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ABSTRACT: High-density polyethylene with shish-kebab structure, prepared by a melt extrusion drawing, was
employed to investigate the effect of the well-defined lamellar orientation on the deformation characteristics
under uniaxial tensile deformation along the drawing direction. This was done by investigating the true stress-
true strain dependencies at different strain rates, recovery properties, and stress relaxation measurements.
Measurements were complemented by recording in-situ wide-angle X-ray scattering patterns during the deformation
process. The oriented samples showed not only a higher modulus, but different from analogous isotropic samples,
a homogeneous deformation without necking. The true strain associated with the onset of fibrillation was
determined. Because of the preorientation, it is shifted to 0.3, which is below the value 0.6 of the isotropic
counterpart. The main finding is a strong enhancement of the viscous force, as was revealed by stress relaxation
experiments; the viscous force takes up 70% of the total stress. The presence of shish-kebabs, i.e., interconnected
lamellae in a stack, seems to be responsible for the high viscous force in the oriented samples. The absence of
necking has to be ascribed to the high viscous force. The viscous force, which increases with the strain, gives
also a major contribution to the measured tensile modulus.

1. Introduction
Because of its theoretical and technical significance, the

search for relationships between the molecular structure and
mechanical properties of polyethylene has been extensively
conducted in the past.1-10 The two-phase structure leads to
peculiarities in the structure evolution and the deformation
mechanism. Even more, when a polyethylene with high crystal-
linity, such as high-density polyethylene (HDPE), is subjected
to uniaxial tensile stretching, an inhomogeneous deformation,
i.e., a necking, usually occurs. To understand the process of
the deformation, the true stress-true strain dependence must
be determined. With the aid of a video-control focusing on the
neck center, the true stress-true strain relationship was mea-
sured, and basic properties of the deformation mechanism during
the uniaxial tensile drawing could be revealed.11-13 Typically,
various deformation characteristics can be found in the different
deformation stages. In the initial stage, the response of
polyethylene to the external force shows Hookean elasticity.
Further increasing the stress yielding and strain softening show
up, and the sample undergoes a large deformation. Finally, when
the limitation in the extensibility of the amorphous network is
reached, strain hardening is brought out.8 On the basis of
numerous observations, we introduced three critical points
associated with (1) the onset of local flow processes at the end
of the Hookean range (point A), (2) a collective onset of sliding
processes of the crystal blocks composing the crystal lamellae,

which determines the yield point (point B), and (3) the beginning
of a disintegration of the crystal blocks which is followed by a
fibril formation (point C). The structural changes have been
followed in detail.4,5,10Before the onset of fibrillation, lamellae,
being embedded in the amorphous matrix, endure shear yield
mostly via a chain and block sliding. Chains at first get
preferentially oriented 45° away from the deformation direction
corresponding to the direction of the maximum resolved shear
stress. When the stress transferred by the amorphous network
is high enough, fibrillation sets in and the molecular orientation
shifts toward the deformation direction. With the aid of step-
cycle tests it was shown that point C is also associated with a
saturation of the reversible strain.12-14 For polyethylene the
critical strain related to the onset of fibrillation is about 0.6,
independent of the crystallinity and branch content. Stress
relaxation measurements yielded a decomposition of the mea-
sured stress into the viscous part and the quasi-static contribu-
tions of the amorphous network and the crystalline skeleton.
Some of us recently proposed a model treating tensile deforma-
tion of semicrystalline polymers, in which the drawing stress
is considered as being composed of these three components,
namely (i) the forces transmitted by the skeleton of crystal
blocks, (ii) the force brought up by the stretched amorphous
network, and (iii) viscous forces.15,16

So far, most of the work has been carried out for isotropic
samples, in which lamellae with different orientations with
respect to the deformation direction can undergo different
deformation processes.17,18 Lamellae with a surface normal
parallel to the deformation direction adopt interlamellar separa-
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tion, whereas those with a normal oblique to the deformation
direction endure interlamellar slide. For oriented samples, drawn
from the melt, it is well established that molecular chains are
oriented under stress and form a shish structure as primary
nuclei, which then induces the transverse growth of lamellae.
In this way the shish-kebab structure with the well-defined
lamellar orientation can be obtained.19-22 As the morphological
structure determines the mechanical properties of materials, one
may expect to observe a different tensile deformation behavior
in stretching a preoriented sample. In this paper, we present
such results on an oriented HDPE sample. Comparing it with
the isotropic counterpart, we found that the oriented HDPE not
only showed a higher modulus but also did not exhibit necking
during the tensile deformation. Moreover, the true strain related
to the onset of fibrillation was shifted down to 0.3. A main
difference showed up in the stress relaxation experiments which
indicated a much higher viscous force. In fact, the changes in
the tensile deformation characteristics of HDPE resulting from
a preorientation can mostly be ascribed to an enhanced viscous
force.

2. Experimental Section

2.1. Materials and Sample Preparation.The high-density
polyethylene withMn ) 7.8 × 105, Mw ) 9.2 × 105, andMw/Mn

) 11 used in the study was produced by Daqing Petrochemical
Corp., China. It has a melt flow index (MFI) of 0.3 g/10 min, a
crystallinity φc ) 0.61, and a melting point of about 135°C.
Samples for the mechanical test were prepared by the procedure
of the melt extrusion drawing to be described as follows. Tapes
with a thickness of 1 mm were first extruded using a Haake counter-
rotating twin-screw extruder with a barrel temperature of 160-
200 °C, followed by a die drawing with the aid of rollers. After
drawing, the thickness of the tapes was reduced to about 0.3 mm,
corresponding to a drawing ratio of about 8 (as given by the change
in the cross-sectional area). Specimens with dog-bone shape were
punched from the oriented tapes along the original melt extrusion
direction. The crystallinity of this oriented sample is 0.65, as
determined by DSC.

2.2. Two-Dimensional Small-Angle X-ray Scattering.2D
SAXS measurements were carried out using an in-house setup with
a rotating anode X-ray generator (Rigaku RU-H300, 18 kW)
equipped with two parabolic multilayer mirrors (Bruker, Karlsruhe),
giving a highly parallel beam (divergence about 0.012°) of
monochromatic Cu KR radiation (λ ) 0.154 nm). The SAXS
intensity was recorded with a two-dimensional gas-filled wire
detector (Bruker Hi-Star). A semitransparent beamstop placed in
front of the area detector allowed monitoring the intensity of the
direct beam. The SAXS intensities were normalized to the intensity
of the direct beam. Azimuthal scans of 2D SAXS were made with
1° steps.

2.3. Two-Dimensional Wide-Angle X-ray Scattering. 2D
WAXS experiments were conducted using a Rigaku Denki RAD-B
diffractometer. The wavelength of the monochromated X-ray from
Cu KR radiation was 0.154 nm, and the transmission mode was
used. The in-situ stretching of the oriented samples was realized
by employing a Mini-Instron (Rheometric Scientific Mini Mat2000),
and thus samples could be kept under stress during the exposure.

2.4. True Stress-True Strain Measurement.According to the
procedure developed by G’Sell,23 true stress-strain curves were
measured using an INSTRON 4301 machine equipped with a CCD
camera which regulated the crosshead speed so that a constant local
strain rate in the narrowest part of the specimen was maintained.
Since the oriented HDPE samples can deform homogeneously,
rather than with the aid of video-controlled measurements in the
common cases, true stress-strain dependencies could be obtained
without video control and therefore with a higher accuracy. The
true stress (σ)-true strain (denotedεH, also known as Hencky strain)

curve could be directly obtained assuming a constant volume
relationship by

(F is the load,A the varying sample cross section,A0 the initial
cross section, andλ the extension ratio) and

2.5. Step-Cycle Tests.Elastic properties in the deformed state
could be derived from step-cycle tests. The sample was deformed
step by step with a constant Hencky strain rate. After each step,
the sample’s strain rate was inverted and used to contract the sample
until a stress of zero was reached. Thereafter, the sample was
extended again until it re-reached the point at which it left the
stretching curve. With the aid of step-cycle tests, the total true strain
could be partitioned into a reversible (cyclic) and an irreversible
(basic) part in a well-defined way.

2.6. Stress Relaxation Experiments.A test specimen was
stretched first to a predetermined strain at a constant Hencky strain
rate dεH/dt. Subsequently, the strain was held constant and the force
decay was followed with time. Stress relaxation measurements at
constant strain provide a means to determine the viscous forces.

3. Results

3.1. Stretching Curve.Usually, formation of a neck with a
load drop around the yield point is observed in the engineering
stress-strain curve for isotropic polyethylene with a high
crystallinity such as HDPE. For the oriented HDPE sample a
load drop is found neither in the engineering nor in the true
stress-strain curve. The stretching curveσ(εH) for a constant
true strain rate of 0.005 s-1 is shown in Figure 1, together with
that of an isotropic sample for comparison. The shape of the
curve indicates a strain softening which is later followed by a
hardening. In engineering stress-strain curves the yield point
for necking samples is associated with the stress maximum,
while in nonnecking samples it is usually identified with the
point on the curve where the curvature takes on the maximum
value. The latter choice is also convenient for true stress-true
strain curves of semicrystalline polymers where a stress
maximum does not occur. We call the thus-determined yield
point “point B”. For the oriented sample we find, as indicated
in Figure 1,εH(B) ) 0.1. Compared to the isotropic sample,
the oriented HDPE has a much larger drawing stress and shows
a stronger strain hardening.

Figure 2 presents the true stress-true strain curves for the
oriented HDPE for various strain rates. All of the curves show

Figure 1. True stress-true strain dependencies obtained for an oriented
and an isotropic sample of HDPE at a strain rate dεH/dt ) 0.005 s-1.

σ ) F
A

) F
A0

λ (1)

εH ) ln λ (2)
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a common shape. At point B a strain softening shows up, and
at high deformation a hardening occurs. The result shows that
application of a larger strain rate leads to a larger drawing stress
when extending the sample.

3.2. Step-Cycle Test.Figure 3 presents the result of a step-
cycle test for the oriented HDPE sample conducted with a strain
rate of 0.005 s-1. For a comparison, the continuous stretching
curve is also included. It is found to agree with the series of
steps. Hence, the interruption by the cycles does not change
the stretching properties. The “cyclic strain” recovered in the
unloading down to zero stress,εH,c, gives the elastic part, and
the remaining “basic strain”,εH,b, represents the irreversible
plastic part in the time scale of this particular experiment rather
than the permanent truly irreversible plastic strain, which is
usually lower.12 The results of this decomposition carried out
at various total strains are presented in Figure 4.

An irreversible part of the strain exists already below the yield
point as is shown by Figure 4. In fact, plastic flow sets in already
at the very beginning of the stretching and shows a break at a
strain εH ) 0.04 where we allocate the critical point A. As
shown by Figure 4, aroundεH ) 0.3, a break occurs in the
development of the cyclic part, from the previous linear increase
to a decreased slope. Here, we allocate the critical point C. A
maximum value is then reached at point C′ (strainεH ) 0.55).
From this strain upward, further extension is exclusively due
to an increase of the irreversible component.

3.3. Stress Relaxation Measurements.Stress relaxation
measurements at a constant strain provide a means to determine

the viscous forces. Figure 5 presents the time-dependent function
of the true stress decay,∆σ(t) ) σ(0) - σ(t), for oriented HDPE.
One finds that after a short initial period the decay obeys a
logarithmic law,∆σ ∼ log t. This range is finite; finally, the
stress approaches a quasi-stationary state. We set the maximum
time of the experiment to 10 h. The remaining stress can be
considered as quasi-stationary; the viscous force is to be
identified with the total amount of stress decay,∆σ(t ) 36000
s). Figure 6 shows the result of the decomposition of the
stretching curveσ(t) into a viscous and a quasi-stationary part.
Both the viscous and the quasi-static stress are enhanced with
increasing strain, with a faster rate for the viscous stress and a
lower rate for the quasi-static stress. Interestingly, the figure
shows clearly that the viscous stress dominates the total drawing
stress. Especially at high strains, the viscous stress takes up more
than 70% of the total stress.

3.4. Structure Evolution.The initial oriented texture obtained
in the melt extrusion drawing shows up in both 2D SAXS and
2D WAXS patterns, as given in Figure 7. Evidently, the SAXS
scattering maxima are on the meridian, i.e., the melt extrusion
direction, indicating that an oriented texture is formed with the
normal of lamellae parallel to the melt extrusion direction.
During melt drawing, HDPE forms at first many shish fibers,
which in turn serve as primary nuclei for the growth of the kebab
lamellae. The transverse growth of each kebab is constrained
by the neighbor shish-kebabs.26,27 The narrow space between
two neighbor shish-kebabs which resemble cylinders shows up
in the SAXS pattern in the streak along the equator. Consistent

Figure 2. True stress-true strain dependencies obtained for oriented
HDPE at the indicated strain rates.

Figure 3. Oriented HDPE: step-cycle test carried out with a strain
rate 0.005 s-1. Comparison with the stretching curve of Figure 1 (broken
line).

Figure 4. Oriented HDPE: Cyclic and basic part of the total strain as
derived from step-cycle tests like the one shown in Figure 3.

Figure 5. Oriented HDPE: the amount of the stress relaxation∆σ(t)
) σ(0) - σ(t) after a stretching with strain rate of 0.005 s-1 to the
given initial strains.
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with the results of 2D SAXS, the (110) and (200) lattice planes,
concentrated at the equator in 2D WAXD pattern, indicate that
chains are oriented parallel to the melt extrusion drawing
direction. The intensity maximum of a (110) plane at the equator
suggests the existence of a fiber structure in the sample. The
results of 2D SAXS and 2D WAXS demonstrate that the sample
has a high lamellar and chain orientation.

Changes in the orientation of HDPE during stretching can
be observed by the in-situ registration of 2D WAXS patterns.
Figure 8 gives azimuthal scans of the (110), (200), and the halo
intensity of the oriented sample at different strains. The intensity
scale in this figure represents an integral peak intensity.The
intensity plots of amorphous halo is constructed just by simple
measurement of the intensity at the 2θ ) 19.5°, which is the
expected position of maximum of amorphous halo. These data
may include some unwanted contribution from the shoulder of
the very intense (110) Peak. Since the data were collected on
sample under the same experiment condition just different
strains, the systematic error can be neglected thus a relative
comparison is possible.

Before stretching, the (110) reflection shows a maximum at
the equator with two small shoulders. When drawing the sample,
the two shoulders weaken and finally disappear. This change
indicates that all crystallites transform into fibers. With increas-
ing strain, the thickness of the sample becomes thinner, which
leads to a lower scattering intensity. Therefore, it is not
surprising that in Figure 8 the intensity of the peak located at
the equator decreases on increasing the strain. After correcting
the thinning effects, the intensity of the peak shows an increase
when the strain goes to a large value.

4. Discussion

4.1. Viscous Force.The relaxation measurements show that
after a finite range wherein the decay follows a logarithmic law
a quasi-stationary state is reached. By subtracting the quasi-
static stress from the total stress, the viscous stress is obtained,
and the result is shown in Figure 6. The viscous stress accounts
globally for all viscous forces which originate from motions
within both the crystalline and the amorphous regions. It is
astonishingly large if compared to the isotropic samples.
Obviously, the much enhanced viscous force is to be related to
the oriented structure. Shish-kebabs, i.e., stacks of lamellae
interconnected by a central fiber, are the characteristic elements

in polyolefin samples prepared via melt extrusion drawing. It
can be expected that the presence of shish-kebabs enhances the
interlamellar coupling.11 Since the deformation of polyolefins
is related to the gradual destruction of the interlamellar order,
an enhanced interlamellar coupling will result in a higher
resistance to the deformation, i.e., in a higher viscous force.
Other examples for an enhancement of the viscous force by the
orientation following from an extrusion drawing are isotactic
polypropylene (i-PP) and linear low-density polyethylene
(LLDPE), as is shown in Figure 9. For an oriented i-PP with a
crystallinity of φc ) 0.48, the viscous stress is again the
dominant part in the stretching stress; for an oriented sample
of LLDPE the viscous stress is still comparable to the quasi-
static stress. Other two possibilities should be also considered
to understand the observed high viscous force. (1) Since nearly
all lamellae are oriented with chain direction along the stretch
the resolved shear stress for crystallographic chain slip is very
low, therefore higher stresses are required to activate deforma-
tion of crystals by crystallographic mechanisms. This can explain
the observation of higher viscous stress in materials of higher
crystallinity (HDPE> iPP > LLDPE, see Figure 9). (2) The
influence of the resultant specific morphology of oriented sample
should be also considered. Such structure should modify
markedly the viscous force and hence the overall mechanical
response. For example, the interlocking of kebabs was observed
and has been associated with the high modulus of PE by Bahir
and Odell.28

The effective modulus as derived from the initial slopes of
the stretching curve in Figure 6 includes both the viscous stress
and the true elasticity.16 It is interesting to note that the
enhancement of the modulus of the oriented compared to the
isotropic sample mainly originates from the increase of the
viscous force. For example, the effective modulus of 500 MPa
of the oriented HDPE is set up of 320 MPa originating from a
linearly increasing viscous force and 180 MPa coming from
the quasi-static stress. The result shows that the higher effective
modulus observed for the oriented sample is not primarily due
to the fibers, i.e., the shish in the structure, but mostly due to
the viscous forces between the shish-kebabs which arise during
deformation. Note that the modulus of 500 MPa for oriented
HDPE is rather low; this may result from a low degree of
orientation of the sample obtained via melt extrusion drawing,
compared to that as obtained via spinning.

4.2. Strain Dependence of the Reference Stress.A recently
introduced model describes the stress which has to be brought
up when stretching a semicrystalline polymer sample as is
indicated in Figure 10.15 It is set up by three branches associated
with a viscous force,σr, the rubber-elastic force of the
entanglement network,σn, and the force transmitted by the
skeleton of crystallites,σc. As one application, the model can
be used to deal with the stress relaxation. The kinetics of stress
relaxation relates to the upper branch,σr, only. Besides an elastic
element, with modulusEr, it incorporates a dashpot representing
the viscosity and assumes for the latter validity of the Eyring
equation

It includes two parameters: the reference stressσ0 and the
reference strain rateε̆0.Therefore, the kinetics of the stress

Figure 6. Oriented HDPE: stress-strain curves for strain rate of 0.005
s-1, amounts of stress decay∆σ various fixed strains after a relaxation
time of 36000 s (open squares), and quasi-static stress-strain depen-
dence as obtained by subtraction of∆σ from the drawing stress (open
circles).

σr

σ0
) asinh(ε̆H

ε̆0
) (3)
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relaxation can be determined by the following differential
equation

or

with

Here,τr denotes the relaxation time which would be found in
the Newtonian limit of very low stressσr, andη0 is the viscosity
coefficient. Equation 5 is solved by the expression

It follows that σ0 can be either derived from the slope of the
∆σ vs log t curve or from the strain rate dependence ofσ
according to eq 3, which can be approximated by

Figure 11 presents the reference stress as a function of the
imposed strain as it follows from the slope in the logarithmic
decay time range. The reference stress increases with rising
strain. The values ofσ0 are large compared to those found for
an isotropic sample,15 again expressing that the investigated
oriented sample has a much larger viscous stress.

Figure 2 showed that the drawing stresses increase with
increasing strain rate. The dependence of the drawing stress on
the strain rate for strains of 0.2, 0.4, and 0.6 is shown in Figure
12. It obeys the Eyring equation. The reference stressσ0 thus
can be extracted for linear fits, and the values obtained areσ0(εH

) 0.2)) 5.3 MPa,σ0(εH ) 0.4)) 10.2 MPa, andσ0(εH ) 0.6)
) 14.6 MPa. They perfectly agree with the results derived from
the stress relaxation measurements given in Figure 11. The
agreement validates the model, which splits the total stress in a
strain rate dependent viscous part and a quasi-static, i.e., strain
rate independent part.

4.3. Necking vs Homogeneous Deformation during Tensile
Deformation. When an isotropic polyethylene with high
crystallinity such as HDPE is subjected to the tensile deforma-
tion, necking always occurs. The neck formation leads to a
decrease of the load. In our case of an oriented HDPE, the
sample can be deformed homogeneously; no necking occurs.
On the basis of a measurement of the true stress-true strain
dependence, one can always estimate whether the material shows
necking during a tensile deformation.29 If we choose the data
of Figure 1 and divide the true stresses by exp(εH), the nominal
stress is obtained (assuming volume constancy). In Figure 13
the result is plotted vs the true strain. For the isotropic HDPE
the curve shows a maximum atεH ≈ 0.1. This maximum
indicates occurrence of a mechanical instability, i.e., necking
formation. A different result follows for the oriented HDPE.
There is no load maximum and hence no necking. Necking is
a very interesting phenomenon and has been widely investigated.
The concept proposed here is based on the same true strain
related to lamellar fragmentation and has some limitations to
apply for the large strain deformation.Necking under tensile
stretching can be interpreted with Considere’s construction. The
ratio of σy/G has a critical value of 3, practically above which
the Considere’s principle for necking is satisfied, whereσy is
the intrinsic yield stress,G is the strain hardening modulus, and
λ is the draw ratio.

The reason for the difference is the steeper increase of the
true stress in the oriented sample, and this steeper increase is
primarily due to the much enhanced viscous force. Since the
glass transition of polyethylene is far below the test temperature,
it mainly depends on the forces accompanying the plastic
deformation of the crystallites whether or not necking occurs.
For the oriented sample the stress softening at the yield point
is reduced and leads no longer to a load drop. One may ask
about the origin of the large viscous stress. It is the presence of
the shish-kebabs which leads to the existence of a zipperlike
structure of stacked lamellae. This zipperlike structure enhances
the forces acting against the sliding and thus produces a high
viscosity.

4.4. True Strains Related to the Onset of Fibrillation.
Tensile deformation mechanisms change at several critical
points.12,13,24,25Here we address point C, the beginning of a
disintegration of the crystal blocks and the onset of fibrillation.
At point C the extended network has reached the critical stress
which is necessary to destroy the crystal blocks. For a certain
polymer a one-to-one relationship exists between the network

Figure 7. Oriented HDPE: scattering patterns of 2D SAXS (a) and 2D WAXS (b). The extrusion direction is noted in this figure.

ε̆H )
σ̆r

Er
+ ε̆0 sinh(σr

σ0
) ) 0 (4)

d
dt

σr

σ0
) - 1

τr
sinh(σr

σ0
) (5)

τr
-1 )

ε̆0Er

σ0
)

Er

η0
(6)

∆σ ) σr(0) - 2σ0 atanh[tanh(σr(0)

2σ0
) exp(- t

τr
)] (7)

σr ≈ σ0 ln(ε̆H

ε̆0
) (8)
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stress and the degree of orientation of the amorphous chain
sequences.

The degree of orientation can be determined by measuring
the azimuthal intensity distribution of the amorphous halo.30

An orientational order parameter proposed by Hermanns is used
to express for uniaxially oriented samples the degree of
orientation related with both a set of lattice planes (hkl) or the
chain sequence packing reflected in the amorphous halo.31 It is
defined by

Hereϑ denotes the angle between the stretching direction and
the normal vector onto the lattice plane or onto the amorphous
chain sequence. The value of the order parameter can be derived

from the azimuthal intensity distribution functionI(µ) along the
respective circle by using the Polanyi equation32

The equation relates the azimuthal angleµ along the Debye
circle to the angleϑ between the stretching direction and the
normal vector.

The results for the orientational order parameters of the (110)
and (200) reflections and the amorphous halo are given in Figure
14 as a function of the imposed strain. Note that, for a perfect
orientation when the normal is in the plane of equator, the
orientational order parameter would beS) -0.5. This limiting
value was not reached.

Figure 8. Oriented HDPE: azimuthal intensity distribution of the (110)
(a), (200) reflections (b), and of the amorphous halo (c), measured at
the indicated imposed strains.

S) (3〈cos2 ϑ〉 - 1)/2 (9)

Figure 9. Oriented LLDPE (a) and oriented i-PP (b): stress-strain
curves for strain rate of 0.005 s-1, relaxed stresses measured at various
fixed strains after a relaxation time of 36000 s (open squares), and
quasi-static stress-strain dependence as obtained by subtraction the
relaxed stress from the drawing stress (open circles).

Figure 10. A three-component model treating the tensile deformation
properties of semicrystalline polymers.

cos2 ϑ ) cosθ cosµ (10)
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The results show that the crystallites as well as the amorphous
sequences are oriented from the beginning. On imposing the
strain the orientation further increases. The order parameter of
the halo has a break atεH ) 0.3, at a value of the orientational
order parameter of about-0.2. For isotropic polyethylenes, the
beginning of disintegration of the crystal blocks and onset of
fibrillation (point C) is located at aroundεH ) 0.6. For the
oriented sample the fibrillation sets in earlier. The reason is
obvious: The amorphous network of the oriented HDPE is
already stretched in the initial state, and the network stress then

reaches the critical value necessary to destroy the crystal blocks
earlier.Shalo(εH ) 0.3)) -0.2 for oriented HDPE is comparable
to the value ofShalo at point C for isotropic PE.30 For this reason
we assign for the oriented sample point C toεH ) 0.3. In a
recent publication Bartczak et al. suggested that the point C
corresponds to the extensibility limit of the amorphous network
due to that the full extension of tie molecules is reached.33-35

Here our result is in line with their hypothesis of origin of point
C; that is, initially oriented amorphous material must have the
limiting stretch lower than the isotropic sample. This difference
should result in the shift of point C to lower strain. It should be
also noted that the point C should be related to the orientation
parameter. The higher the degree of orientation, a shift to lower
value is expected.

5. Conclusion

Mechanical tests under an uniaxial tensile deformation have
been conducted for an oriented HDPE sample obtained via melt
extrusion drawing. No necking occurs in these samples.
Relaxation properties have been studied with the aid of step-
cycle tests. The true strain at the onset of fibrillation is about
0.3, at the same degree of orientation of the amorphous chain
as in isotropic samples, as deduced from the azimuthal intensity
distribution of the halo. The main finding is a strong enhance-
ment of the viscous forces compared to isotropic PEs. As
determined by stress relaxation measurements, the viscous force
takes up 70% of the total stress. The presence of shish-kebabs
interconnecting neighbor lamellae in the stack seems to be the
reason for the high viscous force.

Figure 11. Oriented HDPE: variation of the reference stressσ0 with
the imposed strain as derived from the slopes of the stress relaxation
curves in Figure 5.

Figure 12. Oriented HDPE: drawing stress as a function of the strain
rate at the indicated strains. Data are from Figure 2.

Figure 13. Dependencies betweenσ/λ andεH for oriented and isotropic
HDPEs.

Figure 14. Oriented HDPE: orientational order parameters associated
with the (110) and (200) reflections and the amorphous halo as a
function of the imposed strains.
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