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ABSTRACT: The necking behavior in the high-speed melt-spinning process of poly(eth-
ylene terephthalate) (PET) was analyzed using a mathematical simulation under a
nonisothermal condition. A constitutive model into which the strain-rate dependence of
viscosity and the strain-hardening effect are incorporated was used. Based on the
simulated results, the cause of a local reduction of apparent viscosity was found to be
due mainly to high strain rate. Also the onset of crystallization, if it occurred, was found
to happen near the end of the neck. In addition, with no crystallization involved, the
necking can still occur. The deformation process in high-speed spinning of PET was
found to consist of two regions along the spin line: a Newtonian flow region and a
rubberlike deformation region. The necking behavior is discussed here in terms of
strain-rate sensitivity and strain-hardening parameter. As a result, a criterion for the
onset of stable necking has been obtained. The necking behavior does not seem to be
essentially different from that in cold drawing. © 2000 John Wiley & Sons, Inc. J Appl Polym
Sci 76: 446–456, 2000

Key words: necking; high-speed spinning; poly(ethylene terephthalate); strain-rate
sensitivity; strain hardening

INTRODUCTION

It is well known that the high-speed melt spin-
ning of crystallizing polymers is generally accom-
panied by abrupt diameter attenuation right
above the solidification point in the spin line. This
behavior is so similar to the necking phenomenon
frequently observed in cold drawing that such a
deformation in high-speed melt spinning is re-
ferred to as a “necklike deformation.” The control
of the necking behavior leads to enhanced struc-
ture and properties of high-speed spun fibers be-
cause the major structure development in fibers
takes place within the necking zone in the spin
line.

Kase1 suggested that the cold-drawing theory
is valid in the necklike deformation in high-speed
melt spinning and that the necking phenomenon
is due to the constitutive nature of the polymer.
Many efforts have also been made to account for
the necking phenomenon in high-speed melt spin-
ning. In earlier approaches the necking mecha-
nism in high-speed melt spinning has been dis-
cussed in terms of rheological and dynamic fac-
tors.2 The effect of crystallization on necklike
deformation has also been considered.3,4 In order
to produce a necklike deformation by use of these
models, a local reduction of viscosity due to the
released heat of crystallization was required.
However, it was shown by a semiempirical
method that the reduction of viscosity appears
when a necklike deformation occurs, although the
filament temperature decreases monotonically
without any peak or plateau along the spin line.5,6
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This suggests that the local reduction of viscosity
may be attributed to the high strain rate when
the necklike deformation occurs. This idea is sup-
ported by the well-known fact that elongational
viscosity tends to decrease at high strain rates.7

The necking behavior has also been discussed
in terms of high Deborah number viscoelastic re-
sponses coupled with nonisothermal conditions.8

In addition to this approach, it was proposed that
axial and radial viscosity variations could cause
the necklike deformation in high-speed melt
spinning.9,10 There has been an attempt to treat
the necklike deformation in high-speed melt
spinning as a problem of sensitivity to external
disturbances.11

Recently, a qualitative one-dimensional iso-
thermal model was proposed on the basis of the
interaction between the internal microstructure
development and flow deformation.12 According
to this model, the structural changes caused by
the onset of crystallization can result in neck for-
mation. Therefore, this model is based on the
assumption that the onset of crystallization trig-
gers necklike deformation.

Mathematical simulations have been carried
out to describe the necking phenomenon using
simple nonisothermal models.13216 Due to lack of
information, several arbitrary assumptions were
made for these calculations. The effect of orienta-
tion-induced crystallization has been incorpo-
rated in some models.13,14 However, those math-
ematical simulations failed to describe necklike
deformation without arbitrary assumptions.

In this article the necking phenomenon in
high-speed spinning is considered to originate
from a constitutive nature of the polymer. Ac-
cording to Haberkorn et al.,6 it was concluded
with a good degree of approximation that the
necking is caused by a rubber– elastic deforma-
tion of the melt. This suggests that the effect of
strain hardening due to molecular orientation is
too significant to be neglected. In addition to
this, the strain-rate dependence of viscosity is
considered another crucial factor. Therefore, in
order to elucidate the necking behavior in the
high-speed spinning process of poly(ethylene
terephthalate) (PET), we have adopted a more
refined constitutive relation that takes into ac-
count not only the strain-rate dependence of
viscosity but also strain hardening, and we car-
ried out a mathematical simulation under a
nonisothermal condition.

EXPERIMENTAL

Constitutive Relation

In Figure 1, a one-dimensional constitutive model
is represented schematically. As is evident, a
Newtonian unit and a Gauss–Eyring unit17 are
connected in series. Due to the series connection
of two units, the total true strain rate, «̇, is the
sum of two contributions, that is

«̇ 5
s

hN
1 «̇E (1)

where s is a stress applied to the system, hN is the
Newtonian viscosity, and «̇E is a strain-rate con-
tribution of the second unit, which is expressed
according to the Gauss–Eyring model as follows

«̇E 5 Asinh@B~s 2 sR!# (2)

A and B are functions of temperature that obey
the Eyring viscosity law,18 and sR is a rubberlike
internal stress19 represented as:

sR 5 GSlE
2 2

1
lE
D (3)

where G is the modulus of the Gaussian spring
and lE is the deformation ratio of the Gauss–
Eyring unit.

In this constitutive model, for simplicity, the
Gaussian concept is used to account for the
strain-hardening behavior instead of a Langevin

Figure 1 Schematic diagram of the constitutive
model adopted in this study.
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concept,19 since both concepts have the same origin.
Because the rubber elastic stress has an entropic
origin, deformation will be hardened if available
conformations are almost consumed in the mate-
rial. In this context, it is sR that is attributed to the
development of molecular orientation.

Mathematical Simulation

The description of the nonisothermal high-speed
spinning process at a steady state requires three
balance equations—of mass, momentum, and en-
ergy—and a constitutive relation.

1. Mass balance:

W 5 r
pD2

4 V (4)

2. Momentum balance:

dF
dz 5 WSdV

dz 2
g
VD 1

p

2 raCfV2 (5)

3. Energy balance:

dT
dz 5 2

pDh
WCp

~T 2 Ta! 1
DH
Cp

dXc

dz (6)

4. Constitutive equation:

dV
dz 5

s

hN
1 A sinhFBHs 2 GSlE

2 2
1
lE
DJG (7)

where D, V, F, T, and Xc are filament diameter,
axial velocity, spin-line tension, filament temper-
ature, and crystallinity, respectively, at a dis-
tance z from the spinneret; r, Cp, and DH are
density, specific heat, and heat of fusion, respec-
tively, of the polymer; Cf and h are air drag coef-
ficient and convective coefficient, respectively, of
heat transfer; W is mass flow rate; g is accelera-
tion of gravity; ra and Ta are air density and
cooling air temperature, respectively; and s 54F/
pD2 is the tensile stress. More details are given
elsewhere.13

In the mathematical model used in this study,
the orientation-induced crystallization is also
taken into account. Nakamura et al.20 proposed a
modified Avrami equation by defining the relative
crystallinity, u 5 Xc/X`, as

u 5 1 2 expF2SE
0

t

K dtDnG (8)

where X` is the limiting crystallinity and K is the
crystallization-rate constant that is a function of

temperature and orientation parameter, such as
birefringence. For the crystallization-rate con-
stant in this study, the following expression for
PET proposed by Katayama and Yoon15 is
adopted

K
K0

5 expF 1.2 3 106

~T 1 273!DT

3 H1 2
1

1 1 160~T 1 273!~Dn!2/DTJG (9)

where K0 denotes the crystallization-rate con-
stant dependent only on temperature:

K0 5 expF9.34 2
682

T 2 43 2
4.53 3 105

~T 1 273!DTG (10)

On the ground that Dn is, in general, related to
s/(T 1 273) according to the theory of rubber
elasticity, Katayama and Yoon15 also postulated
the following relation for PET.

Dn 5 0.2F1 2 expH2
1.65 3 1026s

T 1 273 JG (11)

In the present model, however, only the rubber-
like internal stress is assumed to contribute to
the development of orientation, and thus Eq. (11)
is modified as follows:

Dn 5 0.2F1 2 expH2
1.65 3 1026sR

T 1 273 JG (12)

Because crystallization takes place in the spin
line in high-speed melt spinning, material param-
eters are functions not only of temperature but
also of crystallinity. Therefore, the crystallization
effect should be incorporated in the material pa-
rameters. In order to represent its contribution to
the material parameters, exponential factors are
used in the present model. As a result, the mate-
rial parameters used in this simulation are as-
sumed to have the following forms

G 5 a1expS a2

T 1 273Dexp~6u2! (13)

hN 5 a3expS a4

T 1 273Dexp~12u2! (14)
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A 5 a5expS2
a6

T 1 273Dexp~212u2! (15)

B 5
a7

T 1 273 (16)

where a1, a2, a3, a4, a5, a6, and a7 are constants.
Because there are no available experimental data
for these constants, the most plausible set of con-
stants has been taken from arbitrary sets. The
values of constants obtained in this method are as
follows: a1 5 0.45 3 1023 CF, a2 5 0.512 3 104, a3
5 0.413, a4 5 0.695 3 104, a5 5 4.81 3 1010, a6
5 0.938 3 104, and a7 5 7.41 3 1025. In particu-
lar, CF in a1 is used as a correction factor to
express the effect of the average deformation rate
on the modulus:

CF 5 1 1 d1SVL

L Dd2

(17)

where VL and L are the spinning speed and the
spinning distance, respectively; d1 5 1.376
3 1026 and d2 5 4.5. With this set of constants
and the above-mentioned relations, the calcula-
tion of the model gives a satisfactory result.

RESULTS AND DISCUSSION

The melt-spinning process of PET was simulated
for two mass flow rates under free convection at
the spinning temperature of 290°C. The assumed
spinneret diameter and spinning distance were
500 mm and 330 cm, respectively.

The calculated diameter and temperature pro-
files are shown in Figures 2 and 3, respectively.
As is evident from Figure 2, the necklike defor-
mation is observed at higher spinning speeds
above 3000 m/min, and the intensity of the neck
also increases with increasing spinning speed. In
addition, as the spinning speed increases, the so-
lidification point moves upstream along the spin
line. At the same spinning speed, the solidifica-
tion point in the case of the low mass flow rate is
located farther away from the spinneret than in
the case of high mass flow rate. This suggests that
the draw-down ratio controls the position of the
solidification point. The solidification tempera-
ture also increases with increasing spinning
speed.

As can be seen in Figure 3, the spinning speed,
as in general, has only a minor effect on the tem-

perature profiles. However, this is not the case
when the crystallization takes place in the spin
line. In this case, the heat of crystallization is
released, and thus the filament temperature
tends to increase, which is followed by the appear-
ance of a plateau or even a peak in the tempera-
ture profile. It is observed in Figure 4 that, at
7000 m/min, the significant crystallization takes
place in the spin line. As a result of the heat of
crystallization, a peak indeed appears in the tem-
perature profile calculated at 7000 m/min. As will

Figure 2 Calculated diameter profiles for mass flow
rates of (a) 5.0 g/min and (b) 6.0 g/min. The spinning
speed (km/min) for each case is indicated.
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be demonstrated later, the temperature rise does
not affect the necking behavior.

Figure 5 shows the calculated stress profiles.
The steady increase of stress even below the so-
lidification point is attributed to the air drag ef-
fect, which is significant in the high-speed melt-
spinning process. The stress has a little higher
value in the case of the low mass flow rate than in
the case of the high mass flow rate. This is be-
cause a lower mass flow rate produces a higher
draw-down ratio under the condition of the same

spinning speed. It is interesting to note that the
positive curvature is observed right above the
solidification point in the stress profiles calcu-
lated at spinning speeds that produce necklike
deformation. It is taken for granted that this is
due mainly to the abrupt decrease of the cross-
sectional area when the necklike deformation oc-
curs.

Figure 6 shows the calculated birefringence
profiles. Because the birefringence can be used as

Figure 4 Calculated relative crystallinity profiles for
mass flow rates of (a) 5.0 g/min and (b) 6.0 g/min. The
spinning speed (km/min) for each case is indicated.

Figure 3 Calculated temperature profiles for mass
flow rates of (a) 5.0 g/min and (b) 6.0 g/min. The spin-
ning speed (km/min) for each case is indicated.
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a measure of orientation developed in the mate-
rial and the orientation is assumed to be con-
trolled only by the rubberlike internal stress, the
degree of strain hardening can also be predicted
by the birefringence. As expected, the final bire-
fringence and its increasing rate increase as the
spinning speed increases. It follows that the
higher spinning speed results in a more signifi-
cant strain hardening because of the resulting
higher draw-down ratio, which is closely related
to the necking behavior.

Figure 7 shows the calculated strain-rate pro-
files. At spinning speeds above 3000 m/min, with
increasing spinning speed, the maximum strain
rate increases; furthermore, its position shifts to-
ward the spinneret along the spin line. On the
contrary, in the case of lower spinning speeds, the
position of the maximum strain rate shifts toward
the take-up device with increasing spinning
speed. This is a typical trend of Newtonian fluids.
It can be concluded from this and from the bire-
fringence behavior that the deformation process

Figure 6 Calculated birefringence profiles for mass
flow rates of (a) 5.0 g/min and (b) 6.0 g/min. The spin-
ning speed (km/min) for each case is indicated.

Figure 5 Calculated stress profiles for mass flow
rates of (a) 5.0 g/min and (b) 6.0 g/min. The spinning
speed (km/min) for each case is indicated.
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in high-speed melt spinning consists of two re-
gions: one is a nonorientational flow region and
the other an orientational deformation region
equivalent to the rubberlike deformation region.
Most deformation in lower-speed spinning takes
place in the former region, so that the final bire-
fringence is very low. On the contrary, most of the
deformation in higher-speed spinning tends to be
concentrated in the latter region, so that the final
birefringence is much higher.

It is evident from Figures 2 and 8 that the

formation of the neck is closely associated with
the local reduction of apparent viscosity. As the
spinning speed increases, the viscosity reduction
becomes more localized and sharper, and simul-
taneously the intensity of the neck becomes
higher. It is certain that the necklike deformation
does not occur without the local reduction of vis-
cosity. It is easy to show that the local reduction of
viscosity is nearly independent of the tempera-
ture rise due to the exothermic effect of crystalli-
zation. This is evident from Figure 9, where the
calculated profiles of diameter, temperature, ap-

Figure 8 Calculated apparent viscosity profiles for
mass flow rates of (a) 5.0 g/min and (b) 6.0 g/min. The
spinning speed (km/min) for each case is indicated.

Figure 7 Calculated strain-rate profiles for mass flow
rates of (a) 5.0 g/min and (b) 6.0 g/min. The spinning
speed (km/min) for each case is indicated.
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parent viscosity, and birefringence for 6.0 g/min
and 7000 m/min are shown. Generally speaking,
the effect of crystallization on the viscosity is
dual: although the temperature rise due to the
heat of crystallization causes the apparent viscos-
ity to decrease, the solidification is accelerated by
the onset of crystallization, followed by an in-
crease in the apparent viscosity. Judging from the
above results, the latter effect turns out to be
much more dominant.

From Figures 2 through 10, it can be seen that
the following mechanism is possible: As the strain
rate increases along the spin line, the apparent
viscosity approaches the maximum at the point
where the onset of necking takes place. As the
filament cross section decreases suddenly due to
the formation of the neck, the stress increases
steeply, during which the strain rate passes its
maximum at the point where the viscosity ap-
proaches its minimum. The degree of orientation
increases significantly because of a very high in-
ternal stress, so the number of available confor-
mations for the polymer chains decreases rapidly
and hence a strain hardening occurs. As the
strain hardening progresses, the necklike defor-
mation comes to its end. At the latter part of the
neck, the onset of orientation-induced crystalliza-
tion occurs, during which the heat of crystalliza-
tion manifests itself in the spin line as a peak in
the temperature profile. Finally, the filament is
solidified and the deformation process stops.

Based on results from the present model, it
appears that although no crystallization occurs in

the spin line, the necklike deformation can take
place. This indicates that the onset of necking is
hardly associated with the kinetics of orientation-
induced crystallization. Instead, the local reduc-
tion of apparent viscosity due to the high strain
rate and the deformation hardening may be the
essential factors in controlling the necking behav-
ior. It is certain from Figures 9 and 10 that the
former is attributed not to the temperature rise
caused by the heat of crystallization but to the
high strain rate.7 On the other hand, the latter is
affected mainly by the draw-down ratio, and be-
cause of this, the necklike deformation is hardly

Figure 10 Comparison of behaviors of strain rate and
apparent viscosity for mass flow rates of (a) 5.0 g/min
and (b) 6.0 g/min. The spinning speed (km/min) for each
case is indicated.

Figure 9 Calculated profiles of diameter (D), temper-
ature (T), apparent viscosity (happ), and birefringence
(Dn) for a mass flow rate of 6.0 g/min and a spinning
speed of 7000 m/min.
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expected to occur in the spinning at lower speeds
and higher flow rates.

The strain-hardening parameter and strain-
rate sensitivity,21,22 which are well known in cold
drawing, are introduced to analyze the necking
behavior in the present study. It is preferable to
define their dimensionless forms as follows:

g 5
1
s S­s

­«D
«̇

(18)

m 5
«̇

s S­s

­«̇D
«

(19)

where g and m are the strain-hardening param-
eter and strain-rate sensitivity, respectively, and
« is the true strain. When g 5 1, the Considère
construction is satisfied, and thus a neck propa-
gates in a stable manner. In this sense, g defines
the stability of the neck. On the contrary, m is
known to control the intensity of the neck. A
smaller value of m produces a sharper neck.

Now consider two limiting cases. For general-
ized Newtonian fluids, s 5 h(«̇) «̇, there is no
strain hardening since stress is independent of
strain, while the strain-rate sensitivity, m, is de-
rived as follows:

m 5
«̇

s S­s

­«̇D
«

5 1 1
d ln h~«̇!

d ln «̇
(20)

From this equation the conclusion can be drawn
that it’s always true m # 1 because the viscosity
is generally a decreasing function of the strain
rate. The equality, that is, m 5 1, is satisfied in
the case of the Newtonian limit. Therefore, on the
basis of the above concept, the Newtonian fluids
show no necking phenomena at all, and even for
the generalized Newtonian fluids, the necking can
hardly occur because there’s no strain-hardening
effect. Rubberlike solids assuming a Gaussian
network can be taken as another limit, expressed
as s 5 G(l2 2 1/l), where l is the deformation
ratio and thus « 5 ln l. At a glance, it can be seen
that there is no strain-rate sensitivity, that is, m
5 0, and the strain-hardening parameter is de-
rived as follows:

g 5
l

sS­s

­lD
«̇

5
2l3 1 1
l3 2 1 (21)

In this case, g is evidently always .1, so that the
strain-hardening effect is too significant for the
necking to occur.

Following the definitions of g and m, each pa-
rameter was easily calculated and plotted in Fig-
ures 11 and 12, respectively. As demonstrated
from these figures, there exists a Newtonian re-
gion where m ' 1 and g ' 0 at lower draw-down
ratios. This is equivalent to the former region in
the deformation process along the spin line, which

Figure 11 Strain-rate sensitivity for mass flow rates
of (a) 5.0 g/min and (b) 6.0 g/min. The spinning speed
(km/min) for each case is indicated.
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has already been mentioned, suggesting that a
Newtonian constitutive model is sufficient to de-
scribe the conventional low-speed melt-spinning
process. With an increasing draw-down ratio, the
strain-rate sensitivity decreases while the strain-
hardening parameter increases, meaning that the
polymer concerned behaves like a rubber at
higher draw-down ratios. It should be noted that,
for a given mass flow rate, each point where the
condition of g 5 1 is satisfied coincides at nearly
the same point, regardless of the spinning speed.

This indicates that, in order for the onset of stable
necking to occur, the spinning speed should be
beyond a particular value for a given mass flow
rate.

CONCLUSIONS

In order to analyze the necking behavior in high-
speed melt spinning of PET, a mathematical sim-
ulation has been carried out, using the nonlinear
constitutive relation into which both strain-rate
dependence of viscosity and strain hardening
have been incorporated. The necking phenome-
non has been successfully produced with no arbi-
trary solidification points imposed.

According to this model, the local reduction of
apparent viscosity is caused mainly by the high
strain rate due to the abrupt diameter attenua-
tion within the necking zone. In contrast, the
effect of the heat of crystallization on the appar-
ent viscosity is relatively negligible. Furthermore,
the necking phenomenon can occur even without
crystallization. Even if significant crystallization
occurs, it starts near the end of the neck.

The deformation process in the high-speed
melt spinning of PET has proved to consist of two
regions along the spin line: a Newtonian flow
region and a rubberlike deformation region. In
the latter region, not only does the strain rate
increase steeply, but significant strain hardening
also takes place and thus the necking can appear.
Consequently, in order to describe the necking
phenomenon in the high-speed melt spinning of
PET, the constitutive relation has to include the
strain-rate dependence of viscosity and the
strain-hardening effect as well.

The calculated data of the dimensionless
strain-hardening parameter and strain-rate sen-
sitivity have shown that the onset of stable neck-
ing requires that there exist a point where g 5 1
in the spin line. In this context, it may be con-
cluded that the necking behavior in the high-
speed melt spinning of PET is not essentially
different from that in cold drawing.
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