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ABSTRACT: An experimental study of the spinnability
and the variation in crystallinity and orientation of melt
spinning of poly(ethylene-co-octene) with different contents
of comonomers was carried out. The spinning behavior of
these polymers was investigated under different draw-
down ratios and temperatures and correlated to spinline
stress. The melt-spun filaments were characterized by wide-
angle X-ray diffraction birefringence, and differential scan-
ning calorimetry. S-1 is a high-density polyethylene and S-2,
S-3, and S-4 have 16, 22, and 38 wt % octene. An orthorhom-
bic unit cell was found in all four polymers, but a dominant
hexagonal structure (perhaps mesophase) was found for the
highest octene level (S-4). The orientation factors for the a-,
b-, and c-axis of the orthorhombic crystal structure and a-axis

of the hexagonal phase were then calculated. The crystalline
orientation behavior of the lower octene copolymers (5-1,
S-2, and S-3) are similar and can be represented as a “row-
nucleated” structure. However, the orientation behavior of
S-4 was different. The uniaxial mechanical properties were
also measured. The Young’s modulus and tensile strength
generally increased with birefringence for all polymers.
With increasing content of octene, the Young’s modulus
showed a decrease from semicrystalline thermoplastic to-
ward an elastomer. © 2004 Wiley Periodicals, Inc. ] Appl Polym
Sci 93: 9-22, 2004

Key words: poly(ethylene-co-octene); crystal structures; ori-
entation; WAXD; differential scanning calorimetry (DSC)

INTRODUCTION

There is long history of investigations of structure
development in melt spinning polyethylene fibers,'®
which is almost completely involved with high-den-
sity polyethylene (HDPE) containing little comonomer
or long chain branching. These studies reported or-
thorhombic® polyethylene crystals formed in the spin-
line. In recent years, there has been an increasing
number of articles'® ! describing the characteristics of
polyethylene copolymers with high comonomer con-
tents, especially octene-1, but still containing substan-
tial levels of crystallinity. Both the orthorhombic
phase” and a hexagonal phase'®'” have been found.

In the present article, we considered structure de-
velopment in melt spinning of polyethylene copoly-
mers. We melt-spun fibers under known draw-down
ratio and spinline stress conditions. The melt-spun
fibers were examined by the wide-angle X-ray diffrac-
tion (WAXD) and by birefringence. The primary in-
vestigative focus was given to the crystallographic
structures formed and to polymer chain/crystallo-
graphic axis orientation and crystallinity levels. Me-
chanical properties were also studied.
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EXPERIMENTAL
Materials

The polyethylene copolymers considered in this
study, summarized in Table I, are four in number,
with densities varying from 0.870 to 0.958 g/cm?>. S-2,
S-3, and S-4 are ethylene—octene copolymers prepared
by Dow’s Insite® constrained geometry catalyst
(CGCT) and process technology, which can impart a
material narrow molecular weight distribution, homo-
geneous comonomer distribution, and a controlled
branching structure. S-1 is a conventional HDPE syn-
thesized with a Ziegler—Natta catalyst.

Material characterization
Thermogravimetric characterization

Thermogravimetric analysis (TGA) of the various
samples was investigated using a TA Instruments
(New Castle, DE) TGA 2050 at the heating rate of
20°C/min over the temperature range from room tem-
perature to 700°C under N, atmosphere. The TGA
scans are shown in Figure 1.

It is evident from the figure that these four samples
are neat polymers without any fillers and similar min-
imal additives, given that their weight loss (%) goes to
zero after complete burning. We can also see that all
four materials are degraded at about 480°C, which
suggests their thermal stability is essentially the same.
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TABLE 1
Characterization Data of Copolymers Used in This Study

Polymer designation

Property S-1 S-2 S-3 S-4
Density (g/cm®)* 0.958 0.916 0.902 0.870
Type of comonomer* None Octene Octene Octene
Content of comonomer (wt %) 0 15 20 38
Calculated content of comonomer (mol %) 0 4.2 5.9 13.3
Catalyst Ziegler-Natta Dow Insite® Dow Insite® Dow Insite®
MI (g/10 min)*? 0.95 1.00 1.00 5.00
M,? 1.70 X 10° 1.45 X 10° 1.52 X 10° 0.90 x 10°
Grade Alathon M6210 Elite 5400 Affinity PL1880 Engage 8200
Manufacturer Equistar Dow Dow DuPont Dow

2 Estimated from the shear viscosity data using correlations from Wood-Adams et al.>* and Raju et al.**

Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were
carried out on the as-received samples with a Perkin-
Elmer DSC-7 (Perkin Elmer Cetus Instruments, Nor-
walk, CT). The samples were first melted to eliminate
the influence of their production origins and then
cooled to —30°C at a cooling rate of 10°C/min. Sub-
sequently, samples were heated at a heating rate of
10°C/min under N, atmosphere. DSC scans are de-
picted in Figure 2. The degree of crystallinity and the
melting point of each material are summarized in
Table II.

We can see from Table II that the higher the content
of comonomer, the lower the melting point, the crys-
tallinity of the polymer, and the broader the melting
peak.

Melt viscosity

An Advanced Rheometric Expansion System (ARES,
Rheometric Scientific, Inc., Piscataway, NJ) was used

1.2

in the oscillatory mode with parallel-plate fixtures (25
mm diameter). Dynamic frequency sweep experi-
ments were conducted. The complex viscosity (n*)
was measured as a function of angular frequency (),
ranging from 0.01 to 100 rad/s at 180°C for all four
polymers. The data are summarized in Figure 3. We
used the Cox-Merz rule® [n*(») = m(¥)], which was
found to be valid by earlier investigators** ' for poly-
ethylene and its copolymers, to obtain the steady
shear viscosity. 1, gives information about the zero
shear viscosity. From Wood-Adams et al.** and Raju et
al.”®> we can estimate the weight-average molecular
weight, which is given in Table I. A Vinogradov—
Malkin®* reduced viscosity plot of m/m, versus myy
was constructed to study the molecular weight distri-
bution. It is known that n/n, decreases more rapidly
for broader molecular weight distribution poly-
mer.>>* We depict such a plot in Figure 4, which
suggests the molecular weight distribution broadness
as follows: S-1 > S5-3 > S-2 > S-4. Apparently, 5-1,
which was synthesized with Ziegler-Natta catalyst,
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Figure 1

Thermogravimetric analysis of as-received copolymers at a heating rate of 20°C/min.
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Figure 2 DSC thermograms of as-received copolymers measured at a heating rate at 10°C/min.

has a broader molecular weight distribution than that
of 5-2, S-3, and S-4, which were synthesized with the
Dow Insite® catalyst.

Melt-spinning process

The four polymers were melt spun as monofilament
from an Instron (Canton, MA) capillary rheometer,
with a capillary die of diameter 1.6 mm and length—
diameter ratio of 19.3. Experiments were carried out at
170°C for all four polymers and at selected individual
temperatures for each. In particular, we conducted
experiments at 180, 170, and 150°C for S-1; at 210, 190,
and 170°C for S-2; at 190, 170, and 150°C for S-3; and
at 170, 150, and 130°C for S-4. The extruded filament
was taken up on a bobbin at various velocities. Draw-
down ratios up to 1300 were investigated. The spin-
ning path for the taken-up fiber was approximately
900 mm.

An electronic tensiometer (Rothschild R-1192) was
used to measure the filament spinline tensions.

Structure characterization of fibers

The crystallinities of melt-spun filaments were mea-
sured using Perkin—-Elmer DSC-7 at a heating rate of
10°C/min under nitrogen atmosphere.

TABLE 1I
Melting Point, Heat of Fusion, and Crystallinity
of As-Received Copolymer

Polymer designation

Property S-1 S-2 S-3 S-4
Melting point (°C) 133.0 122.9 99.9 57.7
Heat of fusion (J/g) 204.4 104.6 82.0 47.9
Crystallinity (%)® 70.5 36.1 28.3 16.5

@ Using 290 J/g as the heat of fusion of the crystalline
phase of polyethylene.

The crystalline form in the filaments was character-
ized by WAXD film patterns, obtained using a General
Electric X-ray generator (GE-XRD6; Milwaukee, WI),
equipped with a copper target tube. A graphite crystal
monochrometer was used to obtain the Cu-K_, radia-
tion (A = 0.15418 nm). The operation voltage and
current were 30 kV and 30 mA, respectively.

We also sought to determine polymer chain and
crystallographic axis orientation factor. Hermans and
Plazek,*® and subsequently F. Muller,* proposed a
measure of the average orientation of polymer chains
relative to the axis of a fiber in which there is complete
molecular symmetry around the axis. Muller formu-
lates this as

a, — «,

fu= (1)

(XH_OIL

where «, and «, are the polarizabilities parallel and
perpendicular to the fiber axis and ¢ and «, are the
polarizabilities along and perpendicular to the poly-
mer chain, respectively. It was shown that

fu= %[3 cos*® — 1] (2)

where @ is the angle between the polymer chain axis
and the fiber axis and cos”® indicates an average over
all the polymer chains around the solid angle. For the
case of complete parallel alignment of chains with the
fiber axis, @ is zero and f;; becomes unity. For the case
of chains aligned perpendicular to the fiber axis, ® is
90°, and f;;is —0.5. Stein later pointed out that eq. (2)
may be generalized for a crystalline polymer so as to

include all three crystallographic axes:

fo=3[3 cos’®,. — 1] (3a)
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Figure 3 Complex viscosities of four polymers at 180°C.
fy = 1[3 cos’®,. — 1] (3b)  of WAXD but applied it only to cellulose rayon. Subse-
2 ’ quently, Stein® applied WAXD to determine the crys-
£.=1[3 cosd,. — 1] (3¢) talline orientation factors of eq. (3) for polyethylene us-
c 2 cz

where ®, , ®, , and ®_, (defined by Fig. 5) represent
the angles formed by the 4, b, and ¢ crystallographic
axes. The c-axis orientation factor corresponds to the
Hermans orientation factor. For an orthorhombic unit

ing the (200) and (020) planes. We found the diffraction
arc of the (020) plane, especially for low-density polyeth-
ylenes, was too weak to determine f, accurately.*"**
Therefore, the (110) and (200) planes were used to deter-
mine the f, and f, using the following equation in this
article, which was first derived by Wilchinsky™:

cell such as existing in polyethylene, Stein* shows
that the orthogonality requires cos’®y;y = 0.692 cos’Pyy, + 0.308 cos’@yyy  (5)
fﬂ+fb+fC:0 (4) where
/2 2 .
Hermans and Platzek®® proposed measuring f. by cos2d = 22 I(;b)cos fbsm ¢ dd (6)
birefringence. Hermans et al.** later proposed the use §2 [(@)sin @ dP
1
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Figure 4 Vinogradov-Malkin reduced viscosity plot.
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Figure 5 Orientation of unit cell of PE.

The value of f. was then calculated using eq. (4).

For S-4, besides the orthorhombic crystal, we also
attempted to calculate the orientation factor of the
hexagonal phase using egs. (3) and (6).

A Bruker AXS HI-STAR general area detector dif-
fraction system (GADDS; Bruker Instruments, Bil-
lerica, MA), with graphite monochromatized Cu-K,,
was used to obtain the diffraction patterns of the
filaments, and thus to calculate the orientation factor
of each crystal plane. The intensity was corrected for
background scattering, detector noise, and absorption.
The method of Fujino et al.*""** was used to correct for
overlap between various peaks. For orientated speci-
mens, there was some anisotropy along the azimuthal
angle to the amorphous halos (i.e., enhanced intensity
in the region of the equatorial Bragg reflection). How-
ever, this anisotropy was relatively small. By use of
the method proposed by Androsch et al.'® the amor-
phous background was subtracted from the area de-
tector data. The scattering contained in the three equa-
torial reflections (i.e., that attributed to the crystalline
components) was thus estimated.

The birefringence of the melt-spun filaments was
determined by the optical retardation method, using a
Leitz (Wetzlar, Germany) polarized light microscope
with a 30-order Berek compensator. At each draw-
down ratio, 10 to 20 samples were measured and the
results were averaged.

Engineering stress—strain measurements were made
on the melt-spun filaments using an Instron tensile
machine at room temperature. The gauge length was
22.5 mm and the crosshead speed was 22.5 mm/min.
At each draw-down ratio, approx. 10 samples were
measured. The mechanical properties, i.e., modulus,
tensile strength, and elongation to break were aver-
aged for those with the same draw-down ratio.
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RESULTS
Melt spinning behavior

All of the fibers were melt spun as described. The
spinline stresses for the four polymers at a 170°C
melt-spinning temperature are shown in Figure 6(a) as
a function of draw-down ratio V;/V,. Some of the
filaments broke in the spinline. The maximum draw-
down ratios achieved were 1305 for S-1, 470 for S-2,
539 for S-3, and 677 for S-4. The spinline stresses on the
four materials at different melt temperatures are
shown in Figures 6(b) and (c). Generally, the spinline
stress increases monotonically with increasing draw-
down ratio or with decreasing melt temperature. The
values of spinline stress are of the same order of
magnitude under the processing conditions investi-
gated in this study. The spinline stresses based on melt
spinning at 170°C are in the order: S-3 > S5-1 > S-2
> 5-4.

Crystallinity of melt-spun filament

The crystallinity of the melt-spun filaments of all four
samples shows a slight increase with the draw-down
ratio, as shown in Fig. 7.

X-ray diffraction

WAXD patterns of the four copolymers filaments with
different draw-down ratios are shown in Figure 8. The
d-spacings for the Bragg reflections measured with the
Bruker GADDS are given in Table III, which also
includes both the theoretical d-spacing, based on the
orthorhombic unit cell with lattice parameters given
by Bunn,” and experimental d-spacing given by An-
drosch et al.'® for S-4. It can be clearly seen from
Figure 8 that for 5-1, S-2, and S-3, the crystal form can
be represented by a Bunn’ orthorhombic unit cell and
the primary WAXD reflections are (110), (200), and
(020). However, for S-4, we observe an intense amor-
phous halo on which are superimposed three Bragg
reflections. The second and third reflections are iden-
tified as (110) and (200) of the orthorhombic phase.
The first reflection is identified as (100) of the hexag-
onal unit cell, suggested by Androsch et al.'®" for this
type of copolymers. No other crystal plane of the
hexagonal crystal was observed.

Crystalline orientation factors

Using the method described in the experimental sec-
tion, we calculated the orientation factors of a-, b-, and
c-axes of the orthorhombic crystal. These are shown in
Figure 9 as a function of spinline stress. For sample
S-4, we also present the orientation factor of the a-axis
of the hexagonal phase (fiex)- It can be seen that for
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Figure 6 Spinline stresses of the melt-spun filaments as a function of draw-down ratio (V,/V,): (a) 5-1, S-2, S-3, and S-4 at
170°C; (b) S-1 and S-2 at specific temperatures; (c) S-3 and S-4 at specific temperatures.

S-1,5-2, and S-3, with an increase of the spinline stress,
f, rapidly reaches a value of about —0.4 for S-1. For S-2
and S-3, it decreases progressively more slowly. f, first
reaches a maximum value, and then decreases, be-
comes 0, and eventually reaches the value of about
—0.45. There is a tendency toward c-axis orientation
with increasing the spinline stress. The tendency is the
strongest in S-1 and the weakest in S-3.

The orientation behavior of 5-4 seems different from
that of S5-1, S-2, and S-3. For the orthorhombic crystals
in S-4, f, reaches a value of about —0.3 once the fila-
ment is drawn down, which means the a crystallo-
graphic axis is nearly perpendicular to the fiber axis; f,
reaches a value of about —0.3; the ¢ crystallographic
axis, on the other hand, tends to align itself along the
fiber axis and f_ reaches a value of about 0.7. For the



MELT-SPUN POLY(ETHYLENE-CO-OCTENE) FILAMENTS

15

80
*
[ ST SERA P —_—
*
60 |
£ 50|
2
£ 407
= = S-1
. S *
] # 82
O 20} 1S3
‘_,_',_!_.—r——o——_‘ -
10 | e S-4
0 L ! L L L L
0 200 400 600 800 1000 1200 1400 1600

Draw-down ratio

Figure 7 Crystallinity of the melt-spun filament of four samples at different draw-down ratios.

hexagonal phase, its a-axis tends to be perpendicular
to the fiber axis and the orientation factor reaches
about —0.3.

From Figure 9, we can also see the orientation fac-
tors of each polymer correlate with spinline stress
independent of melt temperature.

Birefringence

The birefringence of the melt-spun filaments of the
four polymers is shown as a function of spinline stress
in Figure 11. If we plot the birefringence versus the
draw-down ratio (Fig. 10), we obtain different curves
with different processing temperatures. However, if
we plot them against the spinline stress, we find these
separate curves coincide.

For S-1, we observe a steep S-shape curve with a
point of inflection about spinline stress o = 1.5 MPa.
For S-2 and S-3, we observe a lower sloped S-shape
curve with a point of inflection about o = 3 and 4 MPa,
respectively. For 5-4, we have a convex curve. All four
curves show that the birefringence values increase up
to a certain level and then plateau with further in-
creasing spinline stress. The birefringence values at
higher stress levels order: 5-1 > 5-2 > 5-3 > 5-4.

Mechanical properties

The typical stress—strain curves of melt-spun filaments at
different draw-down ratios of four polymers are shown
in Figure 12. For materials with low draw-down ratios,
with increases of octene content, the stress—strain behav-
ior changes from yielding with necking to uniform ex-
tension. S-1 shows typical necking and plastic behavior,
where 5-4 shows typical elastomer behavior. With an
increase of melt-spinning draw-down ratio, the necking
phenomenon of S-1 disappears. The stress first increases
sharply with the strain in a very short range (strain
< 0.1), and then it gradually increases before the fila-

ment is broken. For S-2, the mechanical behavior is sim-
ilar to that of S-1. For S-3 with low draw-down ratio, it
shows a slight necking behavior first, and then the stress
grows gradually with the strain, similar to typical elas-
tomer behavior. For those with high draw-down ratio,
the stress simply increases with the strain. However, S-4
with high draw-down ratio shows an interesting behav-
ior, in which stress increases with two steps: an abrupt
jump after an initial slow increase.

DISCUSSION
Crystal structure

A. Muller**® was the first to investigate the crystal
structure of n-alkanes. He observed that an orthor-
hombic form was generally found at room tempera-
ture, but at elevated temperatures near the melting
point there was a hexagonal form.** Bunn*’ in his
subsequent studies of polyethylene, observed only the
orthorhombic form. The observation of the hexagonal
form for polyethylene begins with Bassett,*® who first
found it under high pressure in 1974. Five years later,
Pennings* also observed the (100) reflection for the
hexagonal form at elevated temperatures in oriented
polyethylene. Recently, Tashiro et al.”’ suggested an
orthorhombic-to-hexagonal phase transition for a con-
strained polyethylene fiber in the temperature region
immediately below the melting point using a simulta-
neous measurement system of X-ray diffraction and
Raman spectra. The hexagonal form has also been
found in copolymers of polyethylene with propylene”'
and octene.'®'”* These authors all observed only the
(100) reflection of the hexagonal form. As we know,
for a perfect crystal, there should be different reflec-
tion crystal planes and those should be observed from
the WAXS pattern. The reason for this may be attrib-
utable to the low order of the hexagonal crystal
formed under these circumstances. Perhaps we should
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Figure 8 WAXD patterns of the melt-spun filaments of four samples at different draw-down ratios: (a) S-1; (b) S-2; (c) S-3; (d) S-4.

call it mesophase, which lies between the crystalline
and the amorphous phases.

Many authors®** have found that quenching iso-
tactic polypropylene leads to a mesomorphic form in
which 3/1 helices are disordered. This also happens in
the melt spinning of fibers.”>*® D. Choi and White®*
found that if lower tacticity isotactic polypropylene is
melt spun, the range of conditions of forming the meso-
morphic structure is increased. Introducing comonomer

or disordering into polyolefins clearly leads to broader
regions of formation of less-ordered structures.

Crystalline orientation factors

From Figure 9(a) and (e), we can compare our crys-
talline orientation factor—spinline stress plots with
those of C. Choi and White® for HDPE (S-1). We see
that both plots coincide well. At about 0.6 MPa, f, reaches
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TABLE III
Wide-Angle d-Spacing of Four Copolymers Used in This Study
Polymer designation
Bunn’ S-1 S-2 S-3 S-4 Androsch'®
Octene content (wt %) 0 15 20 38
Crystal structure (hkl) Spacing (&)
Pseudo-hexagonal (100) 4.534 4.52 + 0.02
Orthorhombic (110) 4.106 4.105 4.125 4.151 4.190 4.15 = 0.01
(200) 3.696 3.711 3.743 3.759 3.803 3.77 £0.01
(020) 2.467 2.467 2.467 2.48

its maximum value of about 0.25 (C. Choi and White)
and about 0.3 (this study), respectively; f, decreases to its
turning point of about —0.3, and then decreases slowly.
At about 1.5 MPa, f, reaches 0 in both cases. At about 3.0
MPa, f, reaches its lowest value and then remains nearly
constant; f;, equals about —0.46 and f, equals about 0.85.
It has been pointed out by Dees and Spruiell,” following
Keller and Machin,*®>?° that based on the “row-nucleated
structure,” for the extremely idealized case in which the
b-axis is perpendicular to the fiber axis, with the a-axis
and c-axis randomly disposed within a plane parallel to
the fiber axis, f, = f. = 0.25, f, = —0.5; for the case in
which the lamellae do not twist, f, = f, = —0.5and f, = 1.
By comparing these values to the experimental results
shown above, we can see that the orientation behavior of
S-1 can be explained well using a “row-nucleated struc-
ture” model.

We can also compare the orientation factors of S-2 and
S-3 fibers with those of S-1 (HDPE) from Figure 9(a)—(c).
For f,, S-1 reaches its maximum value of about 0.3 at
about 0.6 MPa; S-2 reaches its maximum value of about
0.24 at about 1.0 MPa; S-3 reaches its maximum value of
about 0.1 at about 1.1 MPa. For f;, S-1 reaches about —0.4
at about 1.0 MPa, S-2 reaches about —0.4 at about 3.0
MPa, and S-3 reaches about —0.4 at about 4.0 MPa. It
appears that higher stress is needed to orient the b crys-
tallographic axis to be perpendicular to the fiber axis,
and also for f, to reach its maximum value. In other
words, we need more stress to well establish the “row-
nucleated structure” for polyethylenes with lower crys-
tallinity. This can also be verified by checking the f, of
these three polymers. With decreasing crystallinity, f,
increases more slowly with the spinline stress. It is also
interesting to compare the maximum value that f,
reaches. With increasing octene content, f, becomes
smaller.

We should further compare the orientation behavior
of the orthorhombic crystal of S-4 with that of 5-1 from
Figure 9(a) and (d). No maximum value of f, is ob-
served for S-4. Instead, f, decreases to about —0.3 at
about 1.3 MPa, and then remains roughly constant. At
the same stress, f, decreases to about —0.3 and f.

increases to about 0.6. The lowest value that £, and f,
can reach is about —0.35. These values are higher than
—0.46, which S-1 has reached. The highest value that f.
reaches is about 0.7, which is lower than that S-1
achieves. From these values, we may conclude that it
is harder to orient the c-axis of 5-4 to be parallel to the
fiber axis, the a-axis and b-axis of S-4 to be perpendic-
ular to the fiber axis, than the axes of S-1. The orien-
tation behavior of 5-4 seems different from that of S-1
and cannot be explained by “row-nucleated struc-
ture.” We may infer that S-4 has a different type of
crystalline morphology from that of the other three
samples. Bensason et al."” classified the copolymers
into four different types on the basis of correlations
between their morphologies and density/crystallinity,
which depends on the comonomer concentration. Ac-
cording to their classification, S-4 has a granular, non-
lamellar morphology. Fringed micellar or bundled
crystals are thus inferred. If that is true, we can con-
clude that once the filament of 5-4 is melt spun, the
c-axis of the crystal will tend to orient along the fiber
axis, whereas the g-axis and b-axis tend to remain
perpendicular to the fiber axis.

Birefringence

Birefringence in fibers, following Hermans et al.,®” and
later Stein and Norris,*® may be expressed as follows:

Ai’l = Ancryst + Anamorph + Anform (63)
A]’l = XfCl‘yStACCerSt + (1 - X)famorphAgmorph + Anform (6b)

where X is the crystallinity; f..ys and fomorpn are crys-
talline and amorphous orientation factors; AZ, ., and
A;morph are intrinsic birefringence of crystalline and
amorphous phases, respectively; and Ang, ., is form
birefringence. For simplification, we take Azmorph to be
equal to A%, which is 0.0585.>” We also consider the

A orph and A2, of the four polymers to be the same.
The crystallinity, as we have mentioned before, is
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Figure 9 Orientation factor of melt-spun filaments as a function of spinline stress: (a) S-1; (b) S-2; (c) S-3; (d) S-4; (e) C. Choi

and White’s data on HDPE.

taken as constant with different draw-down ratios.
Aty is usually neglected.

Introducing our data for S5-1, S-2, 5-3, and 54, we find
that for S-1, f,morph 1S NEar zero or negative; S-2 is about
0.08; S-3 is about 0.12; and S-4 is about 0.2. It seems that
famorph increases with decreasing crystalline content.

Mechanical properties

The modulus, tensile strength, and elongation to break
of the filaments of the four materials with different
birefringences are shown in Figures 13, 14, and 15,
respectively. Figure 13 shows that the moduli of 5-1,
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Figure 10 Birefringence of melt-spun filaments as a function of draw-down ratio: (a) S-1; (b) S-2; (c) S-3; (d) S-4.
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Figure 11 Birefringence of melt-spun filaments as a function of spinline stress.
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S-2, and S-3 increase with an increase of birefringence;
however, that of S-4 seems to remain unchanged. The
modulus decreases with the increase of the content of
octene at the same birefringence. Because the octene
level correlates with the crystallinity of the material,
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Figure 13 Modulus for melt-spun filaments of four copol-
ymers versus birefringence.
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the modulus is thus also proportional to the crystal-
linity of the material. It seems we can thus correlate
the modulus with the crystallinity and birefringence
of the material. However, no exact relationship could
be found at this point.
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Figure 14 Tensile strength for melt-spun filaments of four
copolymers versus birefringence.
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Figure 15 Elongation to break for melt-spun filaments of
four copolymers versus birefringence.

The tensile strength of the filament of four materials
also increases with the birefringence as shown in Fig-
ure 14. The tensile strength of S-3 is higher than the
more crystalline one. This agrees with the manufac-
turer’s specifications. The elongation to break de-
creases with increase of birefringence for all four ma-
terials.

CONCLUSIONS

The level of crystallinity, crystal structure, orientation
factor of crystal, birefringence, and mechanical prop-
erty of filaments of poly(ethylene-co-octene) with var-
ious octene contents were investigated. With an in-
crease of octene content, the crystallinity decreases for
the four polymers studied, and so does the melting
point. The crystallinities of the four types of polymer
filaments show a slight increase with draw-down ra-
tio. An orthorhombic crystal structure for all four
polymer filaments was observed, although a hexago-
nal mesophase structure was found to be dominant for
the copolymer with the highest octene content. The
orientation factors of the a, b, and ¢ crystalline axes
were determined. The crystal orientation behavior of
S-1, S-2, and S-3 can be explained on the basis of
“row-nucleated structure” model. However, that of
S-4 seems different and can perhaps be explained
using the granular, nonlamellar morphology. The bi-
refringence of the filaments of four materials first in-
creases with the spinline stress, then levels off. The
sequence of the birefringence is according to the fol-
lowing order: S-1 > S-2 > S-3 > S-4 at the same
spinline stress. The mechanical behavior of four poly-
mers showed that increasing the birefringence will
increase the modulus and tensile strength, while de-
creasing the elongation to break. Also, decreasing the
crystallinity decreases the modulus of the filament.

The authors thank Dow Chemical, DuPont Dow, and Equi-
star for supplying the polymers.
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