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Abstract

High molecular weight poly(ethylene-2,6-naphthalate)(PEN) has been melt spun at various take-up velocities from 0.9 to 10 km/min to
prepare fiber samples. The effect of take-up velocity on the structure and properties of as-spun fibers has been characterized through
measurements of birefringence, density, wide-angle X-ray diffraction, infrared analysis, DSC melting behavior, tensile properties and
high-temperature shrinkage. With increasing take-up speed, a steady trend toward higher as-spun fiber orientation and crystallinity was
observed, accompanied by improved physical properties. The WAXD patterns of the as-spun fibers prepared at a velocity range higher than
1.5 km/min indicate that these samples all possess a developed molecular orientation and crystalline structure. At a relatively low take-up
velocity that range from 1.5 to 4 km/min, a high level of molecular orientation in both crystalline and amorphous region has been found. This
may be attributed to the high spinning stress generated by the high-molecular weight polymer used. In the high take-up speed region of 5—
10 km/min, the molecular orientation becomes saturated. The highest tenacity and initial modulus of the as-spun PEN fibers obtained in this

region reached ca 8 and 200 g/d, respectively. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The first report on poly(ethylene-2,6-naphthalate) (PEN)
appeared in the literature dating back to 1948 by Cook et al.
who described the synthesis method of this new aromatic
polyester in which the benzene ring in poly(ethylene
terephthalate) (PET) is replaced by a naphthalene ring [1].
Although its history is relatively long, only a few papers [2—
6] had been published on structural studies of PEN until the
1980s. Increasing interest appears from the late 1980s [7—
21], probably due to the boom of the so-called “high perfor-
mance polymers” where PEN is considered to be a prime
contender with its excellent mechanical properties and ther-
mal stability [3,7,12,22]. The crystal structure of PEN was
determined by Mencik [2] and Buchner et al. [9] Two crys-
tal modifications, i.e. a and 3 forms have been reported and
both were found to be triclinic. The unit cell parameters of
the o form are a = 0.651 nm, b = 0.575 nm, ¢ = 1.32 nm,
a = 81.3°, B = 144°, v = 100°. The unit cell dimensions of
the B form are a = 0.926 nm, b = 1.559 nm, ¢ = 1.273 nm,
with angles of @ = 121.6°, B =95.57° and y= 122.52°.

* Corresponding author.
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Following a publication that has compared infrared spectra
of PEN and PET, and assigned most vibrational bands in the
spectrum of PEN [5], FTIR analysis has been used to study
the neck formation and melting behavior for various
samples with different drawing and heat treatment history
[17,19]. A detailed thermal analysis of amorphous and
various semicrystalline PEN samples has been reported
several years ago [7], where the equilibrium melting para-
meters were reported to be T2 =337°C, AH; =
25 £ 2.0kJ/mol and AS; =41 * 3.3 J/(kmol). Structural
development during uniaxial drawing has also been studied
[11,17]. Time-resolved two-dimensional wide-angle X-ray
diffraction patterns are recorded using the imaging plate
system for following the change of chain orientation in a
disoriented amorphous film in the drawing process to help
establish the mechanism of oriented crystallization of PEN
[15,21].

Along with these studies of the structural features of PEN,
there have been relatively fewer experimental studies of
PEN spun fibers. Before the 1990s, only one investigation
of high-speed melt spun PEN fiber was reported [4]. In the
1990s, several researchers published findings on the devel-
opment of structure as a function of spinning speed and/or
heat treatment of PEN. lizuka and co-workers reported the
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neck-like deformation behavior during the high-speed spin-
ning of PEN using on-line profile measurement [23]. Nagai
and Cakmak, respectively, reported their characterization
results for as-spun and draw PEN yarns including fiber prop-
erties and crystal modifications [24-26]. Jager et al.
prepared high-molecular weight PEN via the condensation
polymerization route and compared the properties of the
resultant PEN filament with those of PET industrial yarns
[18]. In most of these articles, however, the take-up velo-
cities were limited to 4-5km/min. An exception was
reported in 1997. Miyata et al. [27] reported the high-
speed melt spinning of PEN at take-up velocities up to
9 km/min. In their study, however, raw material with rela-
tively low-molecular weight was used.

In this article, melt spinning of PEN fiber was done over a
wide take-up speed range between 0.9 and 10 km/min.
Because a high-molecular weight polymer was used in
this study, it is expected that the structural features may
differ somewhat from those previously reported. Therefore,
the effect of spinning conditions on the structural and physi-
cal properties of this high-molecular weight as-spun PEN
fiber was studied.

2. Experimental
2.1. Materials

The PEN polymer used in this study was produced origin-
ally by condensation polymerization and then subjected to
solid state polymerization to raise the molecular weight
further. Intrinsic viscosity (IV) of polymer chip measured
in a 60/40 (wt%) mixture of phenol and tetrachloroethane is
0.89 dl/g. This value, however, is believed to be slightly
lower than the true value of the raw material, because the
chips were subjected to a melting and quenching process
prior to solution preparation, because of their high crystal-
linity. PEN chips were dried in a vacuum oven at absolute
pressure of 0.1 mmHg at 140°C for 16 h before use.

2.2. Fiber spinning

PEN chip was processed in an extruder with a screw
diameter of 25 mm and a length to diameter ratio of 25. A
round single-hole spinneret having 0.6 mm diameter was
used together with a throughput/wind-up speed arrangement
to produce approximately 4.5 denier as-spun filament. Spin-
ning temperature ranging from 310 to 320°C, and spinline
length, between the spinneret face and take-up godet, vary-
ing from 2.6 to 4.4 m were tried to examine their respective
influence on the spinnability and properties of the resultant
fiber samples. Unless otherwise mentioned, however, a
temperature of 310°C, and a spinline length of 4.4 m were
used in most experiments. A heated sleeve 5 cm long was
installed surrounding the spinneret face. It was maintained
at 300°C. No cross-flow or radial quench chamber was used.
After passing through the atmospheric medium, the filament

was collected on the godet at speeds varying from 0.9 to
10 km/min.

2.3. Measurements

Fiber denier was determined by the vibroscope method in
accordance with ASTM D1577. The linear density of the
sample expressed in g/cm was calculated using the follow-
ing relation:

glem = t/(AL*f?) )

where ¢ is the fiber tension, L the effective fiber length, and f
the fundamental resonant frequency.

Threadline tension was measured using a tensiometer
manufactured by Tensiometrics, at a point near the take-
up godet where the solidification is certainly complete,
and the threadline diameter should have attained its final
value. The threadline stress, therefore, was calculated
simply by dividing the measured tension by the fiber denier.

Density of the fiber samples was measured following
ASTM D1505-68. The density gradient column consisted
of aqueous sodium bromine (NaBr) maintained at 23 =
0.1°C. An average value of three tests per sample was
reported.

Birefringence measurements were made with a Leitz 20-
order tilting compensator mounted in a Nikon polarizing
microscope. An average of 10 individual determinations
was reported.

Wide-angle X-ray diffraction (WAXD) measurements
were performed on a Siemens type-F diffractometer system
with CuK,, radiation generated at 30 kV and 20 mA. The
diffracting intensities were recorded every 0.05° from 26
scans in the range 5-40°. WAXD photographs were
recorded by a vacuum flat camera.

The structural characteristics of fibers were also exam-
ined by infrared spectroscopy. The unpolarized infrared
absorption spectra were recorded with a Nicolet 510P spec-
trophotometer. Fiber samples were carefully arranged in a
parallel pattern on a small metal frame so as to reduce the
presence of air gaps or overlaps. All spectra were obtained
at 2 cm” ' resolution and averaged over 128 scans.

A Perkin—Elmer DSC-7 system was used for the thermal
analysis of the PEN fibers. DSC scans were obtained during
the first heating at a thermal scan rate of 20°C/min. The
sample weights were kept between 8 and 10 mg. The cali-
bration of melting temperature was made with a standard
indium sample.

Mechanical properties of as-spun fibers were measured
on an Instron tensile tester model 1122 at room temperature.
All tests were performed using a gage length of 25.4 mm
and a constant cross-head speed of 20 mm/min. An average
of 10 individual tensile determinations was reported for
each sample.

Hot air shrinkage (HAS) tests were performed following
ASTM DA4974-809. Initial length of the fibers was measured
after applying a small pretension (0.1 g/d). Fiber sample
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Fig. 1. Birefringence and density of as-spun PEN fibers as a function of take-up velocity.

was placed in an oven at 177°C for 5 min. After free shrink-
age occurred, the samples were removed from the oven and
the final length was measured. Shrinkage was then calcu-
lated using the following formula:

Shrinkage = [(L; — L¢)/Li] X 100% 2)
where, L; and L; are the lengths of the fiber before and after
shrinkage, respectively.
3. Results and discussion
3.1. Structural changes of fiber sample

The structural development of the PEN fibers with
increasing take-up velocities was followed by measurement

of the birefringence and density of the as-spun products. The
results are shown in Fig. 1. The birefringence values of the

111 (B) ] 020 (B)

(a) 1.3 km/min

200 (B) +110 (00)

(b) 4 km/min

fiber samples obtained over the entire range of take-up
speeds are much higher than those of PET melt spun fibers
spun under corresponding conditions. For PEN, the birefrin-
gence values vary from ca 0.1 to 0.3 in the take-up velocity
range of 0.9-10 km/min, comparable values for typically
spun PET filaments change at a lower level from 0.01 to
0.11 in the same take-up range [28]. This is attributed to
higher intrinsic birefringence of PEN. By correlating polar-
ized Raman spectroscopic data and birefringence measure-
ments, an intrinsic birefringence value of 0.487 has been
obtained for PEN and a value of 0.244 for PET [13]. As
shown in Fig. 1, with increasing take-up velocity from 0.9 to
4 km/min, birefringence increases rapidly and reaches a
value of ca 0.30, implying that an intensive development
of molecular orientation occurs in the velocity range below
4 km/min. The birefringence tends to saturate in the speed
range of 5-10 km/min at a level of An = 0.32. The overall
density data as a function of take-up velocity are also

(c) 10 km/min

Fig. 2. WAXD photographs of as-spun PEN fibers taken-up at the indicated velocities.
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Fig. 3. Equatorial X-ray diffraction profiles of as-spun PEN fibers as a
function of take-up velocity.

presented in Fig. 1. The density rises rapidly up to ca
2.5 km/min and then levels off at ca 4 km/min to a value
of approximately 1.367 g/cm’.

WAXD photographs of PEN fiber samples spun at three
take-up velocities are illustrated in Fig. 2. As seen in this
figure, at the low take-up speed of 1.3 km/min, no uniform
amorphous halo is observed. The intensity of amorphous
scattering concentrates toward the equator, indicating an
improved orientation of the molecules in the predominantly
amorphous sample, although without distinct crystalliza-
tion. At an intermediate level of take-up speed, i.e. 4 km/
min, the indication of some developed crystalline material is
evident. This result corresponds well to the relatively high
density observed at this speed. The three major diffraction
spots apparent are attributed to (—1 — 11) (020) and (200)
reflections of the 3 form [9], with some weak diffractions of
the o form superposed. The reflections of (010) and (100) of
the o form became stronger at the ultrahigh speed of 10 km/
min, indicating that as-spun fiber consists of a mixture of
crystals of the oriented a and B forms. Furthermore,
comparing Fig. 2(b) and (c), one observes that the crystal-
line reflections become sharp along the equator but not
along the azimuth with increasing take-up speed, indicative
of development of crystalline size but unchanged crystalline
orientation.

In Fig. 3, the equatorial WAXD traces are given for as-
spun fiber samples prepared at various take-up velocities.
One evident effect of take-up speed on the crystalline struc-
ture is observed. The filaments taken up at lower speeds
reveal only broad unresolved curves. At slightly higher
take-up velocity, for example, at 1.5 km/min, a fairly well
resolved pattern is found. The reflections from (020) and
(200) planes of the 3 modification crystal are clearly visible
at 20 = ca 18.4 and 26.2°, respectively. A diffraction peak
narrowing with increase of take-up speed is also observed.
According to Scherrer’s formula, peak width is related to the
crystalline size in the direction perpendicular to the crystal
plane involved. Therefore, it may be concluded that the
lateral dimensions of the crystals in the filaments wound
at higher velocities are relatively large, indicative of a
well-developed crystalline structure. Further, when the
take-up speed was increased to 7 km/min, crystalline reflec-
tions of (010) and (100) planes at 260 = ca 15.5 and 23.5°
have started to appear, which are those from the a modifica-
tion [9], indicating that the content of the o form crystal
modification may be promoted by increased take-up velo-
city. The content ratio of the two crystal modifications, o
and B forms, however, cannot be evaluated because the
(200) reflection of the B form and the (—110) reflection of
the o form overlap in the vicinity of 26 = 26-27°. Further, it
is worth noting that the crystalline development starts at
noticeably lower take-up speed in this study than it does
in those reported by other authors [18,23,24,26,27]. For
example, both well-resolved WAXD traces (Fig. 3) and
rapid density increases (Fig. 1) were observed when the
take-up speed was raised from 0.9 to 2 km/min. In most
other published studies [23,24,26,27], such abrupt changes
appear in the vicinity of 4 km/min. The reasons for the well-
developed crystalline structure and molecular orientation
(Fig. 1) achieved at relatively low take-up velocity in this
study may be attributed to two factors, a relatively slower
cooling rate along the spinline because no cooling chamber
was used, and to the molecular weight, which in our case
was significantly higher than that reported by others. A
gentle cooling condition may allow a longer time and a
higher temperature for the crystal growth process to occur
in virgin extrudate, while a higher threadline tension intrin-
sic to the higher molecular weight used might promote
stress-induced crystallization. Details will be discussed
later.

The structural features of the as-spun fibers were also
studied using infrared analysis. Infrared spectra in the
range between 3200 and 700 cm™' (except for certain
regions where no detectable absorption bands appear) are
shown in Fig. 4 for three fiber samples spun at 1.3, 4.0 and
10 km/min. Most of the observed bands have been assigned
[5]. According to Ref. [5], the bands at 3050, 2990 and
2890 cm ' are considered to be related to the CH stretching
mode in the naphthalene ring, the bond antisymmetric and
symmetric stretching vibrations of CH, in the ethylene
glycol segment, respectively. The intensity of these bands
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Fig. 4. Infrared spectra of as-spun PEN fibers taken up at the indicated velocity.

increases upon heat treatment and they are accordingly
assigned to be crystalline bands. For the bands which reveal
dichroic character, 1477, 1337, 835 and 810 cm ™! vibra-
tions and 1450 (it appears at 1460 cm ™' in this study),
1370, 1090 and 1044 cm ™! vibrations, these were consid-
ered to be associated with the trans and the gauche confor-
mations, respectively. As seen in Fig. 4, the intensity of
3050, 2990, 2890, 1477, 835 and 810 cm~! bands increase
significantly with increase in take-up velocity, while bands
at 1450 and 1044 cm ™' weaken in intensity in fiber samples
wound at higher velocity. These results are indicative of
improved crystallinity and molecular orientation achieved
in high-speed spun fiber samples. The results are consistent
with the observations in birefringence, density and WAXD
earlier reported herein. Four bands appearing in Fig. 4,
located at ca 1960, 1940, 980 and 880 cm”! which have
not yet been assigned, also reveal a sensitivity for morpho-
logical change. With take-up speed increasing from 1.3 to
10 km/min, intensity of the 1940 and 880 cm ' bands
decreases gradually while the others, 1960 and 980 cm ™'
bands, increase intensely. As pointed out by Heuvel et al.,
a primary molecular deformation mechanism of the PET
oriented filaments is considered to be the gauche—trans
transition when the filament is elongated. [29,30] Under
certain conditions such as fiber being spun at higher speed
or being subjected to drawing, the molecules tend to align
along the fiber axis by uncoiling, with the result that the
amount of gauche diminishes and trans conformer increases

[29,30]. Such a molecular deformation mechanism is also
considered suitable for PEN as-spun fibers, where the as-
spun fibers prepared at higher speed should contain more
trans conformers and less gauche. From the experimental
results presented above, therefore, bands at 1940 and
880 cm ™' and bands at 1960 and 980 cm ™' are hypothesized
to be associated, respectively, with gauche and trans confor-
mers. Their take-up velocity dependence and the relation-
ship between the relative intensity of these bands and the
birefringence data are discussed below.

The detailed infrared spectra, over the wavenumber
region 800—1050 cm L, of as-spun PEN fibers obtained at
various take-up velocities are shown in Fig. 5. The first
appearance of the IR bands associating with the trans
conformers at 810, 835 and 980 cm ! is observed for fiber
wound at 1.5 km/min. This observation corresponds well to
the abrupt respective changes in birefringence, density and
WAXD scans also observed at this speed. With further velo-
city increase, the intensity of these same bands increases. In
contrast, intensity of IR bands associated with gauche
conformers at 880 and 1044 cm ™' decreases gradually.
The band at 925 cm ™' is assigned to the naphthalene ring
vibration [5], hence its magnitude may be used as an internal
standard to normalize among samples for variations in mass,
as is done in the case of poly(ethylene terephthalate)[31].

Fig. 6 shows the respective changes of infrared absorption
ratio logy/loys and Iggy/lop5 with take-up velocity. A high value
of absorption ratio Iggy/lops (or low value of Iogp/los) is
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Fig. 5. Detailed infrared spectra (in the wavenumber region of 800—
1050 cm ™) of as-spun PEN fibers as a function of take-up velocity.
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considered indicative of a relatively high percentage of
gauche conformations being present in a given sample or
a relatively high proportion of coiled molecules. From these
data, one can see clearly that PEN fiber spun at 0.9 km/min
has a high gauche conformer content. By comparison with
its equatorial WAXD curve (Fig. 3), this sample is charac-
terized by both a low degree of molecular extension and
essentially a totally amorphous structure. This results in
the observed low birefringence, low density, and poor
mechanical properties to be discussed later. Again, a signif-
icant increase in frans conformer content is observed for
samples wound at 1.5 km/min. Following this, one observes
a rapid change in the absorption ratio logy/lops and Iggy/loys
which next attain the saturated stage in the speed range of
5-10 km/min. As stated above, the change in the absorption
ratios is a direct reflection of the percentage of specific
conformers. The degree of molecular extension may also
be estimated from such changes. The rapid increase of the
trans conformer in the speed range below 5 km/min, there-
fore, signifies that the molecular chains were stretched
significantly in the direction of the fiber axis. This change
conforms very well with the tendency observed for the bire-
fringence of variations in the same speed range.

3.2. Threadline tension and how certain factors affect it

As mentioned previously, in the relatively low take-up
velocity range, the respective levels of birefringence and
density of the instant as-spun PEN fibers are much higher
than those reported by other researchers. For example, by
way of comparison, the birefringence and density data in
this study are, respectively, 0.20 and 1.35 g/cm® for the as-
spun fiber wound at 2 km/min, those in other publications
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Fig. 6. Plots of absorption ratio for various PEN as-spun fibers.
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Fig. 7. Threadline stress of as-spun PEN fibers as a function of take-up velocity.

are ca 0.05-0.15 and ca 1.33 g/cm3 [18,23,24,26,27]. These
results mean that the molecular orientation in both amor-
phous and crystalline phases and crystallization in our
samples were significantly developed at quite low take-up
speed. In order to understand this phenomenon, the relation-
ship between sample structure and threadline tension was
considered.

Threadline tension present in the spinline is responsible
for the elongational deformation of molten filament, which
in turn induces molecular orientation in the spinline. The

0.35

threadline tension is made up primarily of three compo-
nents, i.e. inertial force due to filament acceleration, fric-
tional force due to air drag, and rheological drag at the
spinneret [32]. Among many processing parameters in
melt spinning, certain variables such as take-up velocity
and spinline length may be strongly related to the inertial
and frictional force, respectively. The viscoelastic behavior
of the molten extrudate associated with the high-molecular
weight of polymer used and the processing temperature may
relate to the rheological drag. Finally, these processing
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Fig. 8. The birefringence plotted against the threadline stress measured at the solidification point.
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Fig. 9. Equatorial X-ray diffraction profiles of as-spun PEN fibers as a
function of: (a) threadline length; and (b) molecular weight of polymer.

parameters may influence the level of threadline tension in a
large or small way. The dependence of threadline tension on
such variables has been studied in this work.

Fig. 7 plots threadline stress as a function of the take-up
velocity. As predicted, the level of threadline stress was
gradually increased as take-up speed was increased. The
stress increases from ca 0.05-0.55 g/d in the spinning
speed range of 0.9—10 km/min. Therefore, improved mole-
cular orientation and higher mechanical properties (to be
discussed later) observed in samples wound at higher speeds
can be attributed simply to the higher threadline stress.

Table 1

The birefringence values of various PEN fibers were
plotted as a function of the threadline stress in Fig. 8.
There is a known relationship between An and threadline
stress values for melt spun filaments, which may be
described by the following equation [23]:

An=Cy X0 3)

where, C,, is the stress optical coefficient, and o is the
threadline stress measured at the freeze point. For PET
melt spun filaments, the stress optical coefficients ranging
from 0.65 to 0.92 d/g were reported [33]. lizuka et al. found
a Cypy of 16.1 GPa™! (~1.92 d/g) for PEN fibers spun at
take-up speed range from 1.5 to 5 km/min. Comparing
Figs. 7 and 8, there appears to be a linear relationship
between the birefringence and the threadline stress data
for the as-spun fibers wound in the velocity range below
5 km/min. The line drawn in Fig. 8 permits determination
of the stress optical coefficient for these samples. The slope
of this line, e.g. Coy, is 1.61 d/g. This value agrees fairly
well with lizuka’s data, and is much higher than that of PET.
From the definition of C, giving by Eq. (3), the higher C,,
obtained for PEN means that a greater birefringence
increase can be achieved under the same threadline stress
level, indicating that stress induced molecular orientation is
easier in PEN than that in PET. On the other hand, as seen in
Fig. 8, samples spun at a higher speed range obviously
deviate from the linear relationship. As compared with the
data shown in Figs. 1 and 6, it means that increased thread-
line stress alone can no longer impel the orientation devel-
opment significantly, when the take-up speed varies from 5
to 10 km/min. However, a noteworthy fact is that the o form
crystalline modification occurs in this higher take-up speed
range, although obvious increases of birefringence and
mechanical properties (to be discussed later) are not
observed. It has been pointed out that the 3 form crystal
in melt spun PEN fibers can be transformed to the a form by
application of high tensile stress. Quantitative analysis of
this and related problems is planned for future studies.
The respective influence of spinline length and molecular
weight on the threadline tension, morphology and properties
of resultant PEN fibers is shown in Fig. 9 and Table 1. All
samples were wound at the same take-up speed of 2 km/

Preparation conditions, structural analysis and physical properties of various PEN fiber samples

Conditions Threadline stress (g/d) An Density (g/cmS) Tenacity (g/d)
Sample IV (dl/g) Spinline length (m)

0.65 2.6 0.112 0.1958 1.3502 4.62

0.65 3.2 0.116 0.1983 1.3478 4.69

0.65 3.8 0.098 0.1985 1.3518 4.46

0.65 44 0.103 0.1930 1.3476 4.39

0.82 44 0.116 0.2035 1.3573 5.19

0.65 44 0.103 0.1930 1.3476 4.39

0.55 44 0.052 0.1096 1.3396 3.01

0.52 4.4 0.045

0.0749 1.3375 2.19
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Fig. 10. Tenacity and initial modulus of as-spun PEN fibers as a function of take-up velocity.

min. For one series, spinline length was changed from 4.4 to
2.6m in 0.6 m intervals, by moving the extruder down
toward the godet. For the other series, fiber samples with
various molecular weights were prepared by altering spin-
ning temperature and forcing varying degrees of degrada-
tion in the extrudate. In the case of high-speed melt spinning
of PET filament, Shimizu et al. examined the air drag and
the inertial contributions to the spinline stress and structure
of resultant PET fibers. Their experiment led to a conclusion
that air drag causes a small effect on the fiber structure
formation, but the inertial stress plays an important role in
its formation [34]. In contrast, it has also been reported that
air drag force increases with increasing distance between the
spinneret and the take-up godet, and influences importantly
fiber structure for the case of fine denier PET filaments [35].
From the data shown in Fig. 9 and Table 1, the influence of
spinline length on the morphology and properties appears to
be very small. Threadline stress measured for four samples
of different spinline length does not exhibit any obvious
difference. The shape and intensity of WAXD traces, the
birefringence and density values, among the four samples
are essentially the same. In contrast, threadline stress
measured for a fiber sample having higher molecular weight
shows a higher value. The higher molecular weight sample
appears to possess more developed orientation and crystal-
lization, resulting in well-resolved X-ray diffraction curves
and higher value in An, density and, as will be shown, better
mechanical properties.

In the experimental and theoretical studies of PET melt
spinning, it has been found that in the range of high velo-
cities, the inertial stress related with the winding speed plays
a most important role in the formation of fiber structure [34].
In the range of lower velocities, threadline tension is

controlled by the rheological force [32]. The experimental
facts described above are considered to conform with these
conclusions quite well. In our case of PEN melt spinning
performed at various speeds, higher spinning speed gener-
ates a higher inertial force, resulting in a significant increase
in the threadline tension, and ultimately in high birefrin-
gence. On the other hand, at the same take-up speed, the
rheological drag is enhanced by the use of high-molecular
weight PEN. The enhanced rheological drag also induces an
increased threadline tension, which is considered to be an
important factor in explaining the well-developed structures
formed in fiber samples wound at quite low speed.

3.3. Physical properties of fiber samples

The tenacity and initial modulus of as-spun PEN fiber
samples were plotted against the take-up velocities in Fig.
10. These results indicate that fiber wound at high speed
exhibits significantly improved physical properties. The
tenacity and modulus of PEN fibers increase rapidly with
increasing speed from 0.9 to 5 km/min. The change in slope
occurs at speeds between 5 and 10 km/min. The tenacity
levels off in this range, suggesting that highly oriented
molecular chains have formed and their level of orientation
has reached a saturated state as suggested by Fig. 1. At the
highest take-up speed of 10 km/min, the tenacity exhibits a
slight decrease. This appears to be somewhat similar to PET
behavior, where defects such as microvoids or skin-core
structure are formed at ultrahigh spinning speed [36]. The
details of this possibility are being studied. On the other
hand, the initial modulus of as-spun fiber exhibits a mono-
tonic increase, albeit with decreasing rate at the higher
speeds. A progressively improved crystalline structure
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Fig. 12. DSC scans of as-spun PEN fibers taken up at the indicated velocity.

may raise the modulus to its highest value when take-up
speed reaches 10 km/min. The highest tenacity of about
8 g/d and the highest modulus of 200 g/d were achieved at
the high take-up velocities of 7—10 km/min. These maxi-
mum tenacity and modulus values obtained in PEN high-
speed as-spun fibers are much higher than those of as-spun
PET fibers prepared at the same speed range, where the
typical tenacity and modulus are about 4.5 and 100 g/d,
respectively [28]. Fig. 11 shows the relationship between
elongation to break of as-spun PEN filaments and the
take-up speeds. Elongation decreases gradually up to
10 km/min. However, even at intermediate speeds, for
example, at 5 km/min, this value has dropped down to
about 15%, which is considerably lower than that of PET
as-spun fiber wound at the same speed (~70%)[28].
Typical DSC diagrams of PEN as-spun fibers prepared at
various take-up speeds are given in Fig. 12. The glass tran-
sition is found at a constant temperature of 122°C up to
speeds of 3 km/min. For the as-spun fibers wound at lower
speeds, the glass transition is followed by the cold crystal-
lization exotherm, and following that a melting endotherm
appears. Fig. 12 shows the change in size and location of the
cold crystallization exothermic peak in as-spun fibers as a
function of spinning speed. Increasing speeds lead to a shift
in the cold crystallization peak to lower temperatures and
reduce the area of the cold crystallization exothermic peak,
which is similar to the phenomenon reported for PET [37].
Increased spinning velocity leads to increased molecular
orientation in the spun yarn prior to solidification, which,
in turn, results in ease of cold crystallization during the
heating process in the DSC measurement. At speeds
above 4 km/min, only the melting exotherm is observed.
The melting temperatures of as-spun fiber samples are
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Fig. 13. Plots of melt temperature and hot air shrinkage at 177°C vs. take-up velocity.

plotted against the take-up speed in Fig. 13. The melting
temperature is found to increase with increasing take-up
speed, starting from ca 260°C for 0.9 km/min spun fiber to
296°C for fiber wound at 10 km/min, suggesting that the
crystals become more perfect at higher speed.

Free shrinkage at 177°C of the as-spun fibers as a function
of take-up velocity is also shown in Fig. 13. The shrinkage
value for fiber spun at 0.9 km/min is relatively low because
of its isotropic structure. The shrinkage decreases dramati-
cally as the speeds exceeds 1.5 km/min, and then levels off.
This reduction in shrinkage is attributed to the development
of significant crystallinity, and consistent with the WAXD
traces shown in Fig. 3.

4. Conclusions

High-speed melt spinning of PEN was carried out at
various take-up velocities from 0.9 to 10 km/min. The
effects of take-up velocity on structure and physical proper-
ties of as-spun fibers have been investigated. Generally,
high spinning speed induces a high stress along the spinline,
resulting in gradual increases in molecular orientation, crys-
tallinity and physical properties. Such improvements in
structure and properties are significant in the low-speed
range, namely from 0.9 to 4 km/min, and level off in the
range of 5—10 km/min, which may be attributed to the satu-
rated state of molecular orientation in this high-speed range.

It was also found that the threadline stress is greatly
affected by molecular weight. At take-up speed of 2 km/
min, when the measured intrinsic viscosity of extrudate
varied from 0.52 to 0.82 dl/g, threadline stress was found
to increase from 0.05 to 0.12 g/d, resulting in a significant

increase in birefringence and density, and elevating the
tenacity from 2.2 to 5.2 g/d. Based on this observation, the
use of and retention of high-molecular weight during
processing in this study is considered to be the main reason
that our PEN as-spun fibers possess a well-developed mole-
cular orientation, high crystallinity and improved physical
properties, including even those fibers prepared at quite low
take-up speed.

With the orientation and crystallinity increasing, PEN as-
spun fiber with excellent physical properties has been
obtained. The tenacity, initial modulus, and elongation to
break are, about 8 and 200 g/d and 8%. These values were
obtained for take-up velocities of 7—10 km/min.
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