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Synopsis

Melt-spun fibers of isotactic polypropylene have been formed using specific combinations
of shearing and elongational flow. Such rheological eonditions were achieved with a take-up
device capable of subjecting molten polymer filaments continuously to various combinations
of torsional and elongational strains. Relationships were determined between mechanical
properties of the resulting fibers and their molecular organizations. The results obtained
indicated that these flow fields would produce fibers whose mean-preferred-chain-orientation
directions ranged between being tilted radially from a direction parallel with the fiber axis
(no torsional shear strain imposed) and having some additional tilt that is tangential with
respect to the fiber circumference (some torsional shear strain imposed). It is not possible
to resolve the observed helical chain tilts into contributions from crystalline and amorphous
regions, respectively.

INTRODUCTION

Information regarding what happens to molten polymer as it moves down a
fiber-spinning thread line can be obtained from recent research focusing on such
areas as changes in fiber diameter, development of optical retardation, variation
of surface temperature,! rheological phenomena,?~* and heat-transfer effects.®®
Work seeking to relate resulting microstructures with conditions that exist
during the fiber-spinning process has shown’# that elongational flow is the
predominant mode by which molten filaments deform as they become super-
cooled and undergo solidification. If the deformation rate achieved is small,
the character of preferred orientation is weak,®—! but as this rate is increased,
the magnitude of preferred orientation is observed to strengthen. In addition,
because the viscous compliance of material is lowest in the cooler, exterior parts
of a molten filament, there is a tendency for some amount of shearing flow to
occur by relative motion between concentric cylindrical elements.!!-* Micro-
structures in the resulting fibers have been shown®!? to consist of parallel
lamellae that are all essentially perpendicular to the fiber axis, although the
polymer chains are known to have some systematic, radially inward tilt to their
orientation.

Such a microstructure is typical of those produced whenever polymers are
solidified in the presence of flow. Earlier studies on erystallization from flowing
melts and solutions3—2! demonstrated that if chains became sufficiently oriented,
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then crystallization would oceur at lower amounts of undercooling and would
produce solids whose microstructures had corresponding preferred orientations.
More recently, it was recognized?? that crystallization would oceur first in certain
localities of flow fields where some elongational character exists, and as a result,
the notion emerges that elongational flow is more effective than shearing flow
in causing flow-induced crystallization. Yet, in most technical polymer-process-
ing operations, the kinds of flow fields employed are of mixed elongational and
shearing character, so the results reported here were obtained from work designed
to examine solids formed in the presence of lows produced by combining uniaxial
elongations with torsional shears on unconstrained molten polymer filaments.

EXPERIMENTAL

Hexané-extracted Profax 6523F (Hercules, Inc., Wilmington, Del.) isotactic
polypropylene was used in the preparation of all fiber samples. Simple melt-spun
fibers (i.e., no torsional shear applied) were produced as described previously
by Fung et al.’* This involved extruding the polymer melted at 205°C from
an Instron Capillary Rheometer at continuous rates and allowing molten fila-
ments, which were cooled by convective heat transfer to ambient air, to crystal-
lize as they underwent extensions ranging from 17 to 200X. Fibers spun in the
presence of torsional shear experienced the same processing except a steady

Fig. 1. The take-up device that melt-spins fibers using a combination of elongational and
shearing flows. A 4-in. diameter drum, which rotates about its own cylindrical axis, creates
the desired amounts of filament elongation (draw-down), and the torsional shear is achieved
by driving the large gear (arrow) that, in turn, rotates the platform on which the take-up drum is
mounted.
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twisting strain, v, was superimposed onto the extensional rate. This torsional
shear strain could be applied at rates between 0 and 250 rpm. The apparatus
used to produce the torsional shear and extension rates is shown in Figure 1.
It is a 4-in. diameter take-up drum that can be driven at variable speeds to
rotate about its own cylindrical axis and thereby generate purely uniaxial
extensional flow in the molten polymer filament. Torsional shear is achieved
by rotating the large gear (arrow), which, in turn, causes the take-up drum to
spin about its vertical axis. Varying the speeds of these two rotations inde-
pendently allows different combinations of torsional shear and extension rates
to be produced.

Birefringence measurements were made for various fiber preparations on
10-p-thick cross sections obtained by standard microtomy of fibers imbedded in
Spur resin. Profiles of birefringence parallel to the original fiber axis were
obtained along an arbitrary diameter using a polarizing optical microscope fitted
with a Berek compensator. Specimens were then tilted 10° from the horizontal
using the arbitrary diameter along which the initial profiles were measured as
the tilt axis. Subsequently, a new profile across that diameter displaying maxi-
mum enhancement of these birefringence values was recorded.

Measurements of the complex elastic modulus, E, its real and imaginary .
components, E’ and E”, and the loss tangent, tan 3, of fibers prepared by these
techniques were made, as previously described,?? on a Rheovibron Model DDV-I1
dynamic-mechanical tester (Toyo Measuring Instrument Co. Ltd., Tokyo,
Japan).

Wide-angle x-ray diffraction photographs were taken of all the samples before
and after testing on the Rheovibron. These photographs were taken in a
cylindrical camera using nickel-filtered CuK,, radiation at 40 kV from a Phillips
X-ray unit.

RESULTS AND DISCUSSION

Examination of polypropylene fibers that had been melt spun under various
combinations of torsional shear and elongational strain revealed evidence regard-
ing the actual character of flow responsible for their crystallization. Because
the viscous compliance of material along the threadline varies from essentially
zero in solidified polymer to some readily measured value for melt as it emerges
from the spinneret, one must presume that permanent deformation imposed by
the take-up device occurs almost entirely within unfrozen material. This
resulting flow has a character that must lie somewhere between the two cases
shown in Figures 2a and 2b. Each illustration depicts a portion of the molten
filament in the region where flow is experienced; evidence for each limiting
situation has been observed. In support of the one case, fiber cross sections
have revealed a series of concentric rings centered about the fiber axis (just like
growth rings in a tree), possibly indicating flow of the kind illustrated in Figure
2a. This torsional shearing flow has velocity that is a function of r and not of
z (as in a couette viscometer). On the other hand, careful examination of some
fibers reveals the existence of helical bumps running along their surfaces. This
may be interpreted as evidence for the other kind of flow, where circumferential
velocity is a funetion of z and not r (as in the parallel plate viscometer). Finally,
it is important to note that in either case the superposition of shear flow does
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Fig. 2. Schematic representation of a portion of molten filament showing two possible
modes of shearing flow: (a) torsion creates a velocity gradient that varies with radius but
not axial position and (b) torsion creates a velocity gradient that varies with axial position
but is independent of radial location. In either case, the filament undergoes a fixed amount
of elongation (vertical direction).

not affect the draw-down ratio of the fiber; this has been verified experimentally
by measurements of fiber diameters.

Varying the magnitude of torsional shearing flow superimposed onto a given
level of elongational strain ratio is illustrated by the four x-ray diffraction pat-
terns shown in Figures 3a-3d. Where no torsional shear has been applied (Fig.
3a), it is seen that the 110 reflections indicate only a modest orientation. Ap-
plying a 50-rpm twist to the fiber (Fig. 3b) produces a definite maximum on the
innermost equatorial reflection, indicating increased orientation of the micro-
structure. Increasing the superposed twist further (Figs. 3c and 3d) enhances
the orientation, as shown by the development of two distinct 110 meridional
reflections from a continuous, nearly uniform intensity diffraction arc. Addi-
tional evidence of increased orientation resulting from superposed torsional
shear is presented in Figure 4. It shows dynamic—mechanical tensile loss
moduli plotted as functions of temperature for the same samples as those used
for Figure 3. These data indicate that increasing torsional shear from 0 to 200
rpm causes the tensile modulus and loss tangent to increase by approximately
309%. This is consistent with recent work of Andersen and Carr,?® who showed
that increased mierostructural orientation due to applied elongational strain is
accompanied by an increase in both mechanical properties.

Although x-ray diffraction patterns show that orientation of primary popula-
tion crystallites, as well as second population crystallites,?® increased with
torsional shear rate, birefringence values produced from 10-u-thick fiber cross
sections reveal additional information regarding these microstructures. Figure
5 shows a comparison of birefringence values for two such samples which were
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Fig. 3. Four x-ray diffraction photographs from fibers spun with a single draw-down ratio,
E, of 43, and different levels of torsional shear rates. Judging from the nonuniformity of the
110 reflections, which make the innermost ring, it is seen that there is a progressive increase
in preferred orientation as torsion is increased: (a) ¥ = 0; (b) ¥ = 50 rpm; (¢) ¥ = 150 rpm;
and (d) ¥ = 200 rpm. Fiber axis is vertical.

subjected to equal strain but different torsional shear rates. The solid line
shows a radial distribution of birefringence values taken along an arbitrary
sample diameter and measured parallel to the fiber axis. These resulting values
must be due to molecular chains being tilted somewhat with respect to the optic
axis, since viewing them parallel to their axis would yield nearly zero bire-
fringence, It was found that fibers for which no torsion was applied contained
chains tilted slightly inward in a radial manner. Birefringence measurements
also revealed that fibers formed at low draw-down ratios had an inner core of
spherulitic material surrounded by an outer core of flow-crystallized micro-
structure, as revealed by x-ray analysis. Because the material on the fiber
exterior experiences the most rapid cooling, it is expected that the flow-crystal-
lized surface layers solidified first. This would produce a local shear at the
melt/solid interface and would produce a radially inward chain tilt in part, or
all, of the microstructure.

However, in cases where torsional shear was present, it is suspected that this
chain tilt may have some helical character to it, as well. To determine whether
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Fig. 4. The temperature dependence of real, E’, and imaginary, E", components of the
complex tensile modulus for two specimens represented in' Figure 3. It can be seen that
increasing torsional shear rate, while holding elongation rate constant, causes an increase in
both kinds of moduli.
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Fig. 5. Birefringence measured parallel to the fiber axis for two samples from the set repre-
sented in Figure 3. Radial position is expressed as a fractional parameter. Tilting the entire
microtomed section on the optical microscope stage causes birefringence to increase in one
quadrant of the specimen and to decrease in the opposite quadrant: ( ) birefringence
profile for an untilted specimen, (- ~—) that birefringence profile which, after the tilting
process exhibits the largest difference in birefringence when going from one side to the other.

this hypothesis is correct for a given fiber, its entire microtomed section was
tilted. If the chain tilt were only radial, one would expect that extinction and
enhancement of birefringence values would be seen in quadrants opposite to
each other across the specimen tilt axis, as illustrated schematically in Figure 6.
If, on the other hand, chain tilt were only helical, extinction and enhancement
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Fig. 6. Schematic representations of a microtomed section from a fiber in which average
chain orientation has a radially inward inclination. The birefringence, A, would be the same
value, An, for any given radial position, as shown in (a), but if the specimen were tilted asin (b),
the birefringence along a line perpendicular to the specimen tilt axis would increase strongly on
one side and possibly go to zero on the opposite. Arrows represent projections of local chain
orientation directions onto the views shown.

would be found only along the speciman tilt axis, as shown in Figure 7. What
was actually observed was that for samples subjected to only an extensional
strain, extinction and enhancement did occur along a line perpendicular to the
tilt axis. However, for twist-spun fibers with a mixed flow field, the quadrants
which become extinet or enhanced were located between the two extremes. As
an example, these quadrants are found along a line that is 30° from. the specimen
tilt axis for the fiber represented in Figure 4, and the magnitudes of birefringence
as functions of radial position along this particular diameter are shown in
Figure 5.

Further experimentation to determine the tilt angle at which maximum
enhancement and extinction occur would allow quantitative identification of
chain tangential and radial tilt components. By imagining an exaggerated top
view along the fiber axis, as shown in Figure 8, it can be seen that at two points
the actual chain tilt will lie in a plane parallel to that made by the z-direction
and the fiber axis. By slight rotation of the microtomed section about its
y-axis, birefringence at one point is.enhanced, while at the opposite point extine-
tion occurs. The maximum extinction and enhancement occur at these points
because the chains are perpendicular to the tilt axis. This line is situated at
some angle, ¢, from the z-axis. There also exists a specimen tilt angle, ¢, at
which the difference between extinction and enhancement of birefringence is
strongest. This angle is equal to the average chain direction shown in Figure 9.
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Fig. 7. Schematic representations of a microtomed section from a fiber in which average
chain orientation has a tangential inclination. The birefringence, A, would be the same value,
An, for any given radial position, as shown in (a), but if the specimen were tilted as in (b), the bi-
refringence along a line parallel to the specimen tilt axis would increase strongly on one side and
possibly go to zero on the opposite. Arrows represent projections of local chain orientation
directions onto the views shown.

Once ¢ and ¢ are known, simpie geometry enables the following relationship to
be developed for the radial component of chain tilt:

cot r = cot ¥/cos ¢
Similarly, the tangential chain tilt component, ¢, is,
cot t = cot ¢¥/sin ¢

X-Ray diffraction analysis and dynamie-mechanical testing revealed that
results for the two fiber samples shown in Figures 10 and 11 were very interesting.
One specimen was formed using purely elongational strain, while the other
underwent half as much strain but was subjected to a 150-rpm torsional shear
component, Figure 10 shows that the resulting crystal textures in these two
samples have qualitatively identical preferred orientations. However, Figure 11
reveals that, although real parts of their tensile moduli are almost the same,
there is a difference between imaginary parts of their moduli in the temperature
range where loss processes are predominantly due to chains in amorphous
regions. If one envisions the average orientation distribution function for
chain segments in amorphous regions to be represented by an ellipsoidal figure,
then the magnitude of preferred orientation would be proportional to its ratio of
major to minor axes, and the characteristic direction of this orientation would
be the angle, x, between its major axis and the specimen fiber axis. Itis expected
that x is larger for fibers spun in the presence of torsion, in which case both
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Fig. 8. Schematic representation of the top of a microtomed section from a fiber in which
average chain orientation has an inclination that is a combination of tangential and radial
components. When such a specimen is tilted on the optical microscope stage, the maximum
extinction and enhancement of birefringence will occur along some diagonal line, as is indicated
in this figure. Arrows around the circumference represent projections of local chain orienta-
tion directions onto this top view.
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Fig. 9. Angular relationships between local chain orientation direction (heavy arrow) and
coordinate axes of a fiber. The average chain orientation is inclined from the fiber axis by
an angle, ¢, which can be resolved into a tangential component, ¢; and a radial component, r.
The projection of the chain orientation direction seen in a top view is ¢ from the radial direc-
tion or @ from the circumferential direction.
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(a)

Fig. 10. X-Ray diffraction photographs for two fibers having essentially equivalent crystal
textures. The one for a was spun using & draw-down ratio of 43 and a torsional shear rate,
v, of 150 rpm, while the one for b, which was spun withdut torsional shear, required twice
the elongation in order to achieve the same preferred orientation.
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Fig. 11. Dynamic mechanical data for the same fibers used in the previous figure, where
both were shown to have essentially the same crystal textures. It is seen here, likewise, that
both have the same values of E’ over the temperature range studied. However, the peak in
E” located around 280°K, which is due to motions in noncrystalline regions, is slightly larger
for fibers spun with torsion, when compared to their background, than this peak is for those
fibers spun without torsion.

angles ¢ and r would contribute to x, than for fibers spun in the absence of torsion,
in which case the angle ¢ would be zero. As aresult, stresses involved in dynamic-
mechanical tests are applied at oblique angles to amorphous chain segments in
fibers spun with some shear present; but in fibers spun without torsional shear,
these stresses are applied more nearly parallel to amorphous chain segments
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(x is smaller). In previous studies on highly drawn polypropylene solids, Owen
and Ward?* measured the effects on loss modulus of stressing such amorphous
chains in a parallel or perpendicular manner. In this work they showed that
loss modulus in this temperature range would be greatest if stresses were applied
parallel to the orientation direction. Consequently, the observation in work
reported here that the loss modulus at 23°C is lower for fibers made with rather
than without torsion may be regarded as evidence for there being more strongly
tilted amorphous chains in fibers of the former rather than the latter kind.
However, the extent to which similar orientation effects for chains in crystals
may account for part of the chain tilt (radial plus tangential) birefringence
cannot be established on the basis of available data, but it is expected that there
must be some finite contribution from this source as well.

CONCLUSIONS

Draw-down of molten polypropylene filaments in the presence of torsional
shearing deformation superimposed onto a main elongational deformation creates
a combined shearing and elongational flow field along the spin line. This
resulting complex flow field greatly enhances the ensuing preferred orientation
of lamellar crystallites compared to orientation produced by equivalent amounts
of purely extensional flow. It has also been shown that there is a helicoidal
nature to the preferred orientations of both crystallites and amorphous chains.
Thus, as a result of the increased preferred orientation there exists a correspond-
ing increase in the tensile modulus of material subjected to torsional shear.
The consequence of this fact is that fibers of larger cross-sectional area and higher
modulus can be produced from the same fiber-spinning process simply by adding
a torsional shear component to the flow field.

The authors wish to express their appreciation for financial support of this work from the
National Science Foundation through the Northwestern Materials Research Center.
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