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Synopsis

Only a few reported studies have involved the uniaxial orientation of LDPE and even less
on LLDPE. It is our purpose to report on characteristics of uniaxially oriented films of LLDPE
that contribute to property development. The LLDPE has been coextruded at 25 and at 80°C
layered as ribbons within longitudinally split billets of HDPE. The LLDPE so drawn was
characterized by thermal analysis, birefringence, elastic recovery, and wide angle X-ray meas-
urements. As a result, we can conclude that the drawing of LLDPE at the lower temperature
produces a relatively high content of monoclinic crystals; the orientation behavior of LLDPE
is similar to that of HDPE. The molecular network formed by entanglements and crystals
reduces the draw to a maximum below 15.

INTRODUCTION

With developments in the polymerization of ethylene, a novel class of
linear low density polyethylene (LLDPE) is now in competition with con-
ventional low density polyethylene (LDPE), the worlds largest volume ther-
moplastic. LLDPE is mainly processed by film blowing and by blow molding,
frequently drawn down to thicknesses below 10 um and with the devel-
opment of excellent tensile and impact strength. These processes involve
stretching of LLDPE at different temperatures from above to well below
the melting point to induce molecular and crystal orientation.l2

In recent years there have been many studies on the relationship between
deformation, morphology, and the consequent properties of oriented poly-
mers. In particular, ultraoriented HDPE fibers with tensile moduli > 200
GPa and draw ratios >200.2 On the other hand, only a few studies*® have
involved the uniaxial orientation of LDPE and even less on LLDPE. Of
course, conventional processing of thermoplastics often results in molecular
orientation.

It is the purpose of this communication to report on the draw and the
characteristics of uniaxially oriented films of LLDPE. The LLDPE has been
coextruded within split billets of HDPE. The ribbons of LLDPE so drawn
were characterized by thermal analysis, birefringence, elastic recovery, and
wide angle X-ray. Results are thus provided on draw efficiency (from elastic
recovery), the fraction of crystals (thermal and X-ray analysis), and the
relative orientation of the amorphous and crystalline phases (X-ray

* On leave from Planta Piloto de Ingenieria Quimica, UNS-CONICET, Bahia Blanca, Ar-
gentina.
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and birefringence), which are responsible for the mechanical properties of
the uniaxially oriented LLDPE.

EXPERIMENTAL

Polymers and Preparations

The two polyethylenes used in this study are detailed in Table I. Isotropic
sheets of about 0.3 mm thickness were obtained by compression molding
at 160°C and subsequently quenched into water to room temperature. These
sheets were cut and placed between longitudinally split cylindrical billets
of HDPE. This assembly was then coextruded at 25 and at 80°C through
conical brass dies of included entrance angle of 20°. The extrusion draw
ratio (EDR) was calculated from the displacement of lateral ink marks
placed on the ribbon prior to extrusion. Multistage coextrusions® were used
in some cases to avoid excessive high pressures leading to buckling in a
single pass.

Thermal Analysis

The melting point and heat of fusion were determined by a Perkin-Elmer
differential scanning calorimeter (DSC-2) calibrated with the melt transi-
tion of indium and naphthalene. All measurements were made at a heating
rate of 10°C/min. The melting point was defined as the maximum peak
value of the fusion curve and from an average of three runs. The crystalline
weight fraction (X,) was determined from the relationship between the
endothermic areas and the heat of fusion for a perfect polyethylene crystal
having the orthorombic unit cell (AH° = 69 cal/g).” With no easy alternative,
the heat of fusion for polyethylene of the monoclinic form was assumed
equal to that of the orthorombic.

Birefringence

The birefringence was measured using an Ehringhaus Caclspar compen-
sator with a Zeiss polarizing microscope and a white light source (5500 A

TABLE I
Characteristics of Polyethylenes Tested
Type Composition M, pb (g/cm?) T, O EDR,..!
LLDPE Ethylene-butene-1 35,000 0918 25 8
80 9
HDPE Homopolymer 33,000 0.960 25 >15

* From ML

b As provided by supplier.

¢ Extrusion draw temperature.

4 Maximum extrusion draw ratio maximum in this study.
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wavelength). The total birefringence An, was calculated from

R
AnT=—d--A

where A is the wavelength, R the retardation, and d the sample thickness.

Wide Angle X-Ray

Orientation of the a, b, and c crystal axes for draw ratios lower than 4
were measured by azimuthal scanning of the (110) and (200) reflection, using
a Siemen D-500 diffractometer operating at 30 mA and 40 kV. Cuka ra-
diation with Ni-filter is used, and subsequent interpretation from the Wil-
chinsky formula.? The samples extruded at EDR >4 had a strong (002)
reflection so that a direct determination of the C-axis crystal orientation
could be made. It had been shown at high orientation® that this gave the
same results as the Wilchinsky’s method. The orientation functions were
evaluated according to

fo= @B cos?d, — 1)/2
fr = B cos? d, — 1)/2
f. = @Bcos?d, — 1)/2

where ¢, ;... is the angle between the unit cell axes and the draw direction.
Orientation function is O for random, —0.5 for perpendicular, and 1 for
perfect orientation. For an orthorhombic system, they are related by

fotfotfe=0

Amorphous Orientation

Amorphous orientation f,,, was estimated from a combination of bire-
fringence and X-ray data using the equation proposed by Stein!®

Any = An X, + An,,(1—X) + An; + An,

where An, = An’, f, is the birefringence of the crystalline phase and An,,
= An’,, fum, is the birefringence of the amorphous phase. The birefringence
X, used is volume fraction, whereas a determination from DSC gives weight
fraction. A density correction is therefore needed. The form (An) and dis-
tortion (An,) birefringence were also neglected. The intrinsic birefringence
of the crystalline and amorphous phases used were An°, = 0.057 and An’,,
= 0.043.10

Elastic Recovery

The drawn ribbons were cut into 1 cm length and immersed in a silicone
oil bath maintained at 160°C. The ribbons, on heating, become simultane-
ously molten, transparent, and shrunk. The shrunk film was removed from
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the bath, cooled, and measured. The total elastic recovery was calculated
from the following expression:

L;— L
R(%)—mx 100

where L is the length of the drawn specimens, L is the shrunk length, and
L, the length before deformation (L, = EDR x Lp.!

RESULTS

The melting point (7},,) of LLDPE obtained by DSC is insensitive to draw
ratio and draw temperature (7,,). They are all within 1°C for all EDR and
for the two extrusion draw temperatures, 25 and 80°C. The percent crys-
tallinity increases by 7.5% at EDR 8 and is higher at equivalent draw ratio
when extruded at the higher temperature (see Fig. 1).

Figure 2 shows the total birefringence as a function of EDR at both
extrusion draw temperatures. An, increases rapidly with initial draw, fol-
lowed by an approach to a limit at higher EDR. There is a small dependence
of Anyon extrusion temperature, being lower at the higher T,,. The coex-
truded HDPE samples were more generally birefringent.

The wide-angle X-ray flat film of undrawn LLDPE shows a diffraction
pattern of uniform concentric rings. Upon extrusion draw at 25°C, a strong
monoclinic reflection with d-spacing = 4.56 A (20 = 19.4°) was detected in
LLDPE for an EDR as low as 1.6. Other weak reflections were also observed
at 26 of 23° and 24.9°. According to the unit cell dimensions of monoclinic
PE, these reflections correspond to the (001), (200), and (201) planes re-
spectively.'?2 The (001) reflection shows off-equatorial maxima in both HDPE

% CRYSTALLINITY

EXTRUSION DRAW RATIO

Fig. 1. Percent crystallinity vs. extrusion draw ratio for LLDPE drawn at 25 and 80°C.
Data obtained with DSC—2 at 10°C/min.
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Fig. 2. Total birefringence vs. extrusion draw ratio for LLDPE drawn at 25 and 80°C and
for HDPE drawn at 25°C. :

and LLDPE for an EDR between 2 and 4 and turn to the equator at yet
higher EDR. The LLDPE drawn at 80°C shows only a weak reflection for
monoclinic at a 19.4° 20 angle.

The a, b, and ¢ crystal axis orientation functions of LLDPE drawn at both
temperatures are plotted in Figures 3 and 4. As shown, the crystals drawn
at 80°C more readily orient to a higher degree approaching the limit of
maximum orientation (f, = f, = —0.5, f. = 1). Furthermore, the alignment
of the a and b crystal axes are nearly perpendicular to the draw direction
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Fig. 3. a,b-Axis crystal orientation functions vs. extrusion draw ratio for LLDPE drawn at
25 and 80°C.
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Fig. 4. c-Axis crystal orientation function vs. extrusion draw ratio for LLDPE drawn at 25
and 80°C.

at high EDR. However, at low EDR the crystal a-axis orients faster than
the b at both extrusion temperatures.

Orientation of the amorphous phase was determined by assuming an
additivity of the birefringence contributions for the crystalline and the
amorphous phase, and using the crystallinity from DSC plus the £, obtained
by X-ray (see Fig. 5). The decreased amorphous orientation with increased
draw temperature may be noted.

Elastic recovery of the drawn LLDPE is plotted in Figure 6. The recovery
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Fig. 5. Amorphous orientation function vs. extrusion draw ratio for LLDPE drawn at 25
and 80°C.
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Fig. 6. Percent elastic recovery vs. extrusion draw ratio for LLDPE drawn at 25 (O) and
80°C (@) and for HDPE drawn at 25°C ().

was rapid for LLDPE samples after only 15 s at 160°C. At EDR <4, recovery
is ~ 100%. This means that the deformation was virtually affine. At higher
draw, recovery decreases with increasing draw, but is still high, 95% at
EDR 14. The HDPE of similar molecular weight showed similar behavior.
However, the recovery was less. In any case, the behavior of all polyeth-
ylenes was comparable, i.e., a high fractional recovery of the original draw
indicating the high draw efficiency.

DISCUSSION

An X-ray diffractometer scan shows strong reflection for monoclinic crys-
tals in LLDPE drawn at 25° C. The monoclinic content, calculated from the
equatorial intensity ratio (Zggr/ B, was 20% of the total crystals. At higher
EDR the fraction was nearly constant. This value is about half again more
than for HDPE drawn at the same condition. A

The samples drawn at 80°C showed only a very weak monoclinic reflection.
Nonetheless, it has not escaped us that the monoclinic form may be the
route to achieve high draw that inevitably involves chain translation
through crystals.

The calculated fraction of monoclinic structure is only an estimation due
to overlapping reflections from the amorphous halo at a 19.5° 20 angle.
However, it is interesting to note the high content of this structure in drawn
LLDPE with less than 40% crystallinity. The monoclinic phase has a lower
density, 0.988 g/cm3, than the orthrhombic phase by < 2% and was reported
to make a significant contribution to the density decreases found in LDPE
drawn at low temperatures.®> However, at higher draw temperatures,!® be-
cause of the much smaller monoclinic content developed, its effect on a
density decrease is minimal.

The transformation of the parent spherulitic structure into fibrils on draw
results in an increase in orientation for both the crystalline and amorphous
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phases. Consequently, the molecules in this latter phase become taut and
are closer packed. This has been demonstrated by the increases in tensile
modulus with draw, and it is associated with the increase in crystallinity
shown in Figure 1. Where the extrusion temperature is sufficiently high
to permit the rapid relaxation of the amorphous taut tie molecules, we
expect less chain orientation and an annealing effect that increases the
crystallinity a little more (see Fig. 1). Indeed, the increase in mobility with
temperature led to rotation and unfolding of chain blocks in the lamellae
with drawing, given high crystalline orientation (Fig. 3 and 4).

The birefringence is the difference in refractive indices along and per-
pendicular to the draw direction and increases with the orientation (Fig.
2). The samples drawn at 80°C show slightly lower values. Considering that
the initial LLDPE is ~ 60% amorphous, the relaxation of amorphous chains
at higher draw temperature consequently has a large effect on the measured
total birefringence. Figure 5 shows at higher draw temperature of 80°C, f,,,
developed on drawing is slow and at EDR 6, is only 0.5 comparing to a value
of 0.7 for the same sample drawn at 25°C to equivalent EDR. The lower £,
is due to the faster relaxation of the amorphous chains at higher draw
temperature and therefore a smaller contribution resulting in lower total
birefringence.

Deformation of a molecular network using a Takayanagi type of model
with the network parallel to the crystalline phase has been proposed to
explain the drawing behavior of polyethylenes.’#15 This network is formed
by physical entanglements of molecular chains. In an affine deformation,
the network is deformed but not destroyed. The crystalline phase maintains
the deformed network fixed in entropically unfavorable configuration.
When the crystals melt, these amorphous molecules shrink back and the
sample adopts the original size and geometry. In the case of LLDPE the
recovery was very fast and ~ 100% at <EDR 4 indicating a near affine
deformation. At higher draw, % recovery decreases but is still very high,
> 43%. The departure from near affine deformation at higher draw is due
to morphological changes.

In the semicrystalline LLDPE, at larger deformation, there is a devel-
opment of fibrillar morphology and simultaneous destruction of the spher-
ulites. This is accompanied by an increase in % crystallinity. The
development of new fibrillar morphology is at the expense of the molecular
networks and results in greater departure from affine deformation.

CONCLUSIONS

1. The drawing of LLDPE at 25°C produces a relatively high content of
monoclinic phase, estimated to be 20% of the total crystals.

2. The trends in orientation with uniaxial draw for both crystalline and
amorphous phases of LLDPE are similar to that of HDPE.!¢

3. A molecular network formed by entanglements and crystals reduced
the maximum achievable in a single draw to a ratio below 15.

This work was supported in part by a grant from the Office of Naval Research.
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