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ABSTRACT: In processes, such as melt spinning, the crystallization behavior of syndio-

tactic polypropylene (sPP) is found to be substantially different from that of most other
linear polymers. The anisotropic stress field in such processes leads invariably to
extension as well as alignment (orientation) of the chains in the melt, both of which
contribute usually to dramatic enhancement in the rate of crystallization. However,
since the primary structure of the sPP chain in its most preferred crystal form is
comprised of a “coiled helical,” —(T,G,)s—, sequence, stress-induced chain extension
can lead to conformational sequences that are not favorable for crystallization in this
form. As a consequence, process conditions that generate higher stress levels can cause
a diminution in the rate of crystallization of this polymer. Such conformation-related
aspects of oriented crystallization of sPP have been addressed through an analysis of
the structure and properties of melt-spun fibers, produced over a range of spinning
speeds. The results serve to identify a refinement that is needed in current models of
oriented crystallization and also a mechanism to promote the nucleation of crystalli-

zation of sPP. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 2305-2317, 2001
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INTRODUCTION AND LITERATURE

The highly regular primary structures of poly-
mers that can be produced with relative ease us-
ing metallocene-based catalysts has led to re-
newed interest in the morphology and properties
of such polymers. For example, although syndio-
tactic polypropylene (sPP) was first synthesized
in 1960s by Natta et al.,! significant interest in
the polymer did not result until the work of Ewen
et al. in 1988,% which facilitated the production of
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highly syndiospecific polypropylene. Renewed re-
search interest in sPP has produced several re-
ports>22 on processing, structure, and properties
of this polymer, and also on comparisons with its
isotactic analog (iPP), a polymer that has been in
large-scale production for approximately four de-
cades. Among the various aspects of sPP, the most
significant with regard to its applications per-
tains to its crystallization characteristics.

Crystalline Syndiotactic Polypropylene:
Polymorphism and Chain Conformation

It is well known that sPP can exhibit polymorphism
in its crystal structure. An important aspect in this
regard is the set of three distinctly different chain
conformations in these structures (Fig. 1), namely
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Figure 1 Chain conformational sequences in syndio-
tactic polypropylene crystals: (a) —(TyGy)o—, (b)
—(TsGyToGy)—, and (c) all-trans —(TTTT)g—.

(1) a highly coiled —(T,G,)s— conformational se-
quence,>>11713:2024 (9) 3 (T G,T,G,) conforma-
tional sequence,®'%1921:223nd (3) an all-trans fully
extended structure.®%182526 The various crystal
forms of sPP, along with the corresponding confor-
mational sequences, are summarized in Table 1. It
should also be noted here that the crystal densities
increase with the more extended chain conforma-
tions. The crystal structure with all-trans chains,
Form III in Table I, is reported to be obtained only
upon cold-drawing,%® a process that produces the

highest level of chain extension and orientation.
The extended structure, however, has been reported
to be unstable; for example, it has been claimed to
transform to a more stable structure, with
—(TyGy)s— repeat sequences, if heated to ~100°C
or higher.612.26

Oriented Crystallization (in Fiber Formation)

The different extents of coiling of the chains in the
various crystal structures of sPP, and the fact
that a structure with one of the more coiled con-
formational sequences is more stable than those
with fully extended chains, bring about an inter-
esting aspect with regard to the role of stress-
induced anisotropy in kinetics of crystallization of
such polymers. Theories of oriented crystalliza-
tion have almost invariably ignored such confor-
mation-related effects, predicting only an in-
crease— often by several orders of mognitude—in
the rate of crystallization with increase in the
strength of anisotropic stress field.?’~3? Such a
prediction results from modeling the polymer
chains as a sequence of freely orienting rod-like
segments. In most linear polymers, with extended
chains being the favored sequence for their incor-
poration into a crystal, a large increase in the rate
of crystallization is indeed observed as a conse-

Table I Characteristics Parameters for Various Crystal Forms of sPP*

Form I Form I Form II
(Cell IID) (Cell II) (Cell T) Form III Form IV
Chain s(2/1)2 helical s(2/1)2 helical s(2/1)2 helical All-trans planar —(TgGoToGo)—
conformation —(TyGg)o— —(TyGg)o— —(T5Gg)o— —(TTTT)—
Unit cell Orthorhombic Orthorhombic Orthorhombic Orthorhombic Triclinic
Cell a=145A a=145A a=145A a=522A a=5172A
dimensions b=11.2 A b =560A b=560A b=11.17 A b=1764A
c=14A c=14A c=1T4A c=5.06A c=11.6 A
a = 73.1°
B = 88.8°
vy = 112.0°
Space group Ibca Pcaa C222, P2.cn P1 (or) C2
Crystal density 0.93 g/em? 0.93 g/em? 0.90 g/cm? 0.945 g/em® 0.939 g/cm®
X-ray peaks 12.2°, 15.8°, 12.2°, 15.8°, 12.2°, 16.6°, 15.9°, 18.8°, 12.9°, 16.8°,
(CuKa) 18.8°, 20.6° 20.6° 20.6° 23.7° 19.9°
Solid state 2C 21.0, 26.8, 18.9, 21.0, 21.0, 28.9, and 19.8, 23.2,
NMR peaks 39.6, and 22.4, 26.8, 50.2 ppm 40.2, 44.6,
48.3 ppm 39.6, 44.9, 49.0, and
and 48.3 50.2 ppm
ppm

2 The nomenclature used here follows Rosa et al.2°
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quence of stress-induced orientational anisotropy.
However, with polymers in which the preferred
crystal structures are not composed of fully ex-
tended chains, higher intensity of anisotropic
stress field can produce a predominance of confor-
mational sequences that could be unfavorable for
crystallization. If such a condition should exist,
its manifestation would be seen clearly in pro-
cesses, such as melt spinning, in which the poly-
mer is oriented in an anisotropic stress field prior
to its crystallization. Preliminary experiments in
this regard showed that it was indeed likely to be
the case with sPP.?3 Its manifestation was seen
during the melt spinning process itself, with in-
creased propensity for interfilament fusion at
higher spinning speeds. Also, calorimetric and
X-ray scattering analysis of as-spun fibers re-
vealed reduced extents of crystallization at higher
spinning speeds. A parallel, but independent,
study by Gownder3* regarding melt spun sPP fi-
bers had reported that the fibers from melt spin-
ning were sticky due to the slow rate of solidifi-
cation, irrespective of quench conditions. In addi-
tion, the author had observed broad peaks in the
wide angle X-ray diffraction (WAXD) spectra in-
dicating low extent of crystallization and increas-
ing packing disorder with spinning speed. These
were in contrast to iPP, in which the crystallinity
was seen to increase with spinning speed. These
observations point clearly to the need for explor-
ing the conformational structure of the sPP
chains obtained in melt spinning and its effect on
crystallization.

The primary goal of the present study is on
enumerating the fundamental aspects of oriented
crystallization of sPP. Inferences regarding possi-
bly contrary influences of stress-induced exten-
sion and alignment of chains on crystallization,
and on the consequent morphology and proper-
ties, have been obtained from a comprehensive
analysis of the structure and thermorheological
characteristics of sPP fibers, obtained by melt
spinning at different speeds.

EXPERIMENTAL

Syndiotactic polypropylene (melt flow rate = 8
g/10 min at 230°C) was melt spun at 285°C on a
research melt spinning line at a commercial re-
search laboratory. The experimental setup con-
sisted of a twin-screw extruder and a metering
pump feeding a 7-hole spinneret. Take-up speed
ranged from 200 to 2000 m/min, with the

throughput adjusted to give a linear density of
~2.2 g/10,000 m (dtex) per filament.

Characterization Techniques

Helium pycnometry, WAXD, NMR, thermal anal-
ysis (DSC), mechanical testing, sonic pulse prop-
agation, and thermorheological analyses (dy-
namic mechanical; thermal deformation/stress)
were used to characterize the structure and prop-
erties of the melt spun fibers. A brief description
of these techniques, including the conditions
used, is given below.

Helium Pycnometry

A Quantachrome Helium Pycnometer (model MS-
16) was used to measure the volume of a known
mass of sPP fibers. Approximately 1-2 g (accu-
rately weighed) of a sPP sample was packed in
the sample sleeve of the helium pycnometer and
enclosed in the sample cell. It was purged for
15—20 min to remove air and moisture before the
measurement was made. After the sample cell
was purged, the reference cell (fixed and known
volume) was pressurized with helium to about 17
psi. Then, the gas was allowed to occupy both the
reference and the sample cells and the final pres-
sure reading was noted. The pressure difference
between the final and initial states is used to
calculate the volume of the sample (V}), assuming
that helium behaves like an ideal gas, as

P,
VP:VC_VR FZ_]_

where V is the cell volume, V3 is the reference
volume, and P; and P, are the pressure above the
ambient in the reference cell and the final lower
pressure in the sample cell, respectively.

Wide-Angle X-Ray Diffraction

Flat plate WAXD photographs were obtained us-
ing a Rigaku-Geigerflex sealed tube X-ray gener-
ator. The radiation used was Ni-filtered Cu Ka
and the system was operated at 45 kV and 25 mA,
with a sample to film distance of 5 cm and expo-
sure times of 1-3 h. The images were collected on
an imaging plate phosphor screen from Molecular
Dynamics.

A Rigaku-Rotaflex RU200 diffractometer with
a rotating anode was used to obtain radial, equa-
torial, and azimuthal scans in the transmission
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mode. The radial scans were obtained with the
sample spinning around the beam axis to average
orientational effects. The fibers were wound as a
parallel array on a custom sample holder. The
nominal wavelength of the K« radiation used was
0.154 nm and a standard nickel filter attenuated
the Ka component in the incident beam. The dif-
fraction patterns were collected at 45 kV and 100
mA.

Nuclear Magnetic Resonance

All the NMR measurements were conducted on a
Bruker DSX-300 spectrometer equipped with a
double resonance magic angle spinning (MAS)
probe head. Standard -cross-polarization se-
quences were employed with a 'H 90° pulse of 4
us, contact time of 1 ms and a recycle delay of 3 s.
One thousand twenty-four scans were accumu-
lated to achieve good signal-to-noise averaging. A
spinning speed of 5 kHz was employed for the sPP
samples.

Calorimetry

DSC measurements were performed using a
Seiko DSC Model 220C in nitrogen atmosphere.
The samples consisted of approximately 10 mg of
finely chopped fibers in aluminum pans. Unless
otherwise specified, the scanning rate used was
5°C/min in both heating and cooling runs. Cali-
bration was performed using an indium standard.

Mechanical Testing

Stress—strain curves were obtained using an In-
stron tensile tester model 1125. A gauge length of
11.4 cm and an elongation rate of 100% min '
were employed.

Sonic modulus was computed from the sonic
velocity through the yarns, obtained with the dy-
namic modulus tester PPM-5R from H. M. Mor-
gan Company. An average of 5 readings was used
to calculate the sonic modulus. The sonic modu-
lus, E (in cN/dTex), is related to the sonic velocity,
¢ (in km/s) by

E =10 X c*

Dynamic Thermomechanical Analysis

Dynamic mechanical properties (storage and loss
moduli; loss tangent) of the fibers were measured
in tension, as a function of temperature, using a
Seiko 210 Dynamic Mechanical Spectrometer.

The conditions used were heating rate = 1°C/min,;
frequency = 3 Hz; sample length = 8 mm; strain
amplitude = 20 um. A constant base force was
initially applied to the sample. It was adjusted
during the test to compensate for the decrease in
modulus with increasing temperature. The total
force applied to the sample is given by

Fp=F + Foax X Fayp

The base force was 150 g and Fgan and Fayp
were 1.5 and 30 g, respectively.

Thermal Deformation/Stress Analyses

Inferences regarding motions of chains in the in-
tercrystalline amorphous regions can be obtained
through the combination of thermal stress analy-
sis (TSA) and thermal deformation analysis
(TDA). In the case of fibers, these measurements
consist of monitoring the temperature-induced
changes in force at constant length (TSA), or in
length at a constant force (TDA). The experimen-
tal apparatus consists of a temperature-con-
trolled tubular heater, mounted on a mobile plat-
form on wheels that can be moved rapidly over
rails to enclose the loop of filaments being tested
(Fig. 2). The fiber loop is connected at each end to
Kevlar yarns, one of which is connected to a fixed
support. In TSA, the other yarn is attached to a
load cell for measuring the stress growth and/or
relaxation. The test fiber, constrained to be at
constant length, is enclosed by the heater that is
initially at room temperature. The temperature is
then increased at a constant rate (10°C/min in
this study) and the consequent evolution of stress
in the fiber is recorded as a function of tempera-
ture. The same procedure is used in nonisother-
mal deformation analysis, except that the other
Kevlar yarn is passed over a smooth pulley and
attached to a weight. A pointer is attached to the
moving end so that the deformation in the test
fiber as a function of temperature can be read
against a scale. The corrections due to any
changes in the Kevlar yarns are negligible in
these experiments.

Shrinkage

The fibers were freely suspended in an air-circu-
lated oven at 100°C for a specified time. The ini-
tial and final lengths were measured at room
temperature, with the shrinkage calculated as
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Figure 2 Schematic of apparatus for TSA and TDA: K, Kevlar ends; P, smooth pulley;
T, table; and F, test filament loop. Heater can be moved on the rails to quickly enclose

the fiber loop.

the percent change in length relative to the initial

length.

RESULTS AND DISCUSSION

Preliminary Observations

The following set of initial observations are per-
tinent with regard to the structure and properties
of the as-spun sPP fibers produced by melt spin-
ning, spun at wind-up speeds ranging from 200 to
2000 m/min:

e The fibers tended to be fused to each other,
especially at higher spinning speeds. This
suggests that these fibers had not crystal-
lized sufficiently to transform the polymer
from a fluid-like to a solid-like state in the
thread line.

e The density of as-spun fibers, measured
through helium pycnometry, decreases with
spinning speed (Fig. 3), showing clearly that
the crystallinity decreases progressively
when the spinning speed is increased from
200 to 2000 m/min.

e The flat plate WAXD photographs from all
the fibers (Fig. 4) exhibit only diffuse reflec-
tions. Also, the peaks in the equatorial scans
(Fig. 5) are broad, with only poorly resolved
diffraction peaks. The differences, if any,

point to slightly improved resolution of the
diffraction peaks in the fibers formed at
lower speeds. The [100] reflection (20 = 12°)
decreases in intensity and sharpness with
increasing spinning speed. With respect to
the crystal structure, the [010] reflection (26
= 16.6°), albeit broad, reveals the packing
mode of form II, which occurs in oriented
systems, 18192434

e The DSC scans of all the fibers exhibit dis-

Density (10 kg/m)

tinct cold crystallization exotherms, begin-
ning around 75°C (Fig. 6). In addition, an
endothermic peak is observed around 45°C.

0.90
0.89 -

088 | (—

0.87
0.86
0.85
0.84
0.83 -

0.82
0.81

0.80

0 500 1000 1500 2000 2500
Spinning Speed (m/min)

Figure 3 Bulk density of syndiotactic polypropylene
melt-spun fibers. Density of sPP pellets is marked by
an arrow on the y axis.
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Figure 4 Flat plate X-ray photographs of sPP fibers melt spun at different speeds.
The fiber axis is vertical in all cases. Ni-filtered CuKa radiation was used with a sample
to film a distance of 5 cm and exposure time of 1 h.

Nakaoki et al.?® have attributed this peak to
the transformation of trans to coiled helical
conformational sequences.

The above set of observations confirm the fact
that the as-spun sPP fibers have only a low extent
of crystallization and crystal orientation, with a
significant potential for additional crystallization
above what appears to be a conformation-related
enthalpic change that occurs around 45°C.

Structure of As-Spun Fibers

In order to examine the conformational sequences
developed in melt spinning of sPP, solid-state
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Figure 5 Equatorial WAXD diffractograms of sPP
fibers melt spun at different temperatures.

cross-polarization/MAS (CP/MAS) *C NMR spec-
tra of the as-spun fibers were compared with
those from melt- and solution-cast samples (Fig.
7). The coiled —(TyGy)o— conformational se-
quence in sPP would result in two equally proba-
ble, distinct sites for the methylene group, with a
large difference of the chemical shifts of the two
arising mainly due to the dissimilar three-bond
interactions on each type of methylene carbon.3¢
The NMR spectra of melt-cast and solution-cast
sPP indeed show the splitting of the methylene
peaks (39.3 and 48.1 ppm), characteristic of the
—(TyGy)s— conformational sequence,®®3” along
with peaks at 21.1 ppm (methyl carbon) and at

500
400 1

2000 m/min
300

200 A

1500 m/min

1000 m/min
100 4

-100 400 m/min

200 m/min

<4+— Endo
S

-200 4
-300 4
-400 -
-500

-30 0 30 60 920 120 150 180
Temperature (°C)

Figure 6 DSC (first heating) scans of sPP melt-spun
fibers; heating rate = 5°C/min.
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Figure 7 CP/MAS '3C NMR spectra of sPP fibers
melt spun at different spinning speeds as well as solu-
tion-cast and melt-cast samples. 'H 90° pulse = 4us;
contact time = 1 ms; recycle delay = 3 s; spinning speed
= 5 kHz.

26.5 ppm (methine carbon). However, the
—(T5,Gy)o— induced splitting is essentially ab-
sent in the spectra of all but one of the fibers. The
NMR spectrum of the fibers melt-spun at the low-
est speed, 200 m/min, exhibits a small peak
around 39 ppm, indicating the presence of some
helical conformational sequences. The spectra of
all the sPP fibers show peaks at 19, 27, and 48
ppm, along with a shoulder at 21 ppm on the
methyl peak. Such a spectrum with a single dis-
tinct methylene peak (48 ppm) arises from a
mostly —(TTTT)— conformation,!®19:21:22:37 The
methylene carbons do not receive any 7y-gauche
effect in the ¢rans planar conformation and ex-
hibit only a single peak. These data point to the
fact that the tensile stress in melt spinning
causes the chains to be extended into predomi-
nantly ¢rans conformations, especially at higher
speeds. While this aspect is similar to other poly-
mers, its effect on crystallization of sPP in the
melt-spinning threadline is different from that of
most polymers.

3.0
2000 m/min

2.5 4

2.0 4

Intensity (arb. units)
th

0 30 60 90 120 150 180
o (degrees)

Figure 8 Azimuthal scans at 20 = 16.6° for sPP fibers
melt spun at different speeds.

Stress-induced uniaxial anisotropy in most lin-
ear polymers causes a dramatic increase in the
rate of crystallization and leads to a high crystal
orientation along the preferred direction.?829-38:39
However, if sPP should have a strong preference
to crystallize in a form with its chains in a coiled
helical sequence, any favorable effect on crystal-
lization from increased interchain alignment
could be negated by the unfavorable conforma-
tional sequences introduced by the stress in a
melt spinning thread line. In addition to the X-ray
flat plate photographs and the scattering inten-
sity profiles (Figs. 4 and 5) described earlier,
which reveal only a low extent of crystallization in
the as-spun fibers, the unusual aspect of SPP crys-
tallization in this regard is further exemplified by
the azimuthal scans of the [100] reflection, shown
in Fig. 8. The crystal orientation of all the as-spun
sPP fibers is low, with the full width at half the
maximum intensity (FWHM) of all the azimuthal
scattering intensity profiles around 30°-40° (Ta-

Table II FWHM (in Degrees) of Azimuthal X-
Ray Scattering Intensity Scans at 20 = 12° ([100]
Reflection) for As-Spun, Constant Length
Annealed (CLA), and Free Length Annealed
(FLA) sPP Fibers

Spinning
Speed As-Spun CLA FLA
(m/min) Fibers Fibers Fibers
200 34 22 26
400 33 23 28
700 41 18 21
1000 44 22 24
1500 37 16 25
2000 39 18 29
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Figure 9 Radial WAXD diffractograms for constant

length annealed (CLA)—at 100°C—sPP melt-spun fi-

bers.

ble II). Such a low orientation of the crystals
formed from oriented precursor fibers, and its
relative insensitivity to the spinning speed,
clearly implies that their formation is not dictated
by the most-oriented segments that are also likely
to be the most extended.

That crystallization of sPP in its preferred form
is not facilitated in the usual manner by chain
orientation/extension is seen further in the struc-
ture of the fibers that result from inducing crys-
tallization by constant-length annealing at
100°C. Annealing at this temperature produces
well-crystallized fibers in all cases, as revealed by
the distinct diffraction peaks in the radial x-ray
scattering intensity profiles (Fig. 9), and the ab-
sence of cold-crystallization exotherm in the DSC
scans (Fig. 10). However, the following should be
noted regarding the morphology and the crystal
structures produced. Their NMR spectra (Fig. 11)
show the splitting of the methylene peaks, indi-

700

2000 m/min

500
1500 m/min

300 - 1000 m/min

100 +

«4—— Endo

100 4 400 m/min
200 m/min
-300
-500 T T T T T T
-20 10 40 70 100 130 160 190 220

Temperature o)

Figure 10 DSC (first heating) scans of CLA—at
100°C—sPP melt-spun fibers. Heating rate = 5°C/min.

2000 m/min \}/\W'

1500 m/min

1000 m/min

400 m/min

200 m/min

T T T T T T 1

60 50 40 30 20 10 ppm

Figure 11 CP/MAS '3C NMR spectra of CLA—at
100°C—sPP fibers melt spun at different speeds. NMR
run under same conditions as specified in Figure 7.

cating that crystallization has occurred with con-
version of the predominantly all-trans conforma-
tional sequences of the as-spun fibers to coiled
—(T4,Gy)s— sequences on annealing. The overall
orientation and chain extension introduced dur-
ing melt spinning of these fibers is apparently
insufficient to induce them to crystallize in the
otherwise less preferred Form III (Table I), with
its extended chain structure. However, it should
be noted here that the postspinning crystalliza-
tion of these fibers has been carried out at 100°C,
a temperature around which even already formed
Form III crystals, with their all-trans conforma-
tions, have been reported to transform to one with
coiled —(TyGy)s— sequences.'® The increased
crystallinity results in an increase in the crystal
orientation, as seen by the decreased FWHM val-
ues of the azimuthal scans (260 = 12°) of the con-
stant length annealed samples (Table II), when
compared to the as-spun samples, namely, 30°—
40° and ~20°, respectively.

The essential inferences from the above-dis-
cussed experimental results can be summarized
as follows:

1. The stress field prior to crystallization in
fiber formation causes the sPP chains to
assume extended conformational se-
quences that are unfavorable for crystalli-
zation in its naturally preferred form.

2. The chain extension in melt spinning is,
however, not sufficient to induce it to crys-
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Figure 12 Sonic modulus and shrinkage (in air at
100°C) of melt-spun sPP fibers as a function of spinning
speed.

tallize to a significant extent in its less
preferred form that is made up of all-trans
conformational sequences.

3. Unlike the case with most linear polymers,
the stress-induced orientation in the melt
zone does not produce high crystal orienta-
tion in sPP, most likely due to the fact that
formation of the preferred crystal structure
is not dictated or facilitated by the most
oriented or most extended segments.

4. Annealing (at 100°C) produces a solid-state
structure of sPP that is well crystallized in
its preferred form, with coiled —(TyGy)s—
conformational sequences.

Structure and Thermorheological Responses

The structural inferences regarding as-spun sPP
fibers have been verified against the thermorheo-
logical responses and mechanical properties of
the as-spun and annealed fibers. The following
are significant in this regard:

e The free shrinkage at 100°C is high for all
the fibers, increasing from 25 to 55% as the
spinning speed is increased from 200 to 2000
m/min (Fig. 12). This is consistent with the

line segments in all polymers, the magnitude
of actual shrinkage that results from it would
depend on the degree to which the oriented
segments can coil in the process. Since, in
most polymers, high orientation also results
in high rate of crystallization, the shrinkage
is often limited by crystallization, with pref-
erential transformation of the more oriented
noncrystalline segments. For example, melt-
spun polyethylene terephthalate exhibits a
pronounced maximum in shrinkage as a
function of spinning speed, with a dramatic
reduction in shrinkage caused by even a low
extent of crystallization that occurs at high
spinning speeds.**~*2 Also, the free shrink-
age of polymers, such as nylon 66, polyethyl-
ene, and isotactic polypropylene, which in-
variably crystallize in a melt-spinning
thread line, is low at all spinning speeds.
However, in the case of sPP, with the coiled
helix in its preferred crystal structure, a sig-
nificant shrinkage would result, irrespective
of any crystallization during the annealing
process. The formation of coiled helical con-
formational sequences and the increased
crystallinity can be clearly observed, respec-
tively, in the NMR spectra (Fig. 13) and the
radial X-ray scattering intensity profiles
(Fig. 14) of the free length annealed samples.
The low extent of crystallization in the as-
spun fibers, the apparent enthalpic relax-
ation observed around 45°C and the motions
that facilitate the onset of significant crystal-

2000 n/min
1500 m/min
1000 m/min

combination of the stress-induced orienta-
tion in the melt zone of the thread line, ex-
pected in all polymers, which should increase
with spinning speed, and the fact that the
as-spun fibers are all of low crystallinity.
However, the following important fundamen-
tal difference between typical polymers and
sPP should be noted. While the tendency to
shrink at temperatures well above T, is a
natural consequence of oriented noncrystal-

700 m/min

400 m/min

200 m/min

T T T T T T 1

60 50 40 30 20 10 ppm

Figure 13 CP/MAS *C NMR spectra of free length
annealed (FLA)—at 100°C—sPP fibers melt spun at
different speeds. NMR run under same conditions as

specified in Figure 7.
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Figure 14 Radial WAXD diffractograms for FLA—at
100°C—sPP fibers melt spun at different speeds.

lization around 75°C are reflected, together,
in the dynamic mechanical spectra (Fig. 15).
The loss (tand) process in these spectra, from
~—10 to ~70°C, is unusually broad, yet in-
tense, for a homopolymer. It should also be
noted that the spectra for the fibers melt-
spun at higher speeds had to be limited to
temperatures below ~90°C due to failure of
the samples, indicating again the low extent
of crystallization in the fibers melt-spun at
the higher spinning speeds. The spectra for
the annealed fibers are, as expected from
their crystallized structure, of substantially
reduced intensity (Fig. 15).

e A clear manifestation of the extended “all-

tan &

Figure 15

trans — coiled helix” transformation due to
crystallization of these melt-spun sPP fibers
is seen in the two thermorheological mea-
surements, TSA and TDA. The nonisother-
mal stress spectrum (Fig. 16) shows an ini-
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of as-spun and annealed (at 100°C) sPP fibers.
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Figure 16 Nonisothermal stress analysis of sPP fi-
bers melt spun at different speeds; heating rate = 10°C/
min. The different regions are explained in the text.

tial decrease from the applied pretension,
due to the combination of thermal expansion
and, possibly, relaxation of some uncon-
strained segments. There is a distinct in-
crease (Region I; Fig. 16) in the shrinkage
force, beginning around 65°C, which coin-
cides with the onset of cold crystallization
(Fig. 6—DSC). The fact that, after the com-
pletion of cold crystallization, this force re-
mains essentially constant until the onset of
melting suggests that it is primarily a man-
ifestation of the coiling required for crystal-
lization. As expected, there is a further in-
crease in the thermal stress (Region II; Fig.
16) with the progression of melting of the
oriented crystals, due to the fact that there is
an additional coiling potential of the noncrys-
talline segments that are generated from
melting of the crystals. Above ~140°C, the
shrinkage force drops precipitously due to
the loss of structural integrity from large-
scale melting of the fiber.

There are at least two fundamental phenom-

ena that influence the evolution of shrinkage
force when the as-spun fibers are heated (Region
I) to temperatures above glass transition

30,31,

1. The well-known tendency of oriented non-
crystalline segments to coil, which pro-
duces a shrinkage force. Its evolution, and
possibly simultaneous or subsequent devo-
lution, would be governed by the orienta-
tion, temperature, and the extent to which
constraints from crystals can inhibit relax-
ation of orientation.
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2. Additional crystallization that can occur if
the precursor fiber is incompletely crystal-
lized.

e While the effect of the first phenomenon is
the same in all polymers, the consequences of
crystallization would depend on the confor-
mations of chains in the crystal structures
vis-a-vis those of the precursor chains. If the
chain in the crystal should exist in its most
extended conformational sequence, as is the
case with most linear polymers, the effect of
onset of crystallization would be to diminish
the shrinkage force. On the other hand, if the
chain conformation in the crystal structure is
a coiled helix, such as the case in preferred
sPP structures, the consequence of crystalli-
zation from an oriented precursor would be
to increase the shrinkage force. This is due to
the “extended chain — coiled helix” confor-
mational transformation required for their
crystallization. However, in all cases, the
constraints from the crystals produced and
their melting near 7', can lead to the evolu-
tion of a higher shrinkage force (Region II,;
Fig. 16) as the temperature is increased to-
ward melting.

e The response in nonisothermal deformation
analysis (Fig. 17) is also entirely consistent
with the inferences drawn from morphologi-
cal observations. The TDA profile exhibits a
significant shrinkage in the length of the fi-
bers, beginning around 65°C, which coincides
with the observed onset of crystallization
(Fig. 6). It corresponds to the increase in the

] \~ Region 11
‘i Fiber \

Failure
-40 ‘
Applied stress ~ 0.004 cN/diex \ :

-30

Change in Length (%)

25 50 75 100 125 150
Temperature ('C)

Figure 17 Nonisothermal deformation analysis of
sPP fibers melt-spun at different speeds; heating rate
= 10°C/min. The different regions are explained in the
text.
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Figure 18 Tensile properties—breaking stress and
elongation to break—of sPP melt-spun fibers. Rate of
extension = 100% min~'; gage length = 11.4 cm.

shrinkage force in TSA (Region I; Fig. 16).
The higher extent of chain extension ob-
tained at the higher spinning speeds is
clearly reflected in the significantly higher
shrinkage. Also, as expected, the onset of
melting around 130°C produces substantial
additional shrinkage in the fibers.

e The sonic modulus remains essentially con-
stant with spinning speed (Fig. 12), again
due to the combination of increasing noncrys-
talline orientation, but reduced extent of
crystallization, obtained at increasing
speeds. The relative insensitivity of both
breaking elongation and strength to changes
in spinning speed (Fig. 18) are also consis-
tent with the inferences that have been made
regarding the evolution of structure in melt
spinning of sPP.

Thus, in the case of syndiotactic polypropylene,
an increase in orientation does not ipso facto lead
to an increase in its rate of crystallization. The
stress-induced reduction in the concentration of
coiled helical conformational sequences, which
constitute the primary chain structure in sPP’s
preferred crystal structure, is likely to be the
cause for the decrease, instead of an increase, in
the rate of crystallization with spinning speed.

SUMMARY AND CONCLUSIONS

The current study of evolution of structure and
properties in melt extrusion of syndiotactic
polypropylene has provided the following set of
observations and inferences of both fundamental
and practical significance.
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Melt spun sPP fibers are poorly crystallized.
An increase in the spinning speed results
only in a reduction in the extent of oriented
crystallization. Also, contrary to the nature
of most linear polymers, the higher stresses
at increasing spinning speed do not necessar-
ily lead to a higher crystalline orientation.
These are consistently reflected in measure-
ments with helium pycnometry, wide-angle
x-ray scattering, differential scanning calo-
rimetry, and free shrinkage.

Solid-state NMR measurements show that
the structures produced in as-spun sPP fi-
bers have predominantly extended conforma-
tional sequences, more so at higher spinning
speeds. The combination of chain extension
and orientational alignment of chains would
lead to a dramatic increase in the rate of
crystallization of most linear polymers. How-
ever, in the case of syndiotactic polypro-
pylene, with its preference for crystallization
in a structure that is comprised of coiled
—(T5Gy)g— conformational sequences, chain
extension could hinder such a transforma-
tion. The overall kinetic effect of anisotropic
stress fields, such as that which exists in a
melt spinning process, would be dictated by
the relative effects of the rate-enhancing
chain alignment and, possibly, rate-dimin-
ishing chain extension.

If heated to temperatures much above room
temperature, as-spun sPP fibers undergo a
significant extent of crystallization, accom-
panied by extended a-helical conformational
transformation and a substantial shrinkage
in length. This shrinkage, which increases
with spinning speed, is usually the manifes-
tation of the natural tendency of all oriented
flexible polymer molecules to coil. However,
in the case of polymers like sPP, with their
preference for crystallization in structures
with coiled conformational sequences of the
chains, shrinkage in the oriented precursor
could also occur predominantly as a conse-
quence of this phase transformation.

The structure-related observations with sPP
fibers show clearly a deficiency in current
theories of stress-induced oriented crystalli-
zation in fiber formation, namely, the ab-
sence of consideration of the conformational
sequences that are formed in the melt zone
vis-a-vis the sequences that might be pre-
ferred for crystallization in the subsequent

zone. Thus theories, such as those of Ziabicki
et al.282° and Abhiraman et al.,>®?° have to
be revised to incorporate this aspect, espe-
cially with regard to polymers that prefer to
crystallize with coiled helical chains in them.
Induced chain extension in such polymers
can cause a reduction in the rate of crystal-
lization, in spite of the higher degree of ori-
entational alignment that might be achieved.

The above-mentioned observations and infer-
ences are being utilized to reformulate theories of
oriented crystallization and also to design appro-
priate processes to realize optimum properties in
melt spun and/or drawn fibers of syndiotactic
polypropylene. An interesting option with regard
to the latter is nucleation that can be obtained in
blends of sPP with polymers that crystallize at
higher temperatures than sPP and also whose
crystallization is facilitated by stress-induced ori-
entation. Results from experiments on sPP that
has been blended with low concentrations of iPP
are presented in a companion report.*3
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