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SYNOPSIS

The micromechanical description of nonisothermal flow-induced crystallization of a poly-
meric liquid with rodlike molecules is the main part of the fiber spinning model described
here. Solutions of the governing equations show that an increase in winding velocity leads
to the appearance of an on-line flow-induced crystallization zone in a fiber. This zone
manifests itself in accelerated formation (necking) due to the release of heat of crystallization
which results in the decrease of viscosity. Liquid crystallinity grows very rapidly in the
necking region, which, in turn, leads to the growth of viscosity after some minimal value,

which finally arrests fiber deformation.

INTRODUCTION

During the last decade, studies connected with ad-
vanced fiber spinning technologies have concen-
trated attention on high-speed fiber spinning with
winding velocities of the order of several thousand
meters per minute.! Under such conditions an elon-
gational flow triggers off a flow-induced orientation
and crystallization, which, in its turn, can affect flow
in a liquid spinline. Crystallization kinetics descrip-
tion should be incorporated into existing hydrody-
namic models of fiber spinning to allow us a theo-
retical treatment of high-speed processing. Some
phenomenological models of nonisothermal flow-
induced crystallization have been proposed '™ as well
as micromechanical models for flexible macromol-
ecules.!*

The objective of the present work is microme-
chanical description of nonisothermal flow-induced
crystallization of rodlike molecules and incorpora-
tion of resulting crystallization kinetics into hydro-
dynamic model of fiber spinning. We take into ac-
count the variation of entropy of a liquid due to
reorientation of rodlike molecules in an elongational
flow inside a fiber. Such reorientation results in a
decrease of liquid entropy and increase of the tem-
perature of phase transition liquid/crystal. As a re-

Journal of Applied Polymer Science, Vol. 46, 873-878 (1992)
© 1992 John Wiley & Sons, Inc. CCC 0021-8995/92/050873-06

sult, an overcooling of liquid particles increases due
to stretching and flow-induced crystallization may
start in a spinline. Such crystallization leads to a
heat release, which, in turn, leads first of all to in-
creased temperature, decrease of viscosity and sub-
sequent rapid diameter attenuation (necking). In
the region of accelerated formation part of the liquid
rapidly increases in crystallinity leading to the
growth of viscosity, which finally completely arrests
spinline deformation.

THEORETICAL MODEL

Consider the governing equations for high-speed fi-
ber spinning (see Fig. 1). To describe a flow of a
liquid in the fiber spinning, we shall use the quasi-
one-dimensional approximation.’*® Let us consider
here a steady flow only. In this case the equations
of continuity and momentum for a liquid in a fiber
have the form

Vra?= Vyral=Q
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Here the last term on the right-hand side of the
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Figure 1 Scheme of high-speed fiber spinning: (1)
spinneret hole; (2) necking region in a fiber; (3) winding
device.

second equation describes the air friction at the sur-
face of a fiber;! V is the longitudinal velocity, a is
the cross-section radius, p is the density of a liquid,
z is the longitudinal coordinate, @ is the volumetric
flow rate, p; and », are density and kinematic vis-
cosity of air; subscripts 0 here and hereafter mark
the known values of parameters at a spinneret hole
exit.

Viscosity u depends both on temperature T and
degree of crystallinity 5, (the part of material which
was crystallized):

- (3] _‘\
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Here u* is preexponential factor, E is activation en-
ergy, R is gas constant, and B and b are nondimen-
sional constants ( material constants).

We introduce ¢ as a concentration of nuclei of
crystallization which may grow (the units of ¢ are
1/m?). We consider a growth of fibrillar cylinderlike
crystals with a diameter of a cross-section d and
rate of linear growth v. In unit time in a unit volume
of liquid appears crystalline volume 2(wd?/4)vc(1
— 5.). Thus, the thermal balance equation in a fiber
has the form

T 2 0.334
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Here ¢, is a specific heat of a liquid, T, is air tem-
perature at the infinity, A; is thermal conductivity
of air, and Ah° is heat release of crystallization of a
unit mass.

The empirical law for the convective heat transfer
at fiber surface incorporated into (3) (the first term
on the right-hand side) is widely used in studies of
fiber spinning.! The second term on the right-hand
side of (3) describes heat release in a crystallization
process (we neglect here the difference between
densities of liquid and crystalline phases), and the
third one describes the dissipation of energy. As
usual, we neglect the conductive heat transfer along
a fiber.

The equations describing the appearance of nuclei
which may grow, and the increase of crystalline
phase are as follows:

dc dn. wd?
kg =(1—n) 2=
9 I(¢), ot (1 —mn) g Ve (4)

Here I(t) is a rate of nucleation in a unit volume
(we take into account only the nuclei which are large
enough to start to grow); the units of I are 1/(m?%);
d/dt denotes material time differentiation (d/dt
= Vd/dz). In Ref. 6 the term “rate equations” was
proposed for equations of such a type.

Equations (1)-(4) should be solved with the
boundary conditions as follows:

V=V0,
z=L, V=YV, (5)

z2=0, T=T4,c=0, 5.=0

Fouatinns {4) may he rearranoed fo the intagral
form

2 vt t—r /v
nc=1—exp[%fo Uo I(T)d‘r]dr} (6)

which is the generalization of Avrami’s law for non-
isothermal flow-induced crystallization.

RATE OF NUCLEATION

We calculate the rate of nucleation, I, incorporated
into the system of governing equations (1)-(4).



From the thermodynamics of polymers,”® we have
the formulae for the melt temperature T',, and spe-
cific free enthalpy (Gibbs potential) change A in
a slow equilibrium crystallization process:

TO
T, = 2
14+ (S — SHTL/(MAR®)

T
A¢:Ah°p,,c(1—T—) (7)
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Here S, is entropy of a liquid phase, M is molecular
mass of a monomer, p,. is density of a crystalline
polymer; superscripts 0 mark the values of param-
eters corresponding to the crystallization of an un-
oriented isotropic liquid.

The orientation probability density function W
for a rodlike molecule in uniaxial elongational flow
inside of a fiber is described by the equation as fol-
lows:

OW _3 . . 0gW
ot 4 ¥ 5
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In eq. (8) ¥ = dV/dz is rate of strain along the
fiber axis 0z; # is an angle in spherical coordinate
system between radius-vector and Oz-axis (0 < 4
<, see Fig. 1).

Equation (8) is a particular case of the Fokker—
Planck equation. We have neglected rotational
Brownian diffusion of rodlike molecules, which is
justified if the rotational diffusion constant D,
< v. Using the data of Refs. 9 and 10, we estimate
the value of D, in semidilute solutions as D, ~ 1
s % in liquid crystalline phase D, is smaller. A typical
value of y corresponding to high-speed fiber spinning
is ¥ ~ 10 s™! (an order of magnitude larger than
the above-mentioned value of D,), which justifies
the omission of rotational Brownian diffusion in (8).

In the case of an isotropic initial state of a liquid,
when W =1/(4w) at t = 0 (2 = 0) the solution of
eq. (8) is as follows:

A3
= 2 3 2 pv3/2 (9)
4m(cos“ 8 + A° sin” 8)
Here
£ vV
A = exp ~(t)dt' | = — (10)
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The molar entropy of a liquid according to Boltz-
mann principle with the account of (9) equals
SI =RInW
A3

=R1
Rln 47 (cos? 0 + A% sin? )32

(11)

For an unoriented liquid we have respectively

1
S(1’=Rlnz; (12)

Combining (7), (11), and (12), we obtain the
melt temperature of a fibrillar crystal growing at an
angle 0 to a fiber axis:

T
Tn=17 TORIn[A3(cos® 8 + A®sin?®0)7%/2]/
(MAR®)
(13)

Expression (13) corresponds only to equilibrium (or
close to equilibrium) rather slow processes of crys-
tallization. It should be used only at extremely low
degrees of liquid particle elongation A — 1 + 0.
However, it is known that, at high degrees of ori-
entation, the crystallization process is a “burst”-like
one (in high-speed fiber spinning the values of A
may be of the order of 10%). In the whole range of
variation of A, the following equation may be used:

A3 —-n
(cos? 8 + A®sin2 6)%/2]

T - T?,,[

T%R (14)
n=_-"nt

MAR®
Equation (13) is the asymptote of (14) as A —> 1
+ 0.

We consider a nucleus of fibrillar crystal in the
form of a circular cylinder of length [ and cross-
section area A. The change of the free enthalpy
( Gibbs potential) of a system liquid/crystal due to
the appearance of a fibrillar nucleus equals

Ad = 2(A) %6, + 2A0, — IAAp  (15)

where ¢, and ¢, are lateral and edge surface energies.

The minimal sizes of nuclei which may grow cor-
respond to the maximum of A®.”® Hence, using (15)
and the second expression of (7), the threshold value
of A® equals

87ola,

A = R - T/ T D) T?

(16)
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The probability of appearance of a nucleus (which
may grow) oriented at some angle 6 equals

_ A%,(0)
xP ET
0, T> T,(6)

], T < Tw(8)

p= (17)

where k is the Boltzmann constant.
Hence, the nucleation rate in a unit volume equals

Kce, kT E "
1= x|~ ) [ 1) as
Adsin @
£(6) = (cos? 0 + A®sin? 9)3/2
0, T>T.8)
U
X exp{ — st T <T,(0)
RT[1—T/Tn(0)]
8wolo, N,
= oo Ahtoppc); (18)

[egs. (9), (16) and (17) have been used]. Here K
is the reciprocal mean number of molecules per nu-
cleus, ¢, is concentration of molecules, k is Planck’s
constant, and N, is Avogadro’s number.

Suppose that the value of U/(RT,) is large
enough {which is frequently a case in applications)
and evaluate the integral in (18) by using the La-
place asymptotic method.!’ As a result, we obtain

j_KakT ( E
2 h CP\TRT

U
X —_
exp[ RT[1 — T/(T‘,’,,AN)]Q]
o (27BTo\'"* | o5
UD
6n(A°—1) 3
PenTrireamrroarse Nogn (19)

The first expression of (19) shows that the effective
melt temperature, which varies (increases) along the
fiber, equals:

Tm,eff = ng.AN (20)

When T > T, .4, the rate of nucleation I = 0.
Note that in the case of crystallization of a liquid
with equilibrium inner structure (when A = 1) the

function I(T') described by (19) has a maximum
I, at a certain value of 7. Equations (19) and
(10) give us the closure expressions for the governing
equations (1)-(4).

RESULTS AND DISCUSSION

Let us use the following model set of parameters
corresponding to high-speed fiber spinning!%!°: ¢,
=10"%J/m? 0. = 0.19J/m? p,.. = 1455 kg/m®, AR°
= 141.8-10* J/kg, Ty = 568 K, E = 44.1 kdJ /mol
for T>343 Kand E = oo for T <343 K, L =1 m,
a, =15 X 10"* m, V, = 28.404 m/min, p; = 0.946
kg/m3, »; = 0.23 X 107" m?/s, p = 1270 kg/m?, p*
= 0.073 kg/(m s), ¢, = 1.9 X 102 J/(kg deg), A,
=0.0315J/(m sdeg), T, = 293K, T = 553 K, B
= 10, and b = 5. The value of the nondimensional
parameter K, = nd?I%.«L?/(2V 2) used in nu-
merical simulations equals 2 X 10% This order of
magnitude of K, corresponds to the appearance of
necking. In the most simulation runs the value of
nondimensional power N in the nucleation law (19)
equals 0.1.

By using the above values of parameters the sys-
tem of governing equations has been solved numer-
ically. In the results which follow the nondimen-
sional values have been introduced using the scales:
ay for a; V, for V; L for z; Ty for T and T,, cq;
I%.« X L)V, for ¢; I, for I.

In Figures 2 and 3 in the nondimensional form
the distributions of V, T, n,, I, Ty e and T/ Tp ont
along the fiber axis are shown. In Figure 2 the value
of 50 for V corresponds to 1420.2 m/min. In Figure
3 the unity at the vertical axis corresponds to 568
K for T and T, e«- The unity at 0z axes corresponds
to 1m. If fibrillar crystal parameters (cross section
diameter d and rate of linear growth v) are known
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Figure 2 Velocity and crystallinity along a spinline: (1)
V; (2) .. The value of nondimensional power N in (19)
equals 0.1.
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Figure 3 Temperature and rate of nucleation along a
spinline; (1) T'; (2) Thne; (3) T/ Thea; (4) I; the value
of nondimensional power N in (19) equals 0.1.

it is possible to calculate the scale 12, of I by using
the value of K, . The results plotted in Figures 2 and
3 correspond to the same fiber with winding velocity
V; = 1307.15 m/min.

In Figure 4 the distributions of cross-section ra-
dius were plotted for various values of winding ve-
locity. The onset of necking is clearly seen in the
curve 2 and completely formed necking zones are
seen in the curves 3 and 4 (the latter corresponds
to the same fiber as the results plotted in Figs. 2
and 3).

The curves 3 and 4 in Figure 4 show that the
configuration of cross-section radius distribution
changes very slightly when high values of winding
velocity V; have been reached. The results of cal-
culations obtained for V; = 3000 and 6000 m/min
show that the distributions of In a are very close to
the curve 4 in Figure 4 with the exception of the
vicinity of point z = 1. There In a sharply decreases
and velocity V sharply increases to satisfy the
boundary condition at a winding device. Due to the
dissipative heating liquid temperature also increases
in the close proximity of z = 1 for V; = 3000 and
6000 m/min. Obviously, the rheological model of
Newtonian liquid used here is inapplicable for the
description of significant stretching of fully crys-
tallized parts of a spinline. (Only the consideration
of practically nondeformable rigidlike crystalline
parts of a fiber is possible as in Fig. 4). It means
that to consider the highest values of V; (for which
deformation of crystalline parts of a fiber may take
place) plasticity and viscoelasticity of a crystalline
fiber should be incorporated into the model.
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The physical mechanism of the necking is clearly
seen from Figures 2, 3, and 4. As a result of crys-
tallization, which arises approximately at z = 0.3
(see curve 2 in Fig. 2) and its heat release, the liquid
temperature begins to increase in spite of the con-
vective heat removal at the fiber surface. This tem-
perature rise is illustrated by curve 1 in Figure 3.
The rise of temperature leads to the decrease of vis-
cosity and to the appearance of a neck in the region
0.4 < z < 0.5 (see curve 1 in Fig. 2 and curve 4 in
Fig.4). In the neck region the degree of crystallinity
1. increases sharply. This process cancels the de-
crease of viscosity and then leads to its growth. At
the end of the necking region, the viscosity value
becomes so large that the deformation of material
practically ceases, the heat release due to crystalli-
zation sharply decreases, and the fiber temperature
begins to decrease (see the right-hand side part of
curve 1 in Fig. 3). This, in turn, leads to an increase
of the overcooling, which is clearly seen from the
dependence of T/ T, . in Figure 3. Indeed, as the
temperature T decreases and the effective melt tem-
perature T, ¢ is practically constant (see the right-
hand side of curve 2 in Fig. 3), the ratio T/ T, s
decreases which manifests itself in the increase of
the overcooling. As a result crystallization is rapidly
completed.

Note that the dependence of T/ T}, g 0n z in Fig-
ure 3 has rather complicated character due to the
competition of the heat removal, heat release in the
crystallization process, and elongation. In the region
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Figure 4 (1) In a (where a is cross-section radius) for

V, = 100.27 m/min; (2) 357.3 m/min; (3) 1146.95 m/
min; (4) 1307.15 m/min. The value of nondimensional
power N in (19) equals 0.1.
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0.25 < 2z < 0.45, this dependence consecutively passes
through the minimum and maximum, due to which
the maximum and minimum in the rate of nucleation
curve I(z) appear (see curve 4 in Fig. 3). The further
increase of [ is related to the increase of the over-
cooling of a liquid. As a result, the rate of nucleation
in the liquid phase sharply increases. Naturally, it
takes place along with the decrease of liquid phase,
since the crystallinity degree 7. permanently in-
creases.

The dependence I(z) sharply changes with the
value of nondimensional power N in the nucleation
law (19). In the simulation with N = 0.253 the de-
pendence I(z) passes consecutively twice through
maximum and minimum and only afterwards does
the monotonous growth of I begin. Thus, the crys-
tallization process in the fiber as well as the necking
strongly depend on the values of polymer parame-
ters. Because of this fact, the appearance of necking
in some specific range of winding velocities may be
characteristic only for some specific type of poly-
meric liquid with rodlike molecules.

It is emphasized that the crystallization process
in a spinline is practically unaffected by an increase
of V; beyond 2000-3000 m/min.

CONCLUSIONS

A micromechanical model of nonisothermal flow-
induced crystallization of rodlike molecules which
allows us to describe a mutual influence of liquid
flow and internal crystallization has been proposed.
The results obtained with the help of this model
show that the appearance of a necking zone on a
fiber in high-speed spinning may be switched on by
the flow-induced crystallization of rodlike polymer
molecules.

Crystallization and necking processes in a spin-
line strongly depend on the values of polymer pa-
rameters characterizing its microstructure [ first of
all the power N in the nucleation law (19)]. It means
that the appearance of necking in some specific

range of winding velocities may be characteristic
only for some specific type of rodlike molecules.

At the highest values of winding velocity there
are signs of the deformation of a crystalline part of
spinline. To describe this process, plasticity and vis-
coelasticity of a crystalline fiber should be taken into
account.

The rate of crystallization in a spinline is prac-
tically unaffected by an increase in winding velocity
beyond 2000-3000 m/min (for the model values of
parameters used in the simulations).
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