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SYNOPSIS

The neck-like deformation process occurring in high-speed melt spinning of polyamide 66
and polyamide 6 filaments was investigated at take-up speeds of 4200 to 5500 m/min by
on-line laser light scattering, thermographic contrast compensation, and wide-angle X-ray
scattering (WAXS) measurements. New information about the onset of crystallization
along the spinline was obtained by measuring simultaneously diameter and temperature
profiles in the neighborhood of the neck. Crystallization rates, as a function of take-up
speed, are estimated for both polyamides. Based on the present experimental results of
diameter profiles, temperature profiles, and WAXS patterns, a picture of the physical
mechanism responsible for the neck-like deformation of high-speed melt spun polyamides

is proposed. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

High-speed melt spinning of polycondensates is as-
sociated with a concentrated deformation process
occurring immediately above the solidification point
of the filament. As this process somewhat resembles
the necking process observed in the cold drawing of
polymers, it is often referred to as a “neck”-like de-
formation. Since the work of Perez and Lecluse,!
who first reported on the formation of a neck-
like deformation in high-speed spun polyethylene
terephthalate (PET), necking has been observed
independently by many authors, not only for
polycondensates, but also for other crystallizing
polymers.>1*

Thus far, necking has not been observed for non-
erystallizing polymers. Therefore, it is generally be-
lieved that the occurrence of a neck-like deformation
in high-speed spinning is somehow related to the
crystallization process. However, this relationship
is not yet understood. It is still an open question as
to whether the neck-like deformation is initiated by
the onset of crystallization, or if, for instance, crys-
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tallization is simply needed to prevent the filament
from breaking under the strong stress increase dur-
ing the concentrated deformation process in the
neck. For amorphous polymers, a similar strong
stress increase would result in fiber rupturing, mak-
ing it impossible to observe the necking process ex-
perimentally.

Although the mechanisms involved in the necking
process have not been clearly understood until now,
there have been several attempts to describe the
necking behavior by simple mathematical mod-
els. 131517 Due to a lack of information, however,
several arbitrary assumptions had to be made by the
authors for these calculations. For example, with a
semiempirical model, Schéne '® was able to reproduce
a neck-like deformation without taking into account
a crystallization process. On the other hand,
simulations allowing for an orientation-induced
crystallization®'® were not successful in revealing
the abrupt, neck-like deformation along the spinline.

In the present work, some results are reported
that were obtained during high-speed melt spinning
of polyamide 66 (PA 66) and polyamide 6 (PA 6)
filaments at take-up speeds of 4200 to 5500 m/min.
Diameter profiles and temperature profiles, as well
as the development of the filament structure, were
measured on-line by means of laser light scattering,
thermographic contrast compensation, and WAXS
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film patterns, respectively. New information about
the onset of crystallization along the spin line was
obtained by measuring simultaneously diameter and
temperature profiles in the neighborhood of the
neck. Based on the present experimental results, a
picture of the physical mechanism responsible for
the neck-like deformation process in high-speed melt
spun polyamide filaments is proposed.

EXPERIMENTAL

Materials

PA 6 filaments of two different molecular masses
and PA 66 filaments were spun and investigated in
this study. The relative viscosities 5, and the number
average molecular masses M,, of the spun filaments
are listed in Table I. In the following, the PA 6 fiber
with the lower molecular mass is called PA 6-1 and
the polymer with the higher M,, is designated as PA
6-11. The relative viscosities were determined in a
1% solution of the polymer in concentrated sulfuric
acid (96%) and the molecular masses were deter-
mined by analyzing the amount of endgroups. The
approximation M,/M, = 2 can be assumed for
both polyamides. All products contained 0.3% by
weight TiO,.

High-Speed Spinning

Figure 1 shows a schematic representation of the
spinning equipment. Spinnerets with seven round
holes were used, the single orifice being 0.025 ¢cm in
diameter and 0.05 ¢m in length. The spinning tem-
perature was 278°C for PA 6-I, 288°C for PA 6-1I,
and 297°C for PA 66. The spinline was cooled with
cross-flow air at 25°C and about 0.4 m/s. The mass
throughput per orifice, m, was in the range 1.4 to
2.3 g/min, that is, 10 to 16 g/ min per spinneret.

On-Line Measurements
Filament Diameter

The filament diameter was measured without con-
tact with laser light scattering (LLS) methods.!%1°
The laser beam was spherically and cylindrically
widened to produce a beam with a line-like shape of
a length of about 4 cm. The beam was focused on
the running filament in the blowing duct. The dif-
fraction pattern, scattered in the forward direction,
was recorded with a CCD camera. Typical interfer-
ence patterns, taken at different distances H from
the spinneret, are shown in Figure 2.

TableI Relative Viscosities 5, and Molecular
Masses M, of PA 66 and PA 6 Filaments Under
Investigation

PA LA M,

66 2.58 14600
6-1 2.60 15800
6-11 2.89 18800

The filament diameter D was determined from
the distances between the interference maxima. The
inclination of the interference stripes was propor-
tional to the rate of diameter reduction dD/dH
along the spinline. For filament diameters D = 20
um, the factor of proportionality is about 2 X 10*.
This means that the inclination of the interference
stripes is a powerful tool in order to determine the
solidification point H, which is defined as that dis-
tance from the spinneret where the filament diam-
eter does not change any longer. Even reduction
rates of dD /d H as small as 4 X 1078, corresponding
to a reduction of the filament diameter by 1 um over
a length of 25 cm, would still show up as an angle
of inclination of the interference stripes of 5 degrees.

The evaluation of the interference patterns was
carried out fully automatically on an IBAS I+l im-
age analyzer. Above the neck, filament diameters D,
determined from different interference patterns,
agreed well with each other (AD/D < 0.05). In this
region, three interference patterns were evaluated
for each distance H. Their mean value D(H) was
used for the determination of the diameter profiles.

In the neck region, significantly larger diameter
variations were obtained when evaluating different
interference patterns. The position of H;, was found
to fluctuate by about +2 c¢m around a mean value
H,. At distances close to H,, interference patterns
of a filament still in the melt state and those of a
filament already solidified were observed. Therefore,
in this region, mean values D ( H) of at least 6 single
measurements of the filament diameter were used
to create the diameter profiles.

Filament Temperature

The filament temperature along the spinline was
measured with an infrared camera (AGA, Ther-
movision 782), using the contrast compensation
method described in detail in Ref. 20. With this pro-
cedure, the threadline temperature is obtained by
comparing the IR radiation emitted by the running
filament with that of a reference heat source, the
temperature of which is adjustable and well-known.
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Figure 1 Schematic drawing of the high-speed spinning equipment indicating the po-
sitions of the on-line setups for laser light scattering, thermography, and WAXS.

For experimental convenience, the temperature
and diameter measurements were carried out at two
different filaments from the same thread, unless
otherwise stated.

Filament Structure

The development of the filament structure was
studied by means of wide-angle X-ray scattering
(WAXS) measurements, applying the flat-film
transmission technique. A Laue-type camera
(HUBER) was mounted on a X-ray tube by a special
mounting support. The X-ray tube itself was at-
tached to an adjusting device movable parallel and
perpendicularly to the draw-down direction. In order
to reduce process-inherent lateral filament oscilla-
tions, a thread guide was mounted as close as pos-

sible to the transmission spot of the primary X-ray
beam.

Ni-filtered Cu-Ka radiation (A = 0.1542 nm) was
used, which was supplied by a mobile X-ray gener-
ator (SIEMENS Kiristalloflex K710H) operated at
45 kV and 40 mA. Applying filament to film dis-
tances of 3 to 4 cm, the exposure time was 1 to 2 h.
As indicated in Figure 1, on-line WAXS patterns
were taken at different heights in the blowing duct
and also below the spin duct. To ensure compara-
bility between the different on-line measurements,
WAXS and LLS patterns were always taken from
the same filament.

Crystallinity and crystal orientation of the run-
ning filament were estimated on the basis of equa-
torial and azimuthal densitometer scans, respec-
tively, taken from the on-line patterns by means of
a microdensitometer (JOICE-LOEBL).
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Figure 2 Typical interference patterns of PA 66 taken at different distances H from the
spinneret.
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(a) Diameter profiles D (H) of PA 66 spun at different take-up speeds v,. Mass

throughput m = 1.86 g/ min/ orifice. (b) Diameter profiles D (H) of PA 66 spun at different
take-up speeds v,. Mass throughput m = 1.76 g/min/orifice.

RESULTS AND DISCUSSION

Diameter, Temperature, and Structure Profiles
Polyamide 66

Figures 3(a) and 3(b) show diameter profiles of PA
66 filaments spun at different take-up speeds and
constant mass throughput of 1.86 and 1.76 g/min/
orifice, respectively. Up to 30 cm below the spin-
neret, the diameter profiles are not significantly in-
fluenced by the take-up speed. For distances larger
than 40 cm, the profiles split up, the draw-down
being increased with increasing take-up speed. Im-
mediately before solidification takes place, a con-
centrated deformation, the so-called neck-like de-
formation, of the filament is observed. Whereas the
neck-like deformation is clearly seen for take-up
speeds higher than 4200 m/min, it can be hardly
perceived at 4200 m/min. With increasing take-up
speed, the solidification of the filament occurs closer
to the spinneret.

In Figure 4, the corresponding temperature pro-
files as measured for different take-up speeds are
shown. The mass throughput was kept constant at
1.86 g/min/ orifice. The curves clearly demonstrate
that the cooling process is only slightly affected by
the spinning speed, in agreement with the experi-
mental results published in the literature.??2 A
maximum in the temperature profile is observed at
all take-up speeds. The higher the take-up speed,
the higher the temperature, and consequently the
smaller the distance from the spinneret at which
the temperature rise occurs. The positions of the
solidification points detected by LLS measurements
[Fig. 3(b)] are also indicated in Figure 4 (see ar-
rows). As can be seen, they agree with the positions
of the corresponding temperature maxima.

Obviously, the temperature increase is due to the
enthalpy of crystallization, which is released during
the stress-induced crystallization (solidification),
first observed and described for PET.>*!° This con-
clusion is confirmed by on-line WAXS experiments,

140
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Figure 4 Temperature profiles T(H) of PA 66 spun at
different take-up speeds v,. Mass throughput m = 1.86 g/
min/orifice.

which show first crystalline reflections in the region
of the solidification point (Fig. 7).

It should be pointed out that no conclusions with
regard to the onset of crystallization, before or after
the neck-like deformation, can be drawn from these
data. As mentioned before, the temperature and di-
ameter profiles were measured at two different fil-
aments within the same thread. The LLS experi-
ments showed that the positions of the solidification
points of different filaments are generally slightly
different. In addition, although the laser-light and
X-ray scattering measurements were carried out at
the same filament, the thread guide needed for the
WAXS investigations caused the solidification point
to move toward the spinneret by 1 to 3 cm.

In Figure 5, the diameter profiles of a PA 66 fil-
ament are shown, which was spun at constant take-
up speed of 5500 m/min, but at different mass
throughputs m. With increasing mass throughput,

the solidification point moves away from the spin-
neret. [t seems as if the neck-like deformation starts
at the same diameter, regardless of the mass
throughput. This would mean that the deformation
taking place within the neck zone increases with
decreasing mass throughput.

The corresponding temperature profiles (Fig. 6)
show that within the limits of experimental error
(£2°C) the crystalline solidification takes place at
the same temperature, regardless of the mass
throughput. This suggests that the solidification
temperature of a high-speed spun polymer is deter-
mined by the take-up velocity only. To test this hy-
pothesis, the effect of other spinning parameters on
the filament forming process was investigated. It was
found that the solidification temperature is inde-
pendent of the cooling conditions such as, for ex-
ample, velocity and temperature of the cross-flow
air. An increase of the orifice diameter from 250 to
350 um (both orifices having a L. /D ratio of 2) did
not have any significant effect on the solidification
temperature either.

In Figure 7, on-line WAXS patterns of PA 66
filaments, spun at constant take-up speed and con-
stant mass throughput (v, = 5500 m/min and m
= 2.13 g/min/orifice, respectively), are reproduced,
which were taken above and below the solidification
point H,. H, was determined by LLS keeping the
thread guide in the same position as it was held dur-
ing the WAXS measurements. Above H, [Fig. 7(a)]
a diffuse intensity ring was observed, indicating that
the filament was amorphous. At the solidification
point [Fig. 7(b)], a pattern was obtained, in which
the amorphous scattering still dominated, but in
which—noticeable in the original only—first weak
reflection spots of a y-like modification appear on
the equator. As can be seen in Figures 7(c) and 7(d),
the intensity of the equatorial spots increased rap-
idly with increasing distance from H,. This intensity
increase, together with the reduction of the diffuse
scattering, is an indication of an increase in crys-
tallinity. The WAXS patterns from below the static
oiler, as well as from below the spin duct, demon-
strate that there are no marked changes in the scat-
tering of the filament between a point H., where
crystallization is completed, and the winding-up
machine. The relatively high intensity of the equa-
torial spots in Figure 7(e) is mainly due to the
greater sample volume of the thread as compared to
a single filament.

In Figures 8 and 9, equatorial and azimuthal den-
sitometer scans of the WAXS patterns of Figure 7
are shown. Both scans yield an excellent picture of
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Figure 5 Diameter profiles D(H) of PA 66 spun at dif-
ferent mass throughputs m. Take-up speed v, = 5500 m/
min.

the structural changes proceeding in the running
filament. The equatorial densitometer scans of Fig-
ure 8 demonstrate that high-speed spun PA 66 fil-
aments, at least in the velocity range applied in the
present investigation, crystallize in a +y-like modi-
fication. This modification is characterized by a
strong reflection in the angle range 20.4° < 20
< 21.4°, the actual value in the present case being
dependent on the distance AH from the solidification
point H,. The presence of the v form in the spin-
line of high-speed spun PA 66 was also reported by
Lecluse.?

From the equatorial scans, the height h, and the
area F,, and from the azimuthal scans, the half width
A®, of the equatorial y-like reflection were taken.
The area F, as a rough measure of crystallinity and
the reciprocal of the azimuthal half width, A®;?

1
(: Ad ), as a measure of crystal orientation, are
v

plotted in Figure 10 vs. the distance from the solid-
ification point, AH = H — H,. Included in Figure 10
are results of a filament spun at v, = 4500 m/min
and m = 1.74 g/min/orifice and of filaments spun
at v, = 5500 m/ min, but with different throughputs.

Figure 10 clearly illustrates the extremely fast
oriented crystallization at or in the immediate vi-
cinity of the solidification point. The crystallinity
index F, rises rapidly to a plateau value, which is
reached only a few centimeters below H, [Fig.
10(a)]. In addition, an effect of v, on the crystalli-
zation rate and crystallinity can be recognized. Fil-
aments spun at the higher take-up speed exhibit a
steeper increase as well as a higher plateau value of
F, as compared to filaments produced with the lower
take-up speed.

As follows from Figure 10(a), m has no measur-
able effect on crystallization rate and crystallinity.
The dispersion of the F, curves in the steep rising
region between H, and the plateau, which is observed
for these filaments, is caused by the fact that the
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Figure 6 Temperature profiles T(H) of PA 66 spun at
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Figure 7 Typical WAXS patterns of PA 66 taken above and below the solidification
point H,. Take-up speed v, = 5500 m/min; mass throughput m = 2.13 g/min/orifice.

position of the solidification point cannot precisely
be determined (see Filament Diameter). Extrapo-
lating the higher rising line to F, = 0 yields a value
for H, that is in the range of AH ~ —1.5 cm, that
is, 1 to 2 cm above the value determined by LLS.

From Figure 10(b) it follows that even the first
crystals formed at the beginning of the crystalliza-
tion are already highly oriented parallel to the fiber
axis. This can be concluded from the relatively small
azimuthal half widths A®, of 25 to 30°. Due to the
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Figure 8 Equatorial densitometer scans of the on-line WAXS patterns shown in Fig-

ure 7.

weak intensity of the equatorial reflection spots in
this early state of crystallization, the evaluation of
Ad, is less precise as compared to that of the fully
crystallized state. From the visual impression of the
corresponding WAXS pattern, one can conclude
that the A®, values of these first PA 66 crystals are

overestimated, that is, the true orientation should
be higher than that obtained by the densitometric
evaluation.

The crystal orientation also aims at a plateau,
which is reached at even smaller distances AH from
the solidification point. The effect of v, on the pla-
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Figure 9 Azimuthal densitometer scans of the on-line WAXS patterns shown in Fig-

ure 7.

teau orientation is not as marked as for the crys-
tallinity index. The observed differences in the pla-
teau values of A®" belong to azimuthal half widths
of about 17° for the lower take-up speed and of about
15° for the higher one. These values are just out of
the limits of error of the evaluation, which are in

the range £0.5°. As found for the crystallinity index
F.,, the varying of m has no effect on the plateau
values of the crystal orientation of the filaments.
Despite the dispersion of the F., values in the steep
rising region, the crystallization rate can be esti-
mated from the curves drawn in Figure 10(a). The
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Figure 10 Crystallinity index F, and crystal orientation A®;' of PA 66 filaments in
dependence on the distance AH = H — H, from the solidification point H,.

half-time of crystallization, ¢,,,, can be obtained by

AH,
2v,

where AH, is the distance from the solidification
point at which the plateau is reached. Taking AH,
to about 6 cm for v, = 5500 m/min and to about 8
cm for v, = 4500 cm, t;,, is estimated to about 0.3
ms for the higher and to about 0.5 ms for the lower
take-up speed. It should be stressed that, due to the
process-inherent fluctuation of H,, the experimen-
tally measured crystallization region AH,_ is extended
and the above estimated values represent the upper
limits of t;,.

(1)

tiy2 =

Polyamide 6

In Figure 11, the diameter profiles of PA 6-1 are
shown for different take-up speeds. For these sam-
ples, the mass throughput was increased with in-
creasing take-up speed in order to keep the final
diameter (dtex) of the filaments constant. A com-
parison with the diameter profiles, drawn in Figures
3(a) and 3(b), shows that the change in mass
throughput reduces the effect of the spinning speed
on the position of the solidification point of the fil-
aments. PA 6 shows a neck-like deformation, which

is similar to that observed for PA 66. This result
already indicates that PA 6, like PA 66 and PET,
solidifies by a stress- (orientation-) induced crys-
tallization process.

As follows from the temperature profiles of Figure
12, the cooling rate decreases with increasing mass
throughput. Similar to PA 66, the solidification
temperature increases with increasing take-up
speed. Because of the reduced cooling rate at higher
mass throughput, the increase of the solidification
temperature causes only small differences in the po-
sition of the solidification point H,.

Although the solidification temperatures of PA
6-1 are similar to those of PA 66, there is a major
difference in the temperature curves of both poly-
amides. Whereas the temperature profiles of PA 66

show a pronounced maximum, a more plateau-like
behavior is observed for PA 6-1. This suggests that
the crystallization rate is higher for PA 66 than for
PA 6. As is discussed later, this conclusion is con-
firmed by the on-line WAXS data.

In Figure 13, the diameter profiles of PA 6-I and
PA 6-I1, spun at a take-up speed of 4500 m/min and
at a mass throughput of 1.76 g/min/orifice, are
compared. The spinning temperatures were 278°C
and 288°C for PA 6-1 and PA 6-11, respectively. The
draw-down of PA 6-II, the polymer of the higher
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Figure 11 Diameter profiles D(H) of PA 6-I of constant
final diameter.

molecular mass, occurs significantly faster than that
of PA 6-I of the lower M,,. This results in a solidi-
fication point of PA 6-1I, which is nearly 20 cm closer
to the spinneret than that of PA 6-1. As follows from
the temperature profiles shown in Figure 14, the so-
lidification temperature of PA 6-II is about 16 de-
grees higher than that of PA 6-1. The solidification
temperature of both PA 6 filaments was found to be
independent of the mass throughput and the pro-
cessing temperature. Different cooling conditions
and different orifice diameters were not investigated
for PA 6.

From the present results, it can be concluded that
within the range of take-up speeds considered, the
solidification temperatures of PA 66 and PA 6 are
exclusively determined by the take-up speed v, and
are independent of all other spinning parameters.

The crystallization behavior of PA 6 was also
studied by on-line WAXS measurements. In Figure
15, WAXS patterns of a PA 6-1 filament are repro-
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Figure 12 Temperature profiles T(H) of PA 6-1 of
constant final diameter.

duced, which was spun at v, = 5500 m/min and m
= 2.19 g/min /orifice. As observed for PA 66, crys-
tallization of the running PA 6 filament starts at or
in the immediate vicinity of the solidification point
H, [Fig. 15(b)]. With increasing distance from H,,
the typical scattering pattern of the uniaxially ori-
ented v modification of PA 6 occurs, which is char-
acterized by both a strong equatorial and a strong
meridional reflection spot.

From the WAXS patterns, no indication for the
presence of « crystals could be obtained. So, the on-
line crystallization of high-speed spun PA 6 fila-
ments seems to produce not the usual y-a polymor-
phism, but only the pure v form. The v crystals
formed along the spinline were relatively stable.
Therefore, they were forming the main part of the
crystalline phase also after winding up the filaments.
This is confirmed by the results of Heuvel and Huis-
man, 2* obtained with as-spun PA 6 yarns after con-
ditioning them at 20°C and 60% relative humidity,
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Figure 13 Diameter profiles D (H) of PA 6 filaments of different molecular masses M,,.
Take-up speed v, = 4500 m/min; mass throughput m = 1.76 g/min/ orifice.

and by the work of Koyama, Suryadevara, and
Spruiell.

The equatorial as well as the azimuthal intensity
distributions of the equatorial spot, as measured by
microdensitometry, were again evaluated with re-
spect to crystallinity and crystal orientation. The
result of these evaluations is given in Figure 16,
completed by the data obtained for a filament series
spun at 4500 m/min. The crystallinity index F, and
the crystal orientation A®." of PA 6-1 show a similar
increase with the distance AH from the solidification
point H, as was found for PA 66. Again the effect
of the take-up speed can clearly be recognized.

There are two characteristic differences, however,
when comparing the WAXS results obtained for PA
66 and PA 6 (Figures 10 and 16). First, at the take-
up speeds applied in this investigation, PA 66 fila-
ments always crystallized more rapidly than PA 6
filaments did. Second, the plateau orientation of PA

6 was higher than that of PA 66. In addition, the
effect of v, on the crystal orientation was more pro-
nounced for PA 6 as compared to PA 66, where only
a modest increase with v, was observed [Fig. 10(b)].

These differences can be recognized in Figure 17,
in which the parameters F, and A®;" are compared
for PA 66 and PA 6-I filaments both spun at v,
= 5500 m/min. Estimating the crystallization rate
in the same manner as described for PA 66 yields
values for the crystallization half-time t,,2, which
are higher for PA 6-1 by a factor of about 2 than
those obtained for PA 66 (Table II). As emphasized
above, these data represent the upper limits of the
crystallization half-times, that is, the true crystal-
lization rates of high-speed spun polyamides are
even higher.

As follows from Figures 7 and 15, the first crys-
tallites formed at or just below the solidification
point H, already show a marked orientation parallel
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Figure 14 Temperature profiles T(H) of PA 6 filaments of different molecular masses
M, . Take-up speed v, = 4500 m/min; mass throughput m = 1.76 g/min /orifice.

to the fiber axis, the degree of orientation being in-
creased within the crystallization region AH,. It is
likely that this fast oriented crystallization origi-
nates from nuclei of high molecular orientation in-
duced in at least parts of the running, still molten
filament immediately before crystallization.

Due to the theoretical considerations of Ziabicki
and Jarecki, 2?7 the nucleation rate in an oriented
polymer melt is strongly dependent on the inclina-
tion & of the molecules with respect to the fiber axis.
For segments that are fully parallel to the fiber axis
(® = 0), the nucleation and the crystallization rate
are higher by many orders of magnitude than for
segments being significantly inclined or even per-
pendicular to the fiber axis.

Besides this theoretical work, the influence of

molecular orientation on the crystallization rate and
crystallinity has been experimentally studied by
several authors?®2° who investigated the relatively
slowly crystallizing PET. As shown in Ref. 28, the
crystallization half time is reduced from about 10
min for isotropic bulk PET to 20 s for a moderately
oriented PET fiber and to < 10 ms for a highly ori-
ented one. So, highly oriented amorphous PET is
characterized by crystallization rates that are 4 to
5 orders of magnitude higher than that of unoriented
amorphous PET.

For the present high-speed spun polyamide fila-
ments, no direct experimental data concerning the
degree of molecular orientation, such as birefrin-
gence or orientation factor, have been measured.
However, there is indirect evidence for a high ori-
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Figure 15 Typical WAXS patterns of PA 6-I taken above and below the solidification
point H,. Take-up speed v, = 5500 m/min; mass throughput m = 2.13 g/min/orifice.
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entation immediately before the onset of crystalline
solidification of the filaments. As is shown in the
Tensile Stress and Instantaneous Elongational Vis-
cosity section, the filament tension and, according
to the stress optical law,®! the frequency of molecular
segments, which are only weakly inclined or even
parallel to the fiber axis, strongly increase in the
neck region. As a consequence, the concentration of
oriented nuclei will be significantly higher at the
end of the neck, leading to the formation of well-
oriented v crystals.

Investigation of the Necking Process

Due to the random movement of the solidification
point, only an approximate picture of the draw-down
within the neck region was given by the diameter
profiles thus far (see the evaluation method of the
light scattering data described in the section Fila-
ment Diameter). Contrary to point-like measuring
devices, for example, a Laser Doppler anemometer,
the line-like shape of the laser beam used in the
present experiments enabled the simultaneous
measurement of the diameter profile over a length
of about 4 ¢m. By means of this special feature of
the optical equipment, we were able to study the

neck-like deformation in greater detail, despite the
random movement of the solidification point.

Diameter Profile

Figure 18 shows three interference patterns repre-
senting “snap shots” of a PA 66 filament taken at
the beginning, in the center, and at the end of the
necking region (take-up speed 5500 m/min). The
changes of the filament diameter were immediately
reflected by the changes of the inclination of the
interference stripes. The interference stripes can
approximately be considered as envelopes of the di-
ameter profile. At the beginning of the neck-like de-
formation, the inclination, and therefore the defor-
mation rate, increases, goes through a maximum in
the center, and decreases again at the end of the
neck region just before the filament solidifies. As
can be seen from the third interference pattern, the
solidification occurs abruptly.

Figure 19 shows the diameter profile determined
from six interference patterns, three of which are
shown in Figure 18. The position chosen for the so-
lidification point is also indicated in Figure 18. The
evaluation of each scattering picture gives the di-
ameter profile of a limited part of the neck region
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Figure 16 Crystallinity index F, and crystal orientation A®;! of PA 6-I filaments in
dependence on the distance AH = H — H, from the solidification point H,. Mass throughput

m = 2.19 g/ min/orifice.
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Figure 17 Crystallinity index F, and crystal orientation A®;" of PA 66 and PA 6-1
filaments in dependence on the distance AH = H — H, from the solidification point H,.
Take-up speed v, = 5500 m/min; mass throughput m = 2.19 g/ min/ orifice.

only. By shifting these parts along the H-axes, they
were fitted together to yield the diameter profile
shown in Figure 19.

As can be seen, the neck-like deformation takes
place over a length AH,, of about 6 to 7 cm at a take-
up speed of 5500 m/ min. At a take-up speed of 4500
m/min this length increases to about 10 to 12 c¢m.
These data clearly demonstrate that the neck-like
deformation in high-speed spinning should not be
confused with the necking observed in the cold-
drawing of fibers spun at conventional speeds (v,
< 1000 m/min). In this case, the reduction AD of
the filament diameter takes place over much shorter
distances AH, ~ AD.

Table II Crystallization Half-Times t,,, of PA 66
and PA 6 Filaments as Estimated from the
Crystallization Profiles F., (AH)

t1/2 (ms)
v, (m/min) PA 66 PA 6-1
4500 0.5 1.0
5500 0.3 0.6

In Figure 20, the axial velocity v, within the neck
is plotted vs. the “running time” At. v, and At were
calculated from the diameter profile shown in Figure
19 according to the equations

4m
= 2
Vg —sr (2)
H d
At=f ad (3)
H,—7 cm Ua(x)

assuming a constant filament density p; = 1.10 g/
cm®. From the first derivative of this curve, a max-
imum acceleration of 3000 g, where g is the accel-
eration due to gravity, is obtained.

Simultaneous Temperature and Diameter
Measurements

To understand the molecular processes causing the
neck-like deformation, it is important to know where
along the neck zone the crystalline solidification oc-
curs. As the onset of crystallization results in a tem-
perature rise of the filament, this question can be
investigated by measuring simultaneously the tem-
perature and diameter profile of the same filament.
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a beginning of neck

b center of neck

¢ end of neck

Figure 18 Interference patterns of PA 66 from the neck region representing “snap shots”
taken (a) at the beginning, (b) in the center, and (¢) at the end of the neck region. Take-
up speed v, = 5500 min; mass throughput m = 1.86 g/min/orifice.

Correspondingly, experiments were carried out by
focusing the line-like shape of the laser beam on
that part of the filament that was running in front
of the heated reference plate used for the thermo-
graphic temperature measurements. The centers of
the plate and the laser beam were adjusted to the
same height. To make sure that the temperature
and diameter readings were taken at the same point,
the filament temperature was determined at the
center of the reference plate, and the filament di-
ameter was evaluated using the distances between
the interference stripes from the center of the scat-
tering pattern.

The diameter and temperature profiles evaluated

in this way for a PA 66 filament are shown in Figures
21(a) and 21 (b) for take-up speeds of 4500 and 5000
m/min, respectively, and m = 1.86 g/min/orifice.
As can be seen from both drawings, the temperature
starts to increase at the end of the neck-like defor-
mation. The broken vertical lines indicate the region
where a definite determination of the filament di-
ameter and the filament temperature were not pos-
sible. In this region, the interference patterns fluc-
tuated between fully solidified (vertical interference
stripes) and not yet solidified (highly inclined in-
terference stripes), as the solidification point moved
up and down.

A similar behavior was observed for the ther-
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Figure 19 Diameter profile D(H) of PA 66 measured in the neck region AH,. Take-up
speed v, = 5500 m/min; mass throughput m = 1.86 g/min /orifice.

mographic measurements. The contrast between
filament and reference plate was compensated in the
center of the reference plate. As long as the filament
temperature decreased along the spin line, the fil-
ament appeared light vs. the reference plate in the
upper half and dark in the lower half of the reference
plate. In the region where the temperature increased
with increasing distance from the spinneret, the fil-
ament appeared dark vs. the reference plate in the
upper half and light in the lower half of the reference
plate. Due to the movement of the solidification
point, the position at which the transition of the
infrared picture occurred moved randomly up and
down by about +2 e¢m. The statistical nature of this
movement made it impossible to assign unambigu-
ously the optical and thermographic pictures to each
other in a transition region of about 4 cm, which is

indicated in Figures 21(a) and 21(b) by broken
vertical lines.

In the transition region, the minimum and max-
imum filament temperatures, that is, the tempera-
tures before and after the onset of crystallization,
were estimated to be 100°C and 103°C at v, = 4500
m/min and 111°C and 116°C at v, = 5000 m/ min.
For the temperature profiles shown in Figures 21(a)
and 21(b), the mean values of these temperatures
were used at distances H = 105 cm (4500 m/min)
and 89 cm (5000 m/min) from the spinneret. At
both spinning speeds, the temperature transition
from the coldest to the warmest point of the filament
occurred within a distance smaller than 4 c¢cm, in-
dicating that the crystallization takes place rapidly
(see Figs 10 and 17).

These results demonstrate that crystallization
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Figure 20 Time dependence of the axial velocity v, of PA 66 in the neck region AH,,.
Take-up speed v, = 5500 m/min; mass throughput m = 1.86 g/min/orifice.

takes place at the end of the neck-like deformation
process, less than 2.5 cm above the solidification
point H,,. Due to the limited measurement accuracy
and the difficulty of defining a “solidification point”
clearly, a more precise determination of the onset
of crystallization was not possible. Despite this un-
certainty, it follows from Figure 21(a) (v, = 4500
m/min) that most of the concentrated deformation
within the neck zone has already taken place before
crystallization occurs. The situation is not so clear
for a take-up speed of 5000 m/min. In this case, due
to the smaller range of the neck zone, one cannot
exclude from the present measurements that a con-
siderable amount of the concentrated draw-down—
as much as 40%—occurs after the onset of crystal-
lization [Fig. 21(b)].

Based on the fact that crystallization takes place
at the end of, or even after, the neck-like deforma-

tion, it can be concluded that the formation of a
neck is not primarily caused by the onset of the
crystalline solidification of the filament. This means
that the neck-like deformation cannot be explained,
for example, by a reduction of the elongational vis-
cosity due to the heat of crystallization or by a spon-
taneous elongation upon crystallization.?2 This does
not mean, however, that the formation of the neck
is not related to crystallization at all.

Oriented Crystallization in the Neck Region

In order to get additional information about the de-
velopment of the structure in the neck region, the
diameter and temperature measurements were
complemented by WAXS experiments carried out
at the same filament. The result of these combined
investigations of a PA 66 filament, spun at v; = 5000
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Figure 21 (a) Diameter profile D(H) and temperature profile T(H) of PA 68 simul-
taneously measured in the neck region. Take-up speed v, = 4500 m/min; mass throughput
m = 1.86 g/min/orifice. (b) Diameter profile D (H) and temperature profile T(H) of PA
66 simultaneously measured in the neck region. Take-up speed v, = 5000 m/min; mass

throughput m = 1.86 g/min/orifice.

m/min and m = 1.91 g/min/orifice, is reproduced
in Figure 22. Despite the experimental error of +2
cm, which has to be considered for the position of
H,, the WAXS patterns confirm the evidence given
above. The first crystalline reflection spots occur at
the end of the neck-like reduction of the filament
diameter whereas at the beginning as well as in the
center of the neck only the diffuse scattering ring
of the amorphous filament can be observed in the
WAXS patterns.

DEVELOPMENT OF THE MOLECULAR
STRUCTURE ALONG THE SPINLINE

Tensile Stress and Instantaneous Elongational
Viscosity

Based on the diameter data, the profiles of the elon-
gation rate e(H) and tensile stress ¢(H) were cal-
culated according to the equations?:

b L

140 i

- 35

o i —_
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o o

2 -
g 5
2] -
E L ©
2 [a)
& 120 - I é
§ -25 &
i | T
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. 8m dD
6(H) = - 3 117 (4)
mpD° dH
4
o(H) = — (—F¢(H) + Fp(H)
D

+Fi(H) + Fs(H) + F,) ()

where m is the mass throughput per orifice and p is
the polymer density, which was approximated by a
constant value of 1.10 g/cm?®. F; is the gravitational
force, Fp the air drag force, F; the inertial force, and
Fg the surface tension force given in Ref. 26. The
dependence of these forces on H was obtained from
the measured diameter profiles. F, is a constant
force, which was determined from the relation:

4 .
FO—WG(O)VA(O) (6)
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Figure 22 Diameter profile D(H), temperature profile T(H), and WAXS patterns of
PA 66 in the neck region. Take-up speed v, = 5000 m/min; mass throughput m = 1.93 g/
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Figure 23 Strain rate profiles ¢(H) of PA 66 filaments spun at different take-up speeds
v;. Mass throughput m = 1.86 g/min/orifice.

The filament diameter D (0) and the elongation rate
€(0) at H = 0 were obtained from measurements of
the diameter profile directly below the spinneret
surface.

The elongational viscosity u(0) was determined
from the shear viscosity according to the Trouton
relation:

p = 31 (7)
where 17, is the Newtonian shear viscosity. A value
of 7, = 60 Pa- s*® was used for PA 66 at the spinning
temperature of 297°C. From the tensile stress and
the elongation rate, the instantaneous elongational
viscosity was determined as:

o(H)

ui(H)=é(H)

(8)

where u; describes the experimentally observed
elongational behavior. Only if the deformation pro-
cess takes place in a quasi-steady state, that is, if
transient viscoelastic effects can be neglected, it will
be identical with the steady-state elongational vis-
cosity u(H).

In Figure 23, the profile of the elongation rate
e(H) is shown for three different take-up speeds (v,
= 4500, 5000, and 5500 m/min) at a constant mass
throughput. For small and medium distances from
the spinneret, ¢ increases only slightly. At the be-
ginning of the neck, a rapid increase of the elon-
gation rate is observed for all three take-up speeds.
For an increase of the take-up speed from 4500 to
5500 m/min, the maximum of the elongation rate
increases from 400 to 1400 s,

In Figure 24, profiles of the tensile stress and the
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Figure 24 Profiles of the tensile stress o(H) and of the instantaneous elongational vis-
cosity u; (H) of PA 66 filaments spun at different take-up speeds v,. Mass throughput m

= 1.86 g/min/orifice.

instantaneous elongational viscosity of PA 66 fila-
ments, spun at three different take-up speeds, are
shown. In the stress profiles, the necking is indicated
by a strong increase of the tensile stress immediately
before the solidification of the filaments. The further
increase in tensile stress observed after solidification
is caused by air drag. With increasing take-up speed,
the tensile stress at the solidification point ¢(H,)
increases. Further investigations showed that,
within the limits of experimental error (+10%),
a(H,) does not depend on any other spinning pa-
rameter, such as, for example, mass throughput or
cooling rate.

At small and intermediate distances H from the
spinneret, the instantaneous elongational viscosity

u; increases with increasing H, as one would expect,
due to the decrease of the filament temperature. At
larger distances, this increase flattens, and u; passes
through a maximum immediately before the onset
of filament necking. Within the neck region, the in-
stantaneous elongational viscosity even decreases
with increasing H, despite the decrease in filament
temperature. The onset of the crystalline solidifi-
cation causes pu; to rise sharply at the end of the
neck region.

There are several possible explanations for the
observed drop in the instantaneous elongational
viscosity. As the present experiments showed, crys-
tallization does not occur before the end of the neck-
like deformation. This means that any explanation
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Figure 25 Development of the Deborah number De(H) of PA 66 filaments spun at
different take-up speeds v,. Mass throughput m = 1.86 g/min/orifice.

can be excluded that relates the onset of the neck-
like deformation to the onset of crystallization, such
as, for example, a decrease of u due to the heat re-
leased during crystallization or a spontaneous elon-
gation upon crystallization.

For PET, evidence has been discussed in the lit-
erature about the existence of an ordered “meso-
phase”.?* As suggested by Shimizu et al.,® this me-
sophase could be responsible for the decrease of the
elongational viscosity within the “neck” of fast spun
PET. However, the present WAXS data do not pro-
vide any evidence for the existence of such a me-
sophase in high-speed spun polyamides.

Assuming that within the neck the melt defor-
mation takes place under quasi-stationary condi-
tions, the drop in the instantaneous elongational
viscosity u; could also reflect a drop in the steady-
state elongational viscosity u. A decrease of u could
be caused by the strong increase of the strain rate
immediately above the solidification point (Fig. 23).
As is well-known from isothermal experiments, the
elongational viscosity u decreases at high defor-
mation rates.?® In order to explain the observed be-
havior of u;( H), the strain-rate-induced drop in the
steady-state elongational viscosity u(H) would have
to overcompensate a rise of u(H), caused by the
decrease of the melt temperature along the spinline.

As already mentioned, this interpretation of the

viscosity profile u;(H) is based on the assumption
that the extension within the neck zone takes place
in a quasi-steady state. In other words, it is assumed
that changes in the elastic strain contributions
(transient viscoelastic effects) are negligible. How-
ever, as discussed in the next section, it is most likely
that transient viscoelastic effects cannot be ne-
glected in the neck region occurring immediately
above the solidification point. One can conclude,
therefore, that the decrease of y; is not related to a
decrease in the steady-state elongational viscosity,
but is rather caused by a strong increase in the elastic
(recoverable) strain contributions. According to the
relation

o o o L
Ae Ae,  Aeg,
At At At

lA

=u (9)

&te &

elastic contributions to the spinline deformation
could lead to the observed drop in the instantaneous
elongational viscosity. In eq. (9), A¢, and A¢, mean
the Henky measure of the recoverable (elastic) and
viscous contribution to the total changes in elon-
gation Ae. From the minimum of y; at 5500 m/min
and the value of y; at 4500 m/min at the same po-
sition H, one can estimate that ¢, is more than 2.5
times larger than ¢, in the neck region.
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Figure 26 Arrhenius plot of the instantaneous elongational viscosity yu; of PA 66 filaments
spun at different take-up speeds v,. Mass throughput m = 1.86 g/min/orifice.
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Figure 27 Schematic representation of the deformation process and the development
of the molecular structure of high-speed spun polyamides along the spinline.
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To our knowledge Tomka,?® Schone,'® and Perez
and Lecluse! were the first to interpret the neck-
like deformation as an elastic effect. On the other
hand, in a recent study of the kinematics of inertia-
less jets of Newtonian, Reiner-Rivlin, “power-law,”
and corotational Maxwell fluids, Ziabicky®’ showed
that in the frame work of these models the neck-
like deformation cannot be explained by elastic con-
tributions.

Molecular Picture of Structure Development in
High-Speed Spinning

For a description of the molecular processes taking
place during high-speed spinning, we regard the
polymer melt as a temporary network. The cross-
links of such a network consist of temporary entan-
glements of the chain molecules. In this picture, the
molecular structure develops as a result of two com-
peting processes: A strain process, which causes an
elongation of the chain molecules and thereby a de-
formation of the molecular network, and a relaxation
process, trying to bring back the chains into their
original Gaussian conformation and thereby keeping

the molecular network undeformed.
The characteristic time of the deformation is

given by the reciprocal deformation rate ¢ '. Cor-
respondingly, the relaxation process can be described
by a characteristic relaxation time 7.. Assuming that
the chain relaxation takes place by chain reptation,
7. essentially describes the time needed for a chain
to escape from the tube in which it is confined lat-
erally due to its entanglements with surrounding
polymer chains.

In Figure 25, the so-called Deborah number De
= 7.+ ¢ is plotted vs. the distance from the spin-
neret. 7. was calculated according to the relation

Te=wum(T) - De (10)

where D¢ = 3 X 107% Pa~! was used for the equilib-
rium elongational complience of PA 66.° At small
distances from the spinneret, this means at high melt
temperatures, the relaxation process proceeds much
faster than the strain process (7. < ¢). Correspond-
ingly, the draw down of the melt will not cause any
significant elongation of the chain molecules so that
they will remain in a nearly Gaussian coil confor-
mation. This means that elastic (recoverable) effects
will not play a major role in the deformation process
at small distances from the spinneret. Therefore, in
this region one would expect the instantaneous
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elongational viscosity u; to be identical to a good
approximation with the steady-state elongational
viscosity u.

The Arrhenius plot of the viscosity data shown
in Figure 26 confirms this assumption. From the
slope of the straight line fitted through the “high
temperature” data, an apparent activation energy
E = 52 kd /Mol is obtained, which is in relatively
good agreement with the value E = 60 kJ /Mol de-
termined from the temperature dependence of the
zero shear viscosity 7,.*! Due to the further decrease
of the filament temperature and the further increase
of the elongation rate (see Fig. 23), the characteristic
relaxation and deformation time 7, and ¢!, respec-
tively, become comparable at intermediate distances
from the spinneret. For 7, ~ ¢!, elastic strain con-
tributions can no longer be neglected; the polymer
chains will start to elongate causing the polymer
network to deform.

In addition to the decreasing filament tempera-
ture, the increasing chain elongation will also reduce
the chain mobility (the reptational mobility of a fully
extended chain is zero!). Due to this self-reinforcing
process, the mobility of the chains is reduced rapidly
to a point where the polymer molecules can no longer
respond to the applied deformational force by a dis-
entanglement process via chain reptation. Now the
temporary entanglements become permanent to a
good approximation, which means that they can be
looked at as crosslinks of a permanent molecular
network.

As can be seen from a comparison of Figures 24
and 25, the filament necking starts for a Deborah
number of about 5 for all take-up speeds investi-
gated. Assuming that the onset of necking is caused
by the immobilization of the entanglements, as is
described above, the filament reduction in the neck
region can be described to a good approximation as
a rubber elastic deformation of the melt. At the end
of the neck, the high molecular orientation caused
by the rubber-elastic deformation will result in an
orientation- (stress-) induced crystallization, which
is typical for all polycondensates spun at sufficiently
high speeds.

According to this picture, the deformation process
of polyamides can roughly be divided into three re-
gions of different rheological behavior of the melt
(see Fig. 27):

Region I (1. < €'). To a good approximation the
diameter reduction is caused by a purely viscous de-
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formation of the melt. The average chain confor-
mation stays undistorted to a good approximation.

Region II (7. < €7 1). Elastic contributions can no
longer be neglected, the diameter reduction is caused
by a viscoelastic deformation. The chains start to
elongate.

Region III (v.> ¢ !). To a good approximation, the
reduction of the filament diameter in the neck region
is caused by a rubber-elastic deformation of the melt.
Viscous contributions to the deformation are small
compared to the elastic ones. In the neck region, the
average elongation of the chains increases rapidly
to a final level at the end of the neck.

CONCLUSIONS

The neck-like deformation process occurring in
high-speed melt spinning of PA 66 and PA 6 at take-
up speeds of between 4200 and 5500 m/min was
investigated by on-line laser light scattering, ther-
mographic contrast compensation, and WAXS
measurements.

At the spinning speeds applied in this investi-
gation, both polyamides show a neck-like defor-
mation immediately above the solidification point
of the filament. The solidification takes place by a
fast stress-induced oriented crystallization. To a
good approximation, crystallization temperature and
crystallization rate, as well as crystallinity and crys-
tal orientation, are determined by the take-up speed
only. Increasing take-up speed results in an increase
of the crystallization parameters listed above. Rais-
ing the molecular mass leads to an increase of the
crystallization temperature and so to a shift of the
neck towards the spinneret.

At the same take-up speeds, PA 6 and PA 66 have
similar crystallization temperatures, but different
crystallization rates. PA 66 crystallizes faster than
PA 6. In the range of take-up speeds applied, up-
per limits of the crystallization half times were
found to be 0.3 to 0.6 ms for PA 66 and 0.6 to 1 ms
for PA 6.

By measuring simultaneously diameter and tem-
perature profiles in the neighborhood of the neck,
it was found that crystallization takes place at the
end of the neck. Consequently, the formation of the
neck is not primarily caused by the onset of crys-
tallization. This means that the neck-like defor-
mation can be explained neither by a reduction of
the elongational viscosity due to the heat of crys-

tallization nor by a spontaneous elongation upon
crystallization.

From a detailed discussion of the profiles of the
tensile stress and the instantaneous elongational
viscosity, it is concluded that to a good approxi-
mation, the neck is caused by a rubber-elastic de-
formation of the melt. A simple picture of the de-
formation process of polyamides melt-spun at high
speeds is given. In this picture, three regions of dif-
ferent rheological behavior of the melt along the spin
line are distinguished with increasing distance from
the spinneret: Region I, in which a purely viscous
deformation of the melt stream dominates, region
I, with a viscoelastic deformation, and region III1
(neck-region), where the reduction of the diameter
is primarily caused by a rubber-elastic deformation.
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