPP, respectively.26

Micro-Raman confocal Labram device from Dilor
S. A. was used for Raman confocal measurements.
This device uses a He-Ne Laser beam operating at
632 nm, which delivers ca. 16 mw at the sample sur-
face. The scattered light is detected with a CCD cam-
era. The spectral resolution was 4 cm21. Also, neat
PP and its blends were cold-drawn with a Minimat
tensile equipment at 1 mm/min of cross-speed and
micro-Raman confocal measurements were taken in
these materials.

RESULTS AND DISCUSSION

Capillary rheometry

Capillary rheometry was employed to characterize
the neat polymers under conditions relevant to the
subsequent processing. The viscosity curves as a
function of the shear rate at 150 and 2008C of the
neat polymers are presented in Figures 2 and 3. The
viscosities of the polymers decreased as the shear
rate increased, indicating a pseudoplastic behavior.
The lower shear-thinning character and viscosity val-
ues of the mPEs were in agreement with their molec-
ular characteristics (molecular weights and narrow
molecular weight distributions). The metallocene-
based catalysts produce polyethylenes with a more
even distribution of chain branching along the
chains and a narrower molecular weight distribution
than the Ziegler-Natta catalytic processes do.19–21

The viscosity ratios (hd/hm) of the binary blend
components as a function of shear rate are shown in

Figure 1 Extruder – Stretching system used to stretch the
dispersed phase.

Figure 2 Viscosity as a function of the shear rate of the
neat polymers at 1508C.

Figure 3 Viscosity as a function of the shear rate of the
neat polymers at 2008C.
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Figure 4. When PP was used as the dispersed phase,
the viscosity ratios of the blend components are
higher than one and decreased with the increasing
shear rate due to the higher shear-thinning behavior
of the PP than that of the mPEs materials. The high-
est viscosity ratio was obtained for the mPE1/
LLDPE blend.

SEM morphology

SEM microphotographs of cryogenically fractured
surfaces of compression-molded samples and
stretched materials (where breakup and coalescence
of the dispersed phases could be balanced) of the
mPE1/HDPE, mPE1/PP, and mPE2/PP blends are
shown in Figures 5–7. These blends were considered
the most representative and interesting to study the
morphology before and after the stretching process
due to the mPE1/HDPE showed an intermediate
viscosity ratio curve compared with the other
blends. Moreover, the mPE1/PP and mPE2/PP
blends were selected to study the effect of the kind
of metallocene polyethylene matrix.

The SEM microphotographs of mPE1/HDPE non
stretching blend [Fig. 5(a,b)] show a homogeneous
and well-dispersed HDPE component within the
continuous mPE1 phase, without the presence of
voids (homogeneous morphology). This result could
be due to the high compatibility in the melt state of
mPE1 and HDPE, because of their similar chemical
structures and low interfacial tension. On the other
hand, the mPE1/PP and mPE2/PP nonstretching
blends exhibited many voids (Figs. 6 and 7) from
which the dispersed phase could be pulled out (lack
of interfacial adhesion). These are typical morpholo-
gies of incompatible blends.

The SEM microphotographs of the drawn blends
(B3-S, B5-S, and B6-S) are presented in Figures
5(c,d), 6(c,d), 7(c,d). In these microphotographs, elon-
gated particles of the dispersed phase can be seen.

The globular particles of the dispersed phases,
formed upon extrusion, are mechanically stretched
into dispersed phase microfibrils. These microfibrils
are embedded into the continuous matrix that could
also be oriented. Although the globular particles of
PP in mPE1/PP [Fig 6(a,b)] seem smaller than in
mPE2/PP [Fig. 7(a,b)], the effectiveness of the
stretching process was higher in the mPE2/PP blend
than in the mPE1/PP sample, which is evident
through the lowest dimension of the elongated par-
ticles in these blends [Figs. 6(c,d), 7(c,d)]. In fact, it is
well known that it is more difficult to deform a
small particle than a larger one, as predicted by Tay-
lor’ theory.27

The particle size distribution of the PP in the
mPE1/PP and mPE2/PP non stretching blends is
presented in Table III. Although the number-average
diameters (Dn) in both blends are not very different,
there are some differences in the weight average
diameters (Dw) and the Dv (volume-average diame-
ter)/Dn ratios for PP blends. These parameters were
calculated from SEM microphotographs by numeri-
cal equations and allowed to obtain quantitative evi-
dences to confirm that the morphology achieved for
the PP depends on the metallocene polyethylene ma-
trix. Rana et al.,15 observed very low interfacial ten-
sion between metallocene polyethylene with high
comonomer content and PP, which indicated submi-
cron dispersions. This behavior is also observed in
this work and explains the differences between the
particle sizes of both studied PP blends. Thus, the
mPE2 with the higher comonomer content (40 wt %)
seemed to have a low interfacial tension with the PP
and a broad particle size distribution was obtained.
However, these heterogeneous and slightly higher
particle sizes have allowed to obtain fibrils with the
lowest dimension as was explained above.

The temperatures of the strand surface of each
drawn blend just before the take-up rolls was calcu-
lated using the model of Bourne and Elliston.28 The
polyethylene density and thermal parameters were
assumed to be constant from the die to the rolls. The
temperatures obtained at the strands surface of each
drawn blend (TR) are shown in Table II. These tem-
peratures are higher than the crystallization tempera-
tures of the neat blend components. Then, a compe-
tition between orientation and relaxation of the
blend chains may therefore be expected. The Tjahjadi
et al. calculations were used to estimate the relaxa-
tion rate of the drawn chains as a function of time.29

It was found that this relaxation rate is very low for
the blends with viscosity ratios higher than one at
the processing conditions used. However, in the
drawn blends with viscosity ratios lower than one
(B1-S and B2-S) the highest relaxation rate was
obtained in 10 s. Then, a fibrillar or lamellar mor-
phology for the drawn mPE1/LLDPE blend (B4-S)

Figure 4 Viscosity ratio of blend components (p 5 hd/
hm) as a function of shear rate.
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could be expected, as was found for B3-S, B5-S, and
B6-S, because of the highest viscosity ratio of this
likely immiscible blend.

Crystallization behavior

Figures 8–14 show DSC first heating scans for the
blends, second heating scans for the neat polymers
and first cooling scans of all the materials at 108C/
min. The calorimetric data measured from the DSC
thermograms of the neat materials and the melting

(Tm) and crystallization (Tc) temperatures of the com-
ponents of the blends are reported in Tables IV and
V, respectively. The broad melting range for the met-
allocene neat copolymers (mPE1, mPE2, and mPE3)
in the second heating (Figs. 8–10) is a consequence of
the high comonomer content (1-octene) with a broad
crystal size distribution. In some cases, the melting
range for copolymers with a very high comonomer
content extends to very low temperatures (in the
range of 220 to 2408C) and almost overlaps the
glass transition temperature.30 The low values of the

Figure 5 SEM micrographs of cryogenically fracture specimen of mPE1/HDPE blend; (a) and (b): nonstretched blend,
and (c) and (d): stretched blend.
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melting enthalpy (DHm) indicate that the metallocene
copolymers have also very low degrees of crystallin-
ity (see Table IV) due to the high level of short-chain
branching (SCB). As a consequence, mPE2 exhibits
a lower value of DHm owing to its higher content of
1-octene. Crystal thickness is also affected by the
comonomer content,31,32 and therefore, the melting
and crystallization temperatures (Tm and Tc) for
mPE2 are the lowest (Table IV).

Two endotherms could be distinguished in the
first heating scans associated to the metallocene
copolymers: an intense peak at higher temperatures

and a smaller one at about 508C (not shown here).
The first one shifts its position depending on the
comonomer content, whereas the second one does
not shift considerably. The lower temperature endo-
therm is associated to the melting of bundled crys-
tals (secondary crystallization) formed by the shorter
sequences that were excluded from the primary crys-
tallization (longer crystallizable sequences). In Figure
11 there is evidence of a second crystallization peak
at lower temperature in the cooling cycle for the
mPE3 material, because of its lower comonomer
content (Table I). This peak could indicate phase

Figure 6 SEM micrographs of cryogenically fracture specimen of mPE1/PP blend; (a) and (b): nonstretched blend, and
(c) and (d): stretched blend.
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separation of low molecular weight material from
high molecular weight fractions and/or heterogene-
ous branching content.30 The LLDPE and HDPE are
ethylene/1-butene copolymers with short chain
branching content. Hence, the relatively low crystal-
linity degree was obtained for this HDPE (Table IV).
Finally, iPP displays sharper melting and crystalliza-
tion peaks characteristics of this polymer (Figs. 10,
13, and 14).30–33

All blends exhibited the characteristic behavior of
immiscible systems, i.e., the melting endotherms of

Figure 7 SEM micrographs of cryogenically fracture specimen of mPE2/PP blend; (a) and (b): nonstretched blend, and
(c) and (d): stretched blend.

TABLE III
Average Particle Diameters and Number of

Particles per cm3 (Ni)

Blend
Dn

(lm)a
Dw

(lm)b Dv/Dn
c

Ni 3 10211

(cm23)

mPE1/PP 0.7 0.9 2.5 12
mPE2/PP 0.9 1.4 1.7 5

a Dn: number-average diameter.
b Dw: weight-average diameter.
c Dv: volume-average diameter.
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both components in the blends were located at about
the same temperature range where the neat poly-
mers exhibit their melting transitions in the second
heating scan (not shown here). In the mPE1/HDPE,
mPE1/PP and mPE2/PP blends, the components
showed a clear distinction between the exothermic
and endothermic signals of each component without
overlapping (see Figs. 9, 10, 13, and 14). As found
before by SEM, although there is some compatibility,
these blends are immiscible due to the presence of
two distinguishable phases. Furthermore, the exo-
thermic signals of the components should be propor-
tional to the blend composition for immiscible
blends without interactions. However, the experi-
mental DSC scans of the studied blends exhibited a
different and more complex structure. Additionally,
the DSC scans of the components are overlapped in
the low-temperature regions in the mPE1/mPE3,
mPE1/LLDPE, and mPE2/mPE3 blends (Figs. 8, 9,
11, and 12). A correlation between melt compatibil-

ities and tensile properties in LLDPE/HDPE blends
was observed by Hussein.24 However, the miscibility
or partial miscibility found in polyethylene blends is
very controversial and different behaviors are
reported.10,17–20,33 Several techniques have to be used
to study miscibility in PE blends, and only those PE
fractions that are similar in chemical structure as
regards to content and distribution of short chain
branches are probably miscible in the melt.34,35 In
that concern, immiscibility and/or mechanically
compatibility was obtained in certain type of blends
of mPE/PP.9,12,15,16,36,37

Polyethylene blends without stretching

Figures 11 and 12 show the DSC cooling scans of the
blends at 108C/min. The cooling exotherms of the
blends without stretching (NS) show two peaks that
are located between those two peaks representing
the individual neat components. The crystallization
exotherms, located at higher temperatures (exotherm

Figure 8 DSC first heating scans of the blends mPE1/
mPE3 and mPE2/mPE3.

Figure 9 DSC first heating scans of the blends mPE1/
HDPE and mPE1/LLDPE.

Figure 10 DSC first heating scans of the blends mPE1/PP
and mPE2/PP.

Figure 11 DSC cooling scans of the blends mPE1/mPE2,
mPE2/mPE3, and their neat polymers.
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II or Tc2), could be attributed to the crystallization of
the different dispersed phases used (mPE3, HDPE,
and LLDPE), while those at lower temperatures
(exotherm I or Tc1), could be ascribed to that of the
matrix phase, i.e., mPE1 or mPE2. Exotherms II in
all polyethylene blends are slightly displaced to
lower temperatures as compared to the crystalliza-
tion of the corresponding neat polymer forming the
dispersed phase (Tcnm). This fact may be due either
to the partial miscibility or to a dilution effect caused
by the presence of molten chains of the continuous
phases. Therefore, the exotherms I in mPE1/mPE3,
mPE1/HDPE, and mPE1/LLDPE blends are dis-
placed to higher temperatures (Tc1) when compared
to the crystallization of the corresponding matrix
phase material. The observed difference could be
due to a nucleation effect of the mPE1 rich phase by
the dispersed material rich phase (mPE3, HDPE, and
LLDPE), as well as to partial miscibility. This partial
miscibility could be explained by the existence of
some segments of the continuous phase material

included within the lamellae of the more linear dis-
persed phases. The higher crystallization tempera-
ture peaks (Tc2), and the higher and lower melting
temperatures peaks (Tm2 and Tm1) and their depres-
sion (DTc2, DTm2, and DTm1) are reported in Tables V
and VI. Also, the lower crystallization temperature
peaks (Tc1) and their enhancements (DTc1) are shown
in Tables V and VI.

In those blends where there is an overlapping in
the DSC exotherm and endotherm signals (mPE1/
mPE3, mPE2/mPE3, and mPE1/LLDPE), the height
of the temperature peaks in each phase could be
proportional to the blend composition if these blends
were immiscible without interactions. In all PEs
blends, the sharpness of the lower crystallization
peak and their heights decrease. However, the height
of the high crystallization peak increases for mPE1/
mPE3, mPE2/mPE3, and mPE1/LLDPE blends and
decreases for the mPE1/HDPE sample. This result
could be due to the fact that more linear chains of
the continuous phase (mPE1) can be accommodated
into the lamellae of the dispersed phase material by
decreasing the linear content in the matrix phase.
The ratio of the heights of the high and low crystalli-
zation peaks of the blends to those of the neat mate-
rials (Yc2/Yc2nm and Yc1/Yc1nm) and the ratio of the
heights of the high to the low crystallization peak of
the blends (Yc2/Yc1) are reported in Table VI. The
height ratios corresponding to the neat materials
(Yc2nm/Yc1nm) and the crystallinity degree of the
blends, calculated using an additivity rule of blend-
ing, are also presented in Table VI.

On the other hand, the melting endotherms I (Tm1)
and II (Tm2), corresponding to the fusion of the crys-
tals formed in exotherms I and II are displaced to
lower temperatures as compared to the endotherms
of the neat components for the mPE1/mPE3, mPE1/
HDPE, and mPE1/LLDPE blends (see Table V). The

Figure 12 DSC cooling scans of the blends mPE1/HDPE,
mPE2/LLDPE, and their neat polymers.

Figure 13 DSC cooling scans of the blend mPE1/PP and
its neat polymers with a standard previous heating at
2008C for 5 min.

Figure 14 DSC cooling scans of the blend mPE2/PP and
its neat polymers with a standard previous heating of: (a)
at 2008C and (b) at 2308C for 5 min.

2306 CÁRDENAS ET AL.
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melting point depression of the endotherm II could
be due to a combination of dilution effects and the
formation of co-crystals. The melting temperature of
endotherm II in the mPE2/mPE3 blend is lower
than that corresponding to mPE3 neat component.
Then, mPE3 will crystallize in a melt of mPE2 chains
and will melt also in the presence of molten mPE2.
This can induce a dilution effect that would depress
the melting point of the mPE3 crystal, besides lower-
ing Tc. Therefore, the nucleation effect of the dis-
persed phase in the continuous phase of the PE
blends was not observed because an increase in the
crystallization and melting temperatures of the ma-
trix component should be obtained (usually the shift
in Tc would be higher than that of Tm). The discrimi-
nation between partial miscibility, reorganization
during the heating scan and diluting actions in PE
blends is not easy based only on the dynamic ther-
mal behavior obtained by DSC. Other effects, such

as the kinetic effect of one solid phase which may
obstruct or make irregular growth of the lamellar
crystallites or the spherulites of the other phase, and
thermal perturbations due to different rates of crys-
tallization between the components should be taken
into account. However, the results found for the
mPE1/mPE3 and mPE1/LLDPE blends may indicate
partial miscibility for these blends and interactions
between the phases for the other PE blends (mPE2/
mPE3 and mPE1/HDPE).30,33–35 In any case, the
presence of two well-defined exotherms indicates
that phase separation during crystallization is pre-
dominating, even if some interaction between the
components is present.

Polypropylene blends without stretching

Figure 10 shows only slight changes in the melting
temperature peaks of the components in the melting

TABLE IV
Thermal Properties of the Neat Polymers

Material
Tm (8C)a

(62)
Tc (8C)
(62)

DHm (J/g)a

(63)
Crystallinity

(%)
Crystallization
range (8C)

mPE1 78 55 76 27 240–67
mPE2 64 46 60 21 240–72
mPE3 110 91 152 46 230–97
HDPE 131 116 196 67 60–121
LLDPE 124 104 146 50 30–115
PP 161 106 99 46 90–125
stretched PP 161 112 99 48 90–125

a Tm and DHm are the second melting peak temperatures and melting enthalpy,
respectively.

TABLE V
Melting and Crystallization Temperatures of the Blend Componentsa

Blend Condition Tm1 (8C) Tm2 (8C) Tc1 (8C) Tc2 (8C)
Tconset1

(8C)
Tconset2

(8C)

B1 NS 44–80 109 60 89 74 87
S 43–78 108 59 88 74 90

B2 NS 43–65 108 46 87 53 101
S 44–65 108 46 87 57 104

B3 NS 42–79 129–132 62 114 57 148
S 43–80 133 63 115 59 149

B4 NS 45–79 122 62 103 56 101
S 44–80 124 62 103 57 99

B5 NS 44–78 167 60 102 70 125
S 44–80 173 60 103 70 125

B6 NS 43–70 172 49 112 90 125
S 44–70 166 48 111 90 125

a Tm1 and Tm2 are the first melting peak temperatures of matrix and dispersed phase,
Tc1 and Tc2 are the crystallization peak temperatures of matrix and dispersed phase,
Tconset1 and Tconset2 are the crystallization onset temperatures of matrix and dispersed
phase and NS an S are blends without stretching and stretched after the extruder de-
vice, respectively.
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process of the blends with PP as the dispersed
phase, after being crystallized at 108C/min of cool-
ing rate. However, the DSC crystallization exo-
therms are very different for these blends without
stretching. In the mPE2/PP blend, a nucleation
effect of the mPE2 phase on the PP phase can be
observed. The crystallization peak temperature of
the PP phase (Tc2) is displaced towards higher tem-
peratures (Fig. 14, and Table VII). Therefore, a frac-
tionated crystallization phenomenon was observed
for the mPE1/PP blends. A lower temperature crys-
tallization peak and broader exotherm can be
observed for the PP phase (Fig. 13). It is well known
that, when an immiscible blend component under-
goes fractionated crystallization because it is in the
form of well-dispersed droplets, the extent of crys-
tallization during cooling from the melt is usually
lower than that of the bulk polymer. Hence, the low
melting enthalpy obtained for this blend (see Table

VII).12,20 The level of dispersion and the average
particle number per cm3 (Ni) achieved during
blending when PP was the dispersed phase are very
similar (Table III). However, the fractionated crystal-
lization phenomenon was not observed in the
mPE2/PP blend. The heterogeneous nuclei density
in iPP reported in the literature is about 9 3 106

nuclei/cm3, and the density of dispersed droplets
(Ni) in these blends met the conditions for fractio-
nated crystallization. Nevertheless, the fractionated
crystallization process can be prevented if the ma-
trix can nucleate the dispersed phase, as was
observed in the mPE2/PP blend.36,37 The ratio of the
crystallization enthalpies of each component of the
blends and the neat components (DHc1/DHc1nm and
DHc2/DHc2nm) and the crystallinity of the blends
with PP are also presented in Table VII.

Stretched blends

The main objective of this work was to show the dif-
ferences in the end properties of the blends induced
by the melt stretching of the dispersed phase (Figs.
8–10). Thus, crystallization differences of the matrix
phase within the two conditions (without stretching,
NS and stretched, S) are displayed in Tables V and
VIII for the mPE1/HDPE, mPE1/PP, and mPE2/PP
blends. In most of them, the melting temperatures
did not vary with the stretching, but it is seen that
the crystallization of the dispersed phases changes
during the stretching, and crystals with more uni-
form thicknesses seems to be produced (see Figs. 12–
14). The ratio of the crystallization and melting
enthalpies of the stretched and nonstretched blends
for the blend components (DHc1S/DHc1NS, DHc2S/
DHc2NS, and DHm2S/DHm2NS) and the increase in the
degree of crystallinity in the drawn blends is also
presented in Table VIII. A slight increase in the
degree of crystallinity was obtained only in the
mPE1/PP blend.

As far as the matrices are concerned, there are no
differences in their thermal properties because they

TABLE VI
Thermal Properties of the PE Blends without

Stretching (NS)

Blend/
Propertya

mPE1/
mPE3
(B1)

mPE2/
mPE3
(B2)

mPE1/
HDPE
(B3)

mPE1/
LLDPE
(B4)

DTcnm 36 45 61 49
DTc 29 42 52 41
DTc1 5 0 7 7
DTc2 2 3 2 1
DTm1 7 0 3 3
DTm2 5 5 3 4
Yc2nm/Yc1nm 1.6 3.3 2.6 1.3
Yc2/Yc1 14 13 8 10
Yc2/Ycnm 1.4 1.4 0.7 1.6
Yc1/Ycnm 0.16 0.34 0.21 0.22
Crystallinity (%) 22 20 26 22

a The ‘‘nm’’ subscript means neat polymers. DTcnm 5
Tc2nm – Tc1nm and DTc 5 Tc2 – Tc1.

TABLE VII
Thermal Properties of HDPE and PP Blends without

Stretching (NS)

Blend/Propertya
mPE1/

HDPE (B3)
mPE1/
PP (B5)

mPE2/
PP (B6)

DTcnm 61 51 60
DTc 52 42 63
DTc1 5 Tc1 2 Tc1nm 7 5 3
DTc2 5 Tc2 2 Tc2nm 22 24 6
DTm2 5 Tm2 2 Tm2nm 23 5 0
DHc2nm/DHc1nm 2.4 1.2 1.6
DHc2/DHc1 0.66 0.07 0.29
DHc1/DHc1nm 0.70 0.77 0.95
DHc2/DHc2nm 0.76 0.04 0.71
Crystallinity (%) 26 18 22

a The enthalpy of the blend components has been nor-
malized to their content in the blend.

TABLE VIII
Thermal Properties of the Stretched blends (S)

Blend/Propertya
mPE1/

HDPE (B3)
mPE1/PP

(B5)
mPE1/PP

(B6)

DHc1S/DHc1NS 1.0 1.2 0.9
DHc2S/DHc2NS 1.0 1.3 1.2
DHm2S/DHm2NS 1.1 1.3 1.1
Tm2S 2 Tm2NS 1 6 26
Increase in crystallinity

respect to nonstretched
blends (%)

1.0 1.3 1.0

a The enthalpy of the blend components has been nor-
malized to their content in the blend.
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were all melted during the molding process when
the samples were obtained.

The behavior of the first four blends during the
controlled crystallization inside the calorimeter and
after the first melting up to 2008C, coincides with
what it was theoretically expected. First of all, there
are no differences between the NS and S conditions,
because after the first heating, the effects induced by
the stretching process are eliminated or erased.
Moreover, it is noticed that the polymers crystallize
in a lesser degree than the pure matrices, due to the
fact that when they are dispersed into a blend, the
crystallization process is hindered and less chains
are included into the crystals.

Tensile properties

The stress–strain curves of the neat polymers and
the stretched blends are shown in Figure 15. As
expected, an increase in the modulus and tensile
stress was obtained through blending. Additionally,
the elastomeric behavior of the matrices is observed
in all blends and it was not lost through blending.
Nevertheless, all blends without stretching (NS)
exhibited a negative deviation of the linear additivity
rule of blending. The increment of the Young’s mod-

ulus (E) and the stress at 100 and 250% of elongation
obtained for the S and NS blends in relation to the
mPE1 and mPE2 products are presented in Figures 16
and 17. The highest increase on the E modulus cor-
responds to the mPE1/HDPE blend (B3), followed
by the mPE1/LLDPE sample (B4), because their
structures are similar to that of the matrix and their
compatibility is higher, which is also in agreement
with the thermal results. High compatibility between
mPE and HDPE and a low interfacial adhesion
between mPE and PP was detected in other
research,10,17,18,21 confirming our results. The higher
Young’s modulus value of the mPE1/PP than that
of mPE2/PP blend without stretching may be
explained from the higher molecular weight of the
mPE1 matrix (see Table I). Although the viscosity
ratios for mPE1/HDPE and mPE1/LLDPE blends at
the process condition are the highest (Fig. 4), the
similar molecular structure of the components indu-
ces a compatibility with a reduction in their surface
tension, increasing the interfacial adhesion and

Figure 15 Tensile curves of neat polymers (a) and
stretched blends (b).

Figure 16 Young’s modulus (E) increment (%). B1:
mPE1/mPE3, B2: mPE2/mPE3, B3: mPE1/HDPE, B4:
mPE1/LLDPE, B5: mPE1/PP, B6: mPE2/PP.

Figure 17 Stress at r100% and r250% increment (%) for the
two conditions. B1: mPE1/mPE3, B2: mPE2/mPE3, B3:
mPE1/HDPE, B4: mPE1/LLDPE, B5: mPE1/PP, B6:
mPE2/PP. Stress increment in B6 blend for r250% corre-
sponds with stress at break (rb): 239% for B6 (NS) and
189% for B6 (S).
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favouring the fibrillar morphology with an improve-
ment in the mechanical properties. However, the
blends with PP as reinforcing phase show lower
moduli although this polymer has a high modulus
and is easily oriented by stretching. This confirms
that the increase in the modulus is dominated by the
similarity between the molecular structures, reduc-
ing the interfacial tension and leading to a better
strain transmission from the matrix to the disperse
phase during the melt processing. Partial miscibility
or compatibility (very low interfacial tension)
between the components of binary blends increased
the interfacial adhesion and improved the tensile
strength and the elongation at break of the
blends.18,19,24

The results obtained for the tensile stress at 100
and 250% of elongation (Fig. 17) for the blends with-
out stretching are very different from those of the in-
crement of the Young’s modulus. The increase of
these values for the mPE1/HDPE and mPE1/LLDPE
is smaller than those for the mPE1/PP and mPE2/
PP. A small positive deviation of the linear additiv-
ity rule of blending in the tensile stresses was
obtained for the mPE1/mPE3 and mPE1/LLDPE
blends. As it was said before, a possible partial mis-
cibility of these blends was detected through DSC
results. On the other hand, a negative deviation of
the linear additivity rule of blending for the tensile
stresses was found for the other blends.

The stretching of the blends made with metallo-
cene polyethylenes as matrices and other types of
PE as dispersed phase (B1-S, B2-S, B3-S, and B4-S)
did not improve the tensile properties, although
some differences in the dispersed phases were
found by DSC and microfibrils could be seen in the
drawn mPE1/HDPE blend [Fig. 5(c,d)]. Yet, the

overall result is an improvement in the modulus
and tensile stress of the drawn samples in compari-
son to their undrawn counterpart in the PP blends.
The tensile stresses of PP blends are more sensitive
to the drawing process than the modulus, which
can be attributed to the appearance of large fibril
fractions when the drawing takes place [Figs. 6(c,d),
7(c,d)]. The similar modulus values of both stretched
blends could be explained as a consequence of the
interactions between mPE2 and PP, as found by
SEM. The tensile strength at 189% of elongation was
reported for the mPE2/PP blend because this
stretched blend fractured before 250% of elongation.
Similar results were obtained in other works with in
situ fibrillar morphology.2,3,6,8 An increase of 82 and
54% in the Young’s modulus and yield stress values
were found for a PE/PA-6 blend with in situ fibril-
lar morphology.3

Figure 18 Micro-Raman confocal spectra of (1) neat PP,
(2) stretched neat PP (PPmi) and (3) stretched mPE2/PP
(S) blend.

Figure 19 Intensity relation (I1067cm21/I1132cm21) corre-
sponding to PE bands in the blends (a) Nonstretching con-
dition (NS) and (b) Drawn condition (S).
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Micro-Raman confocal spectroscopy

The mechanical properties, such as tensile strength
and Young’s modulus of an in-situ fibrillar compos-
ite are different in the different directions because

the anisotropy of this type of materials. However,
when the in situ composite is pelletized and a physi-
cal preblend is made before compression-molding, a
more homogeneous material is expected. To study
the anisotropy of the stretched blends with PP as the
dispersed phase and the possibility of obtaining
an additional orientation by cold-drawing, micro-
Raman confocal spectroscopy was performed. The
representative Raman spectra of neat and stretched
PP and mPE2/PP (B6-S) drawn in a Minimat tensile
equipment are presented in Figure 18. For PP, the
bands at 809, 842, 973, and 997 cm21 are attributed
to chain orientations and in particular, as the degree
of crystallinity of the materials rises, the intensity
of the band at 842 cm21 rises relative to that at
809 cm21.38–40 On the other hand, a comparison of
intensities of oppositely polarized PE bands at 1067
and 1132 cm21 allows the possibility of estimating
the orientation of PE chains.41 In Figure 19, the in-
tensity ratios I1067/I1132 of blends with PP are pre-
sented with nonpolarized laser and polarized, paral-
lel or perpendicular to the stretching direction. Only
very small differences between the intensity ratios at
opposite orientation of the laser polarization were
found. So, no preferred average orientation was
obtained for the PE chains in these blends. The in-
tensity ratios I809/I841 are minimal if the chains are
parallel to the laser polarization and reach maximum
values if the chains are perpendicular to the polar-
ization. The intensity ratios I809/I842 of neat PP and
its blends, as well as the cold-drawn neat PP and its
blends with a Minimat tensile equipment are shown
in Figure 20. Only very small differences between
the intensity ratios at opposite orientation of the
laser polarization were obtained for the neat PP and
its blends (B5-NS, B5-S, B6-NS, and B6-S). As it
could be expected, with the compression-molded
blends, no preferred average orientation was found.
The formation of an optical anisotropy can be seen
for the Raman bands of neat PP only after plastic
cold-drawing.42 Similarly, only after cold-drawing,
the usual Raman Spectra manifest an additional uni-
axial orientation of PP chains for the B6-S blend

Figure 20 Intensity relation (I809cm21/I841cm21) correspond-
ing to PP bands in the blends (a) Nonstretching condition
(NS) and (b) Drawn condition (S).

TABLE IX
Values of the Expression Y 5 2(R90- 2R0)/(R90 1R0) for the Blends

Property/Blend
Y (1067 cm21/1132 cm21)

PE bands
Y (809 cm21/841 cm21)

PP bands

Neat PP – 0.35 (none or weak orientation)
PP (mi) – 1.56 (medium orientation)
B5-NS 20.08 0.08
B5-NS (mi) 20.32 (PE weak orientation) 0.10
B5-S 0.06 0.32
B5-S (mi) 20.41 (PE weak orientation) 20.27
B6-NS 20.05 20.03
B6-NS (mi) 20.37 (PE weak orientation) 20.14
B6-S 0.19 20.18
B6-S (mi) 0.53 (PE weak orientation) 0.73 (weak orientation)
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drawn with a tensile equipment. To obtain a quanti-
tative estimation of chain orientation in the PE and
PP components of the blends where PP is the dis-
persed phase, the following expression was used:41

Y ¼ 2ðR90 � R0Þ=ðR90 þ R0Þ (3)

where the R values are the intensity ratios of the
bands I1067/I1132 and I809/I842 for 0 and 90 degrees of
orientation of the samples. The values of this function
Y were calculated and are reported in Table IX for the
neat PP, the blends with PP without stretching and
stretched after extrusion, and the samples drawn in a
Minimat tensile equipment (mi). Only a certain orien-
tation in PE chains is observed for the samples drawn
in the Minimat tensile equipment. In the PP phase, a
weak orientation of the chains is obtained in the B6-S
blend drawn in the Minimat and medium and none
orientations were found in the neat PP and other
blends drawn in the Minimat, respectively. This last
result may be an additional evidence of interactions
between these blend’s components, as it is the fact of
tensile stress transfer obtained in this B6-S blend.
Similar results for drawn PP were obtained by López
et al.39 Hence, these results confirmed that a totally
homogeneous and anisotropic material was obtained
after the compression-molding process.

CONCLUSIONS

As expected, an increase in the modulus and tensile
stress was obtained through blending. Additionally,
the elastomeric behavior of the matrices (mPE1 and
mPE2) was observed in all blends and it was not
lost through blending. Nevertheless, all blends with-
out stretching exhibited a negative deviation of the
linear additivity rule of blending.

The stretching of the blends made with metallo-
cene polyethylenes as matrices and other types of
PEs as dispersed phase did not improve the tensile
properties, although some differences in the dis-
persed phases were found by DSC, and microfibrils
could be seen in the drawn mPE1/HDPE blend.
However, blending with PP produced an improve-
ment in the modulus and tensile stress of the drawn
samples in comparison to their undrawn counter-
part. The tensile stresses of PP blends are more sen-
sitive to the drawing process than the modulus,
which can be attributed to the appearance of large
fibril fractions due to the drawing process.
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