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ABSTRACT: Numerical simulation for the calculation of
the profile developments of the spin-draw process in the melt
spinning of poly(ethylene terephthalate) was performed. Both
spinning and drawing profiles were analyzed and included
the structure development of birefringence and crystallinity
in the draw line. By applying a simple model describing the
continuous drawing process, we made it possible to simulate
the spin-draw process. The strain rate of the spinline had a
broad distribution, and that of the draw line had a narrower

peak. The calculated birefringence ranged from 0.176 to 0.192
and the crystallinity ranged from 0.37 to 0.44 with draw ratio.
The birefringence profile had a similar pattern as the stress
profile, and the crystallinity gently increased along the draw
line more than the birefringence did. © 2007 Wiley Periodicals,
Inc. ] Appl Polym Sci 104: 2522-2527, 2007
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INTRODUCTION

The drawing process is essential to obtain desired final
properties of textile products, and it has been per-
formed in series or separate operations after spinning.
It is a continuous deformation process accompanying
the dimensional and physical property changes. Draw-
ing has similar characteristic as spinning in terms of
elongational deformation, but the former is the defor-
mation in the solid state, and the latter is performed in
the molten state. Also, it shows different behavior in
the transfer of thermal energy. In melt spinning, the
melt extruded from a spinneret flows down and con-
tacts an atmosphere of quenched air, which is needed
for solidification; however, in the drawing process,
solidified material is heated to be deformable in a hot
liquid or on a hot roller.

Many authors have carried out studies on melt
spinning, and there have been great developments in
the numerical simulation analyzing the dynamics of
the melt-spinning process. ' The drawing process,
however, has been analyzed mainly by experiment.
The effect of drawing conditions on the molecular
structure and physical properties® and the drawing
method®"! for an attainable maximum stretching of
polymers have been studied. For example, the micro-
wave heat-drawing technique,®” zone drawing,®® and
ultradrawing with ultra-high-molecular-weight poly-
ethylene'®'! have been studied to improve mechani-
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cal properties. Also, structural modeling explaining
the morphologies of drawn polymers has been inves-
tigated."” Drawing is a nonlinear deformation process,
and the dynamics of the drawing process is similar to
that of spinning in mass and momentum transfers.
The differences between the drawing and spinning
processes lie in the constitutive equation.'*'* The spin-
draw process has been become a typical manufactur-
ing method of melt-spun synthetic fibers, but there has
still been a lack of study of the dynamics of the spin-
draw process. Only the simulation of the spinning and
drawing processes have been of focus.

In this study, we examined the simulation of the
spin-draw process. The dynamics of the spin-draw
process was analyzed, and the profile developments
along the spinning and drawing line were simulated.

FORMULATION AND NUMERICAL METHOD

A cylindrical coordinate system was used for this
numerical procedure. For steady, incompressible
melt flow in the spinning, the asymptotic equations
averaged over a cross-section for conservation of
mass, momentum, and energy are as follows:

W = pAv, 1)
dF/dz = W(dv,/dz — g/v,) + np,v2C;D/2  (2)
dT/dz = —xDh(T — T,)/(WC,) 3)

where W is the mass flow rate of the polymer, p is
the density, A is the area of the fiber, v, is the axial
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TABLE 1
Material Parameters Used in the Simulation
Parameter Value
k, (g~cm/s3~°C) 2.63 x 10°
1, (cm?/s) 0.29
C, of PET (cm®/s*°C) (0.3+6.0 x 107*T)
x4.2 x 107

Density of PET (g/cm?) 1.356-5 x 107*T

velocity, p, is the density of air, F is the force, z is
the position in the axial direction, D is the diameter,
Cy is the skin friction coefficient, ¢ is the gravity con-
stant, C, is the specific heat capacity of the polymer,
h is the heat transfer coefficient of the polymer, T is
the temperature of the polymer, and T, is the tem-
perature of the surrounding air. Here, Newtonian
fluid as constitutive equations of melt spinning was
assumed. The constitutive equation of fluid is pre-
sented as

F = nA(do. /dz) (4)

where 1 is the elongational viscosity.

n of poly(ethylene terephthalate) (PET) was
assumed to be only a function of temperature and
expressed as follows:"

()

n =0.73 x exp [ 5300 ]

T +273

To derive the previous equations, a purely exten-
sional flow field was assumed, and the viscous dissi-
pation was neglected. The basic equations were
strongly coupled with a lack of one more single
equation for analytical calculation. Therefore, a
shooting method was used with an initial guess of F
at the die (at z = 0) to fit the boundary condition of
spinning speed. The boundary conditions applied in
the simulation are expressed as:

T(0) = Tgie, v:(0) =v9, v,(v) =0 (6)

where Tg;e is the spinning temperature, vy is the ini-
tial speed, v; is the velocity of the first godet roller,
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and L, is the distance from the spinneret to the first
godet roller. The dimension of the spinneret as the
starting D in the simulation was used. Because the
spinning process had a large length-to-D ratio, the
die swell effect could be neglected.'® Several correla-
tions for the physical properties and transport coeffi-
cients are expressed as follows, and some material
parameters are summarized in Table .

9-0.1667
J = 0.42 [%] Re)3 {1 +[80i] } @)
z

Cr = 0.37Re; > (8)

©)

D
Red = [’(’)Z ]

a

where k, is the thermal conductivity of air, v, is the
quench air velocity, p, is the kinematic viscosity of
air, and Re, is the Reynolds number.

The plug and extensional flow field and isother-
mal conditions were assumed to simulate a drawing
process. A constant drawing F along the draw line,
the incompressibility of the fiber, and a steady state
were assumed:

F = cA = Constant. (10)
_F pF
o = Z = WUZ (11)

where G is the true stress. The constitutive equation
describing the drawing process of solid polymer was
introduced as'**'

o = k[1 — exp(—we)] exp(he?)(&/&)" (12)
where ¢ is the true strain, £ is the true strain rate of
the filament at distance z, and §&; is the reference
strain rate (conventionally equal to 1 s_l). k o h,
and m are the rheological parameters representing
the scaling factor, strain hardening factor, visco-
elastic coefficient, and strain rate sensitivity coeffi-
cient, respectively.'>'* This equation was used as a
constitutive equation describing the stretching behav-

TABLE II
Conditions of the Spin-Draw Process in the Simulation

First godet

Second godet

roller speed Quench air roller speed
No. W(g min~"hole™ ") Taie (°C) (m/min) v, (m/s) temperature (°C) (m/min)
1 1.04 290 1000 0.3 25 4500
2 1.04 290 1125 0.3 25 4500
3 1.04 290 1285.7 0.3 25 4500
4 1.04 290 1500 0.3 25 4500

Journal of Applied Polymer Science DOI 10.1002/app



2524

TABLE III
Rheological Parameters of PET Used in the Drawing
Simulation
k(Mpa) ® h m
17 15 0.55 0.06

ior of semicrystalline polymers and was used to de-
scribe the uniaxial fiber drawing. The boundary condi-
tions for drawing are expressed as

v:(L1) =01, (L) =1y (13)

where v, is the velocity of the second godet roller and
L, is the length of yarn path between spinner and sec-
ond godet roller. In a steady-state continuous drawing
process, the local ¢ and ¢ can be expressed as

I v

e=In [B] —In [E] (14)
de dedz de

= d T dedt i (15)

where [ is the current length of the filament element
and [ is its initial value. The relation between z and
¢ is expressed as'>'*

k 1/m  pe
z= %[G—O] /o R(e)de (16)
R(g) = exp(e) [exp(he? — &) — exp(he? — (o + 1)g]/™
(17)

During the drawing stage, the orientation-induced
crystallization takes place, and a final molecular
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Figure 1 Velocity profiles in the spin-draw process along
the axial distance. DR, draw ratio.
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structure is formed. Nakamura et al.**> proposed a
modified Avrami equation, and the relation is
expressed as

axe KX (1-55) (18)

dz v Xoo

where X, is the crystallinity, K is the crystallization
rate parameter, and X, is the limiting crystallinity.
Katayama and Yoon® proposed an equation for the
crystallization parameter of PET, and it was used in
the simulation:

K_ [ 12x10° (, 1
Ko OP|(T+273)AT |~ 1+160(T +273)Ar2/AT

(19)
682 4.53 x 10°

Ko =exp [9‘34 TT-43 (T+ 273)AT] (20)
1.65 x 10~°c

where AT and An are the supercooling and the bire-
fringence, respectively, and K; is the crystallization
rate constant. The initial D of spinneret in the simu-
lation was 0.3 mm.

The fourth-order Runge-Kutta method was used
to solve the asymptotic equation describing the dy-
namics of melt spinning, and a Romberg algorithm
was used to solve eq. (16). The conditions of the
spin-draw process and the rheological parameters
are presented in Tables II and III, respectively.
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Figure 2 D profiles in the spin-draw process along the
axial distance. DR, draw ratio.
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Figure 3 ¢ profiles in the spin-draw process along the

axial distance. DR, draw ratio.

RESULTS AND DISCUSSION

The spin-draw process in melt spinning is composed
of a spinning zone, a drawing zone, and a take-up
zone. The extrudate from the spinneret stretches and
solidifies between the spinneret and the first godet
roller, and then, as-spun filaments are drawn be-
tween the two godet rollers. In this study, a numeri-
cal simulation was executed in the spinning and
drawing zones because there was no profile develop-
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Figure 4 True strain rate profiles in the spin-draw pro-
cess along the axial distance. DR, draw ratio.
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Figure 5 o profiles in the spin-draw process along the
axial distance. DR, draw ratio.

ment in the take-up zone. By heat drawing, the fila-
ment achieves its final dimension and physical prop-
erties. Velocity, temperature, D, and F profiles were
developed along the spinning and drawing line. Fig-
ure 1 shows the velocity buildup in the spin-draw
process for different draw ratios at the same take-up
speed. The velocity profiles of the running filament
in the spinline and draw line were a form of sig-
moid, but a slight difference was observed. The fiber
elements were accelerated from their initial to final
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Figure 6 An profiles in the spin-draw process along the
draw line. DR, draw ratio.
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Figure 7 X, profiles in the spin-draw process along the
draw line. DR, draw ratio.

velocity. Here, the final velocity was the first godet
roller speed for the spinning zone and the second
godet roller speed for the drawing zone. The velocity
buildup in the spinline showed a smooth increase
from the spinneret to a solidification point along the
axial distance, but the velocity in the draw line
increased steeply at the deformation concentration
region. The simulated D profile along the axial dis-
tance is shown in Figure 2. D decreased exponen-
tially in the spinline, but an abrupt decrease at
certain point occurred (Fig. 2) because of strain local-
ization in the draw line. As shown in Figure 1, the
smooth velocity increase in the spinline led to a gen-
tle decrease in D. On the other hand, a steep
increase in the velocity in the draw line led to an ab-
rupt decrease in the D profile. Figure 3 shows ¢ pro-
files. Like the separate low-speed continuous draw-
ing,13’14 similar deformation kinetics, such as strain
hardening and strain localization, were observed in
the drawing line of the spin-draw process. There
was difference between ¢ of the spinning zone and
that of drawing zone. Unlike the strain profile of the
spinning zone, that of the drawing zone had a sig-
moidal shape with an inflexion point and a horizon-
tal asymptote at the end of deformation zone. The
inflexion point moved toward the first godet roller
with increasing draw ratio. Figure 4 shows the ¢ rate
profile along the axial distance. The strain rate had
its maxima in both the spinning and drawing lines,
but their shapes and magnitudes were different. The
strain rate of the spinline had a broad distribution,
and its maximum value was between 74.9 and 112.2
s~! but that of the draw line had a narrower peak
and ranged from 206.1 to 271.7 s . Because of strain
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localization in the draw line, the strain rate in the
draw line was greater than that in the spinline. z of
the maximum peak moved near the first godet with
increasing draw ratio. Figure 5 shows o profiles. The
o profile in the spinline decreased with draw ratio.
This was because v; increased with decreasing draw
ratio. From the F balance of the spinline [eq. (2)], F
acting on the spinline increased with velocity buildup.
However, in the draw line, c was proportional to ¢ and
the true strain rate, that is, the draw ratio.

The analysis for structure development of the ori-
entation and the crystallization kinetics is important
for explaining the drawing process of crystalline pol-
ymers. Figures 6 and 7 show An and X. profiles
along the draw line. An revealed a similar pattern as
o, and its values ranged from 0.176 to 0.192 with
draw ratio. X, ranged from 0.37 to 0.44. The X, pro-
files of the spin-draw process showed different pat-
terns in comparison with those of high-speed spin-
ning. In high-speed spinning, there is an abrupt
increase in X. when the crystallization takes place,15
but in this study, X. in the draw line increased
steadily along the axial distance. In high-speed spin-
ning, an abrupt increase in X, takes places because
of stress-induced crystallization, and An increases.
However, X, in the draw line of the spin-draw pro-
cess gently increased more than An did.

CONCLUSIONS

The spin-draw process of PET filaments, including
the molecular orientation and crystallization dynam-
ics, was analyzed with different constitutive equa-
tions for the spinning and drawing processes,
respectively. The strain rate of the spinline had a
broad distribution, and that of the draw line had a
narrower peak. It ranged from 74.9 to 113.9 s for
the spinline and 206.1 to 271.7 s~ ' for the draw line
with draw ratio. The calculated An ranged from
0.176 to 0.192, and X, ranged from 0.37 to 0.44. The
An profile had a similar pattern as the stress profile,
and X, gently increased along the draw line more
than An did.
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