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Films of a polyethylene—polypropylene blend were prepared by gelation/crystallization from semidilute
solutions using ultrahigh molecular weight polyethylene (M, = 6 x 10%) and polypropylene (M, =4.4 x 10%).
The polyethylene/polypropylene (PE/PP) compositions chosen were 75/25, 50/50 and 25/75. The elongation
was carried out in a hot poly(ethylene glycol) oil bath at 140°C. The mechanical properties of the resultant
gel films were dependent upon the PE/PP compositions at each draw ratio. This interesting phenomenon
is discussed using the second-order orientation factors of the ¢ axes of polyethylene and polypropylene
within the blend films. It turns out that the orientation factors of the polyethylene and polypropylene
phases within the blend films at each draw ratio are different from those of their individual homopolymers
with the corresponding draw ratio and this tendency is pronounced for blend films with a draw ratio of
20. Therefore, it is insufficient to explain the dependence of PE/PP composition on the storage and loss
moduli by a composite law based on a simple model system in which polyethylene layers lie adjacent to
polypropylene layers with the interfaces parallel and perpendicular to the stretching direction and the
morphological properties of the two phases within the blend films are equivalent to those of their individual

homopolymers at each draw ratio.
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INTRODUCTION

The crystal lattice moduli of polyethylene and isotactic
polypropylene have been measured by X-ray diffraction
using ultradrawn films which were produced by gelation/
crystallization from dilute solutions!:2. The measured
crystal lattice modulus of polyethylene was in the range
213-229 GPa' and that of polypropylene was 39-43 GPa?.
The maximum Young’s moduli of polyethylene and poly-
propylene approach 2162 and 40.4 GPa?®, respectively.
The considerable difference in the crystal lattice moduli
between polyethylene and polypropylene is due to the
fact that the polyethylene chain has a fully extended (all
trans) planar zigzag conformation, while the isotactic
polypropylene has trans and gauche conformations. In
spite of the excellent mechanical properties of poly-
ethylene, its thermal properties are poorer than those of
polypropylene. The apparent melting points of ultradrawn
polyethylene and polypropylene films measured by
differential scanning calorimetry were ~155* and
~178°C3, respectively.

To produce films with improved mechanical and
thermal properties, ultradrawing of blend gel films of
polyethylene and polypropylene has been studied in
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terms of morphological aspects in previous work>. Films
of polyethylene and polypropylene blend were prepared
by gelation/crystallization from semidilute solutions
by using ultrahigh molecular weight polyethylene
(UHMWPE) (M,=6x10% and ultrahigh molecular
weight polypropylene (UHMWPP) (M,=4.4x10°)
according to the method of Smith and Lemstra®-®. The
polyethylene—polypropylene (PE/PP) compositions were
75/25, 50/50 and 25/75. The maximum drawability was
affected by composition. This interesting phenomenon
was discussed in terms of wide-angle X-ray diffraction
(WAXD), small-angle light scattering (SALS), optical
microscopy and scanning electron microscopy (SEM).
Through a series of experimental results, it turned out
that the facile drawability of the blend gel films with
draw ratios > 50 is due to the existence of a suitable level
of entanglement mesh between the polyethylene and
polypropylene chains in spite of their incompatibility in
solution.

In the present work, our focus is on the mechanical
properties of ultradrawn blend gel films. The characteristic
mechanical properties of the blend films are discussed in
terms of their morphological properties and they are also
analysed in relation to the mechanical properties of their
individual homopolymers by using a model system where
polyethylene phase is attached to the polypropylene
phase as discussed below.
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EXPERIMENTAL SECTION

The samples used in this experiment were linear poly-
ethylene and polypropylene with molecular weights of
6 x 10° and 4.4 x 108, respectively, as in previous work?>.
The solvent was decalin. The gel films were prepared
according to the methods described previously®. Strips of
the gel film were clamped in a manual stretching device
and were placed in a poly(ethylene glycol) (PEG) bath
at 140°C and immediately elongated to the desired draw
ratio. After the samples had been stretched, the stretcher
with the samples was annealed at 140°C for 2h and
quenched to room temperature. The stretcher and the
sample were immersed in a hot water bath at 80°C for
several minutes to remove PEG. The drawn films were
immersed in ethanol for 1 week and vacuum dried to
remove residual traces of antioxidant di-t-butyl-p-cresol
and PEG completely.

The complex dynamic tensile modulus functions were
measured at a frequency of 10 Hz over the temperature
ranges — 150 (or —100)-190°C by using a viscoelastic
spectrometer (VES-F) obtained from Iwamoto Machine
Co. Ltd. The length of the specimen between the jaws
was =x40mm. During measurements, the film was
subjected to a static tensile strain to place the sample in
tension during the axial sinusoidal oscillation which had
a peak deformation of 0.05%. The complex dynamic
modulus was measured by imposing a small dynamic
strain to assure linear viscoelastic behaviour of the
specimen. Before the measurements were made, the
undrawn films were annealed for 1h at 90°C and the
drawn specimens were annealed for 1h at 120°C.

Young’s modulus and tensile modulus were measured
by using an Instron type test machine at a slow speed of
2mmmin~"'; the sample length between the jaws was
40 mm.

The X-ray diffraction measurements were made by a
12kW rotating anode X-ray generator (RDA-rA) with
CuK, radiation. X-ray diffraction intensity distribution
was measured for three crystal planes, the (110), (040)
and (113) planes, of polypropylene and for the (002) plane
of polyethylene with an ordinary horizontal scanning
type goniometer operating at a fixed time step scan of
0.1° interval over twice the Bragg angle 20, from 11 to
19° and from 39 to 46° for polypropylene and from 71
to 77° for polyethylene. The horizontal scanning was
done at fixed angles by rotating the specimen stepwise
about the film thickness direction at 5° intervals. After
applying corrections to the observed X-ray diffraction
intensity (for air scattering, background noise, polariz-
ation and absorption) and subtracting the contribution of
the amorphous halo from the corrected total intensity
curve, the intensity is believed to be due to the diffraction
from crystalline phase. The intensity is separated into the
contribution from the individual crystal planes. As for
the (110) and (040) planes of polypropylene, the contri-
bution from the (130) plane of polypropylene and the
(110) plane of polyethylene must be considered. The
separation was done on the basis of the assumption
that each peak has a symmetric form given by a
Lorentz function. The detailed treatment has already
been described elsewhere®1°.

Small angle light scattering (SALS) patterns were
obtained with a 15 mW He—Ne gas laser as a light source.
Diffuse scattering was avoided by sandwiching the
specimen between cover glasses with silicon oil as an
immersion fluid.

The density of the films was measured by pycnometry
with chlorobenzene-toluene as the medium. Since the
density was very dependent on the presence of residual
antioxidant and PEG in the films, great care was taken
to remove them. For this reason, the drawn specimen
was cut into fragments and immersed in ethanol for 30d
and subsequently vacuum-dried for 1 d before the density
was measured.

Birefringence was measured by an optical microscope
with crossed polaroids, using a Berek compensator for
measuring the retardation.

RESULTS AND DISCUSSION

Figure 1 shows Young’s modulus of the blend gel films
with the indicated draw ratios measured at 20°C. Young’s
modulus of the specimen decreases with increasing
polypropylene content except for the specimen with
2=20, whose Young’s modulus increases with increasing
polypropylene content. The result at 1=20 contradicts
the general concept of polymer science, since the crystal
lattice modulus in the chain direction of polyethylene
(213-229 GPa)' is much higher than that of poly-
propylene (41-43GPa)*®. This interesting mechanical
property is also observed for the corresponding tensile
strength shown in Figure 2: tensile strength increases
with increasing polyethylene content except for =20,
where tensile strength increases with increasing poly-
propylene content, although the tensile strength of
polypropylene homopolymer is lower than the tensile
strengths of the 50/50 and 25/75 blend films. This
discrepancy is thought to be due to the morphological
difference between the blend and the individual homo-
polymers. Incidentally, the values of Young’s modulus
and tensile strength of polypropylene film at 1= 100 are
lower than those reported previously®. This is probably
due to the drawing condition; the drawing of this
experiment was in PEG at 140°C and the drawing of the
previous experiment was in a hot oven. It is believable
that PEG molecules act as plasticizer.
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Figure 1 Young's modulus of the specimens for the PE/PP compo-
sitions indicated at various draw ratios
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Figure 2 Tensile strength of the specimens for the PE/PP compo-
sitions indicated at various draw ratios

e F T | |

({GPa)

£’

150

(GPa)

144

o Lt
-100 -50 o] 50 100 150

Temperature (°C)

Figure 3 Temperature dependence of storage and loss moduli for
undrawn gel films for the PE/PP compositions indicated: symbols,
experimental results; ——, theoretical results calculated on the basis
of the model in Figure 14
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To check these mechanical properties of the blend gel
films, the complex dynamic tensile modulus was measured
over a wide temperature range. All the plots (not the
solid curves) in Figures 3-7 show the temperature
dependence of storage and loss moduli at a frequency of
10 Hz for the undrawn and drawn gel films. In Figure 3,
the storage modulus over the given temperature range
increases with increasing polyethylene content. The
storage modulus decreases with increasing temperature
for all the specimens. This tendency is similar to the
results observed by several authors for semicrystalline
polymers. For the loss modulus, the « transition around
80°C can be observed for all the specimens and the peak
intensity becomes sharper with increasing polyethylene
content. The B transition peak appearing in the tem-
perature range — 10-10°C decreases in intensity with
increasing polyethylene content. The temperature de-
pendence of the loss modulus for the « transition of
polyethylene is affected by crystallinity. The o transition
of polyethylene has been classified into two mechanisms,
the o, and o, 11713, The o; mechanism is associated with
grain boundary phenomena of deformation and/or rota-
tion of crystallites (crystal mosaic block) within a
viscous medium and the o, mechanism involves the
crystal disordering transition due to the onset of torsional
oscillation of polymer chains within the crystal lattice.
The S transition is assigned to interlamellar grain
boundary phenomena associated with orientational and
distortional dispersions of amorphous phases between
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Figure 4 Temperature dependence of storage and loss moduli for
drawn gel films (1=20) for the PE/PP compositions indicated:
symbols, experimental results; ——, theoretical results calculated on
the basis of the model in Figure 14
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Figure § Temperature dependence of storage and loss moduli for
drawn gel films (1=40) for the PE/PP compositions indicated:
symbols, experimental results; -—-, theoretical results calculated on
the basis of the model in Figure 14

orienting lamellae'*. The f transition of polyethylene
cannot be observed for dried gel films because of high
crystallinity, ~84%*>, but it could be observed for melt
films whose crystallinities were < 60%:3. Accordingly, the
p transition of the blend films in this experiment is
evidently associated with the amorphous transition of
polypropylene.

From the storage moduli curves in Figures 4-7, it is
seen that the values for the specimen with A= 20 decrease
over the given temperature range with increasing poly-
ethylene content, while those for the specimens with
4=40, 60 and 100 increase with increasing polyethylene
content. This satisfies the results of Figures I and 2. For
the loss modulus, the peak position of the « transition
for the polyethylene homopolymer with 4=20 appears
around 60°C. With elongation, the o transition peak
shifts from about 80°C to lower temperature for the
undrawn blend and polyethylene homopolymer, as
shown in Figure 3, indicating imperfection of crystallites
in the transformation process from a folded to a fibrous
type. With further increase in draw ratio beyond 40, the
o peak shifts to higher temperature through the increase
in perfection of crystallites, and the peak of the f
transition disappeared owing to an increase in crystallinity
of the polypropylene phase. The crystallinities were 76,
79 and 82% for the polypropylene homopolymer with
/=40, 60 and 100, respectively. These values were slightly

lower than those for polypropylene gel films with the
corresponding draw ratios stretched in a hot oven under
nitrogen®.

Note here that the storage moduli of the 25/75 blend
films are lower than those of polypropylene homo-
polymers in the temperature range beyond 0°C for the
specimen with A =40 and beyond 120°C for the specimens
with A=60 and 100. This is due to the fact that the
orientational degree of the c-axes within the 25/75 blend
film is lower than that within the polyethylene homo-
polymer at each draw ratio, and the mobility of the
polyethylene chain within the blend film becomes greater
with temperature. This analysis will be discussed later.

Returning to Figures 1 and 4, the question must be
resolved why Young’s modulus at room temperature and
the storage modulus over the given temperature range
decrease with increasing polyethylene content for the
specimen with A=20. To understand this behaviour, the
orientation of the c-axes of polyethylene and poly-
propylene crystallites was estimated in terms of the
second-order orientation factor. The second-order orien-
tation factors F,5,=0, —1/2 and 1 correspond to
random, perpendicular and parallel to the stretching
direction, respectively. The orientation factor of poly-
ethylene was obtained directly from the (002) plane, while
that of polypropylene was calculated using the orientation
factors of the (110), (040) and (113) planes by Wilchinsky’s
equation'®. They are shown in Figures 8 and 9. As can
be seen in Figure 8, the orientation factor of polyethylene
is affected by the PE/PP composition. The factor of the
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Figure 6 Temperature dependence of storage and loss moduli for
drawn gel films (A=60) for the PE/PP compositions indicated:
symbols, experimental results; ——, theoretical results calculated on
the basis of the model in Figure 14
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Figure 7 Temperature dependence of storage and loss moduli for
drawn gel films (1=100) for the PE/PP compositions indicated:
symbols, experimental results; ——, theoretical results calculated on
the basis of the model in Figure 14

Figure 8 The second-order orientation factor of the c-axis of polyethy-
lene phase within the gel films for PE/PP compositions indicated at
various draw ratios

blend films with 2=20 decreases with increasing poly-
ethylene content, while the factors of the other blend
films with draw ratios =40 increase. This indicates that
the orientation of the c-axes within the blend films with
A=20 is unusual. In contrast, the orientation factor of
polypropylene crystallites of the specimens with 1=20
decreases drastically with increasing polyethylene content,
as shown in Figure 9. This tendency becomes less
pronounced with increasing draw ratio but, beyond
4=60, the orientation factor is independent of PE/PP
composition. The results in Figures 8 and 9 indicate that
the unusual relationship between Young’s (or storage)
modulus and PE/PP composition for the specimens with
4=201is due to the fact that the orientational degrees of
the c-axes of polyethylene and polypropylene crystallites
decrease with increasing polyethylene content.

Figure 10 shows the nominal stress-strain relationship
at A=1, 20 and 40 of the blend films and their
homopolymers at a constant strain rate of 2mm min ~*
at 140°C. The curve profile is strongly affected by PE/PP
composition. The curve for undrawn polypropylene film

1460 POLYMER, 1990, Vol 31, August

exhibits a yield point at an initial draw ratio after which
the stress decreases to ~20% strain. The stress remains
constant with further elongation. When the applied stress
exceeds the yield stress, necking suddenly appears at a
locatized region in the specimen and subsequently grows
continuously until the whole specimen is covered. In such
a non-uniform drawing process, the decrease in transverse
specimen dimensions with increasing length occurred
mainly in the direction of the film thickness and much
less in the film width, as has been observed for
polyethylene gel film drawn at room temperature’”.

As for the blend films, the yield point becomes more
indistinct with increasing polyethylene content and the
draw ratio corresponding to their yield point becomes
higher. Finally, the yield point of the polyethylene
homopolymer can be diminished and the nominal stress
increases with draw ratio. This indicates that a surprising
mobility of polyethylene chains within crystal lamellae
occurred at 140°C close to the melting point of undrawn
polyethylene gel film*. In this case, the crystal lameilae
can readily be destroyed by elongation and do not act
as rigid bodies.

The profile of the curves for the drawn film with 1 =20
is dependent on PE/PP composition. The curve of the
polyethylene homopolymer exhibits a yield point at 8%
strain after which the stress decreases until = 15%. The
stress increases with further elongation up to 80%
and after then it levels off to 120% close to the breaking
point. The drawing mode is non-uniform, similar to the
behaviour of undrawn polypropylene films. This indicates
that the polyethylene gel film with 2=20 still remains
crystal lamellae. The curve of the polypropylene gel film
exhibits an indistinct yield point, after which the stress
levels off until about 40% strain. The stress decreases
gradually with further elongation. Such a decrease has

10 T

Orientation Foctor F200

PE/PP

Figure 9 The second-order orientation factor of the c-axis of poly-
propylene phase within the gel films for PE/PP compositions indicated
at various draw ratios
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Figure 10 Stress—strain relationship for undrawn and drawn f{ilms for the PE/PP compositions indicated measured at 140°C

been observed when polymeric materials with high
molecular orientation are drawn at a slow strain speed
such as 2mmmin~' at room temperature. This is
probably attributed to stress-relaxation under elongation
due to the slippage of molecular chains. The stresses of
the blend films with the 75/25 and 50/50 compositions
increase until their breaking points with further elongation
beyond their yield points. The question arises why the
yield stress and Young’s modulus of the 25/75 blend film
are the highest in spite of the lowest content of
polyethylene, whose crystal lattice modulus is higher than
that of polypropylene. This is thought to be due to the
fact that the orientational degree of the polyethylene
crystal fibre axis (the c-axis) within the 25/75 blend is
the highest among the three kinds of blend film, as shown
in Figures 8 and 9.

For the films with 4 =40, stress increases with increasing
polypropylene content except for the 75/25 blend. The
tendency is quite different from the PE/PP composition
dependence of Young’s modulus and tensile strength at
20°C shown in Figure 2b. Such curve profiles of all the
specimens indicate that measurements of tensile strength
at 140°C are significant enough to postulate the existence
of folded type crystals of polyethylene even at a draw
ratio of 40 as well as the transformation of polypropylene
crystailite from a folded to a fibrous type.

Figures 11 and 12 show the temperature dependence
of birefringence measured for the gel films with the
indicated PE/PP compositions at 4 =20 and 40, respect-
ively. The measurements were made for the specimens
with a fixed dimension in the stretching direction.
Because of an intrinsic birefringence value of polyethylene
higher than that of polypropylene!®-'®, the birefringence
of the blend films increases with increasing polyethylene
content but the values are hardly affected by temperature
up to 160°C higher than the apparent melting point
(155°C) due to the superheating effect*. At temperatures
beyond 160°C, however, the temperature dependences of
birefringences of the blend films with 4=20 and 40 show
different behaviour: drastic decreases in birefringence are
observed for blend films with A=20. Judging from the
birefringence behaviour in Figures 11 and 12, it may be
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Figure 11 Temperature dependence of birefringence for specimens
with the PE/PP compositions indicated at 2=20
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Figure 12 Temperature dependence of birefringence for specimens
with the PE/PP compositions indicated at 1 =40
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expected that, around 160°C, oriented polyethylene
crystallites within the blend films with 1 =20 are not free
to allow a random orientation in the melt state because
of the existence of entanglement mesh between poly-
ethylene and polypropylene chains, but at temperatures
beyond 160°C the mobility of polyethylene becomes
active enough to increase orientational fluctuation due
to stress relaxation. In contrast, with the fixed dimension,
the very highly extended polyethylene chains within the
blend films with =40 are not free to allow an increase
in orientational fluctuation even at temperatures beyond
160°C, because of the very dense arrangement of molecular
chains, so that there exists no space to invoke the chain
mobility within the specimen. This result also supports
the previous results of WAXD patterns, which did not
show diffraction rings but showed equatorial refractions
of the (110) and (200) planes within the 25/75 blend film
at A=60, indicating that the c-axes of polyethylene are
highly oriented with respect to the stretching direction®.
Figure 13 shows the SALS patterns under H, polariz-
ation conditions as a function of temperature, measured
for the 25/75 blend films with A =20 and 40. The pattern
from the film with A=20 shows a diffuse X-type whose
lobes are slightly extended in the vertical direction. Such
a pattern characterizes scattering from rodlike textures

A = 20

Temp,

»
»
®

0 5 10 15°
N N )

Figure 13 SALS patterns under H, polarization condition as a
function of temperature, observed for the 25/75 blend films with 2=20

and 40

130°C

A=40
145°C

185°C

190°C
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X1

Figure 14 Composite structural unit of the blend system, in which
the polyethylene phase is attached to both the X, and the X, faces of
the polypropylene phase

under oriented crystallization2%-2!, With increasing tem-
perature, the pattern becomes more indistinct and, at
185°C, the scattering shows an indistinct circular pattern.
Thus it turns out that the active mobility of polymer
chains is more pronounced with increasing temperature
in spite of the fixed dimension in the stretching direction
and, finally, the rodlike textures are destroyed at 185°C.
This process is in good agreement with the decrease in
birefringence with temperatures beyond 160°C shown in
Figure 11.

The scattering from the 25/75 blend film with A=40
at 20°C shows an X-type pattern whose lobes are slightly
extended in the horizontal direction, characterizing the
scattering from rodlike textures oriented in the stretching
direction. The pattern becomes indistinct with increasing
temperature but it preserves X-type even at 190°C. This
indicates that the rodlike textures remain at 190°C. The
aggregation of molecular chains with highly orientational
degree seems to behave enough like rigid bodies to
prevent large orientational fluctuation even at 190°C.
This concept supports the birefringence data of the 25/75
blend film with A=40 in Figure 12.

Finally, we shall discuss whether the complex dynamic
moduli in Figures 3-7 can be analysed on the basis of a
composite law. Let the composite structural unit be as
Figure 14, in which polyethylene layers lie adjacent to
polypropylene layers with the interfaces perpendicular to
the X, and X, axes, so that the strains of the two phases
at the boundaries are identical. In this model system, the
X, and X, axes may be taken along the stretching and
thickness (or transverse) directions. The volume crystal-
linity X, is represented as the product éu of the fractional
lengths ¢ and p along the X; and X axes.

According to Maeda et al.??, the complex dynamic
modulus E* in the X; direction is given by

pro b 1ok
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where, for example,
1 ) 1 —é
Sl SPE* SPP*
(= 5+ 8"

SPP* SPE*
=050+ 5 (1= 05

@)

Similarly, S and S'¥ can be obtained from boundary con-
ditions, although they are not represented in this paper.
SPF and S} denote the complex elastic compliances of
polyethylene and polypropylene, respectively, and vi®
and v} are Poisson’s ratios of polyethylene and poly-
propylene, respectively. In equation (1), we assume

PE% __ PEx
SPEx = _EESEE

PPx __ PP
ST = —v31S%s

where S55* and SEE* are related to the storage and loss
moduli of polyethylene and polypropylene homopolymers
as follows:

&)

SPE* — 1

Epg+iEpg 4)
SPP* — 1

Epp+iEpp

Returning to Figures 37, the solid curves exhibit the
calculated results for storage and loss moduli. They are
in poor agreement with the experimental results except
for the undrawn films in Figure 3. This disagreement
probably arises from the assumption that the temperature
dependences of the complex dynamic moduli of poly-
ethylene and polypropylene phases within the blend films
are equal to those within the individual homopolymers
at each draw ratio. In fact, as can be seen in Figures 8
and 9, the orientation factors of the c-axes of polyethylene
and polypropylene within the blend films are different
from those within their individual homopolymers at each
draw ratio and, especially at A=20, the orientation
factors are strongly affected by PE/PP composition,
becoming lower with increasing polyethylene content. To
obtain a better fit between experimental and calculated
results, the PE/PP composition dependence on molecular
orientation must be taken into account in further studies.

SUMMARY AND CONCLUSIONS

Polyethylene—polypropylene blend films were prepared
by gelation/crystallization from semidilute solutions by
using ultrahigh molecular weight polyethylene (M, =
6 x 10°) and polypropylene (M, =4.4 x 10°). The PE/PP
compositions chosen were 75/25, 50/50 and 25/75. The
mechanical properties of the blend gel films depended
upon PE/PP composition, since the orientational degrees
of the c-axes of polyethylene and polypropylene within
the blend films are different from those of their individual

homopolymers. For the undrawn films, the storage
modulus increases with increasing polyethylene content
and the results calculated on the basis of a simple
composite model are in good agreement with the
experimental results. In contrast, Young’s modulus (and
the storage modulus) for the films with 1=20 decreases
with increasing polyethylene content. With further elon-
gation beyond A=40, Young’s modulus (or the storage
modulus)increases with increasing polyethylene content.
The complex dynamic moduli of the blend films with
draw ratio beyond A =20 are in poor agreement with the
results calculated on the basis of the model system. This
disagreement is due to the fact that the molecular
orientations of the polyethylene and polypropylene
phases within the blend films are not equal to those of
the individual homopolymers. Under the fixed dimension
in the stretching direction, the 25/75 blend film with
4=40 preserves the rodlike textures even at 190°C higher
than melting point of polypropylene by the superheating
effect. The birefringence at 190°C was slightly higher than
that at 20°C, indicating further arrangement of molecular
chains due to active thermal mobility. This indicated that
polyethylene chains are not free to allow orientational
fluctuation and are extended in the melt state.
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