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Abstract

Ultra-high molecular weight isotactic poly(1-butene) (UHMW-PB1) melt-grown crystal (MGC) films were drawn using the PIN drawing
technique. Although the UHMW-PB1 MGC films had poor ductility in the crystalline state, they were ultradrawable in the molten state above
the static melting temperature (Tm). The drawability of the MGC films was strongly influenced by the draw temperature, the sample thickness,
and the contact time between the metal heater and sample, and it increased with decreasing sample thickness. The maximum draw ratio (DRmax)
was nearly constant when the sample thickness was less than 100 mm at a given draw temperature. The contact time between the metal heater
and sample needed to draw continuously in the molten state was at least 0.1 s. The ductility increased rapidly above 130 �C, reaching a maximum
at 200 �C, and decreased at higher temperatures. A DRmax of 170 was achieved at 200 �C under optimum conditions. The efficiency of the draw-
ing, based on the Herman crystalline orientation function ( fc) and tensile properties versus DR, was lower for films drawn at higher temperatures.
The highest fc of 0.996, tensile modulus of 14 GPa, and strength of 900 MPa were obtained by ultradrawing with DR¼ 50 at 155 �C.
This modulus corresponded to 58% of the X-ray crystal modulus (24 GPa), whereas the modulus of PB1 films drawn in the crystalline state
corresponded to only 12e13% (3 GPa) of the theoretical crystal modulus.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Isotactic poly(1-butene) (PB1) exhibits four crystal modifi-
cations depending on the formation conditions [1]: phase I,
twinned hexagonal with a 31 helix [2]; phase I0, untwined hex-
agonal with a 31 helix; phase II, tetragonal with a 113 helix [3];
and phase III, orthorhombic with a 41 helix [4]. PB1 exhibits
transient polymorphic behavior upon cooling from the melt
state at atmospheric pressure [5e9]. PB1 first crystallizes
into the unstable phase II crystals from the melt state. The un-
stable phase II crystals can transform into the stable hexagonal
phase I crystals. The kinetics of this phase transformation is
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known to be influenced by strain [10,11], pressure [12], and
temperature [7]. Phase III and I0 crystals have been found to
form upon crystallization from solution [3,13] depending on
the solvent, concentration, and the crystallization temperature.
Phase III and I0 crystals transform to oriented phase II crystals
upon tensile drawing [14] even below the static melting
temperature, Tm. Moreover, the drawing of PB1 proceeds
either through melting/recrystallization or in the crystalline
state, depending on the draw technique, temperature, and the
crystal form of the starting sample [14].

The ductility of polymers is affected by several parameters
which are related to the chemical structure, initial morphology,
and drawing conditions. Generally, polymers with high chain ri-
gidity and strong intermolecular interactions have low ductility
[15]. The drawability of a given polymer is also strongly affected
by other variables, including chain entanglement density [16]
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and sample molecular weight [17e19]. The draw technique and
conditions are also crucial [20]. It has also been shown that
polymer ductility increases above the crystalline relaxation or
reversible crystal/crystal transition temperature [21e25]. Only
a few polymers have been successfully superdrawn to the
limit where the tensile moduli approached the X-ray crystal
moduli. These polymers include ultra-high molecular weight
(UHMW) polyethylene (UHMW-PE) [26], UHMW poly-
propylene (UHMW-PP) [21], UHMW polytetrafluoroethylene
(UHMW-PTFE) [27], UHMW polyacrylonitrile (UHMW-PAN)
[18], and UHMW poly(4-methyl-1-pentene) (P4M1P) [22].
Superdrawing was achieved by drawing from low entangled
states. On the other hand, despite the continuing and extensive
attempts to achieve an extreme draw with a number of polymers,
high drawability has not been achieved for poly(ethylene tere-
phthalate) and polyamides, which are some of the most impor-
tant industrial polymers. With these polymers, the moduli
were 5e30% of the X-ray theoretical crystal moduli. The low
drawability was thought to be due to lack of a crystal/crystal
transition and/or crystal dispersion in which molecular mobility
was activated; such transitions and dispersion did not occur
below the Tm [24]. Therefore, a new drawing method for
transforming low-ductility polymers into high-performance
polymers is required.

Isotactic poly(1-butene) also had low drawability in the
crystalline state, even when UHMW-PB1 solution-grown
crystal mats prepared from a dilute solution [28] were used,
although PB1 has a chemical structure similar to those of
PE, PP, and P4M1P, which have been successfully superdrawn
[21,22,26]. This may be due to the fact that the crystal modi-
fications of PB1 did not undergo crystalline relaxation. The
maximum reported tensile modulus for PB1 was 1e3 GPa
[28,29], which corresponds to about 5e13% of the theoretical
crystal modulus (24 GPa) reported by Sakurada and Kaji [30].
However, those of PE, PP, and P4M1P were 80e90%.

Most drawing techniques are carried out below Tm because
drawing in the crystalline state keeps the degree of entanglement
low and produces the best mechanical properties. Recently,
however, our group has reported that UHMW-PTFE reactor
powder films can be drawn by the PIN drawing technique above
Tm under controlled conditions [31], whereas PIN drawing
below Tm resulted in lower drawability due to the excessive
molecular mobility and less entanglement. The draw was effec-
tive above Tm because the effective entanglement was higher
and there was less draw stress above Tm than in the crystalline
state. The UHMW-PTFE samples prepared above Tm had a
high tensile modulus and were highly oriented.

We have also systematically improved the method of drawing
UHMW-PE from melt by optimizing the sample molecular
weight, thermal history, initial morphology, and drawing condi-
tions [32,33]. As a result of the optimization, high drawability
above Tm was achieved for UHMW-PE melt-crystallized films
having a high entanglement density, although these films had
poor ductility in the crystalline state [16,32]. These highly
drawn samples had better mechanical properties than those of
samples drawn in the crystalline state. This suggests that the
ductility of the sample, which was initially low, increased,
depending on the initial morphology, sample molecular weight,
thermal history, and drawing conditions. Similar results may
also be possible for other polymers. Recently, the deformation
and the formation of structure in samples of PB1, which has
poor ductility in the crystalline state, above Tm have been
reported [34,35].

In this article, we report the ultradrawing and the formation of
oriented structure using the PIN draw technique above Tm of
UHMW-PB1 MGC films, which have low ductility below Tm.
We also report the mechanical properties and chain orientation
of the resultant samples drawn by using the PIN drawing method
above Tm.

2. Experimental section

2.1. Samples

The UHMW-PB1 used in this work was M801P, supplied by
Mitsui Chemicals Co. Ltd. Its viscosity-average molecular
weight (Mv) was 2.6� 106, and it had 13C NMR isotactic pentad
fraction of 93.9%. Melt-grown crystal (MGC) film samples
were prepared by compression molding at a press temperature
(Tp) of 180 �C and a pressure of 2.5 MPa for 5 min, followed
by slow cooling to room temperature.

2.2. Drawing

The MGC films were drawn by using the PIN drawing
apparatus shown in Fig. 1. The MGC films were cut into strips,
60� 1e3� 0.07e0.5 mm3. Both ends of the samples were
fixed onto Kevlar fibers, and the samples were attached via the
Kevlar fibers to the PIN drawing apparatus. A small portion
(2 mm) of these strips was heated by contacting it with the
surface of a heated metal cylinder kept at a constant temperature
(drawing temperature, Td¼ 30e220 �C), and the strips were
then quickly drawn to the desired draw ratio at a constant
throughput rate (5e180 cm/min) and take-up velocity (30e
10,000 cm/min). The drawing was started 0.1 s after contact
between the sample and the metal heater by activating a sole-
noid. During the drawing, the contact area of the strip was con-
tinuously moved from one end to the other at a constant
throughput rate, and successive drawn samples were obtained.
The draw stress was detected by using a load cell. The effects
of the sample thickness and throughput rate on drawability by
PIN drawing are discussed later.

2.3. Characterization

WAXD patterns were recorded using a flat-plate camera
and diffractometer scans. Photographs were obtained with
Cu Ka radiation generated at 40 kV and 25 mA on a Rigaku
Geigerflex RAD-3A and monochromatized by using a graphite
crystal. The diffraction profiles were recorded with Ni-filtered
Cu Ka radiation generated at 50 kV and 300 mA on a Rigaku
Ultrax18 equipped with a diffractometer and a pulse height
discriminator. Crystalline chain orientation was evaluated by
the Herman orientation function, fc [35]. The fc was evaluated
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using the (110) index of phase I crystals, assuming fiber sym-
metry, as reported by Oda et al. [36]. The azimuthal intensity
distribution was recorded at step scan intervals of 0.1� in the
azimuthal angle using a Rigaku fiber specimen holder with
a first collimator with a diameter of 0.5 mm and a receiving
slit of 1.8� (2q direction)� 0.3� (azimuthal direction).

Optical microscopy (OM) observations were made with an
Olympus optical microscope, Model BHSP.

The tensile modulus and strength along the fiber axis were
measured at room temperature and strain rates of 1� 10�3 s�1

and 1� 10�2 s�1, respectively, on an Orientec Tensilon tensile
tester.

3. Results and discussion

The PB1 MGC films transformed from phase II to I on
physical aging at room temperature. First, the time dependence
of the crystal transformation from phase II to I of the UHMW-
PB1 MGC film was examined because it was necessary to use
MGC films with the same crystalline state in the PIN drawing.
Fig. 2 shows the effect of aging time at room temperature on
the WAXD profiles. In the WAXD profiles of the sample that
were aged for 1 h at room temperature, a mixture of crystal
forms, corresponding to phase I and II crystal reflections, was
observed. The peak intensities due to phase I crystals in the
WAXD profiles increased with increasing aging time at room
temperature, and the reflection due to phase II crystals dis-
appeared after 5 days. Therefore, the sample that was aged for

Fig. 1. A schematic drawing of the PIN drawing apparatus.
5 days was chosen as the starting material for PIN drawing.
The peak melting temperature and onset melting temperature
of the phase I crystals estimated by DSC measurements were
122 �C and 131 �C, respectively.

Fig. 3 shows the dependence of the sample thickness on the
maximum achieved draw ratio (DRmax). The PIN drawing
temperatures were 155 �C and 180 �C, which are above Tm of
the MGC films. The throughput rate was constant at 20 cm/min.
At a given temperature, the DRmax significantly decreased
with increasing sample thickness. The samples that had a thick-
ness greater than 400 mm at 155 �C and 600 mm at 180 �C could
not be drawn by using the PIN drawing method. The large
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thickness was the main reason that these samples did not com-
pletely melt in a short time, because the samples were heated
by a metal heater from below. By decreasing the sample thick-
ness, the drawability increased, and the drawability was constant
for sample thicknesses below 100 mm. The DRmax values
were 58 at Td¼ 155 �C and 110 at Td¼ 180 �C. Thus, samples
with a thickness of 100 mm were used in the PIN drawing.

Fig. 4 shows the dependence of throughput rate on DRmax.
The Tds were 155 �C and 180 �C. DRmax increased as the
throughput rate decreased. The drawability only had a slight
dependence on the throughput rate in the range of 5e
120 cm/min independent of draw temperature, for example,
DRmax¼ 100e112 at Td¼ 180 �C and DRmax¼ 52e59 at
Td¼ 155 �C. For higher throughput rates, the drawability de-
creased rapidly with the throughput rate. A throughput rate
ranging from 5 to 180 cm/min corresponded to a contact
time between the sample and the metal heater of 0.06e2.4 s.
When the drawability decreased rapidly, the contact time cor-
responded to less than 0.08 s (throughput rate¼ 150 cm/min).
On the other hand, continuous PIN drawing above Tm was not
possible when the contact time between sample and the metal
heater was less than 0.1 s. These results suggest that the con-
tact time between the PB1 MGC films with a thickness of
100 mm and the metal heater needs to be at least 0.1 s to
draw continuously by the PIN drawing method in the molten
state. Based on an experiment discussed later, the throughput
rate was set to 20 cm/min for the PIN drawing.

Fig. 5 shows DRmax of the UHMW-PB1 MGC films as
a function of PIN Td (30e220 �C). Below Td¼ 100 �C, the
drawability decreased. Above Td¼ 100 �C, the drawability
increased with increasing Td, reaching a maximum at a certain
Td. In particular, the drawability increased rapidly with Td

above Tm. The drawability was highest with DR¼ 170 at
Td¼ 200 �C. High drawability was achieved by using the
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PIN drawing method above Tm because the draw stress above
Tm was significantly lower than that in the crystalline state
(2e6 MPa versus 20e35 MPa) since UHMW-PB1 did not un-
dergo crystalline relaxation. Therefore, disentanglement and/
or slippage of the chain molecules occurred only moderately
during the melt draw. At higher Td, the ductility decreased
rapidly with increasing Td. We believe that continuous PIN
drawing was not possible at Td¼ 220 �C because the propaga-
tion of draw stress to the chain molecule was insufficient due
to high mobility.

Fig. 6 shows WAXD photographs of the DRmax samples of
the UMW-PB1 MGC films at a given temperature. Oriented
phase II crystals appeared during PIN draw when the PIN
draw was performed above Tm (Td� 130 �C). Therefore,
WAXD patterns of oriented phase I samples left to stand for
one week after PIN drawing was taken at room temperature.
In the case of drawing at Td¼ 110 �C in the crystalline state,
the chain orientation was lower due to the DRmax of 2.7. The
reflections became gradually sharper, and the intensity distribu-
tion concentrated on the equator and off-equator with increasing
Td, even during PIN drawing above Tm. The changes in the
WAXD patterns with Td indicate that the chains were progres-
sively oriented and crystallized along the drawing direction.
The sample with the highest orientation was obtained by PIN
drawing at Td¼ 155 �C. The spotty reflection indicates a
high chain orientation along the draw axis. The details were
estimated using fc.

The crystalline chain orientation was evaluated using fc,
determined by WAXD [37]. The fc function was calculated
from the (110) reflection of phase I crystals, assuming fiber
symmetry [36]. Fig. 7 shows fc versus DR for PIN drawing at
various Td. The fc for each film increased rapidly with DR in
the lower temperature range and reached fc> 0.98 at DR¼ 20
in all Td regions, except for the drawing at Td’s� 120 �C in
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Td = 110 °C
DRmax = 2.7

Td = 155 °C
DRmax = 50
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Fig. 6. WAXD photographs of films drawn at different drawing temperatures (Td ranging from 110 �C to 180 �C). The DRmax values are also shown.
the crystalline state. The degree of chain orientation in the
lower DR region was higher for the samples drawn at a lower
Td. In a higher DR region, it increased slowly with DR, indepen-
dent of Td. The fc reached a maximum value of 0.996 at DR¼ 50
and Td¼ 155 �C because the drawability increased with Td. At
higher Td, the maximum fc was slightly lower (0.992e0.994) al-
though the ductility was higher than that at Td¼ 155 �C. These
results agreed with the relationship between the maximum
achieved mechanical properties and draw temperature, as men-
tioned later. The fc values achieved from the PIN drawing above
Tm were significantly higher than those of the PB1 tapes (about
0.97) drawn in the crystalline state [29]. These high fc values
indicate nearly perfect chain orientation in the highly drawn
samples, even though the samples were melt drawn.

PB1 exhibits four crystal modifications and various crystal
transformations depending on the initial crystal modification
and sample preparation conditions. Therefore, by tracing the
crystal form and crystal transformation of the drawn samples,
deformation during PIN drawing proceeds either through melt-
ing, partial melting, or in the crystalline state. The crystal form
after PIN drawing was estimated from WAXD measurements at
room temperature. WAXD measurements were performed as
soon as possible after PIN drawing because phase II crystals
transformed into phase I crystals at room temperature, as shown
in Fig. 2. Fig. 8 shows the WAXD profiles on equator for a range
of draw temperatures of the DR¼ 10 samples left to stand for
5 min after PIN drawing and for a series of aged samples with
DR¼ 10 drawn at Td¼ 155 �C. Only phase I crystals were ob-
served by WAXD in the sample drawn at Td¼ 120 �C. This indi-
cates that deformation during the PIN drawing at Td¼ 120 �C
proceeded in the crystalline state. The crystal forms of the
sample drawn at Td¼ 130 �C were a mixture of phase I and II
crystals. The crystal forms of samples drawn at Td¼ 140 �C
and 155 �C exhibited only phase II crystals after 10 min. These
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results suggest that the deformation during the PIN drawing
proceeded through a partial melt state at Td¼ 130 �C and in
the molten state at Td� 140 �C. The peak melting temperature
and onset melting temperature of the initial PB1 MGC films
with phase I crystals, estimated by DSC measurements, were
131 �C and 122 �C, respectively. The time dependences of the
crystal transformation from oriented phase II to I samples drawn
at Td¼ 155 �C were also measured by WAXD on the equator.
The crystal transformation of the DR¼ 10 sample drawn at
Td¼ 155 �C completed after 1 day, whereas initial MGC films
took 5 days to transform from phase II to I. This may be due
to the fact that the kinetics of this crystal transformation was
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of aged films with DR¼ 10 drawn at Td¼ 155 �C.
accelerated by the stress remaining in the drawn sample
[10,11], and the crystal transformation to phase I proceeded eas-
ily from the film surface [38] because the surface area of the
sample was increased by the drawing. Thus, deformation during
the PIN drawing above Td¼ 140 �C proceeded through melting.

Fig. 9 shows the room temperature tensile modulus versus
DR for PIN drawing of MGC films for Td¼ 110e180 �C. The
modulus of the drawn films increased rapidly with DR in all Td

ranges, and the efficiency of draw increased with decreasing
Td. In the case of films drawn at Td¼ 120 �C, the maximum
achieved modulus was low (3 GPa) because of the low DRmax

achieved in the crystalline state. When the UHMW-PB1 films
were PIN drawn above Tm, the tensile modulus increased with
DR more gently than that for drawing in the crystalline state.
The maximum modulus of the drawn film was 14 GPa at
DR¼ 50 and Td¼ 155 �C. This modulus corresponded to
58% of the X-ray crystal modulus (24 GPa), whereas the mod-
ulus of PB1 films drawn in the crystalline state corresponded
to 12e13% of the theoretical crystal modulus. The maximum
achieved modulus of 14 GPa is four to five times higher than
that of the PB1 films (3 GPa) drawn in the solid state. At high
Td (Td¼ 180 �C), for example, although the modulus in-
creased with DR, the maximum achievable modulus was lower
than that of the sample drawn at Td¼ 155 �C. This may be due
to the fact that chain extension, orientation, and crystallization
during the melt drawing did not significantly occur at higher
Td. In addition, in higher DR region, its decrease is likely re-
lated to the formation of defects that were observed using OM.

Only a few polymers have been successfully superdrawn
to the limit of their tensile moduli, that is, approaching their
X-ray crystal moduli. Most of the tensile moduli achieved for
the crystalline polymers were 5e30% of the X-ray theoretical
crystal modulus. Most attempts to produce high-performance
polymers have failed due to low ductility. Therefore, it is
notable that the tensile modulus achieved by PIN drawing of
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UHMW-PB1, which has low ductility in the crystalline state,
corresponded to about 60% of the X-ray theoretical crystal mod-
ulus. From these results, the drawing method and draw condi-
tions above Tm can be optimized to prepare high-performance
polymers, even from polymers from which excellent mechani-
cal properties could not be obtained previously.
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Fig. 10 shows the tensile strength versus DR for the same sets
of samples as shown in Fig. 9. The strength increased rapidly
with DR in the lower DR region, reaching a maximum value
of 300e900 MPa at higher DR, depending on the drawing
temperature. The strength of drawn films increased rapidly
with DR in all ranges of Td, and the efficiency of the draw
increased with decreasing Td. Therefore, the strength at a given
DR, as well as the modulus, was lower for the samples drawn at
high Td. The strength of the samples drawn at low Td increased
more rapidly with DR in the low DR region. However, the
maximum achieved tensile strength of samples drawn at low
Td was significantly lower than that achieved for the highly
drawn samples at high Td, due to the markedly lower drawability
of the former. The maximum strength of the drawn films was
900 MPa at DR¼ 50 and Td¼ 155 �C. At even higher DR,
the tensile strength decreased when the films were PIN drawn
above Tm. The drop in the tensile strength at higher DR is
probably also related to the formation of optical defect observed
by OM (Fig. 11), as mentioned above in the discussion of
tensile modulus versus DR.

The efficiency of draw was higher for samples drawn at
lower Td, based on fc and tensile properties versus DR. The
mechanical properties of the resultant samples drawn at a given
DR were also higher for samples drawn at lower Td, and the
mechanical properties of the samples drawn at Td¼ 155 �C
were the highest, although the drawability was not the highest
at Td¼ 155 �C (DRmax¼ 58). Most likely, deformation of the
entanglement networks in molten UHMW-PB1, which
Fig. 11. Photomicrographs of MGC films with different DR values drawn at Td¼ 155 �C. The photomicrographs were taken with crossed polarizers. Samples were

oriented at an angle of 45� to the polarizers.
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occurred during the PIN drawing, did not fully induce chain
extension, orientation, and crystallization, depending on the
drawing variables at high Td.

Fig. 11 shows photomicrographs of the films at different DRs
prepared by using the PIN drawing technique at Td¼ 155 �C.
Photomicrographs of the drawn films with DR¼ 10 and 30
show a highly aligned fibrous structure. However, in the highly
drawn film with DR¼ 50, a number of dark and bright spots are
noted within sample. Moreover, in the DRmax film (DR¼ 55),
split lines were observed to run nearly parallel to the draw direc-
tion. They likely exist in the entire DR¼ 55 film. The decreases
in tensile modulus and strength at higher DR were qualitatively
in agreement with the appearance of the split along the fibrous
axis. The split in the samples was possibly due to deterioration
of the mechanical properties at higher DR at a given Td. How-
ever, the chain orientation evaluated using fc indicates nearly
perfect chain orientation of the highly drawn film, even if a split
occurs in the sample.

4. Conclusion

Melt-grown crystal films of UHMW-PB1 were ultradrawn
using the PIN drawing technique in the temperature range of
30e220 �C. The drawability of MGC films was strongly
affected by the initial sample thickness, the throughput rate,
the contact time between the metal heater and the sample, and
the PIN drawing temperature. The DRmax of the MGC films in-
creased with increasing Td and decreasing initial sample thick-
ness and throughput rate. The drawability of the MGC films
increased rapidly with Td above about 130 �C, reaching a maxi-
mum at 200 �C, and then decreased sharply at higher tempera-
tures. The rapid increase in ductility above 130 �C is ascribed
to the decrease in the draw stress due to the onset of molecular
motion above Tm (120e130 �C), which was detected by using
DSC measurements. The highest DR of 170 was achieved by
PIN drawing at Td¼ 200 �C. The highest tensile modulus and
strength of 14 GPa and 900 MPa, respectively, were achieved
at Td¼ 155 �C with DR¼ 50. Highly drawn samples had an ex-
tremely high chain orientation ( fc¼ 0.996), even for samples
produced by melt drawing. These values are significantly higher
than those achieved by drawing in the crystalline state, and the
tensile modulus is the highest value yet reported, to the best of
our knowledge. Further, the highest achieved modulus corre-
sponded to 58% of the X-ray crystal modulus of isotactic PB1
(24 GPa). Ultradrawing above Tm of a polymer having low duc-
tility in the crystalline state afforded ultradrawn films that had
superior mechanical properties. The decrease in the modulus
and strength at a higher DR were related to defects observed
by OM.
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