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ABSTRACT: A new way of applying on-line experimental data and basic theory to study
the mechanism of orientation of a high-speed melt spinning process is described. The
relationship of birefringence and stress for Nylon-66 was developed to understand the
phenomena in the spinning line. The value of birefringence along the spinning line was
calculated by various models to predict the orientation change. By comparison of the
model prediction and on-line experimental birefringence, a suitable mechanical model
to simulate the change of the profiles along the spinning line was chosen, and the
structural development mechanism is discussed. The results show that the orientation
mechanism of high-speed melt spinning of Nylon-66 is determined by deformation and
deformation rate along the spinning line. For Nylon-66, molecular and crystal orienta-
tions develop independently and are controlled by the rotation of crystals and chain
segments in the deformation field. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82:

3157-3163, 2001
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INTRODUCTION

High-speed melt-spinning technology provides
big industrial benefits, such as increased produc-
tivity, simplification of the process, reduction of
energy, labor, and total production costs, etc., so
examination of the fundamentals of the high-
speed spinning process has drawn much attention
from researchers. There have been a number of
attempts to mathematically model the melt-spin-
ning process,’ ® but most have omitted crystalli-
zation phenomena because of the difficulties of
treating nonisothermal crystallization and the ef-
fects of molecular orientation. The omission of
crystallization phenomena from the model has
made it impossible to understand how the final
structure and properties of melt-spun filaments
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are developed. This information is particularly
important for high-speed melt spinning of poly-
mers, like PET, Nylon-66, etc.

An overall picture of the extent of understand-
ing of the various physical processes and mathe-
matical model of high-speed melt spinning is con-
tained in the book by Ziabicki.” Katayama and
Yoon® and Shimizu et al.® have developed models
that include the effect of crystallization and ap-
plied these models to the melt spinning of PET.
Zieminski and Spruiell’® developed a mathemat-
ical model that was similar to that described by
Shimizu et al., and applied it to the simulation of
the high-speed melt spinning of Nylon-66. Be-
cause this model included the effects of accelera-
tion, air drag, and gravity on the process dynam-
ics and the effects of temperature and amorphous
molecular orientation on the crystallization on
kinetics, many researchers have quoted this
model to simulate various high-speed melt-spin-
ning processes and have applied it to the study of
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the structural developmental mechanism. The
model could partly explain many phenomena at
the spinning line, like that of the temperature,
diameter, and velocity profiles, but there is still
much disagreement between predicted profiles
and the on-line experimental results, such as bi-
refringence profile, etc. However, to date, there is
no systematic mechanism to account for orienta-
tion and orientation-induced crystallization along
the spinning path, primarily because the distri-
bution of orientation and stress at the spinning
line is changing with increasing crystallization
and polymers with various orientation structure
are not available. Until now, only diameter, tem-
perature, and birefringence on-line measurement
profiles have been available. Many off-line results
can not help accurately explain the structural
development mechanism. Even with the incorpo-
ration of orientation distributions, there still re-
mains the question of how to describe the temper-
ature and orientation effects on the crystalliza-
tion kinetics. The formulation used in the earlier
model is a result of empiricism and a simplified
theoretical development by Ziabicki.” This simpli-
fied development is due in part to the large diffi-
culties associated with designing an experiment
to actually study the crystallization kinetics of an
oriented material, maintaining and completely
characterizing the orientation during crystalliza-
tion, and the lack of a fundamental theoretical
basis for the nucleation and growth phases of the
crystallization process in oriented polymers.

Applying the limited on-line experimental data
and some basic theory to study the mechanism of
orientation and crystallization of high-speed
melt-spinning process is a new way to understand
the phenomena happened in the spinning line. In
this paper, with the help of some basic relation-
ships described by Zieminski, Sprueill, and
Shimizu et al.,!° we apply the existing the on-
line experimental data to study the main factors
that affect the orientation and verify the relation-
ship between the birefringence and deformation
and deformation rate developed by Zieminski and
Sprueill.’® The dynamic mechanism of orienta-
tion is also discussed.

FUNDAMENTAL EQUATION

The fundamental equations are developed from
the equations of continuity, momentum, and en-
ergy by applying the kinematics of melt spinning
and the following assumptions:

(1) steady state;

(2) no radial variation;

(3) the tangential and radial velocities are
Zero;

(4) the surface tension of the polymer air in-
terface, F, is negligible;

(5) viscous heating is negligible; and

(6) conduction and radiation are negligible.

These assumptions lead to the following set of
working relationships:
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where D, V, F, T, and 0 are filament diameter,
axial velocity, spinning line tension, filament
temperature, and crystallinity, respectively, at a
distance x from the spinneret; p, C,,, AH, and C,
are density, stress optical coefficient, heat of fu-
sion, and specific heat of Nylon-66, respectively;
C, and h are air drag coefficient and convective
coefficient, respectively; G and g are mass
throughput and acceleration of gravity, respec-
tively; p, and T, are air density and cooling air
temperature, respectively; and m is elongational
viscosity. More details are given elsewhere.'®

To apply the relationships just presented to the
melt-spinning process, expressions for the drag
coefficient, heat transfer coefficient, molecular
orientation, and crystallization kinetics are
needed. The drag coefficient is derived by Sakia-
dis!! from boundary layer theory as

C, = aN%, (5)

where Re is the Reynolds number, and a¢ and b
are 0.507 and —0.61, respectively.
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Table I Values of Important Physical Parameters Used in Numerical Solutions®

C Aa® Ac® AH

op

6., 0, T D, T,

max

1.3 X 107 '° cm?/dyne 0.090 0.090

45 cal/g

45% 0 150°C 80°C 225°C

“ T'max> T'ms» 0, and C,, are temperature at maximum crystallization rate, equilibrium melting temperature, ultimate crystalline

index, and stress optical coefficient, respectively.

The heat transfer coefficient with transverse
flow of cooling air is computed with empirical
relationship of Kase and Matsuo*:

8V 270.167
h =0.437 X 104A°<334V3-334[1 + (V) ] (6)

Yy

A number of relationships were needed to de-
scribe the physical properties of Nylon-66 as a
function of temperature, molecular weight, crys-
tallinity, etc. The rheology of Nylon-66 is modeled
as a Newtonian material

dv
T=N 4 (7

where the elongation viscosity is temperature,
molecular weight, and crystallinity dependent. At
temperatures above the xxxx (T',,)), an Arrhenius
expression was used to describe the temperature
dependence

n=3.31

_ 7548 6\
X 10 17(Mn)3'5exp m exp 4.605 0* (8)

In contrast, at temperatures <T',,, a WLF expres-

sion is used

—8.86(7 — 100
n=11X 1011(Mn)3'5exp[71116)]

0 2
X exp[4.605<0) } 9)
The density of Nylon-66 is given by'?
p=[4.86 X 107*T + 0.891]! (T=T,) (10)

~1.1018 — 0.001516
p= 1-0.1286

—4.55 X 107'T

(r<T, 11

The specific heat was calculated as follows'®:
C,=14X 1073T + 0.33 (12)

The amorphous orientation and the birefringence
along the spinning line are calculated by eqs. 13
and 14, respectively:

B An, 1
fo= 30 (13)

An =X XA+ (1—60) XAn,  (14)

where An, An,, f., A2, A2, f. are birefringence,
amorphous birefringence, amorphous orientation
factor, amorphous intrinsic birefringence, crystal-
line intrinsic birefringence, and crystalline orien-
tation factor, respectively.

The values of important physical parameters
used in numerical solutions are given in Table
1.14716 The conditions for the high-speed melt
spinning of Nylon-66 are shown in Table II.

NUMERICAL SOLUTIONS

The Nylon-66 used in this investigation was sup-
plied by Monsanto Textile and Intermediates
Company. The number-average molecular
weights (M,) were computed using the Mark-
Houwink coefficients of Taylor.!” The filaments
were melt spun from a Fourne Associates screw
extruder with a 13-mm diameter screw. The poly-
mer was metered through a gear pump to a sin-
gle-hole spinneret with a capillary diameter of
0.635 mm and a length-to-diameter ratio of 6. The
mass throughput was maintained constant at 2.5
g/min, and the extrusion temperature was 275 °C.
The draw down device was placed 2.5 m below the
spinneret. On-line measurements of diameter D,,
temperature T';, and birefringence An; as a func-
tion of distance from the spinneret were carried
out on the running spinning line. The tempera-
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Table II Conditions of the High-Speed Melt Spinning of Nylon-66“

D (x = 0) cm T (x =0) °C V., (m/min) W (g/min) V, (cm/min) T, (°C)
0.0635 275 3200 2.5 517.040 30
4000
6300
6600

“V, is the velocity of transverse cooling air.

ture profiles were measured with a Barnes infra-
red (IR) microscope using a noncontact, null bal-
ance technique described elsewhere.'® The diam-
eter and birefringence profiles were measured
using an Olympus polarizing microscope mounted
at the appropriate position and angle to the run-
ning spinning line.'?

Calculation of the Velocity and dV/dX Profiles

According to eq. 1, the calculated correlation for
the velocity and deformation gradient dV/dX is

Vi = 72 (15)

(16)

where p, is determined by the temperature 7'; and
crystallization index 6, _;, as shown in the form of
eq. 11.

Calculation of the Crystalline Index 6; and (d6/dX);

From eq. 3, the calculated relationships are
d0 . Cp dT WhiDi(TS - Tl) 17
&) “s\lx) - ¢, ] 17

de
Gi = dT( - + 0i71 00 =0 (18)

L

where

dT Ti - Ti—l
() ~v _ v _ (19)

ax) "X - X,

and h; is calculated with eq. 6.

The on-line measurement of temperature and
diameter is available, so in this paper we apply
these values to the determination of the crystal-
lization gradient and crystalline index.

Calculations of the Amorphous Birefringence (An,);
and (f);

According to eqgs. 13 and 14, (An,); and (f,); are
calculated by eqs. 19 and 20, respectively:

_ An; — 6,ACf.
(Ana)i - 1— 6i (19)
(Ana)i
(fa)i = A0 (20)

Calculation of the Elongational Stress o;

The elongational stress was calculated with eq.

21:
d

where 7, is calculated by using the eq. 7.

RESULTS AND DISCUSSION

There still remains a question of how to describe
the mechanism of orientation and crystallization.
Application of the kinematics of melt spinning,
some on-line experimental data, and some litera-
ture values of physical properties of Nylon-66
leads to a set of working relationships for calcu-
lating other profiles (including the amorphous bi-
refringence, the rate constant of crystallization,
etc.) along the spinning line. Using the results of
the calculation, we can predict the main factors
that affect the structural development at various
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Figure 1 Experimental diameter profiles for Ny-
lon-66 with a mass throughput of 2.5 g/min.

spinning speeds and discuss the mechanism of
orientation and crystallization for high-speed
melt spinning of Nylon-66.

On-Line Experimental Results for Nylon-66

The experimental diameter profiles are presented
in Figure 1. As in the case of the velocity profiles,
at low speed, the diameter draws down smoothly
to its final value at the take-up device that would
be expected from continuity. At high speed, the
diameter draws down more rapidly and to a pla-
teau, where the diameter decreases only slightly
thereafter. This result is a consequence of the
orientation-induced crystallization within the
spinning line. The position where the diameter
approaches the plateau is also the point where
the birefringence achieves the plateau region (see
Figure 2).

The on-line experimental birefringence profiles
are shown in Figure 2. At low speed, there is a
gradual increase in the birefringence. At high
speed, the birefringence starts out increasing
slowly, but then rises abruptly at positions corre-
sponding to the onset of rapid crystallization; that
is, orientation-induced crystallization occurs.

The on-line experimental temperature profiles
are shown in Figure 3. Unlike that of PET, these
profiles indicate little variation with regard to
spinning speed, and the temperature plateau that
results from the latent heat that is released dur-
ing crystallization is not obvious. This result is
because the higher temperature provide a greater
AT between the filament and its surroundings,
which allows the heat of crystallization to be
transferred to the surroundings much more effi-
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Figure 2 Experimental birefringence profiles for Ny-
lon-66 with a mass throughput of 2.5 g/min.

ciently, negating the appearance of a protracted
temperature plateau.

Mechanism of Orientation

It seems beyond any doubt that the factor that
makes high-speed spinning different from other
fiber formation processes is the high tensile stress
acting on the polymer melt that is subject to rapid
deformation and quenching. The stress acting on
polymer chains induces deformation of polymer
coils and orientation of chain segments, which in
turn contributes to the thermodynamic properties
of the polymer, the kinetics and thermodynamics
of crystallization, and other structural effects.
Molecular orientation controls the modulus, te-
nacity, and shrinkage of fibers. Therefore, the
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Figure 3 Experimental temperature profiles for Ny-
lon-66 with a mass throughput of 2.5 g/min.
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Table III Mathematical Model of Birefringence®

Serial Number Mathematical Model Remarks
1 An ~ C,,04, = C,,pVAV AV =V -V,
2 An = C,,0 =~ C,E(e + 78) e =VIVy, ¢ =dV/dX, = = n/E

? X ~ OV dx v T=E
Ao .

4 An = Anx{l - exp< m)} A is a constant
Aoy,

5 An = Anx{l - exp(—m>} o = pVAV
Ad’

6 An = Anx{l - exp(—T+273>} o = E(e + 18)

@ E is Modulus.

relation between tensile stress and the resulting
molecular orientation is crucial for high-speed
spinning. Most authors consider constant stress-
optical coefficients, which are justified for small
stresses and small deformations of idealized poly-
mer chains with Gaussian conformation statis-
tics. Exceptions are provided by the numerical
simulation of Katayama and Yoon,® who assume
a model nonlinear relation between molecular ori-
entation and stress, and by Ziabicki and Jarecki,”
who propose a nonlinear and non-Gaussian the-
ory of molecular orientation in the entire range of
stresses. According to the latter theory, devia-
tions from the linear, “Gaussian” behavior ap-
pears at a tensile stress of the order 5 X 107
dyne/cm?, which is easily attained or exceeded in
high-speed spinning. Hamana’ gives a relation
between stress and birefringence as An = 7.8
X 10~ 1% (for PET). This relation is valid only for
small stress value. According to the theory of
rubber elasticity,” An is related to o/(T + 273).
The mathematical model of the birefringence
used herein is shown in Table III.

The experimental birefringence as a function of
o' = E(e¢ + 7¢) at various spinning speeds is
plotted in Figure 4. At the lower take-up speeds,
the birefringence increases linearly with the in-
crease of ¢’ = E(e + 7¢). At the higher speeds,
the birefringence starts out increasing linearly,
but then rises abruptly, at positions correspond-
ing to the onset of crystallization, to a new stage
in which the birefringence also increases slowly
and linearly with the stress.

The results in Figure 4 also indicate that the
crystallization rate is greatly enhanced by orien-

tation of the molecules prior to the crystallization
process taking place. The driving force for molec-
ular orientation within the spinning line is the
stress. At higher take-up speeds, there are two
stages in the spinning line; one is a low orienta-
tion stage, the other is a rapid orientation in-
crease stage due to the rapid crystallizing. Only
in the latter stage is the birefringence deeply
affected by the crystallization and does orienta-
tion-induced crystallization occur.

Plots of In N = In[1 — (An/An_)] as a function
of @ = o/(T + 273), where o = E(e + 7¢), An is
the experimental birefringence, and An, = 0.2
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Figure 4 Experimental birefringence as a function of
force at various take-up speeds.
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are shown in Figure 5. At the lower speeds, the
decrease in In(1 — An/An.) with the increase in
o/(T + 273) is linear. At the higher speeds, there
two stages along the spinning line. One is a low
orientation increase stage, the other is a rapid
orientation increase stage due to the rapid crys-
tallization. Only in the later stage is the birefrin-
gence deeply affected by the crystallization and
does orientation-induced crystallization occur.

Figures 4 and 5 are developed from model No.
2 and model No. 6, respectively, based on the
rubber-elastic mechanism. The deformation pro-
cess in the high-speed melt spinning of Nylon-66
has proved to consist of two regions along the
spinning line: a Newtonian flow region and a rub-
ber-like deformation region. In the latter region,
not only does crystallization occur, but a network
of molecules connecting seed crystals may also
develop.'® As the take-up speed is raised, the
degree of crystallinity and the crystalline perfec-
tion strongly increase, and molecules in the fiber
become well oriented and constrained between
crystals.
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CONCLUSIONS

A new way of applying on-line experimental data
and some basic theory to study the mechanism of
orientation of a high-speed melt spinning process
was described and used to calculate the profiles of
Nylon-66 along the spinning line. The relationship
that described the birefringence in the model is a
combination of the stress optical law and a rubber-
elastic element. The results show that the deforma-
tion process in the high-speed melt spinning of Ny-
lon-66 consists of two regions along the spinning
line: a Newtonian flow region and a rubber-like
deformation region. In the latter region, not only
does crystallization occur, but a network of mole-
cules connecting seed crystals may also develop.
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