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SYNOPSIS

A mathematical model of the melt spinning process that includes crystallization has been
used to compute the velocity, diameter, temperature, and birefringence as a function of
distance from the spinneret. An improved inversion procedure is described and is shown
to give better results for the computed apparent elongational viscosity and heat-transfer
coefficient data. The computed profiles have been compared directly to the experimental
profiles determined earlier and reported in Part I of this paper. The results show that the
model describes the major features of the melt spinning process. The reasons for the observed
differences between experimental profiles and those computed from the model are discussed.

INTRODUCTION

In this paper, Part II of our study of dynamics and
structure development during melt spinning of nylon
6, we describe the results of mathematical modeling
of the melt spinning process and a comparison of
the results to the experimental data for the two ny-
lon 6 resins and spinning conditions studied in Part
I.! The mathematical model used is one that was
recently developed in our laboratory? that includes
crystallization during melt spinning. The model has
since been improved and implemented on an IBM
PC. This model is based on earlier approaches by
George,® Shimizu et al.,* and Katayama and Yoon,®
and it allows calculation of crystallinity and bire-
fringence profiles along the spinline as well as the
effect that crystallization has on the diameter, tem-
perature, velocity, and stress profiles.

Although there have been a number of previous
attempts to model the melt spinning process, most
have omitted crystallization phenomena because of
the difficulties of treating nonisothermal crystalli-
zation and the effects of molecular orientation.>%3
The omission of crystallization phenomena from the
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model made it impossible to use the earlier models
to help understand how the final structure and
properties of melt spun filaments are developed. This
is particularly important for high-speed melt spin-
ning as it is known that even slowly crystallizing
polymers such as poly (ethylene terephthalate) will
crystallize in the spinline at sufficiently high spin-
ning speeds.!*!® Further, our experimental results
presented in Part I showed that crystallization oc-
curs at high spinning speeds for nylon 6.

Because of the existence of the experimental data
of Part I, we can in the present paper compare the
results of mathematical simulation directly to the
experimentally measured diameter, temperature,
and birefringence profiles and assess the ability of
the model to simulate the experimentally observed
behavior. However, the quality of predictions made
by any mathematical model are highly dependent
on the quality of input data. Quantities required for
the present simulation include density, heat capac-
ity, stress-optical coefficient, apparent elongational
viscosity, and heat transfer coefficient. The latter
two quantities are rarely known with precision, if
at all. Consequently, Part I examined the possibility
of using some of the on-line experimental measure-
ments to obtain the appropriate inputs for the model.
This approach has since been modified and improved
upon to yield better results. The results obtained
using this improved inversion procedure are pre-
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sented here and are examined in the context of the
pseudoplastic nature of polymer melts. Also, an ap-
proach for evaluating the kinetics of crystallization
in the presence of molecular orientation is discussed.

EXPERIMENTAL

On-line measurements for two nylon 6 homopolymer
resins are compared to the simulated results in the
present paper. One resin called CN 9984 had an in-
trinsic viscosity of 0.905 and a viscosity average mo-
lecular weight of 25,250, whereas the second resin
called BHS had an intrinsic viscosity of 1.525 and
a molecular weight of 53,210.

The experimental diameter profiles were mea-
sured with the aid of a Zimmer diameter monitor.
The temperature profiles were measured using an
infrared microscope technique, and the birefringence
profiles were measured by mounting a microscope
equipped with a compensator on the running spin-
line.

Greater detail regarding the resins and the ex-
perimental measurements of diameter, temperature,
and birefringence profiles was given in our earlier
paper, Part I.!

IMPROVED INVERSION PROCEDURE AND
EVALUATION OF ELONGATIONAL
VISCOSITY AND HEAT TRANSFER
COEFFICIENT

An “inversion procedure” for evaluating the appar-
ent elongational viscosity of polymer melt from
spinline data was described in Part I (see Fig. 1 of
Part I). The inversion procedure involves smoothing
the diameter and temperature profiles using suitable
fitting functions. In the analysis of Part I, the di-
ameter profiles were directly fitted using a very high
order polynomial (of 8-10th order). This high-order
polynomial was necessary to accommodate the flat-
tened diameter profile in the bottom half of the
spinline. However, this procedure leads to spurious
“bumps” in the calculated elongation rate profile in
the bottom half and, hence, to a scatter in the ap-
parent elongational viscosity data. This can be seen
in figure 10 of Part I. Thus, a better smoothing pro-
cedure is necessary to reduce the scatter and to yield
better results.

Such flattened diameter profiles are also obtained
in isothermal gravity spinning experiments as re-
ported by Patel and Bogue.'® They successfully used

a polynomial fit of reciprocal diameter (1/D) vs.
spinline distance to obtain the apparent elongational
viscosity data. In fact, the generalized sine function
fitting of the diameter data based on the isothermal
Newtonian low-speed spinning theory developed by
Patel and Bogue!®'” gave results identical to those
based on empirical polynomial fitting of (1/D) vs.
spinline distance. Hence, based on these literature
results, a modified inversion procedure involving a
polynomial fit of (1/D) vs. spinline distance (of 4-
6th order) can be used to calculate the elongation
rates and the apparent elongational viscosity. The
same experimental data used in Part I were reana-
lyzed using this modified inversion procedure. The
plot of computed apparent elongational viscosity
data as a function of reciprocal absolute temperature
for BHS and CN9984 resins resulting from this re-
analysis is shown in Figure 1.

First of all, it can be observed from Figure 1 that
the resulting viscosity data are considerably
smoother than the previous calculations.'*® This
is due mainly to better smoothing of diameter data
using a polynomial fit of reciprocal diameter profile
and the resulting accurate calculation of the elon-
gation rate profile. The improvement probably re-
sults from a favorable change in the error distri-
bution and statistical weights of the data points
compared to the previous procedure. The viscosity
data near the die may not be accurate because of
die-flow effects and also because error in the mea-
sured takeup force would give a larger error in the
calculation of rheological force near the die.

It can also be seen that the computed values are
somewhat different for different mass throughput
rates even though each viscosity function follows
nearly the Arrhenius temperature dependence.
Similar differences were also obtained for results at
different speeds for each throughput rate. In all the
cases examined, a higher apparent elongational vis-
cosity at a given temperature corresponded to a lower
instantaneous elongation rate or stress. The reason
for the difference may be attributed to the fact that
most polymers, including nylon 6, exhibit non-
Newtonian (deformation-thinning) viscoelastic be-
havior and their viscosities depend on their instan-
taneous deformation rate and deformation histories
apart from temperature. It is interesting to note that
such differences (though not large) are obtained for
nylon 6 even though nylons exhibit Newtonian be-
havior in shear over a broad shear rate range. The
scatter in the calculated viscosity data as shown in
figure 10 of Part I masked the systematic differences
that we have now observed using the improved pro-
cedure.
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Figure 1 Calculated apparent elongational viscosity using improved inversion procedure
for BHS and CN 9984 resins, each for two throughput rates.

As noted in Part I, the gradient of temperature
profile can be used to evaluate the heat transfer coef-
ficient along the spinline. For smoothing the tem-
perature data, a second-degree polynomial fitting of
temperature vs. distance data was used. The results
for both the resins for two throughput rates are
plotted in Figure 2. It can be observed that the data
for four different cases fall on a straight line as would

be desired. The calculated correlation for the heat
transfer coefficient is

0.287
Vel } 1)

HTC = 9.287 X 10‘5[
Area

Such an “inversion procedure” is very helpful as
it gives values of the extensional viscosity for a given
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Figure 2 Calculated heat transfer coefficient correlation using improved inversion pro-
cedure for BHS and CN 9984 resins, each for two throughput rates.
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resin and heat transfer coefficient data for a given
experimental setup. Also, using the computed stress
profile and measured birefringence profile, the
stress-optical coefficient can be calculated.

The differences in computed apparent elonga-
tional viscosity data are disregarded in the present
model calculations, and the Newtonian viscosity
model is assumed. The required Arrhenius temper-
ature-dependent equations were obtained from av-
eraging the data of Figure 1. The resulting expres-
sions for apparent elongational viscosity in poise
are for CN9984:

m = DAVE ORI T a3
and for BHS:
KR b ear Y

These results will be used as input parameters to
the spinline model, instead of the literature values.
The effect of crystallinity on viscosity is very difficult
to quantify. It was assumed to be of the form (4)

2
T, X.) =n(T)eXp[4(%) ] (4)

EVALUATION OF CRYSTALLIZATION
KINETICS

For crystallization under quiescent, nonisothermal
conditions, assuming isokinetic condition and ne-
glecting secondary crystallization, Nakamura et al.'
have proposed the following equation:

X _,_ exp[— (ftK(T) dt)n] (5)
0

Xo

where X (t) is the degree of phase transformation
at time £, n is the Avrami index determined in the
isothermal experiments, and K(T') is related to the
isothermal crystallization rate through the relation
K(T) = k(T)Y". In many instances of modeling,
a differential form of Eq. (5) is useful, as shown
below:

dX (t) _ ~ 1\]
o = nKX.(1 0)[ln(1_0)] (6)

For many polymers, it is possible to measure
quiescent isothermal crystallization rates only over
a narrow temperature range, at low supercoolings.
Thus, the experimentally obtained macroscopic rate
of crystallization needs to be extrapolated to lower
temperatures (high supercoolings) where crystalli-
zation occurs in processing of semicrystalline poly-
mers. Therefore, one needs an expression, preferably
based on a theory, for temperature dependence of
crystallization rate.

Ziabicki® has proposed an empirical equation for
the temperature dependence of the experimentally
observed crystallization half-times ¢;,, (a measure
of crystallization rate) as follows:

1 1 (T'— T‘max)2
_— = e —4 ln 2 —_—
(tl/z) (tl/z)mx xp[ 2) D?

(7)

where Tmax, (1/t1/2)mex and D can be determined
from the isothermal crystallization kinetics exper-
iments, using a nonlinear regression method.
Using a theoretical approach, it can be shown that
(1/t1/2) is proportional to linear growth rate G, if
the number of heterogeneous nuclei is assumed to
be relatively independent of temperature. The tem-
perature variation of ¢;,, can then be written using
Hoffman-Lauritzen theory??? as follows:

T S WS
(tl/z)—(tl/Z)oexp R(T- T, |*P|” TAT

(8)

This expression can be used to obtain the value of
C; from the slope of In(1/t,,2) + U*/R(T — T,,)
vs. 1/(TATf) from quiescent isothermal experi-
ments.?® The correction factor fis usually close to
1 and can be neglected. The half-times can then be
extrapolated to lower temperatures, and the Avrami
rate constant k can be calculated using & = In(2)/
(t1/2)™ The half-time analysis approach described
here is a rigorous method to evaluate quiescent ki-
netics of a given resin. The approach has been dem-
onstrated for polypropylenes.?

Polymer crystallization is very sensitive to mo-
lecular orientation in the amorphous regions in ad-
dition to the thermal conditions. Ziabicki (20) has
presented a phenomenological analysis of orienta-
tion dependence of crystallization rate and has pro-
posed that K(T, f,) = K(T)exp(Cf2). The tem-
perature-dependent parameter C(7T) can be deter-
mined from independent experiments such as by



Alfonso et al.?* for PET, or it can be determined
from spinning data.

Following Katayama and Yoon® and Zhou and
Spruiell,® the following equation is proposed here
in an extension of half-time analysis to include ori-
entation effects:

(o) (ahol -7
tn) \tz)y L R(T—T.)
Cs
<exp| - e o] @

The quiescent kinetics data of a given resin can then
be used in a spinline model using the proposed ex-
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Experimental data from
isothermal crystallization
as a function of Temperature

I
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tension of half-time analysis. Such an approach will
especially be suitable for fast crystallizing polymers.
The overall scheme for evaluating stress-induced
crystallization from quiescent crystallization and
melt spinning data is illustrated in Figure 3.

The above-mentioned empirical equations for
describing stress-induced crystallization are based
on an average value of amorphous orientation in the
melt. Thus, they neglect the orientation distribution
of amorphous segments and the effects of “selective”
orientation-dependent crystallization on the ori-
entation distribution of remaining amorphous seg-
ments.

Since quiescent crystallization kinetics data were
not available for the nylons studied, estimates of

Parameters from
the literature
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Figure 3 Scheme for evaluating stress-induced crystallization rate from quiescent crys-

tallization and melt spinning data.
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these quantities were made from the literature values
of quiescent crystallization data for nylon 6 provided
by Ziabicki.? For a slowly crystallizing polymer such
as nylon or PET, literature values of the quiescent
data may be sufficient and can be used in the spinline
modeling for our particular nylon resins. Also, the
Ziabicki term exp (Cf 2) is used in this paper to de-
scribe stress-induced crystallization.

DESCRIPTION OF THE MODEL AND
INPUT DATA

The mathematical model used in this study was pre-
viously described in detail.? In the present version,
the model ignores radial variations in the filament,
heat conduction along the spinline, radiant heat
transfer, viscous heating, and the surface tension of
the polymer/air interface. Application of the ki-
nematics of melt spinning, together with these as-
sumptions, to the equations of continuity, momen-
tum, and energy balance leads to a set of working
relationships for the model. Also included in the
working relationships are equations that describe
the rheological behavior of the polymer, as well as
its orientation development and crystallization ki-
netics. As discussed earlier, in the present calcula-
tions of the model, we assume that the rheological
behavior of the polymer may be described in terms
of a Newtonian constitutive equation. The crystal-
lization kinetics are described in terms of the dif-
ferential form of the Nakamura model (6) with a
temperature- and molecular orientation-dependent-
rate parameter K from Eq. (7) and the Ziabicki term
exp(Cf2). It is assumed that the molecular orien-
tation in the amorphous polymer melt can be com-
puted from the rheo-optical law. The resulting
equations that must be solved simultaneously to
mathematically simulate the melt spinning process
are summarized in Figure 4. The simulation was
carried out using key relationships obtained from
the inversion procedure and the literature values of
other physical parameters. The solution procedure
is based on an iterative scheme in which initial
rheological force is varied until the takeup velocity
condition is satisfied.

As noted above, it is necessary to have a consid-
erable amount of input of physical property data for
the model. The density (g/cc) of nylon 6 was con-
sidered to be temperature and crystallinity depen-
dent%:

1

T [(0.8816 + 5.64 X 10 * X T)
- (0.0292 + 3.26 X 1074 X T) X X,]

P (10)

The heat capacity (cal/g/°C) was taken to be?’
Cp, = 3.229 X 107*(T + 273) + 0.4739 (11)

The correlation for air drag coefficient, Cy4, was
taken to be C; = 0.27 Re %5142 For nylon 6, the
stress optical coefficient, C,,, was computed from
on-line measurements using the inversion procedure.
The value obtained was C,, = 1.2 X 10 ** ¢cm?/dyne.
Shimizu et al.* have reported C,, = 0.9 — 1.8 X 107
cm?/dyne from on-line measurements. The intrinsic
amorphous birefringence, A,, and intrinsic crystal-
line birefringence, A,, were considered to be constant
at values of A, = 0.0825 and A, = 0.0963.% The heat
of fusion was taken as 45 cal/g.2’ The crystalline
orientation factor was assumed to be f, = 0.9. The
ultimate crystallinity ( X, ) was assumed to be 45%.

RESULTS AND DISCUSSION

The results of the modeling for BHS resin for two
throughput rates are compared with the experimen-
tal diameter, temperature, and birefringence profiles
in Figures 5-7. In these figures, the plotted points
are the experimental measurements, whereas the
curves represent the calculations from the model.
As can be seen from these figures, the model pre-
dictions match the experimental data quite well.
Similar comparisons for CN9984 resin at a lower
throughput rate are shown as Figures 8-10. Again,
the model predictions match the experimental data
quite well. The computed crystallinity profiles for
CN9984 resin are shown in Figure 11. The computed
temperature profiles to illustrate the effects of mass
throughput rate and the resin molecular weight are
shown in Figure 12.

The predicted and the experimentally measured
takeup forces are compared in Tables I and II for
BHS and CN 9984 resins, respectively. The pre-
dicted values match the experimental takeup forces
reasonably well. It can be seen from Figures 7 and
10 that, for each resin at lower throughput rate, pre-
dicted birefringence values are higher than are the
experimental data. This may be because of using
averaged viscosity in the model calculation. This led
to using higher viscosities for lower throughput rates,
resulting in higher spinline stresses and higher
amorphous birefringence. The higher birefringence
values predicted for the cases of on-line crystalli-
zation may also partially be due to higher assumed
values of crystalline birefringence contribution. The
similar discrepancies observed in Tables I and II
may also be due to taking averaged elongational vis-
cosity in the model calculations, resulting in higher
predicted takeup tension for the lower throughput
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W = (xD2/4)pV
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2. MOMENTUM BALANCE
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Figure 4 Summary of the working relationships of the melt spinning model.

cases. A higher value of air drag coefficient may also
be a contributing factor. It can be seen that the
model did not predict “necking” or sudden diameter
drawdown observed for both the resins at the lower
mass throughput rate at the highest spinning speeds.

The stress-induced crystallization parameter, C
= 225, was used in these simulations. The parameter
C characterizes the enhancement of crystallization
rate due to orientation. The value of the parameter
C as incorporated in the model for nylon 6 predicts
whether crystallization will occur on-line, and if it
occurs, where on the spinline it is triggered. Because
of the above-mentioned limitations of the empirical
equations describing stress-induced crystallization,

crystallization rates are overpredicted in the later
stages of crystallization. This was manifested in the
prediction of a much higher temperature rise by the
model than of the temperature rise experimentally
observed at high spinning speeds. Similar observa-
tions were also made for polypropylenes at higher
spinning speeds.®’ Therefore, in the above calcula-
tions, the crystallization rate was not allowed to ex-
ceed 10,000 sec'. This is equivalent to assuming
that the crystallization rate saturates at this value.
The Avrami index n = 1 was used in the calculations.
Different values of index n did not affect the cal-
culations as previously noted by Zieminski and
Spruiell.?
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Figure5 Comparison of the model predictions with the
on-line diameter measurements for BHS resin melt spun
with a mass throughput of (a) 2.993 g/min, (b) 5.069 g/
min.

The simulated and the experimental results give
considerable insight into the role of various process
and resin variables in controlling the structure and
properties of melt spun filaments. Figures 8-11 show
the computed and the experimental velocity, tem-
perature, birefringence, and crystallinity profiles for
the lower molecular weight resin for filaments spun
over a range of spinning speeds from 1960 to 7310
m/min. At the lowest spinning speed, the filament
does not crystallize during spinning because of the
slow crystallization kinetics of nylon 6. This is in
spite of the fact that the lowest spinning speed cor-
responds to the slowest cooling rate through the
range of temperatures where molecular mobility is
sufficient for crystallization to occur. The molecular
orientation, as measured by the birefringence, is also
low in this sample throughout the spinpath. As the
takeup velocity increases, the molecular orientation
in the melt increases; this produces a very large in-

crease in the crystallization rates and triggers crys-
tallization in the spinline at spinning speeds above
about 6000 m /min. The occurrence of crystallization
during spinning is accompanied by a recalescence
or plateauing in the temperature profile due to the
heat of crystallization being converted to sensible
heat as shown in Figure 9. Under these conditions,
crystallization produces a rapid rise in the birefrin-
gence along the spinline due to oriented nucleation
and growth of crystals and it causes a flattening of
the velocity or diameter profiles due to the rapid
increase of viscosity caused by the crystals.

The effects of polymer mass flow rate on the
spinline dynamics can be observed in Figures 5-7
and is illustrated in Figure 12. Increasing the mass
flow rate of the polymer through the spinneret hole
at a given takeup velocity substantially reduces the
polymer cooling rate and spinline stress; this lowers
the rate of development of molecular orientation
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Figure 6 Comparison of the model predictions with the
on-line temperature measurements for BHS resin melt
spun with a mass throughput of (a) 2.993 g/min, (b) 5.069
g/min.
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Figure 7 Comparison of the model predictions with the
on-line birefringence measurements for BHS resin melt
spun with a mass throughput of (a) 2.993 g/min, (b) 5.069
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Figure 8 Comparison of the model predictions with the
on-line diameter measurements for CN 9984 resin melt
spun with a mass throughput of 3.069 g/min.
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Figure9 Comparison of the model predictions with the
on-line temperature measurements for CN 9984 resin melt
spun with a mass throughput of 3.069 g/min.

along the spinline and moves the point at which
crystallization begins further from the spinneret. As
shown in Figure 12, BHS resin spun with a mass
throughput rate of 5.0 g/min and at 7000 m/min
crystallizes on the spinline. However, for the same
final denier filament spun at a throughput rate of
3.0 g/min, takeup velocity has to be 4180 m /min,
and in that case, the filament does not crystallize
on the spinline.

The effects of polymer molecular weight on spin-
line dynamics can also be observed in the above fig-
ures and is also illustrated in Figure 12. Increasing
the polymer molecular weight for a given set of
spinning conditions results in increased spinline
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Figure 10 Comparison of the model predictions with
the on-line birefringence measurements for CN 9984 resin
melt spun with a mass throughput of 3.069 g/min.
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stresses; this enhances the development of molecular
orientation along the spinline and moves the point
at which crystallization begins toward the spinneret.
The effect of molecular weight on the simulated
profiles is introduced through the increase in vis-
cosity caused by the increased molecular weight.

The mathematical simulation and the experi-
mental results make it quite clear that crystallization
in the spinline is controlled by a competition be-
tween crystallization kinetics, which are largely
controlled by the level of molecular orientation, and
the cooling rate, which is controlled by the mass
flow rate, spinning speed, and cooling medium. The
balance of this competition determines whether
crystallization will occur and the temperature at
which it occurs. Whenever the effect of increased
molecular orientation overwhelms the effect of in-
creased cooling rate, an increase of spinning speed
will result in an increase in the temperature at which
crystallization occurs. But when the effect of cooling
rate is more significant than is the influence of mo-
lecular orientation, the temperature of crystalliza-
tion will decrease with an increase of spinning speed.
If the crystallization rate becomes too low, then the
polymer does not crystallize during spinning and the
filament vitrifies into a glass on cooling below the
glass transition temperature.

CONCLUSIONS

Because of the large number of interacting variables
that affect the melt spinning process, a mathematical
model of the process is quite valuable for developing
an understanding of the process. An inversion pro-
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Figure 11 Computed crystallinity profiles for CN 9984
resin melt spun with a mass throughput of 3.069 g/min.
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Figure 12 Effects of mass throughput rate and the resin
molecular weight on the simulated temperature profiles
at a takeup velocity of 7000 m /min.

cedure is useful to obtain key input relationships
required for a model. The improved inversion pro-
cedure described here revealed the effects of polymer
throughput rates and takeup speeds on the computed
apparent elongational viscosity functions. Since the
effects were not large, averaged viscosity functions
were used in the present model calculations. The
predictions of the mathematical model compared
well with the experimental on-line measurements.
The discrepancies observed can partially be attrib-
uted to the use of averaged viscosity in the model
calculations.

The simulated and the experimental results pro-
vide considerable insight into the role of various
process and resin variables in controlling the struc-
ture and properties of melt spun filaments. Increas-
ing the mass throughput rate substantially reduces
the polymer cooling rate and the spinline stress,
thereby moving the point at which crystallization
begins further from the spinneret. Increasing the
molecular weight causes crystallization to occur
closer to the spinneret and at a higher temperature.

The present simulations could not predict the
“necking” observed for each resin at high speeds.
Use of a non-Newtonian (deformation-thinning)
constitutive equation in a spinline model probably
can explain such necking phenomena. Such model
is also necessary to explain the effects of throughput
rate and takeup speeds on the apparent elongational
viscosity function as shown by the improved inver-
sion procedure. Crystallization rates under stress
and the effect of crystallinity on viscosity are still
the major areas of uncertainty in developing a better



HIGH-SPEED MELT SPINNING OF NYLON 6. II. 1681
Table I Comparison of Predicted Takeup Force with the Experimentally
Measured Values for BHS Resin
BHS 2.993 g/min BHS 5.069 g/min
Takeup velocity Experimental Predicted Takeup velocity Experimental Predicted
(m/min) dynes dynes (m/min) dynes dynes
1780 279.3 295.6 1250 269.5 248.3
2430 347.9 382.0 2200 426.3 397.9
3880 475.3 562.8 3170 563.5 534.2
4930 553.7 685.8 4400 725.2 691.2
6660 999.6 1126.8 5790 842.8 851.3
Table II Comparison of Predicted Takeup Force with the Experimentally
Measured Values for CN 9984 Resin
CN 9984 3.069 g/min CN 9984 5.154 g/min
Takeup velocity Experimental Predicted Takeup velocity Experimental Predicted
(m/min) dynes dynes (m/min) dynes dynes
1960 274.4 281.4 1570 284.2 256.4
2960 333.2 406.4 2560 421.4 394.1
4615 450.8 599.5 3885 588.0 554.3
6010 539.0 750.4 5180 720.3 692.6
7310 960.4 1168.5 6455 823.2 812.2
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