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ABSTRACT: The deformation behavior of homogeneous ethylene-1-octene copolymers
was investigated as a function of the crystallinity and the crystal size and perfection,
respectively, by wide- and small-angle X-ray scattering using synchrotron radiation.
The crystallinity and the crystal size and perfection, respectively, are controlled by the
copolymer composition and the condition of melt crystallization. The deformation
includes rotation of crystals, followed by plastic deformation and complete melting of
the initial crystal population, and final formation of microfibrils. The process of rota-
tion, plastic deformation, and melting of crystals of the initial structure is completed at
lower strain if the size and perfection of the crystals, respectively, decrease, that is, if
crystals thermally melt at lower temperature. The kinetics of the fibrillation of the
initial structure seems independent of the crystal symmetry, that is, rotation and
melting of pseudohexagonal and orthorhombic polyethylene crystals (as evident in
low-crystalline specimens) are similar. The structure of the microfibrils, before and
after stress release, is almost independent of the condition of prior melt crystallization,
which supports the notion of complete melting of the initial crystal population. © 2002
Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 40: 1919–1930, 2002
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INTRODUCTION

The structure and properties of random, homoge-
neous copolymers of ethylene and 1-octene strongly
depend on the composition of ethylene and 1-octene
as well as the condition of crystallization. The crys-
tallinity decreases with increasing concentration of
1-octene, and even close to completely amorphous
preparations are commercialized.1–4 The decrease
of the crystallinity with increasing 1-octene concen-

tration is paralleled by a lowering of the tempera-
tures of primary crystallization and melting that
are due to a shorter maximum length of ethylene
sequences between the hexyl branches. It is as-
sumed that the hexyl branches are excluded from
the primary crystallization process that conse-
quently results in a decrease of the thickness and
perfection of crystals.5,6 The lamellar crystal mor-
phology of standard polyethylene with a density
higher than 0.90 g cm�3 is increasingly replaced by
fringed micelles if the concentration of 1-octene in-
creases.7

The crystallinity, crystal dimensions, and crys-
tal perfection are important morphological pa-
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rameters of the structure and control the macro-
scopic properties, including the mechanical be-
havior and the inherent potential of a particular
copolymer for applications.8,9 The stress at yield,
the initial modulus, and the stress at break de-
crease, and the maximum strain increases with
increasing 1-octene concentration, which is
caused mainly by decreasing crystallinity.8,10 The
low-crystalline ethylene-1-octene copolymers
show a stress-strain behavior that is typical for
thermoplastic elastomers. The deformation be-
havior can be described by an advanced network
theory that classifies fringed micelles and physi-
cal entanglements, respectively, as temporary
and permanent network junctions, being respon-
sible for the low permanent set after extended
deformation.8

Uniaxial deformation of semicrystalline poly-
ethylene includes an initial rotation and energy-
elastic deformation of crystals, respectively, that
is forced by the entropy-elastic/viscoelastic defor-
mation of the surrounding amorphous structure.
Plastic deformation of crystals is not assumed in
the initial stage of the cold-drawing process, that
is, the energy-elastic crystal deformation is re-
versible. Crystals orient with the chain axis par-
allel, perpendicular, or at an intermediate angle
to the draw, respectively, depending on the shape
and the local orientation within the amorphous
structure. Irreversible, plastic deformation of
crystals is observed when the local stress exceeds
a critical value. Plastic crystal deformation can
include either martensitic transformation of the
orthorhombic structure into a structure of a dif-
ferent (internal) symmetry; fine-slip or homoge-
neous shear, respectively, which results in a tilt of
the chain axis versus the crystal-basal plane; and
coarse slip or fragmentation, respectively, that is,
larger blocks are sheared to each other, without
changing the angle between the chain axis and
crystal-basal plane.11–16

The exact sequence of morphological changes
during cold-drawing in this particular class of
low-crystalline copolymers, however, has not been
explored as opposed to the large number of inves-
tigations on standard polyethylene11–16 and the
more recent research on ethylene-1-alkene copol-
ymers of relatively high density.17,18 We used fast
X-ray scattering techniques to monitor the
change of the crystal morphology and crystal ori-
entation, respectively, of ethylene-1-octene copol-
ymers on uniaxial deformation. We attempt to
describe the effect of the crystallinity, crystal size,
and crystal perfection which are controlled by

both the copolymer composition and the thermal
history, on the evolution of the deformation pro-
cess. The selected copolymers exhibit a 1-octene
content between 19 and 38 wt % and are well
investigated with respect to the structure, crys-
tallization, and melting behavior including an-
nealing and stress-induced crystallization.3,19–22

EXPERIMENTAL

Material

Homogeneous metallocene-catalyzed poly(ethyl-
ene-co-1-octene) of different concentrations of
1-octene was provided by Dow. We determined
the concentration of 1-octene by Fourier trans-
form infrared (FTIR) spectroscopy with the inte-
gral of the absorbance between 1381 and 1373
cm�1, which is proportional to the number of
OCH3O groups.23 Accordingly, the 1-octene con-
tent of the investigated samples was 19, 30, and
38 wt %, and the corresponding density was ap-
proximately 0.902, 0.885, and 0.870 g cm�3, re-
spectively. Therefore, the investigation covers
specimens with a density-based crystallinity be-
tween about 15 and 35%. The melt-flow index is
between 1 and 5 g (10 min)�1 (463 K, 2.16 kp).
Further molecular and structural information is
given elsewhere3,19–22 and in the subsequent re-
sults section. Films of 1 mm thickness were
slowly cooled at a rate of 1 K min�1 to 298 K, and
films of 0.5 mm were quenched in cold water after
shaping in a hydraulic press (Collin). Specimens
of dimensions 100 mm length � 15 mm width
were cut for the in situ study of the deformation
behavior.

Instrumentation

Calorimetry

Standard differential scanning calorimetry (DSC)
was performed with a Mettler–Toledo DSC 820
with ceramic sensor FRS5. The instrument was
equipped with the liquid nitrogen cooling acces-
sory, and the furnace was purged with nitrogen at
a flow rate of 80 mL min�1. The small 20-�L
aluminum pans were used for encapsulation of
the samples with a mass of about 10 mg. The rate
of temperature change was 20 K min�1 on heat-
ing and 10 K min�1 on cooling. The temperature
of the sensor was calibrated using the onset of
melting of indium and zinc, and the heat-flow rate
was calibrated by the heat of fusion of indium.
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Density Measurements

The density of the copolymers of different branch
concentrations and thermal histories was mea-
sured in a density gradient column (Ray-Ran) in a
water/isopropanol mixture at 296 K. Measure-
ments were repeated three times before averag-
ing.

Tensile Test

Tensile tests were done at ambient temperature
with a commercial tensile-testing machine (Zwick
1425). The crosshead speed was 50 mm min�1

with a distance between the clamps of 50 mm.
The cross-section area was 4 � 1 mm and 4 � 0.5
mm for the slowly cooled and quenched samples,
respectively. The stress is calculated by force per
initial cross-section area, and the strain [� (l
� l0)/l0 � 100%, where l and l0 are the actual and
initial lengths of the sample, respectively] is mon-
itored by position encoders with an initial dis-
tance of 20 mm.

Wide-Angle X-ray Scattering (WAXS)

The WAXS patterns, intensity versus scattering
angle 2�, of isotropic samples before deformation
and of relaxed samples after deformation were
taken on a URD 63 diffractometer (Seifert-FPM)
in the transmission mode with Ni-filtered Cu K�
radiation (1.5418 Å). The azimuthal intensity dis-
tribution of the orthorhombic 002 reflection of the
uniaxially oriented, released specimens was col-
lected with the texture accessory TZ 6 of the dif-
fractometer.

Wide- and Small-Angle X-ray Scattering (WAXS
and SAXS) Using Synchrotron Radiation

An in situ study of the deformation of the copol-
ymers was carried out at the A2 soft-condensed
matter beam line at HASYLAB at the Deutsches
Elektronen Synchrotron (DESY) in Hamburg
(Germany), using monochromatic radiation of a
1.5 Å wavelength. The evacuated, double-focusing
camera was equipped with image plates at a dis-
tance of about 70 and 1780 mm for registration of
WAXS and SAXS, respectively. The exposure
time was between 10 and 20 s for registration of
WAXS and 600 s for registration of SAXS, de-
pending on the primary beam intensity. Speci-
mens were labeled with distance marks at an
increment of 2.5 mm to allow exact registration of
the local deformation of the sample at the position
of the beam size of about 2 � 1 mm using a video

camera. The samples were drawn to a predefined
strain, and subsequently the X-ray scattering was
collected, that is, patterns were taken at constant
strain. The X-ray patterns of the released sam-
ples were measured earliest, 12 h after unloading.

RESULTS AND DISCUSSION

Initial Structure

The initial structure of the isotropic samples be-
fore deformation was analyzed by DSC, density
measurements, and WAXS. The experimental
data are compactly described subsequently but
are not shown to avoid repeated publication of
closely connected, qualitatively similar research.

DSC heating scans revealed a decreasing final
melting temperature with an increasing 1-octene
content from about 374 K in the case of the sam-
ple with 19 wt % 1-octene to less than 340 K in the
case of the sample with 38 wt % 1-octene. The
decrease of the final melting temperature was due
to a decreased maximum thickness and therefore
decreased thermodynamic stability of the crys-
tals. The maximum thickness of crystals is con-
trolled by the maximum ethylene sequence length
within the macromolecules that decreases with
an increasing branch content. It is suggested that
the hexyl branches are not, or are only to a lim-
ited extent, incorporated into the crystal, leading
to a smaller longitudinal and lateral size of the
crystals when the branch content is increased. All
samples, independent of branch content and con-
ditions of prior melt crystallization, reveal an en-
dothermic maximum of the heat-flow rate at
about 318 K because of extended annealing at
ambient temperature before analysis. Isothermal
annealing increases the crystallinity by no more
than 3–5%, that is, annealing cannot largely af-
fect the mechanical deformation behavior.

The density-based crystallinities of the slowly
cooled and isothermally annealed samples of 1-oc-
tene concentrations of 19, 30, and 38 wt % were
about 38, 25, and 15%, respectively, at ambient
temperature. Crystallinity decreased in the case
of the copolymer with the lowest branch content
from 38 to 34% on quenching. The reduction of the
crystallinity on fast cooling is expected because
crystallization is kinetically controlled, that is,
the nonequilibrium structure obtained by quench-
ing freezes by sufficient lowering of the tempera-
ture as well as suppression of large-scale equili-
bration at ambient or subambient temperature,
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respectively. The difference of the crystallinity
between slowly cooled and quenched samples,
however, decreases and reverses with an increas-
ing branch content. The quenched sample with a
1-octene content of 38 wt % exhibits a slightly
higher crystallinity (16%) than after slow cooling
(15%), which agrees with former investigations
about the effect of the cooling rate on the struc-
ture of ethylene-1-octene copolymers.21,24

WAXS data of the isotropic copolymers of dif-
ferent branch contents and different thermal his-
tories confirm the increasing crystallinity on de-
creasing branch content and show a distinct in-
fluence of the thermal history on the X-ray
structure. The intensity of the orthorhombic re-
flections apparently decreases with an increasing
cooling rate during melt crystallization, which
points to less orthorhombic crystallinity and/or
less-ordered/smaller orthorhombic crystals, re-
spectively. Additionally, we observed a decrease
of the density of the orthorhombic phase that is
indicated by the shift of the 110 and 200 reflec-
tions. Furthermore, we need to point to an addi-
tional scattering intensity at about 4.5 Å in the
case of the quenched sample with a 1-octene con-
tent of 38 wt % caused by a pseudohexagonal
structure that increasingly develops when in-
creasing the cooling rate on melt crystalliza-
tion.19,20,25

Tensile Testing

Figure 1 depicts the stress-strain curves of slowly
cooled (thin line) and quenched (thick line) poly-
(ethylene-co-1-octene) of different branch con-
tents. The initial modulus and stress at yield in-
crease with increasing crystallinity and a de-
creasing branch content, respectively. The stress
reaches a plateau subsequent to the yield point;
both are most distinctly observed in the sample of
high crystallinity. The following increase of
stress, that is, strain hardening, can be attributed
to a tightening of the entanglement network of
the amorphous phase or stress-induced crystalli-
zation, respectively. The low-crystalline specimen
does not suggest a clear yield point but an imme-
diate decrease of the modulus at small strain,
that is, the deformation of the low-crystalline co-
polymer appears to be largely controlled by the
amorphous phase. Nonetheless, we have observed
pronounced stress-induced crystallization of the
low-crystalline sample in previous investiga-
tions,20,22 which can explain the increase of stress
at large deformation. The insert is an enlarge-

ment of the stress-strain curves during the initial
stage of the deformation and reveals the influence
of thermal history on the macroscopic deforma-
tion behavior. The initial modulus and stress at
yield are directly related to the crystallinity. The
low-crystalline specimen shows after quenching a
slightly higher crystallinity than after slow cool-
ing, and, consequently, the modulus and stress at
yield of the quenched sample increase. The situ-
ation is reversed in the case of the relatively high-
crystalline specimen that contains 19 wt % 1-oc-
tene. The influence of the thermal history on the
(viscoelastic) deformation behavior is confirmed
by a separate in-depth study of the effect of the
morphology of ethylene-1-octene copolymers on
the mechanical relaxation behavior.26

In situ Study of the Deformation by WAXS and
SAXS

Poly(ethylene-co-1-octene) with 19 wt %
1-Octene

Figure 2 shows the equatorial WAXS in the an-
gular region of the 110 and 200 reflections (left)
and SAXS (right) of slowly cooled poly(ethylene-
co-1-octene) with concentration on 1-octene of 19
wt % as a function of strain, recorded on a quasi-
continuous drawing. Figure 3 illustrates the X-
ray pattern of a quenched specimen of identical
molecular composition. The draw direction is ver-

Figure 1. Stress-strain curves of slowly cooled and
quenched poly(ethylene-co-1-octene) with 19, 30, and
38 wt % 1-octene.
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tical. The long period after cooling from the melt
at a rate of 1 K min�1 is about 197 Å and de-
creases as a result of quenching to about 156 Å.
Figure 4 is a plot of the meridional and equatorial
long periods of both preparations as a function of
strain. SAXS of the slowly cooled sample shows at
small strain (50%) a “figure-eight pattern” that is
due to a superposition of four radial dashes and
two arcs. The angle between the equator and the
tangent of the radial dashes decreases with in-
creasing distance from the center of the pattern,
and the two equatorial spots are located at a
distance of about 172 Å. Figure-eight patterns can
be explained by a structure that simultaneously
contains stacks of lamellae that are oriented per-
pendicular to the draw direction, causing the
equatorial maximum and tilted lamellae as well
as the off-equatorial dashes/arcs.27 The direction

of the normal of the tilted lamellae is along the
dashes/arcs and can probably adopt any angle
between 90° (meridian, in beam stop) and 0°
(equator) at varying distance. The different orien-
tation of the lamellae results from the initial
shape and orientation to the draw, that is, it is the
result of the local stress at the respective lamel-
lae.

The equatorial intensity maximum observed at
medium strain is still assigned to a stacking of
lamellae originating from the initial structure.
The decreased long period can be explained by
lateral compression of the stack that is caused by
the applied uniaxial stress. The figure-eight pat-
tern as a whole is observed up to 300% strain, and
the angle between the equator and the radial
dashes is reduced with increasing strain, respec-
tively. The intensity of this pattern gets weaker

Figure 2. Equatorial WAXS in the angular region of the 110 and 200 reflections (left)
and SAXS (right) of slowly cooled poly(ethylene-co-1-octene) with 19 wt % 1-octene as a
function of strain. The draw direction is vertical.
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on expense of the meridional scattering that is
observed first at a strain of 100% at a distance of
about 137 Å. The meridional long spacing is al-
most unchanged in distance on further drawing;
its shape, however, develops into a distinct streak
parallel to the equator, indicative for the forma-
tion of microfibrils. WAXS at 50% strain is de-
scribed by a four-point pattern of the 110 reflec-
tion with maxima located at an angle of 22° off the
equator, decreasing on further drawing. The 110
reflection exhibits a six-point pattern by addi-
tional appearance of an equatorial peak at 150
and 200% strain, which points to two coexisting
crystal populations. The 200 reflection, in turn, is
located at the equator from the very beginning of
the deformation. After drawing the sample to
500% strain, the sample was released from the
stress. The strain reverts to about 360%, which is

paralleled by a decrease of the crystal orientation.
The sloped four-point SAXS pattern reveals tilt of
the basal plane of crystals within the microfibrils.

The SAXS figure-eight pattern has been ex-
plained by rotation of stacks of lamellae originally
oriented at random. The distance between lamel-
lae depends on the orientation to the draw and is
adjusted by interlamellar slip. The WAXS pattern
reveals that at all draw ratios the most probable
a-axis orientation is exactly perpendicular to the
draw direction. At low strain, the c axis (chain
direction) is oriented at some intermediate angle
between the equator and the meridian, as can be
concluded from the split, nonequatorial maxima
of the 110 reflection. Subsequently, on increasing
strain, the 110 reflection moves toward the me-
ridian. The off-equatorial 110 reflection appears
to be associated with the observation of the fig-

Figure 3. Equatorial WAXS in the angular region of the 110 and 200 reflections (left)
and SAXS (right) of quenched poly(ethylene-co-1-octene) with 19 wt % 1-octene as a
function of strain. The draw direction is vertical.
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ure-eight SAXS pattern. However, a quantitative
comparison of stack orientation and crystal orien-
tation, to detect the tilt of the chain axis respec-
tive to the surface of the lamella (fine slip),28 is
impossible because of the arclike character of the
SAXS intensity, that is, we cannot extract a single
orientation of stacks and the corresponding crys-
tal orientation. The merging 110 peak seems to be
correlated to the SAXS meridional layer-line pat-
tern at large strain and reflects a second crystal
population, likely formed as a result of fibrillation
of initial, rotated, and plastic deformed lamellae.
The SAXS pattern of the released sample shows
intensity maxima at an angle of about 35° off the
meridian with the sloped dashlike maxima elon-
gated toward the radius, pointing to considerable
tilt of the crystal basal plane while keeping the
chain direction parallel to the former draw direc-
tion. The tilt of microcrystals within the fibril
must be due to longitudinal shear in the chain
direction that is transferred by interfibrillar tie-
molecules, originating from neighboring, sliding
fibrils.29

The WAXS and SAXS patterns of the quenched
specimen are displayed in Figure 3 as a function
of strain. Qualitatively, the patterns look similar
to the corresponding patterns of the slowly cooled
sample (Fig. 2). SAXS indicates at low strain an
elliptical pattern with the long axis in the equa-
torial direction, superimposed by four distinct
maxima at an angle of about 25° off the equator

and at a distance of about 155 Å. The long period
of 156 Å of the isotropic sample reduces in the
equatorial direction to about 125 Å because of the
compression of stacks of lamellae oriented per-
pendicular to the draw and does not show signif-
icant changes in the meridional direction. The
figure-eight pattern, which develops at low and
intermediate strain, is much less pronounced
than in the case of the slowly cooled sample. An
obvious explanation for this observation is the
lower perfection of the crystalline lamellae and
their stacking in the quenched material. More-
over, this notion also explains the appearance of
the SAXS layer-line pattern at lower strain than
in the case of the slowly cooled specimen because
a less perfect lamellar nanostructure can be
transformed more easily into the microfibrillar
structure. The transformation of considerable
fractions of lamellae into microfibrils, again, goes
along with the observation of the 110 reflection
centered about the equator. At a strain of 100%
the remaining lamellar structure is still detected
by a distinct six-point pattern of the 110 reflec-
tion. Figure 5 demonstrates the azimuthal inten-
sity distribution of quenched and slowly cooled
poly(ethylene-co-1-octene) as a function of strain
up to 200%. The off-equatorial peaks shift on in-
creasing strain toward the equator at 180°; how-

Figure 4. Meridional and equatorial long period of
slowly cooled and quenched poly(ethylene-co-1-octene)
with 19 wt % 1-octene as a function of strain.

Figure 5. Azimuthal intensity distribution of the
WAXS 110 reflection of quenched and slowly cooled
poly(ethylene-co-1-octene) with 19 wt % 1-octene as a
function of strain between 0 and 300%. The equator is
at 180°.
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ever, the equatorial peak, which likely represents
the micro-fibril-crystal fraction, is seen with a
discrete maximum already at 100% strain in the
case of the quenched sample, in contrast to 150%
strain in the case of the slowly cooled sample. The
radial half-width of the 110 and 200 reflections
simultaneously increase considerably because of
the limited lateral crystal size, apparently merg-
ing into one single reflection at a high draw ratio.

Poly(ethylene-co-1-octene) with 38 wt %
1-Octene

Figures 6 and 7 describe the equatorial WAXS
and SAXS patterns of slowly cooled and quenched
poly(ethylene-co-1-octene) with 38 wt % 1-octene,
respectively; Figure 8 is a plot of the equatorial
and meridional SAXS long period of both prepa-

rations as a function of strain. The initial struc-
ture is characterized by the coexistence of an or-
thorhombic crystalline phase, a pseudohexagonal
mesophase, and the amorphous phase. The
pseudohexagonal structure is not seen in the sam-
ple with 19 wt % 1-octene and seems typical for
poly(ethylene-co-1-octene) of high comonomer
concentration. In the case of the isotropic and
undrawn sample, the mesophase can hardly be
distinguished from the amorphous halo in the
WAXS pattern because of the close correspon-
dence of the maximum position. The two isotropic
Debye–Scherrer rings at zero draw ratio are the
amorphous halo/100-mesophase maximum at a
distance of about 4.5 Å and the 110 orthorhombic
reflection at a distance of 4.22 Å. Drawing by 50%
results in rotation of both, orthorhombic and

Figure 6. Equatorial WAXS in the angular region of the 100 pseudohexagonal and
110/200 orthorhombic reflections (left) and SAXS (right) of slowly cooled poly(ethylene-
co-1-octene) with 38 wt % 1-octene as a function of strain. The draw direction is vertical.

1926 ANDROSCH ET AL.



pseudohexagonal crystals enable clear differenti-
ation of the mesomorphic and amorphous struc-
ture. The 100 pseudohexagonal and 110 orthor-
hombic reflections appear at 22° off the equator,
similar to poly(ethylene-co-1-octene) with 19 wt %
1-octene. Obviously, the internal symmetry of the
orthorhombic and pseudohexagonal structure, re-
spectively, is irrelevant for the initial crystal ro-
tation unlike the overall morphology and shape of
crystals and force transmission by tie-molecules
into the crystal. Otherwise, we hardly would have
obtained the 100 pseudohexagonal and 110 or-
thorhombic peaks at the same azimuth. Further-
more, the patterns do not provide any indication
for a stress-induced transformation from the or-
thorhombic structure to the monoclinic struc-
ture.30–32 The SAXS pattern of the isotropic sam-
ple suggests a long period of about 165–170 Å.

The long period decreases to about 130 Å in the
equatorial direction at 100% strain. At the merid-
ian we can see a continuous transition of the
ellipsoidal scattering at 50% strain to an arc be-
tween 100 and 200% strain, which finally devel-
ops into a streak at a strain larger than 300%.
Simultaneously, we detect continuous azimuthal
merging and radial broadening as a result of the
decreasing lateral crystal size of the off-equato-
rial 100 mesophase and 110 orthorhombic reflec-
tions that seem almost complete at about 200%
strain. The evolution of the meridional arc in
SAXS at 100% strain goes along with the appear-
ance of equatorial peaks of the 100 mesophase
and 110 orthorhombic reflections, that is, the
four-point pattern of both reflections transfers
into a six-point pattern, pointing also in this low-
crystalline copolymer to coexisting and differently

Figure 7. Equatorial WAXS in the angular region of the 100 pseudohexagonal and
110/200 orthorhombic reflections (left) and SAXS (right) of quenched poly(ethylene-co-
1-octene) with 38 wt % 1-octene as a function of strain. The draw direction is vertical.
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oriented crystal populations. Between 100 and
200% strain, we see coexisting stacks of lamellae/
microcrystals that are oriented perpendicular and
parallel to the draw. At 300% strain, the fraction
of initial lamellae disappeared, and only the
fibrillar structure of perfectly oriented and
stacked microcrystals and the amorphous phase
remains. The released sample exhibits a perma-
nent set of about 190%, after drawing to 700% of
the initial length. The recovery is accompanied by
a decrease of the WAXS degree of orientation and
tilt of the basal plane of the microcrystals within
the fibrils.

The quenched specimen with 38 wt % 1-octene
shows in the isotropic state a single broad maxi-
mum in the WAXS pattern that can hardly be
indexed because it might contain intensity contri-
butions of both the mesomorphic and orthorhom-
bic structures. Small strain results in a four-point
WAXS pattern, with the azimuthal maxima
merging at the equator at 150% strain. We cannot
resolve a six-point pattern because of the broad-
ness of the peaks; however, the absence of dis-
crete equatorial SAXS maxima points to early
destruction of relatively unstable crystals. De-
spite the absence of distinct equatorial maxima,
as we have seen in the SAXS pattern of the slowly
cooled sample, the equatorial long period, esti-
mated from the ellipsoid, decreases like the
slowly cooled sample, pointing to qualitatively

similar deformation mechanisms (Fig. 8). SAXS
reveals a meridional arc at low strain that con-
tinuously transforms to a well-developed streak
at a strain higher than 300%. The layer-line dis-
tance is about 160 Å and is almost independent of
strain (Fig. 8).

Poly(ethylene-co-1-octene) with 30 wt %
1-Octene

The X-ray patterns of the copolymer with 30 wt %
1-octene are not shown but are described in detail
because the sequence of the structural changes on
deformation is similar to the copolymers with 19
and 38 wt % 1-octene. The long period of the
nondrawn sample is in sequence with the long
period of the copolymers with 19 and 38 wt %
1-octene, that is, the initial long period decreases
for both the slowly cooled and quenched prepara-
tions, with an increasing 1-octene content (Fig. 9).
The quenched sample again indicates a decreased
long period if compared with the long period of the
slowly cooled sample. The initial crystal popula-
tion is detected up to about 100–200% strain for
the quenched and slowly cooled sample, respec-
tively. The meridional long period is around 150 Å
and is in this case independent of the thermal
history.

Structure of Released Specimens

The WAXS 002 reflection of drawn and subse-
quently relaxed samples is exactly positioned at

Figure 8. Meridional and equatorial long period of
slowly cooled and quenched poly(ethylene-co-1-octene)
with 38 wt % 1-octene as a function of strain.

Figure 9. Meridional and equatorial long period of
slowly cooled and quenched poly(ethylene-co-1-octene)
with 30 wt % 1-octene as a function of strain.
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the meridian, although broadened and exhibiting
a half-width of about 27°, but not showing any
indication of off-meridional maxima. The SAXS
four-point pattern shows the maxima at about
30–35° off the meridian, clearly proving their or-
igin from tilted basal planes of crystals rather
than tilted fibrils/chains. The layer-line distance
of about 115–125 Å is almost independent of the
copolymer composition, and the off-meridional
angle is approximately identical for all investi-
gated copolymers. However, both the maximum
strain and the permanent set of the samples of
different comonomer contents are different. The
permanent set increases, as expected, with de-
creasing 1-octene concentration. The SAXS pat-
tern of the released samples exhibit largely iden-
tical symmetry and distance despite large differ-
ences of the chemical structure, that is, branch
concentration, and initial structure including
crystal thickness/shape and crystallinity. The
only obvious difference of the SAXS pattern of the
relaxed samples is the shape of the maxima,
pointing to a different shape of the microfibrillar
crystals. The intensity maxima of the specimen
with a low comonomer content (Figs. 2 and 3) are
elongated in the radial direction, whereas in the
case of the specimen of a higher comonomer con-
tent (Figs. 6 and 7), the maxima are pointlike.

FINAL DISCUSSION AND CONCLUSIONS

The deformation of homogeneous poly(ethylene-
co-1-octene), as probed by X-ray techniques, re-
sembles the deformation of low-density standard
polyethylene, that is, the type and sequence of
characteristic scattering patterns are similar as
observed in previous investigations.15 The defor-
mation includes rotation and slip of crystals fol-
lowed by formation of fibrils. We have found no
evidence for a transition from the orthorhombic to
the monoclinic structure as has been occasionally
reported.16–18,30–32 The kinetics of the deforma-
tion-induced structural changes depends on the
concentration on 1-octene and the thermal history
because both affect systematically the initial mor-
phology of the copolymers, including the crystal-
linity and dimension/perfection of the crystals.
The increase of the comonomer concentration
from 19 to 38 wt % shifts the process of melting/
destruction of the initial crystal population and
the formation of microfibrils, respectively, to
lower strain. A lower activation energy for plastic
deformation of the initial crystal population is

apparently required if crystals thermally melt at
a lower temperature, that is, if crystals are
smaller and contain more defects. The new popu-
lation of crystals, which is oriented with the chain
axis parallel to the draw, can form at lower strain
if the initial crystals are removed and the orien-
tation of amorphous structure is not restricted by
remaining crystals. The formation of microfibrils
at lower strain in the case of the copolymer with
38 wt % 1-octene, remarkably, is paralleled by an
increased inherent potential for stress-induced
crystallization as compared with the copolymer
with only 19 wt % 1-octene. A previous study
about the irreversible and reversible crystalliza-
tion behavior of the particular low-crystalline eth-
ylene-1-octene copolymer revealed stress-induced
crystallization from the beginning of deformation,
mainly including material that would have crys-
tallized at subambient temperatures.22 The copol-
ymer with 19 wt % 1-octene does not contain the
required short ethylene sequences that would
thermally crystallize at ambient or subambient
temperature, respectively, and this might cause
the higher activation energy for the onset of mi-
crofibril formation.

Quenched specimens exhibit smaller crystals
in both the longitudinal and lateral directions.33

The decrease of the longitudinal crystal dimen-
sion in quenched samples was indirectly detected
by SAXS, and the broadening of the equatorial
WAXS confirms the effect of quenching on the
lateral crystal size. Because there is only a minor
effect of the crystallization history on the total
crystallinity, the deformation behavior must be
changed because of the altered crystal morphol-
ogy. The X-ray data of this study clearly suggest
that smaller crystals require lower critical strain
for destruction than larger crystals, as is easily
derived from a direct comparison of the X-ray
pattern, for example, taken at 150% strain.

The distance between crystals within the mi-
crofibrils in the final stage of the deformation is
largely independent of both the branch content
and the thermal history. This result leads to the
conclusion of complete reorganization of the ini-
tial structure, including melting of crystals that
were formed on melt crystallization, on deforma-
tion. Further evidence for this conclusion is pro-
vided by analysis of the structure after stress
release; the macroscopic permanent set and struc-
ture of microfibrils, respectively, depend on the
copolymer composition but are not affected by the
thermal history. The dependence of the structure
of stress-released samples on the chemical com-
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position is the consequence of the largely different
crystallinity, that is, the number of temporary
and permanent network junctions.

The authors thank the Dow Chemical Co. for providing
the samples and Dr. A. Wutzler for the assistance in
determining the comonomer concentration by FTIR.
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