
Acomprehensive study has been made on the effect of orientation on the
mechanical properties of a metallocene linear low-density polyethylene (m-
LLDPE) and a metallocene very low-density polyethylene (m-VLDPE). Tensile

and simple shear behaviours were studied for this new class of polyethylenes at dif-
ferent angles to the original draw direction. For this purpose large dumbbell shaped
samples were extended at room temperature and then cut at different angles to the
direction of orientation. The effects of draw ratio on the yield stress and elastic mod-
ulus were also investigated. While unoriented m-LLDPE showed a shoulder followed
by a distinct maximum after which a neck was formed, m-VLDPE extended uniform-
ly without any neck formation in the tensile experiments. The number of methylene
units incorporated within the lamellae thickness were calculated using rubber elastic-
ity theory and also measured by wide angle X-ray diffractometry. These comparisons
showed that there was good agreement between the results. 
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Orientation in polymers involves the
preferential alignment of molecular
segments to various extents. Individ-
ual chain sections in non-crystalline
regions can be extended and aligned.
Peterlin [1-4] proposed a mechanism
to explain the deformation of poly-

ethylene involving slippage along
major crystalline planes in the lamel-
lae followed by the disruption of the
lamellae into blocks that align to
form fibrils. In his model each
lamella is connected to its neigh-
bours by a relatively small number
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of tie chain segments. Initial strain, 5-15% elongation,
causes twining and transformation of the orthorhombic
into a monoclinic unit cell. Rotation of the lamellae
occurs due to slipping of crystalline chain segments rel-
ative to one another as well as tilting relative to the
lamellar surface. Chain tilt and slippage are two factors
responsible for a further 100% elongation. Finally, the
crystalline blocks of the tilted lamellae are broken,
drawn by partially unfolded chains and incorporated
into fibrils. 

The recent discovery of metallocene-based cata-
lysts has opened up a new field for synthesizing poly-
olefins with controlled molecular structures [5-6].
Metallocene catalysts generally have a constrained
transition metal from group 4b such as Ti, Zr or Hf
which is sandwiched between two cyclopentadienyl
ring structures to form a sterically hindered structure. A
special organoaluminium cocatalyst, i.e. methylalumi-
noxane (MAO), is also required to activate the metal-
locene catalysts. 

Unlike conventional Ziegler-Natta (Z-N) catalysts
which exhibit a variety of different active polymeriza-
tion sites with different reactivity ratios that produce
molecular species with different chain lengths includ-
ing very high and very low molecular weight tails, met-
allocene catalysts offer only one active polymerization
site which produces high quality polyalkenes with con-
trolled molecular weight and distribution, comonomer
placements and variable densities [7-13]. The resulting
polyolefins have a more regular structure, which makes
them particularly interesting as model polymers in
order to study the effect of molecular structure on the
morphology, thermal and mechanical properties. 

Although extensive research has been carried out
on the study of mechanical properties of oriented poly-
ethylenes produced by Z-N catalysts [14-20], there is
little report on the mechanical behaviour of oriented
metallocene polyethylenes (m-PE). Therefore, this
paper deals with the effect of orientation on the thermal
and mechanical properties of two metallocene poly-
mers. Comparative studies on lamella thickness meas-

urements have also been performed.

EXPERIMENTAL

The m-PEs were supplied by Exxon Chemical and
BASF with the trade names of Exact 3009 (m-LLDPE)
and Luflexen 0332H (m-VLDPE), respectively. Exact
is a copolymer of ethylene and hexene-1 and Luflexen
is a copolymer of ethylene and butene-1. The melt flow
indices of Exact and Luflexen as measured by Daven-
port MFI apparatus at 190oC and 2.160 kg load are 0.15
and 0.16 g.min-1, respectively. Other characteristics of
the two materials are listed in Table 1.

A thermostatically controlled Moore 25-ton
hydraulic press was used to mould sheets (1.6 mm
thick). Square sheets of the two materials were pre-
pared by pressing the granules between two PTFE lay-
ers at 160oC for 5 min. The sheets then were quenched
in water.

Melting was studied using a Perkin-Elmer differen-
tial scanning calorimeter (model DSC-2) interfaced to
a PC. The temperature of the DSC was calibrated from
the melting points of highly purified materials, tin,
indium and stearic acid. The thermal response of the
calorimeter was also calibrated from the known heat of
fusion of indium.  This was to be 28.45  J.g-1.

All the tensile and shear properties were measured
using an Instron Model 5566, connected to a PC
equipped with Merlin software. All mechanical proper-
ties were carried out at a constant temperature of 23 ±
1oC and relative humidity of 35 ± 1%. In order to inves-
tigate the anisotropy of drawn m-PEs, very large dumb-
bell shaped samples with a neck section of 75 * 50 mm
were extended to 600% at a strain rate of 0.1 min-1 at
room temperature. The samples were removed from the
Instron after extension and left on the laboratory bench
at room temperature to relax before the final draw ratio
was measured. To study the effect of orientation on ten-
sile properties, samples were cut from the neck section
of the drawn material at different angles, θ, to the orig-
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Table 1. Polymer characteristics.

Name Grade No. Index name Mw (kg/mol) Mn (kg/mol) PDI Density (g/mL)
Comonomer

content (mol%)

m-LLDPE

m-VLDPE

Exact 3009

Luflexen 0332H

Exact

Luflexen

102.0

97.3

40.7

50.0

2.5

2.0

0.923

0.908

3.3

6.0
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inal draw direction using a standard dumbbell shape
cutter. The samples were then redrawn on the Instron
and an average of 5 samples was analyzed.

Simple shear experiments were performed using
the procedure described by Walker et al. [21]. Two
samples (30 * 12.7 * 1mm) were clamped within the
grips. The central grip was attached to the moving
crosshead and drawn through the base of the rig
(Figure 1). The separation of the grips was maintained
at 5mm whilst the guide plates prevented movement
out of the plane.

The crystal unit cell dimensions of the polymer
samples were measured using a Philips X pert vertical
X-ray diffractometer which was interfaced to a PC
computer, and operated with CuKα radiation
(λ=1.54A

o 

) at 40 KeV and 30 mA. The scans were
recorded in the range of 2θ values from 5 to 65o in steps
of 0.02o. The count time was 1 s per step. Experimen-
tal samples were mounted on a plastic slide and set into
a Perspex holder.

RESULTS AND DISCUSSION

The degree of crystallinities of m-LLDPE and m-
VLDPE were measured by differential scanning
calorimeter (DSC) and they were found to be 40 – 2%
and 33 – 3%, respectively. The yield behaviour of the
two m-PEs is shown in Figure 2. m-LLDPE exhibited a
shoulder followed by a distinctive maximum after
which a neck was formed, whereas m-VLDPE showed
no distinctive maximum and extended uniformly with-
out any neck formation. These differences were due to
variations in the densities (i.e., crystallinities) of the
two m-PEs.

The reason for double yielding happening is not
exactly clear [22]. However, there are two different
explanations that have been suggested. Seguela and
Rietsch [23] consider that two independent thermally
activated slip processes are responsible, one causing
homogeneous chain slip within the crystal and the other
causing the crystalline blocks to shear past one another.
While Lucas et al. [24] suggest that the mechanical
melting of the original lamellae is associated with the
first peak and mechanical melting of a second popula-
tion of oriented lamellae that crystallize from the
strained molten phase after the initial yield process is
related to the second maximum.

Figure 3 shows the angular variation of the tensile
stress-strain curves of m-LLDPE. No appreciable
extent of necking was observed at small angles. There-
fore, the yield stress was measured from the intercept
of the two tangents drawn to the stress-strain curve
[25]. Figure 4 shows the variation of the yield stress
with angle for both m-LLDPE and m-VLDPE. Initially

Figure 1. Diagram of the shear rig.
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Figure 2. Tensile stress-strain curves for m-LLDPE and m-

VLDPE.
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there is a dramatic reduction in yield stress as the angle
changes from 0o to 25o. This is in agreement with the
works carried out by Mills [26] and Keller and Rider
[27] and it confirms the importance of orientation on
yield stress. 

The variation of the elastic modulus with angle is
shown in Figure 5. The elastic modulus has the lowest
value at 45o to the draw direction. Raumann and Saun-
ders [28] found the same behaviour for oriented low-
density polyethylene. The general elastic modulus
equation for transverse anisotropy is [29-30]:

where E0 and E90 are the elastic modulus measured at
0o and 90o to the draw direction, θ is the angle, G12 is

the shear modulus and  ν12 is the Poisson ratio of the
polymer for a tensile load applied to the draw direction.
The lowest elastic modulus can be attributed to the sec-
ond term of the equation, (1/G12-2ν12/E0), which is
much greater than either 1/E0 or 1/E90 but at θ = 45o

both terms are equal [29,31]. It can be seen that the m-
LLDPE shows a higher yield stress and elastic modulus
than m-VLDPE at nearly the same draw ratio.

The effect of anisotropy on simple shear is more
complex than the tensile properties. Figures 6 and 7
show the simple shear behaviour of m-LLDPE, carried
out on specimens at different angles to the draw direc-
tion in two different ranges of 0o θ 90o and 90o

θ 180o, respectively. In the range 0o θ 90o, the
stress-strain curve showed no stress reduction at yield,
while, the change of slope was used to measure the
yield stress. Above θ = 90o, a yield drop generally can
be seen followed by some strain hardening.

In metals, the difference between tensile and com-
pression yield behaviour in some cases is called the

≥≥≥
≥≥≥

Figure 4. Angular variations of tensile yield stress for m-

LLDPE and m-VLDPE.

Figure 3. Angular variation of stress-strain curves of m-

LLDPE.
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Figure 5. Angular variations of tensile modulus for m-LLDPE
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Bauschinger effect [25], which states that if a material
has previously been plastically deformed in an opposite
direction, it will show a reduced yield stress in the for-
ward direction [21,32]. Therefore, for 90o θ 180o,
there is a compressive component along the chain axis
that is responsible for the observed stress drop. 

Figure 8 shows the variation of shear yield stress
with the angle of orientation for m-LLDPE. Each point
is an average of three experiments. Two maxima where
found in agreement with the results reported by Walker
for PVC [21], Ward for high-density polyethylene [25]
and Mills for low and linear low-density polyethylene
[26]. While, there is some scatter in the shear yield
stress values at each angle, it can be seen that apart
from an increase at θ = 135o, the yield stresses above
90o do not change significantly.

Figure 9 shows four different shear experimental
configurations. Since, there is always a tensile compo-
nent acting along the aligned chains, no Bauschinger

effect is observed in tensile experiment. However, the
post yield behaviour at 0o and 90o are significantly dif-
ferent. At  θ= 90o, strain hardening occurs for the sam-
ple due to rotating of the oriented chains toward the
tensile axis. At θ= 0o, the angle between oriented chains
and principal stress axis does not change and since the
chains slipping continuously on each other, the speci-
men is uniformly drawn. For 0o θ 90o, there is
always a tensile stress component along the oriented
chains that tends to increase the extent of orientation
and allow strain hardening to occur. However, for
90o θ 180o, strain softening occurs initially and at
sufficiently higher strain, strain hardening takes place.

The variation of yield stress and elastic modulus
with draw ratio are shown in Figures 10 and 11, respec-
tively. Figure 10 shows the non-linear increase of yield
stress with draw ratio for the m-LLDPE samples orient-
ed along the original direction. A reduction in yield
stress can be seen for the samples at 45o and 90o to the

≥≥

≥≥

≥≥

Figure 8. Angular variations of shear yield stress for m-

LLDPE.

Figure 7. Stress-strain curves of simple shear specimens of

m-LLDPE in the range 90 to 180 (λ = 3.9).
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draw direction.
Figure 11 in which elastic modulus for the same

angles are plotted against the draw ratio shows that E0
only became higher than E90 for draw ratios greater
than 3 and even in the highly drawn m-LLDPE the ratio
E0/E90 is about 1.5. This behaviour is quite different
from what has been reported by Wilson [33] for regen-
erated cellulose and Hadley, Pincock and Ward [31] for
nylon, polypropylene, polyethylene terephthalate and
high-density polyethylene. However, it is in agreement
with the work carried out for low-density polyethylene
by Raumann and Saunders [28] and Ward et al. [31].
E45 is very much smaller than both E0 and E90 and
E0/E45 was found to be about 11 at high draw ratios.

Assuming that there is little change in internal ener-
gy of the polymer on deformation and that the polymer
chains adopt a Gaussian distribution, then in uniaxial
tension [34-36].

and

where λ is the draw ratio, Me is molecular weight of the
polymer segments between adjacent entanglements, R
is the gas constant, T is temperature and ρ is the densi-
ty of the amorphous phase.

Since m-VLDPE did not show neck formation dur-
ing extension and it extends uniformly, its stress-strain
curve was analyzed using eqn (2) (Figure 12). From the
intercept at  λ = 1, the apparent yield stress was found
to be about 4.2± 0.5 MPa which is reasonably close to
the yield stress measured on unoriented m-VLDPE.
The value of Me calculated from the slope was
1268±30 g.mol-1 which is equal to 91±2 methylene
groups. From the equation [37]:

where MA is the molecular weight of the amorphous
material between adjacent crystalline segments, L is the
number average molecular weight of polymer segment
forming the lamella size and Xc is the volume fraction
crystallinity (30% for m-VLDPE), and assuming equal-
ity of MA and Me, the number of methylene units taking
part into the lamella thickness was found to be 39±1. 

Figure 13 shows the melting behaviour of the ori-
ented m-LLDPE of different draw ratios. It can be seen
that m-LLDPE samples relax and show a sharper melt-
ing curve at higher draw ratios. There are two compo-
nents to the entropy change on fusion, ∆Sf, i.e. the
entropy of melting, ∆Sm, and the entropy of orienta-

Figure 10. Variation of yield stress with draw ratio for m-

LLDPE.
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tion, ∆So [38]:

∆Sf = ω∆Sm +  ∆So (5)

where ω is the weight fraction crystallinity of the poly-
mer. 

The variation of entropy of fusion with draw ratio
for m-LLDPE and m-VLDPE are shown in Figures 14
and 15, respectively. These figures reveal that entropies
increased for both materials due to disordering of crys-
tallites and decreasing orientation.

According to rubber elasticity theory, the entropy
of orientation can be calculated from [38-39]:

where R is the gas constant, λ is the draw ratio and a is
the number of monomer units between entanglements.

If the plot of  ∆So against λ2 + 2/λ - 3 remains linear,
the degree of crystallinity cannot have changed on ori-
entation. The plots of entropy versus λ2 + 2/λ - 3 for m-
LLDPE and m-VLDPE were reasonably linear (Figure
16), and from the slopes 170–20 methylene groups (Me
= 2380–280 g.mol-1) for m-LLDPE and 96–23 methyl-
ene groups (Me = 1344–322 g.mol-1) for m-VLDPE
were found to be involved in the entanglements. From
the volume fraction of crystallinities of the two m-PEs
(37% and 30% for m-LLDPE and m-VLDPE, respec-
tively) the number of methylene groups involving in
the crystalline phase can be obtained from eqn (4). The
calculations show that the lamellae of m-LLDPE and
m-VLDPE are associated with 100–12 and 41–10,
methylene groups, respectively. These values are lower
than the value found by Story and Hay [40] for oriented
HDPE, however, for m-LLDPE it is similar to the value
obtained by Zhou [38] for LLDPE, clearly because of
the existence of more branches in LLDPE reducing the
size of the lamella formed. For m-VLDPE, the value is

( ) λ = 1; ( ) λ = 1.2; ( ) λ = 3.4; ( ) λ = 4.6; ( ) λ = 5.5; ( ) λ =

6.2. 

Figure 13. Melting behaviour of m-LLDPE after extending dif-

ferent draw ratios.
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reasonably close to the value found using eqn (2). Due
to the higher degree of branching of m-VLDPE, the
number of methylene units are clearly less than the
value found for m-LLDPE.

In partially crystalline polymers, the crystalline dif-
fraction lines which, are produced by wide angle X-ray
diffractometer (WAXD) superimposed on a broad dif-
fuse scattering from the amorphous regions. The broad-
ening of the diffraction maximas are direct result of the
crystallite size. From the breadth of the diffraction lines
the size of the crystallites can be determined while from
their angular position of the diffraction peak unit cell
dimensions can be calculated [41]. 

Sherrer [42] determined a relationship between
mean crystal size and the breadth of the diffraction
lines:

where D is the mean crystal size, θ is the diffraction
angle and λ is wavelength of X-ray. K is the Sherrer
constant and when β is the half-width of the diffraction
line, Bragg gives K the value of 0.89.

PE has a simple phase diagram and although
hexagonal and monoclinic phases have also been
reported, the orthorhombic form is the most commonly
observed [43]. The results taken from WAXD were
used to calculate the crystallite size and cell volume of
the m-LLDPE. The WAXD of the m-LLDPE, is domi-
nated by the 110 and 200 diffractions at 2θ equal to
21.70  and 23.9 , respectively.

The lamella thickness for m-LLDPE measured
using eqn (7) was about 100±20 A

o 

which is equal to

78±16 methylene units. This value is reasonably close
to the value mentioned earlier in this paper. 

The variation of the cell volume for m-LLDPE with
draw ratio is shown in Figure 17. The conclusion is
drawn that the average cell volume increases with
increasing draw ratio, possibly due to the inclusion of
part of butyl side branches in the crystal lattice
although this may only occur to a limited extent.

CONCLUSION

The mechanical properties of the oriented m-LLDPE
and m-VLDPE were studied. At a constant draw ratio,
the yield stress dropped sharply as the angle to the draw
direction changes from 0o to 25o, which confirmed the
domination of orientation effect on yield stress. On the
other hand, elastic modulus for the two m-PEs showed
the lowest value at the angle of 45o to the original draw
direction.

Shear experiment on m-LLDPE showed two maxi-
ma in the yield stress, one below and the other above
90o in which the intensity of the second peak was less
than the peak found below 90 .

Variation of the yield stress and modulus with draw
ratios at 0 , 45  and 90  angles to the original draw
direction showed that while the yield stress increased
continuously at 0 , it decreased with draw ratio for 45
and 90 . On the other hand, E45 reduced with draw
ratio and E0 only became higher than E90 for draw
ratios greater than 3.0. 

Using rubber elasticity theory and also wide angle
X-ray diffractometry, the length of methylene
sequences involving in the lamella of the two m-PEs
were calculated. For m-LLDPE, WAXD results showed
that the volume of the unit cell increased with draw
ratio, which could be attributed to the inclusion of some
butyl branches into the polymer lattice.
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