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ABSTRACT: Both good tensile properties and good resistance to thermal shrinkage are
prerequisites for tire cord applications. For these purposes, poly(ethylene-2,6-naphtha-
lene dicarboxylate) (PEN) filaments were prepared by multistep zone annealing
(MSZA) spinning with a specially devised system. The melting temperature of the PEN
filaments so obtained was slightly increased with an increasing total draw ratio. All the
filaments exhibited a sharp melting peak around 270°C, but glass-transition behavior
was barely visible via differential scanning calorimetry. Rheovibron experiments
showed a relaxation in the vicinity of 175°C. Increasing the draw ratio above 4 did not
increase the birefringence value much, but it did lead to increases in the tensile
properties. The PEN filaments consisted exclusively of a-form crystals. The PEN
filaments showed excellent resistance to thermal shrinkage, which was less than 1%
even with heating to 140°C. In the MSZA spinning process, increasing the degree of hot
drawing proved more effective than increasing the degree of cold drawing for obtaining
PEN filaments with better dimensional stability at elevated temperatures. © 2002 John
Wiley & Sons, Inc. J Appl Polym Sci 83: 916–922, 2002
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INTRODUCTION

The development of new heavy-duty tire cords
has attracted much attention in the automotive
industry. Until now, poly(ethylene terephthalate)
(PET), nylon, and rayon have been used as mate-
rials for tire cords. Tire cords should simulta-
neously possess high modulus and low shrinkage
at elevated temperatures. On this point, PET and

nylon have drawbacks because their glass-transi-
tion temperatures (Tg’s) are not high enough to
withstand shrinkage over the service tempera-
tures frequently encountered during high-speed
driving. However, high-tenacity rayon has a dis-
advantage in price.

Poly(ethylene-2,6-naphthalene dicarboxylate)
(PEN) is a recently commercialized polyester fam-
ily that offers a good balance of mechanical and
thermal properties. Although PEN fibers have a
tenacity similar to that of PET, they give better
dimensional stability and lower thermal shrink-
age because the naphthalene moiety in PEN in-
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creases stiffness and thermal resistance. PEN has
a Tg of about 113°C and melts at 265°C; these
temperatures are higher than the Tg and melting
temperature (Tm) of PET by 38 and 10°C, respec-
tively.1–10 The high price, however, has limited its
commercial applications. Recently, some chemical
companies11–13 succeeded in reducing the price by
mass production of the intermediate of the poly-
mer, 2,6-naphthalene dicarboxylic acid.

In this study, various PEN filaments were
melt-spun by the adoption of a specially designed
multistep zone annealing (MSZA) device, and the
effects of drawing and annealing conditions in
MSZA spinning on the physical properties of the
filaments were investigated.

EXPERIMENTAL

The PEN filament specimens were prepared by an
MSZA spinning unit equipped with specially de-
vised drawing and heating units, the detailed lay-
outs and processing conditions of which are sche-
matically described in Figure 1 and listed in Ta-
ble I, respectively. The molten PEN was extruded
through a spinneret, composed of 204 nozzles, at

322°C. The diameter of the nozzles was 0.4 mm,
and the throughput rate was regulated to 275
g/min. The as-spun PEN filaments were drawn by
five independent godet rollers (GRs) in series
along the spinline. The rotational speeds of the
respective rollers were set differently to evaluate
the effect of zone annealing conditions on the
resultant fiber properties. The draw ratio was
determined by division of the rotational speed of a
reference roller by that of the first roller. With
reference to Table I, the filaments were drawn
through GRs 1–4 and relaxed by GR 5. The total
draw ratio, the ratio of the rotational speed of the
take-up roller to the first GR, was kept constant
for all the filament specimens.

The thermal properties were examined via dif-
ferential scanning calorimetry (DSC) with a
DSC-7 (Perkin-Elmer). The first run was per-
formed at a heating rate of 10°C/min for 3–5-mg
PEN samples under a dry nitrogen atmosphere.
The DSC sample was heated to 300°C. It was held
at that temperature for 5 min, and then the mol-
ten sample was quenched to 50°C. The same scan-
ning procedure was repeated for the second run.

Dynamic mechanical properties were analyzed
with a Rheovibron (Orientec, DDV-01FP). The
elastic modulus (E9) and loss tangent (tan d) were
measured over a temperature range of 25–275°C.
The heating rate was 3°C/min, the dynamic strain
was 0.05%, the frequency was 110 Hz, and the
hold force was 5 mN/tex.

X-ray beams generated at 40 kV and 100 mA
with a rotating-anode X-ray generator (Rotaflex
RU-3H, Rigaku-Denki) were monochromatized
with a graphite monochromator. The resulting Cu
Ka X-ray beams were introduced to the specimen
through a pinhole collimator 0.5 mm in diameter
for wide-angle X-ray diffraction (WAXD). Equato-

Figure 1 Schematic description of the MSZA spin-
ning apparatus.

Table I Spinning Conditions for Preparation of PEN Filaments

Roller

Rotational Speed (m/min)

GR 1 GR 2 GR 3 GR 4 GR 5 Take-Up

Roller Temperature Cold 130°C 135°C 210°C 110°C Cold
DR 3.0 1113 1133 2700 3340 3300 3310
DR 3.5 954 974 2700 3340 3300 3310
DR.4.0 835 855 2700 3340 3300 3310
DR 4.5 742 762 2700 3340 3300 3310
DR 5.0 668 688 2700 3340 3300 3310
DR 5.5 607 627 2700 3340 3300 3310

DR 5 draw ratio.
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rial WAXD measurements were carried out over a
2u range of 5–40° at a scan speed 5°/min in the
reflection mode. To assess the effect of the draw
ratio on the microstructure of PEN filaments, we
took WAXD photographs in the transmission
mode. The camera length of WAXD was 30 mm.
All the WAXD patterns were recorded in vacuo
onto Kodak diagnostic films (DEF5).

Each PEN filament specimen was positioned
parallel between microscope glasses and placed at
an angle of 45° relative to the crossed polarizers of
the microscope, which was equipped with a so-
dium lamp (l 5 0.5893 mm) and a Berek compen-
sator. At the ends of the filaments, which were cut
on the bias, the overall difference of phase F was
determined by the measurement of the number of
fringes (including the partial fringe). For each
filament, the birefringence was calculated with
the formula Dn 5 (F/2p)(l/D), where D is the diam-
eter of the filament. To examine the degree of ori-
entation, we took the birefringence of fully oriented
PEN filament as 0.487 for the reference point.6

Thermal shrinkage in hot air (120, 140, and
160°C) for 10 min was measured. The initial
length of the filaments was about 500 mm, and no
tension was applied during measurement. Tensile
properties were measured with an Instron tester
(model 4465) equipped with standard fiber grips.
The gauge length was 20 mm, and the crossover
head speed was 10 mm/min. An average value of
10 measurements for each sample was taken as
data. The average filament thickness was deter-
mined by the weighing of a 1-m bundle composed
of 612 filaments. All the samples heat-treated
were used as WAXD specimens.

RESULTS AND DISCUSSION

For the fiber-spinning process, the stretching ra-
tio in the respective zones is given in Table II. The

filament with a higher draw ratio undergoes less
cold stretching between the nozzle and GR 1 but
is subject to greater hot stretching between GR 1
and GR 3 (the hot draw ratio), and vice versa.
Consequently, greater annealing is given to the
filament with the higher draw ratio. In all cases,
the filament becomes relaxed between GR 4 and
GR 5, and only a little tension is exerted on the
filament between GR 5 and the take-up roller.
The total draw ratio between the nozzle and take-
up roller is the same for all the PEN filament
specimens.

Figure 2(a,b) shows DSC thermograms of PEN
filaments obtained during the first and second
runs, respectively. The analytical values of the
DSC results are given in Table III. All the fila-

Figure 2 DSC curves of PEN filaments prepared by
MSZA: (a) first and (b) second scan curves.

Table II Stretching Between GRs

Stretching Ratio Between

Nozzle/GR 1 GR 1/GR 2 GR 2/GR 3

DR 3.0 139.125 1.018 2.38
DR 3.5 119.25 1.021 2.77
DR.4.0 104.375 1.024 3.16
DR 4.5 92.75 1.027 3.54
DR 5.0 83.5 1.03 3.92
DR 5.5 75.875 1.033 4.31

DR 5 draw ratio.
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ments exhibit a sharp melting peak in a narrow
temperature range in the vicinity of 270°C, but
the glass-transition behavior is barely observable.
With an increasing hot draw ratio, Tm is slightly
increased, and the melting peak becomes sharper
and the half width of the peak decreases. This
suggests that a more perfect and more uniform
crystal structure is obtained at a higher hot draw
ratio. This is expected because more effective an-
nealing is conferred on the filament at a higher
hot draw ratio. In addition, E9 and tan d of PEN
filaments by the Rheovibron are plotted against
temperature in Figure 3 to clarify the glass-tran-
sition behavior. As the hot draw ratio is in-
creased, E9 is increased, the peak temperature of
tan d corresponding to the a relaxation (Tg) is
shifted to a higher temperature, and the peak
intensity is reduced. This suggests that more mol-
ecules in the amorphous region become ordered
with increasing orientation. The b relaxation is
also found in the vicinity of 85°C.

Sometimes, the microstructure of highly ori-
ented filaments can be more clearly revealed by

multiscanning of the filament specimens. In this
study, the second heating run is obtained for the
first-run PEN specimen after it has been fully

Figure 3 Variation of the elastic modulus and tan d
with temperature for PEN filaments prepared by MSZA.

Figure 4 Equatorial WAXD patterns of PEN filaments
prepared by MSZA, showing the effect of the draw ratio
(DR) and additional heating on the crystal structures of
the filaments: (a) DR 5 3.0 and (b) DR 5 5.5.

Table III DSC Results for the PEN Filaments

Draw Ratio

3.0 3.5 4.0 4.5 5.0 5.5

First run Tm (°C) 266.7 266.9 268.5 269.2 270 270.5
DHm (J/g) 53.966 45.913 44.851 53.822 56.742 52.727

Second run Tm (°C) 262.9 261.9 262.2 262.2 262 261.9
DHm (J/g) 30.542 19.156 22.401 24.248 27.373 25.086

DHm 5 heat of fusion.
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melted at 300°C for 5 min to eliminate remaining
structures and residual stresses. The second-run
DSC curve so obtained in Figure 2(b) is different
from the first curve in Figure 2(a) in two points;
the second run exhibits glass-transition behavior,
and there is a shift of the melting peak to a lower
temperature by about 10°C. On the second heat-
ing scan obtained after the cooling of the fully
melted PEN specimen to room temperature,
glass-transition behavior appears at 120°C. This
indicates that much of the amorphous region of
PEN is transformed into a mesophase in the fila-
ment. In addition, the decrease in Tm in the sec-
ond run suggests that the crystalline structure of
PEN, recrystallized from its melt, is different
from that of the PEN filament. The decrease in
Tm in the recrystallized specimen indicates that
the PEN filament has a more perfect crystalline
structure than the recrystallized one. Hence, this
thermal analysis verifies that the filaments are
mainly composed of two phases, a crystalline

phase and a mesophase, in which almost all the
molecules in the amorphous region are perfectly
ordered by effective annealing in MSZA spinning.

It is reported that PEN produces different
forms of crystals, largely depending on the crys-
tallization temperature and drawing. Nagai et
al.14 reported that drawn PEN filaments have a
transition of the crystal structure from the a form
to the thermodynamically more stable b form by
tensionless heat treatment. However, cold draw-
ing is known to bring about a transition from the
b form to the a form.14 Figure 4 shows equatorial
WAXD patterns of the PEN filament specimens.
Figure 4 suggests that the crystal of the PEN
filament specimen takes the a form. In the figure,
the peaks at 15.6, 23.2, and 26.2° are assigned to
the (010), (100), and (2110) planes of the crystal,
respectively. A small crystalline peak shift with a
changing draw ratio was observed even for the
heat-treated samples, suggesting that the crystal
structure is little affected by drawing at 160°C.
This agrees with the previous result14 that the
a-form crystal is transformed to the b-form crys-
tal only when the heat-treatment temperature
exceeds 200°C.

To investigate the molecular orientation, we
photographed WAXD patterns; they are shown in
Figure 5. The off-equator layer lines move to the
equator and become concentrated there in the
WAXD pattern with an increasing draw ratio.
These results indicate that the unoriented amor-
phous region in the filament becomes ordered
with an increasing draw ratio in the MSZA draw-
ing process, and the crystalline phase at a higher

Figure 5 Photographs of equatorial WAXD patterns
by MSZA, showing the effect of the draw ratio (DR) and
additional heating on the molecular orientation of the
filaments: (a) DR 5 3.0, (b) DR 5 3.5, (c) DR 5 4.0, (d)
DR 5 4.5, (e) DR 5 5.0, and (f) DR 5 5.5.

Figure 6 Variation of the degree of orientation with
the draw ratio for PEN filaments by birefringence.
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draw ratio becomes a more perfect structure. This
agrees with the previous thermal analysis.

Figure 6 presents a plot of the degree of orien-
tation of PEN filaments against the hot draw
ratio by birefringence. The PEN filaments ob-
tained by MSZA drawing give an unusually high
degree of orientation, 0.48, a value much greater
than that reported for most oriented PET fila-
ments, 0.3. The high degree of orientation seems
to originate from the high stiffness of the naph-
thalene ring, which is helpful for the alignment of
PEN molecules in the spinline.15 In addition, the
degree of orientation is increased with an increas-
ing hot draw ratio up to a draw ratio of 4. How-

ever, a further increase in the hot draw ratio does
not produce a notable increase in the degree of
orientation in the MSZA spinning process.

Tensile properties of PEN filaments are shown
in Figure 7. As expected, the tensile modulus and
tensile strength are increased with an increasing
hot draw ratio. Unlike the results from birefrin-
gence and WAXD patterns, the tensile properties
of PEN filaments monotonically increase as the
hot draw ratio is increased. This seems to result
from the increase in molecular orientation, par-
ticularly in the amorphous region.

The tensile properties of filaments depend on
orientation in the amorphous region and in the
crystalline region. However, Figure 7 indicates
that little rearrangement of the molecular struc-
ture takes place after heat treatment. In other
words, the inner structure of PEN filaments is
already well established during MSZA spinning.
Elongation at break still decreases with a further
increasing hot draw ratio higher than 4, as shown
in Figure 8. Consequently, increasing the hot
drawing is more effective than increasing the cold
drawing to acquire more desirable physical prop-
erties for tire cord applications.

The shrinkage of PEN filaments at elevated
temperatures offers a quantitative measure of di-
mensional stability, which is a crucial point for
tire cords. Figure 9 shows the effect of the hot
draw ratio on the thermal shrinkage of PEN fila-
ments at three different temperatures. It is be-
lieved that tire cord under extreme conditions
should withstand thermal distortion or thermal
shrinkage up to 120–130°C. Because of its low Tg

Figure 7 Variation of the tensile properties with the
draw ratio for PEN filaments prepared by MSZA: (a)
tensile modulus and (b) tensile strength.

Figure 8 Variation of the elongation at break with
the draw ratio for PEN filaments prepared by MSZA.
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(ca. 70°C), PET may cause problems: the highly
oriented PET filaments can shrink in the service
temperature range that high-speed cars some-
times encounter. When heated to 140°C, the PEN
filaments produce less than 1% shrinkage,
whereas the PET fibers show greater than 6%
shrinkage.16 The PEN filaments produce only a
little shrinkage, even at 160°C.

CONCLUSION

The MSZA spinning method proved effective and
successful in preparing high-performance PEN
tire cords with good dimensional stability at ele-
vated temperatures. The MSZA-spun PEN fila-
ments showed glass-transition behavior only with

Rheovibron tests and exhibited less than 1% ther-
mal shrinkage even after exposure to 140°C for 10
min. Thus, the MSZA spinning process is recom-
mended for obtained PEN tire cords for severe
service conditions.
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Figure 9 Variation of the thermal shrinkage with the
draw ratio for PEN filaments prepared by MSZA.
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