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Mechanical properties of melt-spun syndiotactic polypropylene single filament
fibers were studied in relation to their formation conditions. Depending on the pro-
cessing parameters, fibers with rubber-elastic properties can be prepared. Dynamic
mechanical studies show almost unchanged rubber-elastic properties after 1000
test cycles. A model of the fiber morphology is introduced to explain the rubber-
elastic behavior: small micel-like crystals containing molecules in the planar all-
trans conformation act as physical crosslinks in the amorphous matrix.

INTRODUCTION

he syndiotactic form of polypropylene has histori-

cally received considerably less attention than the
highly successful isotactic form. Until 1998, syndio-
tactic polypropylene (sPP) was not a commercial prod-
uct available on a regular basis. Fina Oil and Chemi-
cal Company in the United States, a subsidiary of
Petrofine of Belgium, and Mitsui Toatsu in Japan
have produced experimental quantities. In 1993, Fina
made the first reported commercial test run of sPP
using a liquid full-loop reactor.

Produced by metallocene catalysts, even highly syn-
diotactic polypropylene {90%-95% syndiotacticity) has
relatively low crystallinity because the syndiotactic
block lengths in its molecular structure are short. Be-
cause of its relatively low crystallinity and small crys-
tal size, sPP has high clarity and low density, hard-
ness, tensile strength and stiffness compared with
isotactic polypropylene (iPP). The crystallization rate,
crystallization temperature, and melting temperature
are all affected by the rnicrotacticity of the resin (1).

Although sPP has been targeted for specialty mar-
kets, it may also compete against iPP, low density
polyethylene (LDPE), linear low density polyethylene,
polyethylene copolymers (LLDPE) and polyvinyl chlo-
ride (PVC) because of its toughness, impact strength
(especially below the glass transition temperature),
transparency and low heat seal temperature. Potential
application areas include adhesives such as hot melt
and functional grafting type adhesives, elastomers,
extrusion and injection molded products that must be
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sterilized by radiation, transparent sheets, films re-
quiring high clarity, toughness and low heat sealing
temperature, and fibers.

It has been shown that this polymer exhibits poly-
morphism in the solid state. Following a standard
nomenclature (2), four different crystalline phases
have been found: the crystalline form I and form II,
both characterized by chains in helical (ttgg),, confor-
mation (2-8), the crystalline form III (9-12), with
chains in trans-planar (tttt), conformation and the
fourth modification, with chains in a (tggstegy), confor-
mation being an intermediate between the helical and
the trans-planar conformation (13, 14). The crystal
structure of sPP has been extensively studied, but
only a few reports on the physical and mechanical
properties of sPP have been published (15-19). The
upsurge in interest in sPP stems in part from the pos-
sibility that alternate positioning of methyl groups
may favor an extended chain conformation {form III)
and thus lead to mechanical properties more likely to
polyethylene than isotactic polypropylene (measured
crystalline moduli: iPP ~ 40 GPa (20); sPPy 1+ ~ 8
GPa (21); sPPg, ., ;y ~ 66 GPa (21)). It is the purpose of
this report to present certain physical characteristics
such as the static and dynamic tensile behavior of
melt-spun sPP single filament fibers. Based on ad-
ditional wide angle X-ray scattering (WAXS) data a
morphological model will be introduced to explain the
mechanical behavior of these fibers.

EXPERIMENTAL

The sPP used in the experiments was kindly sup-
plied by the Fina Oil and Chemical Company. The
material has a syndiotacticity of about 90%, a melting
temperature of approximately 136°C, and a melt flow
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index {MFJ) of 4. The molecular weight (Mw}/MFI rela-
tionships of sPP are different than iPP, for a given MFI
the Mw of sPP is always lower than iPP. A Mw of
160,000 g/mol has been assumed for the investigated
resin (22).

Single filament fibers with circular cross section
were prepared by a single stage melt-spinning process
using a laboratory-scale spin-draw device (Wiedmann
1-212, Germany) equipped with a capillary with a di-
ameter of 1.35 mm and a length of 8 mm. The original
sPP pellets were melted at 160°C in a double wallet
cylinder, subsequently pressed through the capillary
with flow speeds of approximately 0.02 m/min and
0.1 m/min, cooled in the air to room temperature,
and wound with speeds varying from 5 m/min to 30
m/min. The spinning draw-down is defined as the
ratio between the fineness (in units of tex = weight in
grams per km length) of an unwound as spun fiber
and the fineness of the wound fiber. Neither addi-
tional cold-drawing nor annealing was performed.

Mechanical properties of the fibers were determined
using a Zwick 1445 tensile tester equipped with a 5 N
load cell and special fiber clamps for standard tensile
experiments. A Frank 81565 tensile tester was used
for cyclic load-release experiments. Both experiments
were carried out at ambient temperature with fibers of
initial gauge length of 100 mm and with a crosshead
speed of 50 mm/min. The cyclic load-release experi-
ments were performed using a force-controlled mode
in a range of 25% to 80% of the maximum load at
fracture determined in the tensile tests. Mechanical
data presented in this article are the average of ten
parallels. Wide-angle X-ray measurements (WAXS)
were performed on as-spun fibers at room tempera-
ture using a Philips pinhole camera.

RESULTS AND DISCUSSION

The tensile properties of melt-spun sPP fibers are
influenced by their physical structure, which is con-
trolled by the fiber formation conditions. Depending
on the spinning draw-down, fibers with a wide range
of fineness 1 tex to 58 tex, or of diameter 38 um to
290 pm can be prepared (Fig. 1a), respectively. Typi-
cal stress-strain curves for as-spun single filament
fibers are shown in Fig. 1b. Fibers with draw-down
less than 100 show a yield point and the stress drops
after the yield. This behavior indicates the develop-
ment of necks and large plastic deformation sections
before the stress starts to rise again followed by frac-
ture of the fibers. The onset point at which the stress
starts to rise (strain hardening) steadily decreases
with increasing draw-down. The plastic deformation
region essentially disappears above a draw-down of
approximately 100, and for draw-down above 250 the
fibers show rubber-like stress-strain curves without
any indication for plastic deformation.

Figures 1cand 1d show plots of tensile strength and
elongation at break versus draw-down of as-spun
fibers, respectively. The tensile strength improves with
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increasing draw-down, the highest value is observed for
fibers with highest draw-down. The values of the elon-
gation at break drop with increasing draw-down and
asymptote at large draw-downs. The relative high elon-
gation at break value of the data point with highest
draw-down should be explained by experimental varia-
tions.

Except for as-spun fibers with low draw-down, a
post drawing could not be performed. Independent of
temperature and drawing loads, only an elastic elon-
gation with final fracture of the fibers could be ob-
tained. According to the work of Sakata et al. (17), a
possible explanation for the poor drawability of sPP
may be the absence of a-relaxation, which is assigned
to an increased flexibility of grain boundaries (inter
crystalline) and sliding of lamellar crystals (intra crys-
talline) in the spherulites (23). In contrast iPP shows a
strong a-relaxation at approximately 100°C. For post-
drawing temperatures above this relaxation tempera-
ture, iPP fibers have good drawability. Additional dy-
namic tensile tests were performed, and again the
data sets indicate a rubber-like behavior of sPP fibers
with draw-down above 250. Figure 2 shows stress-
strain curves of continuous load-unload cycles for a
fiber with high spinning draw-down of 1150 and a di-
ameter of 38 pum, respectively. The data describe cy-
cles starting with 25% and using an upper load limit
of 80% of the average fracture load. The load part of
the first cycle represents the equivalent part of the
static tensile curve. Unloading of the fiber results in
an almost complete elastic recovery, defined as the
ratio between the recovered strain and the total ap-
plied strain. Additional to the elastic recovery, the
hysteresis behavior of the first cycle indicates a low
energy loss, represented by the area enclosed by the
load-unload curves.

After ten cycles the appearance of the load-unload
curve is almost congruent with the first cycle. Neither
the overall shape of the curve nor the position in the
stress-strain plot in case of initial and final values has
been changed. Performing further load-unload cycles
the curves start shifting to higher elongation values,
however maintaining the original shape. This shift is a
strong indication for non-reversible plastic deforma-
tion, but on a very low level. After 100 cycles the ini-
tial and final strain values are shifted about approxi-
mately 7% and after additional 1000 cycles a shift of
15% can be determined. These data correspond with
an elongation of approximately 7% and 15% of the re-
leased fibers after 100 and 1000 load-unload cycles,
respectively.

For an explanation of this unusual mechanical be-
havior of fibers prepared from a thermoplastic ho-
mopolymer, a detailed discussion of the stress induced
crystallization of sPP and the resulting morphology-
mechanical property relation is needed. In order to in-
vestigate the orientation and phase behavior, WAXS
pinhole film patterns on spun fibers are obtained.
Figure 3 shows a X-ray pinhole diffraction pattern of a
bundle of melt-spun sPP fibers with draw-down 1150.
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Fig. 1. Properties of melt-spun sPP fibers: a) log fineness/diameter vs. spinning draw-down, b) representative stress-strain plots for
fibers with different spinning draw-downs; c) tensile strength vs. spinning draw-down; and d} elongation at break vs. spinning draw-
down.

The main reflections are indicated. The diffraction
pattern is explained in terms of an orthorhombic unit
cell containing molecules with all-trans conformation
{11). Additionally, the pattern shows a preferential ori-
entation along the fiber axis, and the amorphous halo
is fairly broad, indicating a low crystallinity of the
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fibers. Using Scherrer’s formula, the broadness of the
(021), {020) and (110) reflections is assigned to small
crystal sizes in the fibers.

Based on the data presented in this study a model
connecting the observed mechanical behavior with
the crystal phase formation and the morphology of
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Fig. 1. Continued.

melt-spun sPP fibers is introduced. Two main differ-
ent chain conformations in the crystalline state of sPP
are known, a twofold helical (ttgg), and the planar
all-trans (tttt),, conformation, but only cold-drawn
samples exhibit a crystal structure based on the
latter conformation (9-12, 19). Additional preparation
routes were found to form the “all-trans” crystal phase
using a special solution/melt spinning technique
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and laboratory scale sPP of very high syndiotacticity
(rrrr = 98%) (12). This result, together with the early
studies of cold-drawn samples, yields to the assump-
tion that stress-induced crystallization is an impor-
tant factor for the formation of the all-trans phase.
After all, the melt-spinning process as described in
this study is an additional preparation route for the
solidification of all-trans crystals.
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Fig. 2. Stress-strain curves of dynamic load-unload cycles for a sPP fiber with high spinning draw-down of 1150.

Fig. 3. X-ray pinhole diffraction
pattern of a bundle of melt-spun
sPP fibers with a high draw-down
of 1150. The main diffraction re-
flections are indicated.

Moreover, only defect-free molecular sequences of
the macromolecules longer than the critical nucleus
size of the all-trans phase can contribute to its forma-
tion (12). The pre-commmercial sPP used in this study
has a relatively low syndiotacticity, which results in a
high number of tacticity defects in the molecules.
These defects, in the all-trans conformation, cause a
change of the spatial direction of the chain and cannot
be incorporated in the crystal. The formation of the
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all-trans phase is preferred using the described
preparation conditions, but the low syndiotacticity
with high number of defects along the macromole-
cules results in low crystallinity and small micel-like
crystals in the fibers. These crystals act as physical
crosslinks in the amorphous matrix (Fig. 4). Finally,
the morphology of the melt-spun sPP fibers is compa-
rable with the architecture of thermoplastic elastomers.
The deformation and almost complete relaxation of

571



Joachim Loos and Tilo Schirmanski

Fig. 4. Sketch of the fiber morphology: small all-trans crystals (t) in the amorphous matrix.

the amorphous molecule segments fixed between
small crystals lead to the observed rubber-like me-
chanical behavior. Further investigation of the mor-
phology and its influence on the mechanical behavior
of melt-spun sPP fibers will be discussed in detail in
later studies.

CONCLUSION

The melt-spinning process of sPP fibers is de-
scribed. A rubber-like mechanical behavior is ob-
served for fibers with high draw-down and determined
by static and dynamic tensile tests. It is found that
the fibers show almost complete elastic recovery, even
after 1000 test cycles, with a upper stress limit of 80%
of their average fracture stress. Released fibers show
an elongation of approximately 7% after 100 cycles
and 15% after 1000 cycles indicating a low plastic de-
formation during the dynamic test. A model is intro-
duced explaining the rubber elastic behavior of sPP
fibers with high draw-downs. The melt-spinning
process favors the formation of small micel-like crys-
tals, which are formed by molecules with planar all-
trans conformation (all-trans phase), and these crystals
act as physical crosslinks in the amorphous matrix.
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