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Herein, this work reports fiber spinning of tailored isotactic
polypropylene (iPP) by melt spinning and melt drawing,
yielding an adjustable diameter of 40–400 μm. The crystallinity
of all obtained fibers with a molecular weight between 330–
1400 kg/mol is increased by thermal annealing and investigated
via differential scanning calorimetry (DSC) as well as wide angle
X-ray scattering (WAXS). The potential of ultrahigh molecular
weight iPP (UHMW-iPP) fibers compared to fibers manufactured

from industrially available iPP becomes evident when the
mechanical performance is compared: fibers spun from UHMW-
iPP (1400 kg/mol) enable a tensile strength of up to 400 MPa,
whereas commercially available fibers (330 kg/mol) show a
tensile strength of approximately 50 MPa. However, UHMW-iPP
exhibits a short timeframe, in which extrusion is possible,
thereafter extrusion rupture occurs, probably induced by an
increased melt viscosity.

Introduction

Tailoring isotactic polypropylene (iPP) was first made possible
by Brintzinger and Kaminsky with their discovery of the
isospecific ansa-metallocene catalyzed polymerization of
propylene in 1985.[1] In the following years, macromolecular
characteristics, such as molecular weight, degree of isotacticity
and melting transition were adjusted by a variation of the basic
group (IV) metallocenes’ scaffold.[2] By using the ultrarigid
hafnocene dichloride II (Figure S45), Rieger et al. isolated in
2012 perfectly isotactic PP with the so far highest molecular
weight of up to 5800 kg/mol and melting transition ex reactor
at 171 °C – this iPP remains until today as the benchmark iPP in
terms of macromolecular characteristics.[2a] Recently, an im-
proved polymerization procedure was established to tremen-
dously increase this polymer’s yield per utilized ligand system
by avoiding the tedious rac/meso separation.[3]

Compared to polyethylene (PE), iPP has some serious
advantages: an almost 25 °C higher melting transition, a higher
tensile strength and impact resistance as well as a lower mass
density.[4] Therefore, ultrahigh molecular weight iPP (UHMW-
iPP) fibers potentially could outperform UHMW-PE Dyneema
fibers. However, the processing of UHMW polymer fibers via the
classic melt extrusion route is considered very challenging and
even a few claim it to be nearly impossible.[4] This is mainly
attributed to the high melt viscosity, which correlates with the
polymer’s molecular weight with η0 ∝ Mw

3.4.[5] To circumvent
this, a few attention was directed onto the gel-spinning process
for UHMW-iPP fiber production.[6] However, extrusion for fiber
spinning has not yet been reported for UHMW-iPP, probably
caused by the inherent high melt viscosity impeding this
process. Despite these difficult conditions, we isolated UHMW-
iPP fibers of different molecular weights via melt extrusion and
subsequently compared their mechanical properties to fibers of
medium high molecular weight PP, both commercially available
or received by homogeneous polymerization.

Results and Discussion

The list of iPP samples used for fiber spinning via melt extrusion
in this study, ranging from medium high molecular weight to
UHMW, is shown in Table 1. iPP-1 was commercially available
from Ineos, iPP-2 to iPP-5 were synthesized via single-site
catalysis, using two literature known catalysts (Figure S45) –
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Table 1. Tailored iPP for fiber spinning.

Mw [kg/mol] Đ (� ) Tm [°C] [mmmm][%]

iPP-1 330 6.6 162.8 95
iPP-2 380 2.4 157.7 94
iPP-3 860 1.8 165.6 >99
iPP-4 1200 1.8 165.4 >99
iPP-5 1400 1.8 165.5 >99
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iPP-2 was obtained by using I, and II was used for iPP-3 to iPP-
5 combined with suitable polymerization conditions.[2c,7]

While iPP-2 was received as a polymer powder, iPP-3–iPP-5
were received as a fibrous material after synthesis. Therefore,
these polymers were milled with an ultra-centrifugal mill to
reduce the grain size. Chain destruction induced by oxidative
stress during processing was avoided by applying an improved
milling procedure (Figure S6–S10).

For subsequent fiber spinning, we combined a micro-
compounder and a KPG-stirrer equipped with a manufactured
spinning cone (Figure S24 and S25) – with this set-up (Figure 1,
left), the spinning speed as well as the nozzle-cone distance
could be adjusted to modify the fiber’s diameter and ensure a
solid phase. In preliminary experiments using a 0.50 mm
spinning nozzle, it was shown that the commercial iPP-1 has a
good spinnability. The fiber’s thickness could be adjusted
arbitrarily up to 40 μm with no need for any stabilizing agent.
In contrast to iPP-1, 1 wt% Irganox 1010 as stabilizing agent for
UHMW-iPP could not prevent chain destruction and led to
broadening of the polydispersity. Increasing the amount of
Irganox to 3 wt% resulted in no spinnability and a checked-off
extrudate. We therefore increased the nozzle’s diameter to
2.00 mm – this resulted in a proper extrusion of the UHMW
polymer. Screening for the appropriate amount of stabilizing
agent revealed that the optimum amount is between 3 and
7 wt% (Figure S12). We decided to utilize the upper limit to
avoid any chain destruction in the spinning or annealing
process. To compare the mechanical properties of iPP-1–iPP-5,
we used the same extrusion conditions and aimed for a fiber
thickness of 200–400 μm, as, contrary to iPP-1, thin UHMW-iPP
fibers were challenging to receive with our used set-up.

While spinning fine and thin fibers (40–120 μm) for iPP-1
and iPP-2 was comparably easy, an increase of the fiber’s
diameter turned out to be challenging when using the 0.50 mm
fiber spinning nozzle. Therefore, we manufactured a 1.00 mm
fiber spinning nozzle (Figure S23) combining the advantages of
0.50 mm fiber spinning and 2.00 mm extrusion nozzle: a smaller
diameter as well as a longer nozzle distance for an improved

homogeneity of the polymer melt. Still, this manufactured
1.00 mm nozzle was not useful for iPP-3–iPP-5, as the high melt
viscosity of the polymers caused inhomogeneities and partially
extrusion rupture, leading to no proper fiber spinning (Fig-
ure S30 and S41). After changing to the 2.00 mm extrusion
nozzle, the extrusion of iPP-3–iPP-5 was smooth (Figure S31,
S34 and S38), melt spinning with only a few inhomogeneities
(Figure S35 and S37) was accessible and UHMW fibers with a
diameter of about 300 μm were received.

After a few minutes in the compounder, the UHMW
polymer’s melt viscosity increased drastically, and extrusion
ruptures occurred – yielding 2–4 cm long extrudates not
suitable for melt spinning. However, with these molten
extrudates, melt drawing instead of melt spinning was possible.
This technique of post-extrusion drawing of as-spun fibers is
applied e.g. by Kakiage et al. for fiber spinning of UHMW-PE
fibers.[8] For this purpose, the molten extrudate with a diameter
of 2.00 mm was stretched on both sides to a length of 20–
30 cm with a stretching rate of 20 cm/sec. This consequently
yielded a consistent fiber with a reduced diameter of 400 μm
(Figure S33). After approximately ten minutes of the polymer
inside the compounder, the UHMW polymer’s melt agglutinated
the compounder, and no extrusion was possible anymore
(Figure 1, right). Adding new polymer or increasing the
extrusion temperature up to 220 °C did not sufficiently reduce
the agglutination. The removed polymer revealed no variation
in the molecular weight, and after milling, the polymer
remained non extrudable. Probably, the number of entangle-
ments and consequently the polymer‘s melt viscosity were
increased by the melting process and the arising shear forces,
and therefore, the UHMW polymer was no longer extrudable.

DSC measurements of e.g. iPP-5 support this hypothesis, as
it was observed that the first melting transition and crystallinity
(167.4 °C, 55.4% crystallinity) is increased compared to the
second transition (165.5 °C, 44.3% crystallinity) – nevertheless,
further investigations comparing the nascent, melt-crystallized
and agglutinated polymer need to be conducted.

A mixture of 70 wt% iPP-4 and 30 wt% iPP-1 gave a smooth
extrusion using the manufactured 1.00 mm fiber spinning
nozzle with no observation of an increased melt viscosity or
extrusion rupture. This yielded a composite fiber with a
diameter of about 200 μm. Probably, combining two iPPs – one
with a high and one with a low melt viscosity – is a promising
method to avoid agglutination of the compounder.

Figure 2 illustrates the optical differences between the
UHMW iPP-4 and medium high molecular weight iPP-1 fiber.
Commercial iPP-1 bearing a reduced melt viscosity and
crystallinity enabled a very smooth and even fiber surface,
whereas our UHMW-iPP with its ultrahigh molecular weight and
increased crystallinity led to a high surface roughness induced
by fibrillation. This high surface roughness is well known for
UHMW-PE fibers, especially for high draw ratios.[11] Surprisingly,
annealing of the polymer fibers melted the fiber surface for all
investigated fibers (Figure 2). Underneath that melted surface,
the fibrillated structure was preserved for UHMW fibers (Fig-
ure 2, b).Figure 1. Set-up for fiber spinning (left) and agglutinated compounder

(right) after spinning of UHMW-iPP.
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The mechanical properties of polymers, especially the
tensile strength, highly depend on the crystallinity.[12] Besides
increasing the isotacticity, annealing of the polymer is a
commonly used technique to enhance the degree of crystal-
linity. In previous studies it was shown, that a higher annealing
temperature leads to an increased crystallinity.[13] Furthermore,
annealing prevents crazes and avoids coalescence, conse-
quently improving the mechanical behavior.[13b] In preliminary
experiments, an increased annealing temperature of 150 °C for
67 h turned out to be suited better for UHMW-iPP fibers
compared to a temperature of 140 °C for 20 h (Figure S21 and
S22). Actually, an even higher annealing temperature would be
desirable, but due to an inaccurate temperature control this led
to a partial melting of the polymer fibers. For iPP-1 and iPP-2
we reduced the annealing temperature to 143 °C, as 150 °C
melted the polymer fibers.

The crystallization behavior of iPP-5 during different stages
of the fiber manufacturing process was analyzed by WAXS
measurements (Figure 3). The crystalline fraction of the raw

polymer sample consisted purely of the α-phase, which meets
the expectation – it is reported that iPP from solution
crystallization yields mostly the α-phase.[9] As expected for the
raw polymer after precipitation synthesis without any further
processing, there is no preferential orientation of the crystals, as
seen from the uniform scattering intensity along the Debye-
Scherrer rings. The extrudate still exhibited predominantly the
α-phase for the crystalline fraction, but the formation of β-
phase crystallites was detected as well. A weak preferential
orientation of crystallites was observed. The sample exhibited a
strong homoepitaxy[10] of the α-phase, identifiable by an intense
(110)d reflex, originating from the daughter crystals, that were
seen to orient roughly perpendicularly to the stretching
direction, while the mother crystals orient roughly parallel to
the stretching direction. In the spun fibers, the α-phase clearly
predominated the crystalline fraction, but a small fraction of β-
phase crystallites was still present (see Figure S44f). The
crystallites in the spun fiber exhibited a strong preferential
orientation. The sample, as already seen in the extrudate,

Figure 2. SEM images of a) melt drawn and b) annealed melt drawn iPP-4 fiber compared to c) spun and d) annealed spun iPP-1 fiber.

Figure 3. Transmission-mode WAXS data from UHMW iPP-5 at different stages of the fiber fabrication process. a) raw polymer (obtained as fine mesh), b)
extrudate, c) spun fiber, d) annealed fiber (fiber axis marked by arrow). Characteristic reflections belonging to the α-phase[9] of crystalline iPP predominantly
found in all samples are marked with their corresponding Miller indices (exceptions are: (110)d marking the reflections of the daughter crystals resulting from
iPP homoepitaxy[10] – all other indicated reflections belong to the mother crystals – and (300)β, marking the most intense reflection of the β-phase, seen most
clearly in b) (extrudate)). A clear increase in preferential orientation of crystallites is seen from a) to d). Typical hk0 (equator) lines, hk1, and hk2 arcs, on which
reflections sit, are marked for the spun and annealed fiber patterns in c) and d). Further information on WAXS measurements and data analysis is available in
the Supporting Information.
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showed a homoepitaxy of the α-phase, resulting in the (110)d
daughter reflex appearing under the azimuthal angles 80° and
100° relative to the hk0 equator with the (110) mother reflex, as
found in literature.[10] The separation of the daughter reflex is a
result of the strong preferential orientation of all α-phase
crystallites. A very similar scattering pattern was found in the
annealed fiber as for the spun fiber. The main differences found
were the depletion of the β-phase, which was no longer
detectable, and the reduced intensity of the amorphous halo,
as well as the increased sharpness (decreasing full width at half
maximum (FWHM)) of the unique reflections of the α-phase.

We verified via GPC measurements (Figure 4, a), that neither
the spinning process nor the annealing process led to bond
breakage of the polymer fibers by an oxidative stress.
Furthermore, we observed an increased melting transition
temperature and crystallinity, especially after the annealing
process, via DSC analysis (Figure 4, b), which is in agreement
with the WAXS results. The degree of crystallinity was
determined by using the melt enthalpy for polypropylene ΔHlit,
100%=207 J/g.[11] Table 2 illustrates the influence of the

crystallite orientation induced by fiber spinning and increased
lamellae thickness by the annealing process.

Examining their mechanical behavior via stress strain
measurements, the extraordinary potential of UHMW-iPP fibers
compared to fibers manufactured from industrially available iPP
is highlighted (Figure 5). All UHMW-iPP fibers, due to their
higher molecular weight and lower polydispersity, exhibited a
higher tensile strength and a shortened elongation at break
compared to the Ziegler-Natta based iPP-1.[14] The increase in
crystallinity (Table 2) induced by the annealing process boosted
the tensile strength of all polymer fibers iPP-1–iPP-5 (e.g. iPP-5
spun and annealed fiber, Figure 5) and a tensile strength of up
to 400 MPa was received for UHMW-iPP fibers. The melt
drawing process of iPP-4 however yielded a decreased tensile
strength compared to the melt spinning process – probably
due to inhomogeneities in the molten extrudate. The composite
fiber of 70 wt% iPP-4 and 30 wt% iPP-1 surprisingly showed a
low tensile strength combined with a low elongation at break –
despite the high amount of UHMW-iPP in the feedstock
material. Presumably, the two different polymers were not
evenly distributed in the composite polymer fiber, leading to
defects and an overall deteriorated mechanical behavior.
During the annealing process, defects in the composite
structure are reduced and the crystalline fraction increased (see
Figure S44), thus improving the stress strain behavior. Blending
UHMW-iPP with an iPP bearing a lower melt viscosity not only
avoids agglutination of the compounder, but also is a promising
method to obtain strong iPP fibers. Clearly, this presented
technique yields lower tensile strengths and an increased fiber’s
diameter compared to previous reported UHMW-iPP fibers
accessed by gel-spinning[6a,c,d] – however, this study highlights,
that extrusion of UHMW-iPP is feasible and thus may pave the
way for an improved spinning technique of UHMW-iPP.

Conclusion

In summary, we performed melt spinning and melt drawing of
various iPP samples, including the first reported extrusion
processing of UHMW-iPP. We investigated the crystallinity and
phase crystallization via DSC and WAXS analysis and confirmed
no chain breakage occurring during the spinning process. We
proved that UHMW-iPP fibers enable a high tensile strength
that was even increased after an annealing process (up to
400 MPa). However, UHMW-iPP exhibited a short melt spinning
time window due to its increasing melt viscosity – after that, no
spinning was possible at all. Nevertheless, by mixing a lower
molecular weight iPP fraction to the feedstock, extrusion
rupture and agglutination of the compounder was avoided and
a composite fiber with enhanced mechanical properties was
obtained. As these findings are very promising, further studies
need to be conducted to better understand the root cause of
the agglutination and increased melt viscosity and also to
improve the mechanical properties of the obtained fibers.

Figure 4. GPC (a) and DSC (b) analysis of iPP-4.

Table 2. Calculated Crystallinity via DSC analysis.

iPP-1 iPP-2 iPP-3 iPP-4 iPP-5

raw 44.6% 41.4% 44.1% 43.9% 44.3%
spun fiber 47.0% 43.2% 45.6% 48.1% 46.8%
annealed fiber 50.1% 46.0% 53.0% 52.2% 53.5%

Figure 5. Stress strain mechanical behavior of spun and annealed fibers.
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Experimental Section
Polymer 13C NMR spectra were measured with an ARX-300
spectrometer at 140 °C in bromobenzene-d5 with 40–60 mg/mL and
14k scans with 5 mm OD tubes. Acquisition conditions were: 30°
flip angle; 1.82 sec acquisition time, 2 sec relaxation delay. Broad-
band proton decoupling was achieved with a WALTZ16 sequence.
The degree of isotacticity was determined via the integration of the
corresponding [mmmm]-pentade (21.85 ppm)[15] against the region
of 19.5–22.5 ppm.

Gel permeation chromatography (GPC) was performed with a PL-
GPC 220 instrument equipped with 2x Olexis 300 mm ×7.5 mm
columns and triple detection via a differential refractive index
detector, a PL-BV 400 HT viscometer, and light scattering (Precision
Detectors Model 2040, 15 and 90°). Measurements were performed
at 160 °C using HPLC-grade 1,2,4-trichlorobenzene (TCB; 100 mg/L
BHT) from Sigma-Aldrich with a constant flow rate of 1 mL/min and
a calibration set with narrow-MWD polyethylene (PE) and polystyr-
ene (PS) standards. Samples were prepared by dissolving 0.5–
0.7 mg of the polymer in 1.0 mL of stabilized TCB for 1 h at 140 °C
immediately before each measurement. The molecular weight was
determined absolutely against PS standards by using dn/dc=

0.097 mL/g.[16]

Differential scanning calorimetry (DSC) analysis was conducted on a
DSC Q2000 instrument from TA Instruments. The polymer (4–5 mg)
was sealed into a non-hermetic aluminum pan and heated from 50
to 200 °C at 10 °C/min. After the temperature was held for 2 min,
the sample was cooled to 50 °C at 10 °C/min and heated again in
the same manner. The reported values for raw polymers are those
determined in the second heating cycle, for fibers those deter-
mined in the first heating cycle.

Optical light microscopy was carried out using a PantheraTEC-BD
from Motic equipped with a MicroCam II camera from Bresser. The
software MicroCamLabII was used for processing.

The surface of the fibers was determined by the images taken by
JEOL JSM-7500F field-emission scanning electron microscope
coupled with EDX INCA System (software) with 50 mm2 X-MAX
detector from Oxford Instruments.

As iPP-3–iPP-5 were received as a fibrous material, these polymers
had to be milled for an extrusion processing. The coarsely crushed
polymer was frozen in liquid nitrogen and subsequently milled
chunkwise by using a Retsch ultra centrifugal mill ZM 200 (12-tooth
rotor, sieve size 2.00 mm, trapezoid holes) at 1000 rpm.

Extrusion for fiber spinning was conducted using a Micro-
Compounder from DACA Instruments. The temperature was set at
195 °C and 7% wt. of the stabilizing agent Irganox 1010 added to
the polymer prior the extrusion. 2–2.5 g of the stabilized polymer
were added to the compounder and after an appropriate mixing
time (for iPP-1 and iPP-2 three minutes, for iPP-3–iPP-5 15 seconds)
the extrusion was initiated. The molten extrudate was rolled onto
the manufactured spinning cone’s rod (Figure S24 and S25) – when
the fiber’s diameter was smooth, the spinning was conducted on
the spinning cone. With the attached Heidolph KPG-stirrer, the
distance between nozzle and cone and spinning speed was
adjusted according to the desired fiber characteristics and
polymer’s melt viscosity. An increased KPG stirring speed gave a
thinner polymer fiber, but the distance between nozzle and cone
had to be increased to ensure an entire solidification of the fiber.
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