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SYNOPSIS

Poly(ethylene-2,6-naphthalenedicarboxylate)(PEN) has been prepared from commercial
dimethyl-2,6-naphthalenedicarboxylate (DM-2,6-NDC) and ethylene glycol (EG) according
to the well-known transesterification/polycondensation route. PEN fibers, intended for
industrial yarn applications, were obtained by melt spinning and drawing high molecular
weight PEN. The properties of these yarns were measured in detail and compared with
those of PET industrial yarns. The development of molecular orientation in the spinline
is more pronounced for PEN than for PET. Because the yield stress is lower, PEN yarns
can more easily be drawn. Breaking tenacities of PEN yarns are comparable with those of
PET yarns, but the modulus is much higher and the thermal shrinkage is lower. Therefore,
PEN yarns have a better dimensional stability than PET yarns. In addition, it was dem-
onstrated that the thermal resistance of PEN yarns is better. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Poly(ethylene-2,6-naphthalenedicarboxylate)
(PEN) is a new high-performance polyester that
exhibits physical and chemical properties superior
to those of poly(ethylene terephthalate) (PET).
Structural formulae of both polymers are shown
below.
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The naphthalene moiety in PEN provides stiff-
ness to the linear polymer backbone, leading to im-
proved thermal resistance, excellent mechanical
properties, such as tensile properties and dimen-
sional stability, and outstanding gas barrier char-
acteristics. PEN has a DSC melting point that is
about 10°C higher than that of PET (PEN: 265°C;
PET: 255°C); the glass transition temperature is
about 50°C higher than for PET (PEN: 125°C; PET:
75°C).%%® These properties make PEN an interest-
ing material for investigating both the fiber spinning
and drawing processes and the fiber properties.

PEN can be prepared from commercially avail-
able dimethyl-2,6-naphthalenedicarboxylate (DM-
2,6-NDC) and ethylene glycol (EG) by means of an
ester-interchange reaction to form a mixture of
oligomers, followed by a polycondensation to obtain
the PEN prepolymer. A separate solid-state post-
condensation is required to achieve a high melt
strength necessary for film extrusion or fiber spin-
ning. The preparation of PEN was first described
in 1948.* Later on, several other patents®® were dis-
closed dealing with the preparation and applications
of PEN. During these years, both the availability of
the DM-2,6-NDC raw material and the price of the
monoier were a major barrier for commercialization
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of PEN. Recently, some chemical companies ex-
pressed their interest to scale up the preparation of
the DM-2,6-NDC raw material.*!°

Like PET, PEN is a clear resin that can be used
to produce films, containers, and industrial fibers.
Detailed information on PEN films was recently
given in the literature.** In the packaging resins
area, PEN has excellent potential in hot-fillable and
returnable refillable containers.

In this article, we present a detailed study on the
preparation of PEN for industrial fiber applications.
PEN fibers were prepared from high molecular
weight PEN according to a melt-spinning process,
followed by a fiber-drawing step. The properties of
the resulting PEN yarns were measured and com-
pared with those of PET industrial yarns. Thus,
more insight into the characteristic features of PEN
for industrial fiber applications was gained.

EXPERIMENTAL

Polymer Preparation

PEN polymer was produced on a standard 200 L
polyester autoclave. A mixture of dimethyl-2,6-
naphthalenedicarboxylate (DM-2,6-NDC, 48.0 kg)
and ethylene glycol (EG, 32.0 kg) was trans-
esterified by using manganese diacetate catalyst
(Mn(OAc),-4H,0, 340 ppm) to give PEN oligomer.
When the transesterification was finished at about
230°C, a phosphorous stabilizer (triethyl phos-
phonoacetate, 360 ppm) and an antimony trioxide
polycondensation catalyst (Sb,0O3, 250 ppm) were
added. The oligomer was polymerized at 290°C by
a standard procedure to a low-viscous PEN prepo-
lymer with a relative solution viscosity of 1.540 (as
measured on 1 g polymer in a solvent mixture of 60
g of phenol and 40 g of o-dichlorobenzene at 35°C).
Postcondensation of the chips to high molecular
weight PEN was carried out in the solid state by
means of a tumble dryer for 14 h, under high vacuum,
and at a granule temperature of 227°C. PEN chips
with a relative solution viscosity of 1.915 were ob-
tained. Chips were kept dry by storage in sealed bags.

In our study, a comparison is made with
poly (ethylene terephthalate) (PET) having a rel-
ative solution viscosity of 1.850 (as measured on 1
g of polymer in 100 g of m-cresol at 25°C).

Spinning

The spinning machine consisted of an electrically
heated 30 mm extruder, adjusted at 310°C, which

fed the polymer melt at a pressure of 100 bar to a
metering pump with a capacity of 2.25 cm® per rev-
olution. The number of revolutions per minute
(rpm) of this pump was adjusted to obtain the de-
sired output. The spinning assembly was composed
of a spin pack with 325 mesh gauzes (44 um) as the
finest filter medium, and a spinneret with 36 circular
holes having a diameter of 400 ym and a 1/d ratio
of 1.6. The temperature of the metering pump and
spinning assembly was maintained at 310°C. In one
case, a 40 cm long tube, heated to a temperature of
354°C, was mounted directly under the spinneret.
The yarn bundle was cooled with ambient air having
a speed of 20-30 cm/s. A standard PET tire yarn
finish was applied to the yarn. The winding speed
was varied between 500 and 4000 m/min.

The PET chips were spun from a spinneret pro-
vided with 105 circular holes, each having a diameter
of 500 um, also with al/d ratio of 1.6. The spinning
temperature was 295°C; no hot tube was applied. In
this case, the winding speed was varied between 500
and 5500 m/min. A more detailed survey of the
spinning conditions is given in Table 1.

Drawing

Five PEN as-spun yarn bundles were assembled to
give a drawn yarn with 180 filaments. Drawing was
carried out in two stages. In the first stage, cold
drawing, the yarn bundle was drawn on a hot metal
pin (diameter 10 cm) wrapped once or twice. Proper
adjustment of the drawing neck on the hot pin
proved possible. To this end, the yarn was preheated
to 115-120°C on a hot plate or on a hot roll, mounted
closely before the draw pin. The optimum temper-
ature of the draw pin was found to be 130-140°C.
The draw ratio in the first stage was optimized by
minimizing the number of broken filaments, as de-
tected by a fluff counter. In the second stage, hot
drawing, the yarn bundle was invariably drawn in
hot steam at a temperature of 260°C in a 10 m long
box. In this way, yarns with an elongation at break
of 6-8% were produced. The winding speed during
drawing was kept at 40-60 m/min.

In the case of PET, two yarn bundles were as-
sembled to form a drawn yarn with 210 filaments.
Drawing took place on a steamdrawing frame. Cold
drawing was carried out on seven static pins at 75°C,
whereas hot drawing took place in 250°C steam in
a 10 m long box. Optimization of the draw ratio in
the first stage was again carried out by detecting the
minimum number of broken filaments. The total
draw ratio was adjusted to impart to the drawn yarns
an elongation at break of approximately 10%. The
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Table I Spinning and Drawing Conditions of PEN and PET

PEN PET
Relative solution viscosity 1.915 1.850
Spinning:
Spinning temperature (°C) 310 295
Number of spinneret holes 36 105
Hole diameter (um) 400 500
Spinning speed (m/min) 500-4000 500-5500
-Hot tube in one case: none
40 cm at 354°C,
700 m/min
Drawing:
Number of filaments/bundle 180 210
Cold drawing:
Preheating temperature (°C) 115-120 —
Pin temperature (°C) 130-140 75
Hot drawing:
Steam temperature (°C) 260 250
Winding speed (m/min) 40-60 200
Yarn count {dtex) 900-1300 1100

yarns were wound at 200 m/min. Drawing conditions
for PEN and PET are given in Table I also.

Characterization
Tensile Measurements on PEN Yarns

All measurements of thermal mechanical properties
were performed on samples conditioned at 21°C and
65% relative air humidity. The linear density of the
yarns was determined by weighing three lengths of
10 m of yarn and taking the average value. The fila-
ment count was measured with the aid of a vibroscope.

Load-elongation experiments were carried out on
as-spun fibers in order to characterize the spinning
speed influence. An Instron tensile tester with stan-
dard yarn grips was used. The gauge length of the
yarn samples was 150 mm, the clamp speed
amounted to 150 mm/min, and the pretension was
5 mN /tex. The data for each yarn are the average
values of five repeated experiments. The as-spun
yarn samples were not twisted. The apparent break-
ing tenacity, i.e., the maximum observed load divided
by the initial linear density, the elongation at break,
and the initial modulus were determined. The true
tenacity was calculated according to the assumption
of deformation at constant volume.!®

Tensile experiments were carried out on as-spun
PEN filaments at elevated temperatures in order to
study the yield behavior of these fibers. The samples
comprised yarns spun at 500 m/min up to 1000 m/
min inclusive. Metal flat grips were used, the gauge

length was 40 mm, and the clamp speed amounted to
400 mm/min. The tensile tests were repeated five times
on each type of filament at temperatures ranging from
90°C up to 160°C, with an increment of 10°C. A fil-
ament was clamped into the grips, and next the sample
was more or less freely conditioned to the oven tem-
perature. A pretension of 0.5 mN /tex was applied in
order to calculate the stress—strain relations from the
load-elongation curves. The yield stress was taken as
the observed local maximum stress at an elongation
of about 5%. The initial modulus was calculated from
the slope of the first part of the stress—strain relation
at an elongation of approximately 2%.

Load-elongation experiments were carried out on
various drawn yarns in order to characterize their
tensile properties. The yarns were twisted 90 turns
per meter. Yarn grips were applied, a gauge length
of 500 mm was used, the clamp speed was 500 mm/
min, and a zero strain was defined by a pretension
of 5 mN /tex. The data were averaged over five mea-
surements for each type of yarn. Mechanical prop-
erties, such as breaking tenacity, elongation at break,
and initial modulus, were obtained from the recorded
load-elongation curves.

Tensile experiments were carried out at tempera-
tures from room temperature up to 200°C in order to
determine the thermal resistance of drawn PEN yarn
relative to PET yarn. Three PEN yarns, spun at 700
m/min with and without a hot tube and at 4000
m/min, and two commercial PET yarns, Diolen 1125T
and 2200T, were studied. An Instron dynamometer
with oven was applied using standard grips. The gauge
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length was 150 mm and the crosshead speed was 150
mm/min. The samples were more or less freely con-
ditioned to the ambient temperature in the oven.
Owing to this procedure some thermal shrinkage might
have occurred. The load-elongation experiments were
carried out five times on each yarn type.

Dynamic Mechanical Analysis

Dynamic mechanical tests were carried out in the
extension mode using a Qualimeter type Eplexor.
The temperature dependence of the complex mod-
ulus of a representative drawn PEN yarn and a
commercial PET yarn was measured over a range
from —150 to 250°C. The heating range was 1°C/
min, the static strain was 0.5%, the dynamic strain
was 0.05%, the frequency was 60 Hz, and the hold
force was 5 mN /tex.

Thermal Shrinkage

The yarn shrinkage in hot air (SHA ) was measured
on as-spun yarns. Skeins made at a tension of 5
mN /tex with an initial length of about 500 mm were
given a tensionless heat treatment in hot air of 190°C
for 15 min. The shrinkage is equal to the relative de-
crease in skein length (averaged over three samples)
after reconditioning. The hot air shrinkage (HAS) was
measured on drawn yarns only. The hot air shrinkage
is the relative decrease in length (approximately 400
mm) of the test specimen after 4 min at a temperature
of 160°C under a tension of 5 mN/tex.

X-Ray Diffraction

WAXS measurements were carried out in trans-
mission on samples prepared by winding a smooth
layer of yarn filaments around a metal frame. The
vertical diffractometer (Philips) was equipped with
a quartz monochromator, Soller slits, a divergence
slit (1°), a scatter slit (0.2 mm), a receiving slit
(1°), and a sealed gas-filled detector PW1711/10.
The X-ray source was a CuKa tube with A = 1.5418
A. The water-cooled PW1730/10 generator was op-
erated at 40 kV X 40 mA = 1600 W. The diffrac-
tometer was coupled to a computer for collecting the
data. The X-ray scans were fitted by means of Pear-
son functions.®'’

Density

The density of the samples was determined at 23°C
in a Davenport gradient column containing n-hep-
tane and tetrachloromethane mixed in a ratio that

gradually decreased downwards. The density gra-
dient was calibrated with floating balls of known
density. The density measurements were carried out
on three pieces of yarn that had been wetted and
put into the column. After 6 h, the density was cal-
culated from their position in the column.

Sonic Pulse Propagation

A piece of sample was clamped at one end, passed
horizontally over a couple of pulleys, and loaded at
the other end with 2 ¢cN/tex. Between the pulleys,
two piezo-electric transducers were placed on the
yarn for transmitting and receiving sonic pulses of
60 us long with a frequency of 10 kHz. An oscillo-
scope was used to adjust the triggering of the pulses
on a counter. The pulse propagation time through
the yarn was measured in fivefold, with time inter-
vals of 15 s over a distance of 120 em and, subse-
quently, over a distance of 40 cm. The difference in
distance (being 80 c¢m) divided by the average dif-
ference in traveling time equals the sound velocity.
The product of density and the squared velocity gives
the sonic modulus of the yarn.

Birefringence

Ten filaments, immersed in dibutyl phthalate, were
positioned parallel between microscopic glasses and
placed at an angle of 45° relative to the crossed po-
larizers of a microscope, which was equipped with a
sodium lamp (A = 0.5893 um) and a de Sénarmont
compensator. At the ends of the filaments, which
were cut on the bias, the overall difference of phase
¢ was determined by measuring the number of
fringes (including a partial fringe). For each fila-
ment, the birefringence was calculated by means of
the formula An = (¢/27)*(A/D), where D is the
diameter of the filament.

Differential Scanning Calorimetry

Melting peaks of the yarns were determined with a
Perkin-Elmer DSC-7 Differential Scanning Calo-
rimeter by heating a cup containing the sample (3-
4 mg) at a heating rate of 20°C /min, and recording
the heat flow difference between this cup and an
empty reference cup.

RESULTS AND DISCUSSIONS

Spinning and Structural Aspects

The PEN chips could easily be spun at 310°C. The
development of orientation with spinning speed was
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Figure 1 Birefringence of as-spun PEN and PET yarns
as a function of spinning speed. Dashed lines are locally
weighted regression fits.

followed by means of the birefringence of the as-
spun yarns (An,). For PEN yarns, much higher
values of the birefringence are measured than for
PET yarns. These results are shown in Figure 1 and
Table II.

For both polymers, an increase of the birefrin-
gence with the spinning speed is found, the increase
being much stronger for PEN than for PET, how-
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ever. At least partially, this difference must be at-
tributed to the higher intrinsic birefringence of PEN,
which is the result of the larger aromatic ring system.
The values of the intrinsic birefringence of perfectly
oriented crystalline and amorphous PEN are not
yet known.!® Therefore, the birefringence of a fully
oriented yarn (An,), 0.487 for PEN and 0.244 for
PET, was taken as the reference point. These scaling
factors are obtained by correlating the birefringence
with the absolute values of the orientational order
parameters that are provided by polarized Raman
scattering experiments for a range of PET and PEN
fibers.!® Values for the average orientation are given
in Table II. Evidently, the orientation of PEN mol-
ecules, developed during spinning, is much higher
than that of the PET molecules. Apparently, the
slower relaxing PEN molecules? orient more effec-
tively under the influence of spinline stress than the
more flexible PET molecules do.

Just as for PET, the density of PEN increases
with the average orientation (see Fig. 2). Unlike
PET, 2! however, this was not attended with the for-
mation of large crystals. Actually, the X-ray equator
scans in Figure 3(a) show that, even at high spinning
speeds, the present PEN samples do not contain
large crystals [ compared with the equatorial X-ray
scan of drawn semicrystalline PEN yarn shown in
Fig. 3(b)]. Possibly, the high-speed spun PEN yarns
contain a substantial amount of crystallites, which

Table II Birefringence, Orientation, Density, and Thermal Shrinkage of PEN

and PET Fibers Spun at Various Speeds

Spinning Speed Birefringence Orientation Density SHA?
(m/min) An,, An,/An? (kg/m?) (%)
PEN:
500 0.0107 0.022 1327.8 43.8
700 0.0172 0.035 1327.8 53.1
700° 0.0074 0.015 1327.8 27.9
1000 0.0289 0.059 1328.1 60.9
2000 0.0842 0.173 1330.8 71.9
3000 0.1664 0.342 1339.2 69.4
4000 0.2357 0.484 1349.1 19.2
PET:
500 0.0019 0.008 1336.6
1500 0.0114 0.047 1336.8
2500 0.0269 0.110 1337.7
3500 0.0496 0.203 1345.3
4500 0.0894 0.366 1370.5
5500 0.1122 0.460 1382.1

® Ang, = birefringence of as-spun yarns, An, = birefringence of fully oriented yarns. For PEN An,

= 0.487, for PET An, = 0.244.
Y SHA = shrinkage hot air.
¢ Hot tube applied.
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Figure 2 Density of as-spun PEN and PET yarns as a
function of spinning speed. Dashed lines are locally
weighted regression fits.

are too small to be detected by X-ray. Note that the
melting point of a semicrystalline PEN yarn is much
higher than that of the as-spun yarns (274°C vs.
265°C).

(b)

Intensity (arb. units)

5 10 15 20 25 30 35
Diffraction angle (deg)
Figure 3 (a) Equatorial X-ray diffractometer scans of
as-spun PEN yarns as a function of spinning speed (700,
1000, 2000, 3000, and 4000 m/min from bottom to top).

(b) Equatorial X-ray diffractometer scan of drawn semi-
crystalline PEN yarn.

Table III Drawing Data of As-Spun PEN
and PET Fibers

Spinning Speed

(m/min) DR,* DR DR, /DRy
PEN:
500 4.6 5.1 0.90
700 3.8 4.25 0.89
700P 5.3 6.2 0.85
1000 3.3 3.6 0.92
4000 (1.2)° 1.3 (0.92)¢
PET:
500 4.02 5.70 0.71
1500 2.82 3.57 0.79
2500 2.15 2.55 0.84
3500 1.65 2.00 0.82
4500 1.30 1.72 0.76
5500 1.09 1.47 0.74

2 DR, = cold draw ratio; DRyya = total draw ratio.

b Hot tube applied.

¢ Cold drawing was not really necessary; the preoriented partly
crystalline yarn could immediately be drawn in hot steam.

Drawing of As-Spun Yarns and Structural Aspects

Data on the drawing processes are shown in Table
ITI. The total draw ratio is shown as a function of
the spinning speed in Figure 4. The higher orientation
of PEN in the as-spun yarns results in lower total
draw ratios. The indicated total draw ratios resulted
in drawn PEN yarns having an elongation at break
of 6-8%. Drawing to an elongation at break of 10% —
making the results more comparable with the PET
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Figure 4 Total draw ratio as a function of spinning
speed for PEN and PET. Dashed lines are locally weighted
regression fits.
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data—would have resulted in even lower draw ratios.
Conversely, drawing PET to 6-8% elongation at
break is almost impossible. Therefore, drawing with-
out fluffs and breaks to low elongation at break values
is much easier for PEN than for PET.

The drawing processes for PEN and PET have
some remarkable differences. The first difference is
that the cold draw ratio is so high for PEN. Ap-
proximately 90% of the total drawing of PEN takes
place on the hot pin, whereas the total drawing of
PET on this pin is approximately 70-80%. This be-
havior is illustrated in Figure 5. Secondly, pin draw-
ing of PET takes place at 75°C, which is exactly the
DSC glass transition temperature of this polymer.
For PEN, the glass transition temperature, as mea-
sured by means of the DSC technique, is 125°C, but
the temperature of the draw pin (s) must be higher,
preferably 135°C. At too low temperatures, PEN
yarn gets a milky appearance, the number of broken
filaments is high, and the resulting tenacity is low.
The nature of the milkiness was not studied, but
crazing or void formation is a possible cause. Even
if the pin temperature is set at 135°C, drawing does
not yet proceed without complications. The as-spun
PEN yarn has a tendency to neck when contacting
the hot pin, while the temperature is still too low.
Smooth drawing, with a correct positioning of the
neck on the draw pin, was only achieved if the yarn
had been preheated to 115-120°C just before the
pin. A slight predrawing of the yarn on the preheated
roll or hot plate is then observed. Drawing tensions
are lower for PEN than for PET. Almost indepen-
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dent of the spinning speed drawing tensions of 100-
140 mN /tex after the pin were measured for PEN,
whereas the tension of PET varied between 150 and
200 mN /tex. Also, in a second drawing step, in hot
steam the drawing tensions were lower for PEN:
100-120 mN /tex, as against 180-220 mN /tex for
PET. Tension measurements were made with a
Schmidt DTM-4K apparatus, having a range up to
4000 cN.

The observed higher as-spun orientation (bire-
fringence) and lower draw ratio of PEN, when com-
pared with those of PET, are, of course, interrelated.
When the total draw ratio (DR;ya1) is plotted as a
function of birefringence in a double logarithmic
plot, there seems to be a difference between PEN
and PET. However, as mentioned before, PEN has
a much higher intrinsic birefringence. Therefore, the
birefringence was normalized, using the birefrin-
gence values for fully oriented PEN and PET yarns.
The new relation, illustrated in Figure 6, shows small
differences, albeit higher draw ratios are found for
PEN at a low birefringence level.

On hot drawing, the physical structure of the as-
spun PEN yarns changes dramatically. The orien-
tation increases substantially and so-called «-
crystals?® are formed. In contrast with the above-
mentioned as-spun yarns, the equatorial X-ray scans
of drawn semicrystalline PEN yarns perform sharp
reflection peaks of a-crystals (see Fig. 3). A number
of structural parameters of a fully drawn PEN and
a PET yarn are summarized in Table IV. From these
data, it follows that the crystal size, the crystallinity,
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Figure 6 Total draw ratio as a function of the normal-
ized birefringence for PEN and PET. Dashed lines are
locally weighted regression fits.
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Table IV Physical Properties of Fully Drawn
PEN and PET Yarns®

PEN PET
Density (kg/m?) 1365.4 1402.3
Crystal density (kg/m?®) 1405 1502
Crystalline fraction 0.38 0.37
Crystal size (A3-107%) 5.0 4.2
Crystalline orientation 0.99 0.98
Birefringence 0.3430 0.1823
Sonic modulus (GPa) 40.2 189
Amorphous orientation factor 0.85 0.78
Melting point (°C) 274 248/254

® For a detailed description of the calculation of the structure
parameters, we refer to refs. 16 and 17.

and the crystalline orientation are about the same
for drawn PEN and PET yarns. However, the
amorphous orientation factor of PEN is higher,
which leads to a higher modulus of the drawn PEN
yarns.

Mechanical Properties of As-Spun PEN Yarns

Load-elongation curves typical of as-spun PEN
materials are shown in Figure 7. This figure illus-
trates the large effect of spinning speed on the tensile
response of the as-spun PEN fibers. Increasing the
spinning speed results in an increase in (true)
breaking tenacity, and in a decrease of the elongation
at break. Rupture of the yarn samples is not so pro-
nounced, due to the small number of filaments in
the yarn. A distinct yield point is observed for spin-
ning speeds up to 3000 m/min. The yield stress in-
creases with increasing spinning speed. A hot tube
causes an extended load-elongation curve. The val-
ues for the shrinkage in hot air of the as-spun PEN
yarns are provided in Table II as a function of the
spinning speed. The shrinkage increases up to about
70% in the range of 2000 to 3000 m/min, and de-
creases to about 20% at 4000 m/min. Application of
a hot tube lowers the shrinkage.

The molecular orientation (from birefringence
data) of the as-spun PEN yarns increases with the
spinning speed, as a result of which the modulus
and tenacity of the as-spun PEN yarns become
higher. Up to 2000 m/min the shrinkage increases
also, because oriented amorphous molecules have a
stronger tendency to coil at elevated temperatures.
At 2000 m/min, however, the shrinkage passes
through a maximum (see Table I1). This maximum
coincides with the strong increase in density (see
Fig. 2), which is probably due to the formation of

crystallites. These crystallites will act as crosslinks,
which hinder the coiling of the oriented amorphous
molecules. This phenomenon is also known for as-
spun PET yarn.?2

The temperature variation of the stress—strain
relations of the PEN yarns spun at speeds ranging
from 700 m/min up to 1000 m/min inclusive has
been investigated. Results are presented elsewhere
in more detail.? At the lowest temperatures, the
stress—strain curve shows a clear yield point and a
subsequent decrease in conventional stress. This
means that necking and cold drawing take place.
The yield stress diminishes up to 130°C. From this
temperature and over, the stress-strain curves dis-
play rubber-like behavior. From the change in the
shape of the load-elongation curve it is concluded
that the glass transition temperature is in between
120 and 130°C. The temperature variation of the
initial modulus of the four different PEN fibers spun
at the lowest speeds is provided in Figure 8. A sharp
decrease in modulus is observed between 110 and
130°C. The temperature dependence of the modulus
and the decrease of about three orders of magnitude
are characteristic of the glass—rubber transition. In
addition, the variation in yield stress is found to
decrease (linearly) in the temperature range from
90 to 120°C. From these experimental results it can
be concluded that the glass transition temperature
is about 125°C. This value is in very good agreement
with the transition temperature found from DSC
experiments. On the basis of the above indication,
the appropriate temperature for drawing on hot pins
is expected to be in the range of about 120 to 130°C.
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Figure 7 True stress-strain curves of as-spun PEN
yarns; spinning speeds as indicated.



104
=
o .
103 T 4
= 4
E .
,§ 102 »
A
S .
= ® 500
S 10 4 300 X\"O
g= ¢ 1000 o®44
y—t ¥ 700, hot tube ¢ o
100

0 40 80 120 160 200
Temperature (°C)

Figure 8 Temperature variation in the inital modulus
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min) as indicated. Dashed line connects data points for
700 m/min.

A slightly higher pin temperature (135°C), indeed,
gave good drawing results. Quite remarkable is the
low yield stress of PEN compared with that of PET.
The yield stress of PEN is about twice as low as
that of PET. Due to the low yield stress, the drawing
process of PEN yarn is more critical to handle than
that of PET fibers. This result agrees with the ob-
served tensions for PEN and PET during drawing
experiments. The difference between the yield be-
havior of PEN and PET yarn may originate from
the stiffer chain of PEN. The following picture may
apply. PET molecules resemble boiled spaghetti
strands, whereas PEN molecules behave more like
raw spaghetti. Spaghetti strands slide more easily
along each other before boiling than after boiling
because of the higher number of entanglements in
the latter case. The same stiffness might favor ori-
entational ordering of PEN molecules, which is, in-
deed, observed (see Table II). The suggested dif-
ference in number of entanglements between PET

PEN FIBER 1437

and PEN also explains qualitatively the observed
higher cold draw ratio of PEN (at the same spinning

speed).

Mechanical Properties of Drawn Yarns

PEN yarns with varying mechanical properties were
obtained by changing the applied (total) draw ratio.
Increasing the draw ratio leads to higher breaking
tenacities up to about 800 mN /tex, to lower elon-
gations at break down to about 4.5%, and to higher
mitial moduli up to about 23 N/tex. For the sake
of simplicity, we prefer to compare the mechanical
properties of PEN yarns spun under different con-
ditions with an elongation at break of 6% instead
of comparing series of fully drawn yarns. By inter-
polating the data we obtained the values of the
breaking tenacity, initial modulus, and hot air
shrinkage for a PEN yarn with an elongation at
break of 6%. The value of 6% is approximately in
the middle of the elongation at break region covered
by our drawing experiments. The mechanical prop-
erties of PEN yarns spun at 700 m/min without and
with a hot tube and at 4000 m/min are compared in
Table V. The application of a hot tube (at 700 m/
min) increases the breaking tenacity and initial
modulus, whereas the hot air shrinkage remains
equal for both conditions. Raising the spinning speed
from 700 m/min to 4000 m/min (without hot tube)
slightly decreases the breaking tenacity and initial
modulus, and lowers the level of the hot air shrink-
age. Consequently, breaking tenacities that are equal
to or slightly less than those obtained for PET yarn
can be attained for PEN yarn, but the corresponding
value of the elongation at break is lower for PEN
than for PET yarn. The initial modulus of drawn
PEN yarns is about twice as high as that for PET
yarn (e.g., about 10 N/tex for Diolen 2200T or
Diolen 1125T). The thermal shrinkage of PEN
varns is only half or even less than that of com-
mercial PET yarns spun at the same speed. It is
concluded that the dimensional stability of PEN

Table V Mechanical Properties of PEN Yarns Spun under Different Conditions, the Elongation at

Break Being 6%

Spinning Speed Breaking Tenacity

Initial Modulus Hot Air Shrinkage

(m/min) (mN/tex) (N/tex) (%)
700 580 17.2 2.30
700° 670 19.0 2.28

4000 560 16.8 2.09

* Hot tube applied.
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Figure 9 Temperature variation in breaking tenacity

of some PEN and PET yarns. Dashed lines are locally
weighted regression fits.

yarn exceeds the stability of PET yarns as a con-
sequence of the much higher initial modulus and the
much lower thermal shrinkage of PEN yarn. Vari-
ation of spinning speed seems to affect the proper-
ties, e.g., the hot air shrinkage, of drawn PEN yarns
much less than those of PET yarns. Again, the ob-
served difference between the properties of drawn
PEN and PET yarns may be attributed to the stiffer
chain of PEN.

The temperature dependence of some tensile
properties of both PEN and PET yarns is illustrated
in Figures 9-11. Three representative drawn PEN
yarns and two commercially available PET yarns
(Diolen 1125T and Diolen 2200T) were selected.
Figure 9 shows that the breaking tenacity of all the
yarns decreases with increasing temperature. The
relation between breaking tenacity and temperature
is nearly linear. The relative decrease in breaking
tenacity from 20°C to 190°C is slightly larger for
PEN than for Diolen 2200T, viz. about 58% and
50%, respectively. The smallest decrease (42%) is
obtained for the high-modulus low-shrinkage PET
yarn Diolen 1125T. The yarns break at a higher
elongation at higher temperatures (see Fig. 10). The
PEN yarns spun without a hot tube exhibit a minor
increase in elongation at break. The increase is much
higher for the PEN yarn spun with a hot tube and
for the PET yarns. The initial modulus of the PEN
yarns is higher than that of the PET yarns over the
entire temperature range from 20°C to 200°C (see
Fig. 11). The modulus decreases with increasing
temperature. At 190°C, the modulus value of the
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Figure 10 Temperature variation in elongation at break
of some PEN and PET yarns. Dashed lines are locally
weighted regression fits.

PEN yarns is approximately 12% of the value at
room temperature, whereas a relative value of about
9% is obtained for the PET yarns. The temperature
dependence of the breaking tenacity, elongation at
break, and initial modulus illustrate as a whole the
better thermal resistance of the PEN yarns than of
the PET yarns.

The temperature variation of the (complex)
modulus obtained by dynamic mechanical experi-
ments is shown in Figure 12 for a drawn PEN yarn

~
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Figure 11 Temperature variation in initial modulus of
some PEN and PET yarns. Dashed lines are locally
weighted regression fits.



that was spun at 1000 m/min and a commercial PET
yarn, Diolen 1125T. The storage modulus and the
loss factor tan 6 (tan 6 = E,/E;, where E, is the loss
modulus and E; the storage modulus) are given as
a function of temperature in Figure 12. The storage
modulus of the PEN yarn is (about 1.5 times) higher
than for Diolen 1125T. As expected, the storage
modulus decreases with increasing temperature. The
a-relaxation of PEN and PET are found at approx-
imately 175°C and 140°C, respectively. The §-re-
laxations are found at about 70°C and —40°C for
PEN and PET. The observed difference in temper-
ature dependence of the dynamic modulus of the
PEN and PET yarn illustrates that the stiffness of
the naphthalene moiety in PEN is higher than the
stiffness of the phenyl moiety in PET.

In summary, spinning and drawing of PEN is
analogous to PET apart from the higher tempera-
tures. Mechanical and thermal properties of PEN
yarns are equivalent to or better than those of PET.
Consequently, PEN yarns are very competitive with
PET yarns with respect to performance. However,
the high cost price of the PEN monomer has so far
made the price /performance ratio too high for in-
dustrial fiber applications.

CONCLUSIONS

The spinning process of PEN resembles that of
PET. The orientation in the spinline is more pro-
nounced for PEN than for PET at the same spinning
speed. Measurements of stress—strain relations and
initial modulus of low-speed as-spun PEN fibers in-
dicate a glass-rubber transition temperature at
about 125°C, which is about 50°C higher than that
of amorphous PET. The yield stress of PEN fibers
is about twice as low as that for PET. Consequently,
PEN yarn can more easily be drawn in the first step
of the drawing process. Also, in the subsequent hot
drawing step, the drawing tension is relatively low,
yet results in high modulus yarns.

Breaking tenacities of PEN yarns can be obtained
at the same level as that of PET yarns, albeit at a
lower elongation at break. The thermal shrinkage
of PEN yarns is lower and the initial modulus is
higher than that of PET yarns. Consequently, PEN
yarns have a better dimensional stability than PET
yarns.

Elevated temperatures up to about 200°C have a
less negative effect on mechanical properties, such
as breaking tenacity, elongation at break, and initial
modulus, of PEN yarn than on those of PET yarn.
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Figure 12 Temperature variation in storage modulus
(solid line) and in loss factor tan é (dashed line) at 10 Hz
of a drawn PEN yarn and PET Diolen 1125T yarn.

Therefore, the thermal resistance of PEN yarns is
better.
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