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Synopsis

The variation of crystalline morphology and mechanical properties of polyethylene fibers was
studied as they were sequentially melt spun, drawn, twisted, heat set, and untwisted. Twisting
of as-melt spun fibers was also investigated. The morphology was characterized using wide-
angle x-ray diffraction, small-angle x-ray diffraction, and scanning electron microscopy tech-
niques. Drawing results in high crystalline orientation, fibrillation, and large increases in modu-
lus and tensile strength. Effects due to variation of spinning conditions were noted. Twisting
either as-spun or drawn fibers decreased the axial orientation, modulus, tensile strength, and
usually also the elongation to break. The changes in these properties increased with twist angle.
Twisting also caused transformation of a small fraction of the sample to the monoclinic form of
polyethylene. Heat setting caused healing of voids generated during drawing and increased the
perfection and periodicity of the stacking of lamellar crystals along the fiber axis. Heat setting
also caused the monoclinic polyethylene to transform back to the orthorhombic form, and it in-
creased the modulus and tensile strength. Untwisting returned the orientation in the fiber to es-
sentially that which it would have if it had not been twisted, but untwisting also resulted in the
formation of kink bands.

INTRODUCTION

It is well known that the structure and mechanical properties of melt-spun
fibers vary considerably as they are drawn, twisted, and heat set in successive
processing stages. Twisting of fibers occurs in the preparation and handling
of yarns!? and in false twist texturing.3-®> The development of orientation
and tensile strength of fibers on drawing was first shown by Carothers and
Hill.® More recently, it has been realized that drawing processes are also ac-
companied by fibrillation.”1® Deformations of oriented crystalline polymers
such as drawn fibers are known to lead to phenomena such as the formation
of kink bands!!-15 and polymorphic phase transformations.16-18

Experimental studies of the stretching of fibers and films usually begin
with carefully prepared isotropic samples. The few investigations of struc-
tural changes in twisting by Cooper and his colleagues!®-2° though of high
quality begin with commercial fibers melt spun and drawn under unknown
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conditions. There seems to be no study in the literature where the variation
in structure and mechanical properties are followed through:

melt spinning — drawing — twisting — heat setting — untwisting
or
melt spinning — twisting — drawing.

We shall describe such a research study in this paper for high-density poly-
ethylene fibers. The reasons for studying polyethylene are its well-known
and well-formed crystalline character, including a relatively simple ortho-
rhombic unit cell?! and a high level of crystallinity. In addition, polyethyl-
ene is chemically stable and not influenced by moisture. This paper con-
tinues earlier studies from the University of Tennessee on melt spinning and
drawing of fibers.22-28 1In part of this work,25-27 we have looked in some de-
tail at the development of structure and mechanical properties in melt-spun
polyethylene fibers. The paper of White, Dharod, and Clark?? contains ini-
tial studies of the drawing of polyethylene fibers and the interaction between
melt spinning and drawing.

EXPERIMENTAL

Materials

A series of melt-spun high-density polyethylene (HDPE) filaments pre-
viously prepared by Dees and Spruiell®6 were used for these studies. The
polymer was a Phillips Marlex EMB 6050 with nominal melt index 5.0. Two
samples, labeled PEO1 and PEO07, differing greatly in take-up velocity and
stress developed in the spinline, were chosen for the majority of the research.
Some studies also included a very low take-up velocity sample PE03. Only
cursory examination was given to other spinning conditions. The detailed
spinning conditions for the three fibers are summarized in Table 1.

Deformation and Heat Setting of Fibers

Drawing was carried out at 24°C using an Instron Universal Testing Ma-
chine. A predetermined length of fiber was clamped between the Instron

TABLE I
Spinning Conditions of High-Density Polyethylene Fibers
Name PEO3 PEO1 PEOQ7

Extrusion rate, g/min 1.93 =+ 0.03 1.93 + 0.03 1.93 £ 0.03
Melt temperature, °C 205 205 210
Take-up velocity, 50 100 556

m/min
Spinning stress, 1.0 2.8 17.1

(dynes/cm?) x 107¢
Ambient temperature, 28.0 28.0 28.5

°C
Diameter, cm 0.0220 0.0179 0.0063
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grips; the cross head was then set in motion at a speed calculated to produce a
drawing rate of 50% per minute.

Twisting of either as-spun or drawn fibers was carried out in a Twist Tester
(Alfred Suter Company, New York) under constant load. One of the two
grips was hooked to a 10-g load through the use of a pulley. This allowed the
grip to move to provide for reduction in fiber length as twisting proceeded.
The other grip was fixed and connected to a twisting handle through a set of
gears such that each full turn of the handle caused the grip to make 10 full
revolutions. A meter connected to the twisting handle provided a means for
counting the total number of turns introduced into the length of fiber be-
tween the two grips.

Fibers were annealed in a temperature-controlled oven. All annealing
treatments were for 30 min at 120°C.

Characterization of Fiber Structure

Three major tools were used to investigate the structure of the polyethyi-
ene fiber processed in this study. These are scanning electron microscopy
(SEM), small-angle x-ray diffraction (SAXS), and wide-angle x-ray diffrac-
tion (WAXS). The three instruments provide information on different
structural levels. The SEM allows examination of fiber surface features in
the micron (104 angstroms) size range with high contrast and great depth of
focus. By use of a peeling technique,10:2%:30 the internal structure of the fi-
bers may also be viewed. SAXS patterns relate to structural characteristics
in the size range of tens to hundreds of angstroms.3! WAXS patterns are de-
termined by structural features at the level of a few angstrom units and pro-
vide information on the extent of crystallinity and of the character of the ori-
entation of the crystalline regions.3!

The SEM studies were carried out using an AMR Model 900 high-resolu-
tion scanning electron microscope (Advanced Metals Research Corporation,
Burlington, Massachusetts). A gold-palladium alloy coating was used on the
fibers to eliminate charging in the electron beam.

Wide-angle x-ray diffraction patterns were recorded on flat film using a Ri-
gaku-General Electric rotating anode x-ray generator. The sample-to-film
distance was 1.85 em. The radiation used was nickel-filtered copper K, of
wavelength 1.542 angstrom units. The x-ray unit was operated at 50 kV and
80 ma.

Small-angle x-ray patterns were obtained using a custom-made collimator
mounted in a Kiessig camera. With the pinholes used in the present work,
this custom-made collimator provided a resolution of about 400 angstroms.
The camera was evacuated by a mechanical vacuum pump to reduce air scat-
tering. The sample-to-film distance was 400 mm.

Mechanical Property Measurements

The mechanical properties of the fibers studied were determined using an
Instron Universal Testing Machine. The initial gauge length of the fiber was
maintained at 1 in., and the tests were all run at room temperature (24°C) at
a cross-head speed of 1 in./min. Extreme care was taken in mounting the fi-
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bers in the grips. A special fixture was developed for transferring twisted fi-
bers from the twist tester so that the twist level could be maintained.

The tensile strength quoted in this paper is defined as the force at fracture
divided by the original cross-sectional area of the fiber. The elastic modulus
is Young’s tangent modulus defined by

E ?limg (1)

e—0 A€

where ¢ is the engineering stress and ¢ is the engineering strain.

RESULTS AND DISCUSSION

As-Spun Filaments

In Figure 1, we show scanning electron micrographs of filaments spun at
three different take-up velocities, 50 m/min (PE03), 100 m/min (PE01), and
556 m/min (PE07). Figure 2 shows WAXS and SAXS patterns for PEG1 and
PEO7. The SEM photomicrographs show no remarkable features, beyond
some minor surface roughness which seems to decrease in prevalence as the
take-up velocity increases. The SAXS patterns show two-point meridional
discrete scattering indicative of periodic variations of electron density along
the fiber axis. The WAXS patterns indicate high levels of crystallinity and
orientation in both filaments. The 020 reflections for both cases are concen-
trated near the equator, indicating that the b-axes of the polyethylene crys-
tals are essentially perpendicular to the fiber axis. Dees and Spruiell?® quan-
titatively analyzed similar diffraction patterns from the same samples used in
this study. Computed SAXS long periods, crystallinities, and the Hermans-
Stein crystalline factors2-27:32-3¢ gre summarized in Table II. The orienta-
tion factors are a measure of the average position of the crystallographic axes
of the polyethylene crystals relative to the fiber axis. They are defined in
such a way that f, will be unity if the x-crystallographic axes are all parallel
to the fiber axis, f, = —0.5 if the x-crystallographic axes are perpendicular to
the fiber axis and f, = 0 for a random orientation.

Figure 3 shows typical engineering stress versus strain curves for the PEO1
and PEO07 as-spun fibers. The PEO7 fiber exhibits a higher modulus and ten-
sile strength than PEO1, but a smaller elongation to break. The results are
also summarized in Table I1.

Previous studies of polyethylene using these and similar tools have given
rise to some understanding of the structure of this material on various levels
and this will be of considerable utility in interpretation of our experiments.
Keller,3® on the. basis of electron-microscopic studies of polymer single crys-
tals33 and SAXS repeat distances, suggested that crystalline polyethylene
in the bulk state consists of folded-chain lamellae. Such an explanation is
able to explain the birefringent character of spherulites®’-39 through the idea
of twisting folded-chain lamellae growing from a nucleus. On the basis of
electron microscope studies of structure formed from stirred dilute solu-
tions, %0 SAXS patterns, and azimuthal variations in intensity of WAXS pat-
terns, Keller and Machin?! proposed that stressed melts of polyethylene and
other polymers crystallize in the form of row structures which consist of par-
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(b)

(c)

Fig. 1. Scanning electron micrographs of as-spun HDPE filaments: (a) PE03, take-up veloci-
ty of 50 m/min; (b) PEOL, take-up velocity of 100 m/min; (c) PE07, take-up velocity of 556 m/
min,
allel rows of folded-chain lamellae. Dees and Spruiell26é used this model to
interpret the morphology of these as-spun polyethylene filaments. Their
model is shown in Figure 4. The lamellae are presumed to nucleate on fibril
nuclei and grow radially outward, the growth direction being the b-axis direc-
tion in polyethylene. At low stresses, the lamellae twist about this axis as
they grow outward; a feature which accounts for the nearly equal orientation
factors for a- and c-axes in the PEO1 sample, Table II. In the PEQ7 sample
spun under much higher spinline stress, f, decreases as f, increases. This be-
havior is consistent with less twisting of the folded-chain lamellae.
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Fig. 2. X-ray diffraction patterns of as-spun HDPE filaments: (a) WAXS, PEO1; (b) SAXS,
PEO1; (c) WAXS, PE07; (d) SAXS, PEO07.

There are probably other more subtle changes in morphology with change
of take-up velocity and spinning stress such as changes in the perfection of
the lamellar crystals, the number and type of tie molecules, etc. All of these
changes taken together cause the very significant difference in mechanical
properties observed in Figure 3 and Table I1.

Drawn Fibers

The drawing characteristics of the melt-spun fibers varied considerably.
As already noted in the mechanical property data given in Table II, the maxi-
mum draw ratio (DR at break) varied from about 19 for the PE03 fiber spun
at 50 m/min to 15 for PEO1 spun at 100 m/min to 7 for PE07 spun at 556 m/
min.

Necks and shoulders were found to develop in the fibers during the cold-
drawing operation. We define the natural draw ratio, NDR, as the draw ratio
required for all necks and shoulders to disappear. The PEO03 fiber had an

TABLE II
Structure and Mechanical Properties of Melt-Spun Fibers
SAXS Young’s
long Crystal- tangent Tensile Elongation
period linity, modulus, strength, to break,
Sample A % fa s fe dynes/cm?  dynes/cm? %

PEO3 247 63.4 0.26 —0.39 0.13 9.2 x 10° 3.6 x 10* 1800
PEO1 239 62.3 0.22 —0.42 0.20 9.4 x 10° 4.0 x 10*° 1400
PEO7 229 57.7 —0.28 —0.40 0.68 18.8x 10° 11.0x 10° 600
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Fig. 3. Typical stress—strain (c—¢) curves for the melt-spun filaments.
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Fig. 4. Structure model proposed by Dees and Spruiell?® for melt-spun HDPE filaments. The
model is based on the row structure models of Keller and Machin.4!

NDR of 5.2, the PEOL an NDR of 3.0, and the PE0O7 a very low NDR (less
than 2). Thus, the NDR, like maximum draw ratio, decreases with increas-
ing spinline take-up velocity and/or stress.

In Figures 5 and 6, we show SEM photomicrographs and SAXS and WAXS
patterns for the PEO1 fiber at draw ratio 10 and the PEOQ7 fiber at draw ratio
4. It is clear from the SEM photomicrographs that the drawn fibers have a
fibrillar superstructure.
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(c)

Fig. 5. Characterization of drawn (10X) PEO1 fibers: (a) SEM photomicrograph; (b) SAXS
pattern; (¢) WAXS pattern.

The SAXS patterns show a major reduction of the intensity of the meridio-
nal scattering compared to the melt-spun fibers and very intense diffuse
equatorial scattering. The WAXS patterns show a high level of ¢-axis orien-
tation parallel to the fiber axis with both the a- and b-axes perpendicular to
the fiber axis.

To further investigate the internal structure of the PEO1, PE0O3, and PE07
fibers, we have peeled the fibers and taken SEM photomicrographs of their
internal texture. Some of these are shown in Figure 7. It can be seen that
the PEO1 and PEO3 fibers are highly fibrillated, particularly at draw ratios
significantly greater than the NDR. PEO7 seems to be less fibrillated than
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(c)

Fig. 6. Characterization of drawn (4X) PE07 fibers: (a) SEM photomicrograph; (b) SAXS
pattern; (¢) WAXS pattern.

the other two fibers. The degree of fibrillation clearly increases with increase
in the draw ratios beyond the NDR.

As expected, drawing increased the Young’s tangent modulus and the ten-
sile strength of the fibers while decreasing the elongation to break. Typical
values for the PEO1 fiber with draw ratio 10 are a modulus of 22.2 X 10°
dynes/cm?, tensile strength of 48.1 X 108 dynes/cm?2, and an elongation to
break of 75%. For the PEQ7 fiber with draw ratio 4, these values are 25.4 X
10° dynes/cm2, 34.5 X 108 dynes/cm?, and 122%, respectively. These may be
compared to the values for melt-spun fiber shown in Table II. These results
are similar to those reported earlier by White, Dharod, and Clark.?”
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(d) (e) (f)
Fig. 7. SEM photomicrographs of peeled fibers: (a) PE03 drawn 10X; (b) PE03 drawn 5.2 X
to NDR; (¢) PEO1 drawn 10X; (d) PEO1 drawn 3 X to NDR; (e}, (f) PEO7 drawn 4X.

The SEM results and WAXS patterns suggest that the drawn fibers are
highly crystalline, oriented, fibrillated structures in which the majority of
polymer chains within the crystals and fibrils are parallel to the fiber axis.
The crystalline orientation factors for the drawn fibers are of order

fo ~0.95 and fu ~ fo ~ —0.47. @)

In considering the changes in the SAXS patterns, we must bear in mind
that x-ray scattering at small angles can be of two types,3! discrete diffraction
and diffuse scattering. Discrete diffraction at small angles is due to some pe-
riodicity in the electron density in the fiber which has a large spacing. Dif-
fuse scattering has a maximum intensity at an angle of 0° and decreases in in-
tensity out to 1-2°. It is caused by inhomogeneities of electron density. Un-
fortunately, the reciprocity principle3!42 allows no way of distinguishing be-
tween the scattering from dense particles in a less dense medium and scatter-
ing from less dense particles in a denser medium. The scattering from these
extreme systems will be equivalent if the density differences are the same.
Thus, the equatorial diffuse scattering from our drawn fibers may be due to a
distribution of elongated voids with major axes parallel to the fiber axis or to
small microfibrils within the fibrils. The former view, for example, has been
espoused by Statton.?? Now studies by various researchers, e.g., White,
Dharod, and Clark,?” have found that the densities of drawn fibers measured
in gradient density columns are substantially lower than those of the spun fi-
bers despite minor increases in crystallinity as measured by calorimetry.
This strongly suggests that the diffuse low-angle scattering is due to elongat-
ed microvoids.

The meridional scattering probably results from the superposition of some
diffuse scattering from the voids and scattering from the remnants of the
structure which gave intense meridional diffraction in the melt-spun fibers;
i.e., the folded-chain lamellae. The decreased intensity of this contribution
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must represent a severe (but incomplete) disruption of this morphology dur-
ing the formation of the fibrils.

Peterlin”® has proposed detailed mechanisms of the development of mor-
phology in the drawn fibers including formation of microvoids and disruption
of the lamellae. While these appear quite consistent with available experi-
mental data, including the present results, they must still be considered in
part speculative. It would seem to us, however, that the source of drawn
fiber characteristics probably can be understood from purely phenomenologi-
cal interpretation. Clearly, the character of the neck development process
implies almost a discontinuous change in morphology which is also suggested
by changes in orientation seen in WAXS patterns and the change not only in
repeat distance but in intensity in SAXS patterns. The polymer in the neck
is a very different material with considerably higher modulus than in the un-
necked regions which gradually disappear as the filament is extended. One
may indeed use the simple model of Orowan** and Chang and Lodge*® to
show this. Microdefects are always present, and when a quasi-transforma-
tion from a low modulus to a high modulus phase occurs, the complex stress
field around such a defect near a phase boundary will result in its changing
character to become a void elongated in the direction of stretch. The final
result of this process is fibrillation whose extent increases with draw ratio. It
is also to be remembered that small defects develop into microwoids in the
uniaxial extension of polymeric glasses and metals and that neck develop-
ment is also observed in these systems.

Twisted Spun Fibers

Twisting was carried out on both as-spun and on spun and drawn fibers.
Although some previous work!8-20 has been reported dealing with the effect
of twisting drawn fibers, no previous descriptions of the effects of twisting as-
melt-spun fiber could be found. We shall consider these two cases consecu-
tively, first presenting our results for as-spun fibers.

The melt-spun filaments were twisted various amounts up to 200 turns per
inch (tpi) in the twist tester. WAXS and SAXS patterns were obtained and
are shown in Figure 8 for the PEO1 and PEO07 filaments twisted 200 tpi.
These patterns should be compared to those for the as-spun filaments, Figure
2. In the WAXS patterns, the diffracted intensity spreads more uniformly
about the Debye rings for the twisted filaments; this is particularly noticeable
for the 110 and 200 reflections. Also, a weak extra ring appears just inside
the 110 reflection and corresponds to an interplanar spacing of 4.55 A.

The extra ring is broad and weak in the present case, and for this reason its
cause is somewhat uncertain. We believe that it is caused by the formation
of a small amount of monoclinic form of polyethylene which has been re-
ported by other investigators.'6:1748 The interplanar spacing corresponds to
the 001 reflection from the monoclinic form.* Furthermore, results to be

* The position of this reflection also happens to occur at the position where CuKjy radiation
would be diffracted by orthorhombic (110) planes. However, exposures made on untwisted fiber
for which the 110 orthorhombic CuKg reflection was as strong or stronger than for the above
twisted fiber exposures showed no extra reflection just inside the 110 reflection. Since these ex-
posures were all made using the same geometry and filter, the observed extra reflection cannot
be due to leakage of the CuKg wavelength through the nickel filter.
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Fig. 8. X-ray diffraction patterns of spun and twisted filaments: (a) WAXS pattern of PE0O1
twisted 200 tpi; (b) SAXS pattern of PEO1 twisted 200 tpi; (¢) WAXS pattern of PE07 twisted
200 tpi; (d) SAXS pattern of PEQ7 twisted 200 tpi.

presented in the next section show a more distinctive crystalline reflection at
this same position for twisted drawn fibers.

The SAXS patterns for the twisted filaments also differ from those of the
initial melt-spun filaments. In particular, the meridional intensity decreases
and a diffuse scattering component develops over it. For all practical pur-
poses, the two-point diagram has disappeared. It must be presumed that the
lamellar crystals and the amorphous regions are distorted and disoriented.
The diffuse scattering again probably results from voids opened by the twist-
ing.

The appearance of the filaments, as shown by SEM photomicrographs, are
not appreciably changed from the as-spun case by twisting, and they thus are
not given here.

The effect of twisting on the stress—strain curves is shown in Figure 9. No-
tice that the yield point which occurs in as-spun fiber is gradually removed by
twisting. Associated with this is the disappearance of necking during elonga-
tion. The tensile strength and elongation to break both decrease as the twist
level increases.

The above results may be interpreted in terms of the theory of plastic-
ity.47*® The disappearance of the yield point results from the fact that plas-
tic deformation of the fiber occurs during twisting. According to the simple
theory of torsion,*? a filament is uniformly twisted by an angle § independent
of radius resulting in a strain ré and a shear stress Gré, where G is the shear
modulus. The stresses increase linearly then with radius. If we presume
that plastic yielding is associated with a von Mises-type criterion,”48 then
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Fig. 9. Typical stress—strain curves for spun and twisted filaments: (a) PEO1; (b) PEO7.

g
o

Stress, dynes/cmé x108
o
o

n
[e]

(@]

twisting a filament can result in plastic yielding as well as tension. Further-
more, plastic yielding occurs in the twisted cylinder at a small twist angle in
the outer radii of the cylinder. With additional twisting, the plastic yield
point moves radially inward. Accordingly, if one tests the twisted fibers in
tension, it would be expected that there would be a gradual removal of the

yield point as measured on the whole filament. This is indeed the behavior
observed.

Twisted Drawn Fibers

The drawn fibers also exhibit striking changes in their structure when
twisted, as evidenced by their WAXS and SAXS patterns, Figure 10, and by
SEM photomicrographs, Figure 11. From the photomicrograph Figure 11, it
is clear that the fibrils created by drawing are twisted into a helical shape.
Fibril twist angles (maximum) obtained from the SEM results are presented
in Table III.

The SAXS patterns show intense equatorial diffuse scattering but its dis-
tribution changes as twist level increases. The breadth or lateral extent of
the scattering normal to the fiber axis (along the equator) decreases, but it
fans out parallel to the fiber axis.

The WAXS patterns are quite striking. The high level of axial orientation
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(b) (d)

Fig. 10. X-ray diffraction patterns of drawn and twisted PEO1 fibers: (a) WAXS 50 tpi; (b)
SAXS, 50 tpi; (c) WAXS, 100 tpi; (d) SAXS, 100 tpi.

seen in the drawn fibers is lost and the 110 reflection changes from an equato-
rial spot to a wide arc. At high twist levels, the extra reflection not expected
on the basis of an orthorhombic unit cell occurs. In Figure 10c, in particular,
it is clear that this is a sharp reflection from a second crystalline phase, pre-
sumably the monoclinic form of polyethylene.

The stress—strain curves of drawn and twisted PEO1 fibers are shown in
Figure 12 for various twist angles. For the PEO1 fibers, there is a continuing
decrease in Young’s tangent modulus and tensile strength with extent of
twist. The trend is similar in the PE07, except at the lowest twist angles
where the modulus increases.

It would seem that there are two main effects of the twisting. First, it in-
duces through slip or shear mechanisms a polymorphic transformation to
yield a small amount of new crystalline phase, presumably the monoclinic
polyethylene found by Kiho, Peterlin, and Geil*¢ in single crystals and by
Seto, Hara, and Tanakal” in transverse compression of oriented polymer and
by Hein, Cooper, and Koutsky!® on twisted drawn polyethylene fibers as in
our experiments. Our 4.55 A spacing plane corresponds to the observations
of Seto et al. for the monoclinic (001) reflection. In this monoclinic cell, the
polymer chain axis coincides with the b-axis. The unit cell parameters are a
=809A,b=253A ¢c=4794, and 8 =107.9°. In the orthorhombic cell a
=740 A, b =494 A, and ¢ = 2.54 A (chain axis direction).2! This polymor-
phic transformation occurs to a limited degree in both as-spun and spun and
drawn fibers when twisted.

The second feature is the disorientation which results from twisting. For
the drawn fibers this is accompanied by a helical twisting of the fibrillar su-
perstructure as revealed by SEM. The decreased orientation shown by the
WAXS patterns may be explained by considering the polyethylene chains to
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Fig. 11. SEM photomicrograph of the surface of PE01 fiber, drawn 10X and twisted 100 tpi.

lie along the fibrillar axes. The change in the distribution of diffuse scatter-
ing in the SAXS patterns probably corresponds to tilting and perhaps distor-
tion and lateral compression of microvoids during twisting.

A quantitative model of the twisted drawn fibers may be obtained by not-
ing the similarity of this twisted fibrillar structure to a continuous filament
textile yarn (see Fig. 13). Gegauff,50 Platt,5! Hearle,252 and others23 have
developed a mathematical model for continuous filament yarns to predict
their deformation behavior and stress—strain curves. This model may readily
be adapted to a fiber consisting of continuous twisted fibrils and used to pre-
dict both the character of the WAXS diagrams and stress-strain curves.
This CTFY theory (continuous twisted fibril yarn) presumes the fibrils have
the same crystalline character and mechanical properties as the drawn yarn
and the variations in WAXS patterns and mechanical properties of the twist-
ed fiber are purely geometric in nature. The CTFY model assumes that the
fibrils are distributed across the yarn with the same twist factor T' (turns per
unit length). Thus, the twist angle ¢ (see Fig. 13) varies with radius accord-
ing to

27r

tan ¢ = —h- = 2xrT (3)
and decreases from a maximum of tan—! 27#RT at the outer radius of the fiber

TABLE III
Comparison of Maximum Twist Angie Measured by SEM with Computed Values and
Results from X-Ray Diffraction

Twist, Pmax Pmax Pmax

Fiber tpi SEM WAXS Calculation?2
PEO1 50 22° 20° 22.6
75 31° 30° 32.0
100 42° 35° 39.8
PE0Q7 25 7° 6° 7.9
50 15° 12° 15.6
150 38° 30° 40.0

a2 From eq. (3).
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lical configuration.
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to zero at the fiber axis. In predicting mechanical properties, the CTFY
model requires the fibrils to deform independently of each other.

The azimuthal variation, angle ¥, of intensity around the Debye rings in
the WAXS patterns follows directly from the geometry and turns out to be
equivalent to the model used by Cooper, McKinnon, and Prevorsek.192¢ We
wish to obtain ¢ as a function of ¢. When ¢ is zero, ¢ will be zero. The rela-
tionship between y, the Bragg angle # and the angle ¢ is approximately

siny = sin ¢. 4)
c

os 0

One may also compute the azimuthal intensity distribution around the Debye
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Fig. 14. Reduced tangent modulus E (twisted)/E (drawn) as a function of SEM twist angle.

arcs.1920 We will concern ourselves here with computation of ¢max from Ymax
and comparison with results measured in SEM photomicrographs and as
computed from eq. (3). These calculations are summarized in Table III.
The agreement is good at the lower twist angles, but the WAXS measure-
ments tend to be too low at the higher twist angles.

The CTFY model can also be applied to the tangent modulus E of the
twisted fibers. Various theories of the modulus of continuous-filament tex-
tile yarns have been developed through the years,250-53 and considerable data
have been obtained.? The experimental data and the more sophisticated
theories turn out to be well represented by the simplest and earliest of
theories, that of Gegauff,’® which presumes that the individual filaments
obey Hooke’s law in tension and neglects lateral pressure effects (which influ-
ence filament tension). Using the Gegauff approximation in the CTFY
model, we obtain

E (twisted fiber)
E (drawn fiber)

In Figure 14, we plot the modulus ratio of eq. (5) versus SEM ¢, and in-
clude Gegauff’s cosine-squared law. The agreement is reasonable.

= 082 Pmax. 5)

Heat-Set Fibers

“As drawn” and “drawn and twisted” PEO1 and PEO7 fibers were heat set
at 120°C for 30 min. Representative WAXS and SAXS patterns are present-
ed in Figures 15 and 16. In Figure 17, we see that the most obvious effect of
heat setting the twisted fibers is to remove the extra reflection (d = 4.55 A)
within the 110 reflection. The SAXS patterns exhibit both meridional and
equatorial scattering. Compared to the as-drawn or as-twisted fibers, the in-
tensity of the diffuse equatorial scattering is reduced while the meridional
scattering is increased. The decrease in equatorial scattering must be due to
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(a) (c)

<>

(b) (d)

Fig. 15. X-ray diffraction patterns of drawn and heat-set (30 min at 120°C) fibers: (a)
WAXS, PEO1, drawn 10X; (b) SAXS, PE01, drawn 10X; (¢) WAXS, PEQ7, drawn 4X; (d) SAXS,
PEOQ7, drawn 4X.

the healing of microvoids. There was no noticeable change in the SEM pho-
tomicrographs of the fiber surfaces. Observation of peeled, drawn, and heat-
set fibers showed that the structure was still highly fibrillated. The degree of
fibrillation did not appear to have decreased due to the annealing treatment,
as shown in Figure 17. The mechanical properties of the heat-set fibers
showed trends similar to those presented in Figure 12, although there were
small improvements in the tensile strength and modulus together with a de-
crease in the elongation to break. The changes in these quantities are sum-
marized in Table IV for the PEO1 fiber.

The observed changes in WAXS, SAXS, and mechanical properties indi-
cate that the primary effects of heat setting are to heal small defects in the
fiber structure and to transform the monoclinic phase back to the orthorhom-
bic form. Geil®* observed a similar disappearance of the monoclinic phase in
single crystals after annealing at 120°C.

Untwisted Fibers

Figure 18 shows WAXS and SAXS patterns of PE0O1 fibers which were for-
cibly untwisted after the heat-setting operation described in the previous sec-
tion. It is observed that the equatorial areas on the WAXS patterns return
back to spots similar to the original equatorial spots as if no twist had ever
been imparted to the fibers. Note, however, that the diffraction patterns of
Figure 18 do not compare as well with Figure 5, the patterns for the as-drawn
samples, as they do with Figure 15, the patterns for drawn and heat-set sam-
ples. Thus, the effects of heat setting on the WAXS and SAXS patterns are



MELT-SPUN HDPE 1841

(c)

(b) (d)

Fig. 16. X-ray diffraction patterns of drawn, twisted, and heat-set (20 min at 120°C) PEO1 fi-
bers: (a) WAXS, 50 tpi; (b) SAXS, 50 tpi; (c) WAXS, 100 tpi; (d) SAXS, 100 tpi.

Fig. 17. PEO1 fiber drawn 10X and heat set for 30 min at 120°C.

largely retained after untwisting. It is interesting that untwisting of the
heat-set fiber causes an increase in both the meridional and the equatorial
scattering as compared to the twisted, heat-set fiber (compare Figs. 18b and
18d with Figs. 16b and 16d).

In spite of the similarities between the x-ray patterns of untwisted fibers to
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(a)

(b) (d)

Fig. 18. X-ray diffraction patterns of forcibly untwisted PEO1 fibers which were initially
drawn 10X, twisted, and heat set 30 min at 120°C: (a) WAXS, 50 tpi; (b) SAXS, 50 tpi; (c)
WAXS, 100 tpi; (d) SAXS, 100 tpi.

those of samples which were never twisted, the effects of twisting are not re-
versible. The best evidence for this is shown in Figure 19, which shows SEM
photomicrographs of the PEO1 and PEOQ3 fibers. Here, it is observed that the
fibrils contain endless stacks of kink bands (note zigzag nature of fibrils).
These kink bands can be observed somewhat better after etching the sample
in fuming nitric acid at 80°C for 1 hr as in Figure 19b. They can also be ob-
served on the internal fibrils upon peeling, Figure 19c.

Kink band formation in complex deformations of oriented polyethylene
has been observed by several researchers.12-15 Compression of oriented sam-
ples is one established method of creating kink bands. Untwisting of the
twisted fibrillar structure may place the outer layers of fibrils in compression.
Other modes of deformation may also cause kink band formation. Kink
band formation in untwisted fibers has been reported by Hien, Cooper, and
Koutsky!8 and Dr. Y. Tajima informs us of work of Professor M. Kurokawa of
the Kyoto University of Industrial Arts and Textiles.*

The stress—strain curves for the untwisted PEO1 fibers have a very similar
appearance to those of the twisted (Fig. 12) or twisted and heat-set fibers.
The tensile strength, modulus, and elongation to break of the untwisted fiber
again decreases with the amount of original twist as compared to the control.
The control is a drawn fiber which was heat set at constant length but never
twisted. In general, the untwisted fibers also exhibit lower tensile strength,

* Prof. Kurokawa has recently supplied us with a copy of the paper containing this work. M.
Kurokawa, T. Konishi, F. Taki, and S. Fujii, Kobunshi Ronbunshu, (in Japanese) 31(1), 74-78
(1974).
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(c)

Fig. 19. Kink bands in untwisted fibers: (a) surface of PEO1 fiber, drawn 10X, twisted 100 tpi,
heat set, and untwisted; (b) surface of PEO3 fiber after etching for 1 hr in nitric acid at 80°C;
Sample was drawn 10X, twisted 125 tpi; (c) appearance of peeled area of fiber shown in (a).

modulus, and elongation to break than their twisted and heat-set counter-
parts. Table IV presents a comparison of these values.

These results show that defects created by twisting and untwisting result in
premature fracture. The fact that untwisted fibers do not regain their origi-
nal pretwisted properties, but actually have lower properties than their twist-
ed and heat-set counterparts, indicates that the defects cannot be removed
but are further enhanced by untwisting. The fact that the CTFY model
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gives reasonable predictions for the twisted fibers suggests that most of the
defects are of a type which tends to separate the fiber into its individual fi-
brils. The modulus of the untwisted fiber is, according to this model, essen-
tially the same as the modulus of the individual fibrils. The lack of recovery
of the modulus and the further deterioration of properties by untwisting is
not accounted for on the basis of the CTFY model.

SUMMARY AND CONCLUSIONS

The major results and the conclusions drawn from this study are briefly
summarized below.

1. The behavior and response of melt-spun polyethylene filaments during
further processing operations such as drawing, twisting, heat setting, and un-
twisting depends on the spinning conditions used in the production of the
filaments. This was attributed to the difference in morphology developed by
different spinning conditions.

2. Drawing at room temperature proceeds by necking. The tensile curve
exhibits a yield point and extension to the “natural draw ratio” at nearly con-
stant load. Both the natural draw ratio and the total elongation to break are
greater for fibers spun at low stress, i.e., low take-up velocity, than at high
stress.

3. Drawing results in a very high crystalline orientation in which the c-axes
of the polyethylene crystals are essentially parallel to the fiber axis. Drawing
also results in fibrillation and increases in modulus and tensile strength. The
amount of fibrillation as observed in SEM photomicrographs increases with
total draw ratio. At a draw ratio slightly greater than the natural draw ratio,
the amount of fibrillation decreases with increasing take-up velocity during
spinning. : )

4. Twisting of either as-spun or drawn fibers decreased the axial orienta-
tion, modulus, tensile strength, and usually also the elongation to break. The
change in these properties increased with increasing twist angle. Twisting
also caused a transformation of a small fraction of the sample to the monocli-
nic crystal structure.

5. For as-spun filaments, twisting tended to remove the yield point and
produce a more uniform elongation when the twisted fiber was loaded in ten-
sion.

6. A model suggested by the geometry of continuous filament yarns gave a
reasonable prediction of the decrease in relative modulus and axial orienta-
tion due to twisting of drawn fibers.

7. Heat setting caused partial healing of elongated voids which were gener-
ated during drawing, increased the perfection and periodicity of the stacking
of lamellar crystals, and caused the monoclinic polyethylene formed during
twisting to transform back to the orthorhombic crystal modification. Heat
setting also increased the modulus and tensile strength of the fibers but de-
creased the elongation to break.

8. Untwisting returned the crystalline orientation in the fiber to essentially
that which it would have if it had not been twisted. However, scanning elec-
tron microscopy examination showed that the fibrils were not simply re-
turned to their untwisted form, but that they contained numerous kink
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bands. Untwisting also resulted in further deterioration of the mechanical
properties.

This research was supported in part by the National Science Foundation under NSF Grant
GK-18897. The help of Professor Charles Noel, Department of Textiles and Clothing, is ac-
knowledged. Professor Noel also made the twist tester available.
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