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ABSTRACT

High speed melt spinning of linear, branched, and
high molecular weight poly(ethylene terephthalate) (PET)
polymers using a pneumatic drawdown device was carried
out in this study. Characterization of the structure of
final spun fibers of each polymer and the structure
development along the spinline for different mass
throughputs and take-up velocities were studied.

The final spun fibers were characterized with
various techniques: birefringence, density, wide angle
X=ray scattering (WAXS), differential scanning
calorimetry (DSC), shrinkage, and tensile testing. A
filament cutting technique was utilized and on-line
temperature and birefringence measurements were
performed to study the PET structure development along
the spinline.

A sharp diameter thinning (necking) phenomena was
clearly observed on the spinline for linear and high
molecular weight samples at high take-up speeds. After
necking, the fiber exhibited almost constant diameter
and a semi-crystalline structure. Mechanisms for
necking formation were considered in this study.

A computer simulation was also performed in this

research. The computer simulation results agreed



qualitatively with the the experimental dataal data but
quantitative agreement with the experimental data was
not achieved. The changes of fiber structure from fully
amorphous to semi-crystalline, however, could be

simulated on the spinline.
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CHAPTER 1

INTRODUCTION

For centuries, nature was the only source of fiber
for textiles. The quality and quantity of natural
fibers strongly depended upon the environment. Since
first being manufactured on a wide scale in the 1950's ,
synthetic fibers were readily accepted by consumers
because of their durability, blendability with natural
fibers, better wrinkle recovery, and ease of
maintenance.

There are several advantages of manufacturing
synthetic fiber:

(1) It is fast, automatic, and independent of
weather conditions.

(2) The gquality and guantity can be carefully
controlled.

(3) The fiber properties can be designed and
modified in the manufacturing processes.

For example, in the polymerization process,
controlled degrees of polymerization, incorporation of
functional groups, addition of certain additives or
copolymerization with other monomers can improve fiber
raw material properties. In the fiber spinning process,

controlling the fiber diameter, changing the shape of

1



fiber cross-section by utilizing spinneret holes of
different shapes, i.e. circular, triangular,
pentalobal, etc., or production of bicomponent fibers
etc., can be used to improve luster, stiffness, and
resilience of the fiber. It is highly likely that in
the future fiber producers will be able to manufacture
fibers which possess the luster of silk, the wettability
of cotton, and the bulk of wool.

Today man-made fibers are used not only in apparel
and home furnishings but also in (1) medicine; artifical
arteries and disposible surgical products, in
(2) transportation; radial tires and road construction
materials, in (3) environmental applications in air
filters and (4) erosion control composites and in (5) a
growing number of products for aerospace uses (56).

There are three basic processes used in the
manufacture of man-made fibers: (1) wet spinning,

(2) dry spinning, and (3) melt spinning. Wet spinning
involves conversion of fiber raw material into a
solution, and extrusion of this solution through a
spinneret into a coagulating bath, where additional
chemical reactions convert the material back into the
desired fibrous form. In dry spinning, the polymer is
dissolved in a volatile solvent to form a spinning dope.

The dope is forced through a spinneret into a chamber

2



containing warm gases (usually air). In the chamber,
the warm air causes the solvent to evaporate and the
solidified polymer forms fibers. 1In melt spinning, the
polymer is melted and the molten polymer is pumped
through a spinneret by a metering pump. The extruded
polymer melt is solidified by cooling air and wound up
by a take-up device. Of these, melt spinning is the
simplest and most economical method and requires no
chemical change of any kind in the process. The first
successful melt spinning process was performed with
nylon 66 by Carothers (20) of E.I.du Pont de Nemours and
Company in 1931 and was commerciallized in 1939 (60).

In a conventional melt spinning process, take=-up
velocities are usually below 1500 m/min. At low take=-up
velocities, molecular orientation is insufficient to
impart the required properties of textile fibers.
Because the spun fiber is weak and unstable, it can not
be directly used for weaving or knitting. A drawing
process 1s necessary as a post spinning operation since
sufficient orientation can not be imparted during the
spinning operation. The drawing process gives the fiber
the necessary tenacity and elastic modulus for use in
the textile industry.

Extensive research was done and numerous papers

were published concerning the relationship between

3



molecular orientation and physical properties of the
fiber. They concluded that molecular orientation plays
a very important role in determining the fiber physical
properties. With increasing molecular orientation, the
birefringence, crystallinity, density, and tenacity
increase while fiber elongation decreases.

Fiber producers have found that the stability of
fiber improved with increased take-up speed in the
spinning process (55,88). They observed that in
spinning poly(ethylene terephthalate) (PET), partially
oriented yarn (POY) formed at a take-~up speed of about
3000 m/min, resulted not only in increased production
rates but also improved the stability of yarns which had
better storage properties (55,88).

From the economic point of view, both increasing
take-up speed and reducing the number of processing
steps will decrease production costs. If fiber
producers can produce fully oriented fibers directly
from the melt spinning process by increasing the take-up
speed to certain limits, they can eliminate the
sequential drawing process. The fully oriented fibers,
produced by high speed spinning, may then only require
twisting into plied yarns and possible texturizing
before being woven or knitted. 1In the spunbonding

nonwoven industry, efforts are made through air



attenuation and drafting techniques to achieve as high a

degree of orientation as possible to improve the
mechanical properties of these structures (56).

Recently, 6000 m/min take-up devices have been
commercialized (33). The structure and physical
properties relationships of PET fibers spun at high
speeds behave differently from the partially oriented
fibers. The effect of high spinning speeds on the fiber
structure and physical properties has been studied by
many researchers (2,35,36,51-53,66,71,82,83,87-100,117,
118,128,129).

However, there has been very little information
reported on the relationships between the structure and
physical properties of linear, branched, and high
molecular weight PET polymers under high speed spinning.
Furthermore, the fiber structure development along the
spinline under high speed spinning was still unclear.

The purpose of this study was to examine the
structure and physical property relationship of three
different PET polymers: linear, branched, and high
molecular weight, under different mass throughputs and
take-up velocities. Furthermore, structure development
along the spinline was investigated by measuring fiber
diameter, birefringence, and temperature during spinning

of these three different polymers. A computer
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simulation was also performed to simulate the structure
development along the spinline of PET during high speed
spinning. Based on these studies, we have developed a
more fundamental understanding of these polymers under

high speed spinning.



CHAPTER 2
LITERATURE SURVEY

2.1 General Background

The first fundamental research on PET fibers was
done by the Carothers team for E. I. Du Pont de
Nemours and Company from 1928 to 1937 (60,74,75,127).
However, the polycondensation of linear PET is more
difficult than for polyamides, and this delayed the
development of PET in synthetic fiber production. 1In
1941, J. R. Winfield and J. T. Dickson of Calico
Printer's Association Ltd., successfully introducted PET
fiber in Great Britain (60). 1In 1947, both the Imperial
Chemical Industries Ltd. (ICI) and Du Pont Company
purchased the rights to manufacture PET fibers. Du
Pont's PET fiber was marketed under the tradename
"Dacron"® while ICI called the same fiber "Terylene"®,
Because of their ease of maintenance and excellent

crease resistance properties, PET fibers were widely

accepted by consumers.

2.2 Basic Structure of Poly(ethylene terephthalate)
The Textile Fibers Products Identification Act (60)
defines poly(ethylene terephthalate) fiber as

"a manufactured fiber in which the fiber forming



substance is any long chain synthetic polymer composed
of at least 85 percent by weight of an ester of a
substituted aromatic carboxylic acid, including but not
restricted to substituted terephthalic units,

p (—R—o—c":—C.PL—c":—
o o

and parasubtituted hydroxybenzoate units,"

p (_R—O_C‘H‘_ICI—O_>

Basically, the chemical structure of PET fiber is a
linear polymer with a repeat unit of oxyethylene

oxyterephthaloyl (75):

Q o H

? I

H o1 /.
n o= 80- 1K
The crystal lattice of PET is triclinic (24) as

shown in Figure 2.1. The unit cell parameters are
a=4.563, b=5.94%, c=10.75%, 0 =98.5", §=118°, vy =112°
(24). The polymer chain lies along the c axis and the c
repeat distance consists of one structural unit (24).
The molecular chains were found to be roughly planar

with aromatic rings nearly parallel to (100) planes (24).
8



Figure 2.1. Schematic of molecular packing in
poly(ethylene terephthalate),



2.2.1 Density

Based on the unit cell determined by Daubeny, Bunn,
and Brown (24), The crystalline density of PET is 1.455
g/cm3. For completely amorphous PET, the density is
1.335 g/cm3(24). There have been other reported values
of the crystalline density, i.e., 1.501 g/cm3 (120),

3 (67), and 1.515 g/cm° (29). These are based

1.495 g/cm
on redeterminations of the crystal unit cell dimensions.
In this research, we used the Daubeny value due to its

widespread acceptance in the literature.

2.2.2 Crystallinity

Due to low intermolecular force between molecules,
the crystallization rate of PET is low and
crystallization time is long under gquiescent
crystallization (51,74,81,127).

In the melt spinning process, below 3500 m/min, PET
fibers do not crystallize in the spinline and an
amorphous structure is observed. Shimizu et al.
(87,92,93,95), Heuvel et al. (51), and Perez et al.
(82) reported that at take-up speeds above 4500 m/min,
PET polymers crystallized in the spinline. The
crystallinity of PET fiber increased as the take-up
speed increased. This is apparently due to enhanced

crystallization kinetics caused by orientation-induced

10



crystallization. The crystallization kinetics are
discussed further in section 2.3.

The crystallinity can be determined and calculated
from density measurement, differential scanning
calorimetry (DSC) techniques, x-ray diffraction methods,
infrared absorption or nuclear magnetic resonance.
Typical crystallinity values range from zero fof
quenched amorphous samples to about 559 crystalline for

well crystallized samples (23,48).

2.2.3 Thermal Properties

The glass transition temperature (Tg) of PET
usually ranges between 67 Coto 75 Co(17,18). The glass
transition is an important phenomenon occurring in
amorphous material or the non-crystalline regions of a
semi-crystalline polymer. Above Tg the polymer exhibits
the behavior of a rubbery material (low modulus, high
extensions, etc.) while below Tg the polymer exhibits
the properties of a glassy material (high modulus, low
extension, stiffness, etc.). Amorphous PET crystallizes
in the range of 95 c®to 145 Co(15). In general, the
higher the orientation the lower is the crystallization
temperature. The equilibrium melting temperature of

crystalline PET is about 2550.

11



2.3 Crystallization

The crystallization phenomena can in general be
devided into two processes: nucleation and crystal
growth. The nucleation is the initiation of a very
small amount of crystalline material emerging from the
parent phase by a fluctuaticn prccess (14). Crystal
growth in polymers also generally proceeds by a
nucleation mechanism: namely, by surface necleation on
the growth plane.

Both nucleation and crystal growth are dependent on
crystallization conditions such as time, temperature,
pressure, mechanical forces, and pretreatment (14,58).

There are three different types of nucleation
occurring in crystallization from the polymer melt:

(1) Heterogeneous nucleation, i.e. nucleation due
to the presence of a second phase and occurring at the
interface with it. The second phase may be impurities
or nucleating agents on which crystallization takes
place.

(2) Homogeneous nucleation, i.e. mnucleation in the
absence of a second phase. The spontaneous aggregation
of polymer chains in a manner which is reversible by
thermal motion. Until a critical size is reached, the
subsequent addition of chains is irreversible, the

growth may be consider to have commenced.
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(3) Orientation-induced nucleation, i.e.
nucleation is enhanced due to some degree of alignment
by orientation of the polymer molecules. Regions of
chain alignment are easily converted to a nuclei embryo
and crystallization take place.

Binsbergen (14) reported that when polypropylene is
oriented by shear stress or tensile stress as low as
about 0.1 kg/cm2, nucleation is induced at a much lower
degree of supercooling than is required for normal
crystallization. The nucleation lines are parallel to
the direction of stress direction. The density of

nucleation lines increases with increasing orientation.

2.3.1 Crystallization Kinetics

Numerous investigation have been made of the
crystallization kinetics of polymer materials. Most of
these studies focus on crystallization under isothermal
conditions.

(1) Isothermal crystallization kinetics

The degree of phase transformation from amorphous
phase to crystalline phase is related to time by the
Avrami equation (81):

1 - exp( -kt" ) (2.1)

X (t)

where

X (t) the degree of phase transformation
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k : the crystallization rate constant
containing nucleation and growth rate

n Avrami index

(2) Non-isothermal crystallization

Crystallization of polymer melts, in practical
processing operations, proceeds non-isothermally over a
wide range of temperature. The overall crystallization
rate constant, which contains contributions from

nucleation and growth processes depends on the

temperature.
K = K(T) (2.2)
Nakamura et al. (81) expressed non-isothermal

gquiescient crystallization as:
= - -rt RIS 2.3
X (t) 1 exp ( IO K(T) dt) " ) ( )
where

n : Avrami index determined from the data
of the isothermal crystallization

K(T) = k(1) 1/

(3) Crystallization kinetics in melt spinning
process
In the melt spinning process, temperature is a
function of time along the spinline and resulting time
dependence of K can be written as:
K = K( T(t) ) (2.4)
14



Polymer crystallization in the melt spinning
process is also very sensitive to molecular orientation
in the amorphous phase. Ziabicki (127) determined the
kinetic function of non-isothermal and oriented

condition in melt spinning process as:

K(t) = K (T)exp( A-£2 ) (2.5)

where
K (T) : the crystallization rate in an isotropic

unoriented system

b

3

orientation factor

A

.

material constant

Ishizuka and Koyama (58) studied the
crystallization kinetics of polypropylene in melt
spinning. They reported crystallization kinetics for a

heterogeneous!y nucleated system as:

-in( -2 = L S g, f x { Ez)c;.(T AN_(u))at}™
Xa Yo o C1 T Eiogt ymp 1 (W
Nl(T(T)LNa(T)) (2.6)
where
X, ° the maxium crystallinity
£ : density of crystalline phase

£y ¢ density of liquid phase
kf : shape factor which depend on the

dimensionability of the growth
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LN
a

.

orientation of the amorphous phase

N. : temperature and orientation dependent rate
of nucleas formation

G. : time, temperature, and orientation depend

linear growth rate

(4) Crystallization kinetics in PET melt spinning

Due to low kinetic crystallizability of PET
polymers, at low spinning speeds, PET polymers do not
crystallize in the spinline and an amorphous fiber
structure is observed in the fibers. However, at high
spinning speeds, PET polymers do crystallize in the
spinline. Shimitzu et al. (87,92,93,95), Henvel et al.
(51), and Perez et al. (82) reported that at take-up
speeds above 4500 m/min, PET polymers crystallized in
the spinline and crystallinity increased as take-up
speeds increased. This is apparently due to enhanced
crystallization kinetics caused by orientation-induced
crystallization.

Kikutani (66) reported the crystallization kinetics

of PET polymers as:
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—S =1 - exp( -( f'g K( T(t)-aN)an)" ) (2.7)

where

crystallinity

>

maxium crystallinity

>
8

AN : total fiber birefringence

This crystallization kinetic equation was used to
simulate the spinline behavior of PET polymers in

Chapter 4.4.

2.4 Dynamics of Low and Moderate Speed Melt Spinning
Melt spinning is the fundamental operation in the
manufacture of fibers from PET polymer. .The process
involves melting the polymer and extruding it through
spinneret(s) into a gaseous medium and stretching it by
a take up device. The fiber structure changes along the
spinline with the rate of deformation and the rate of
cooling. The study of spinning dynamics has become the
key point of the melt spinning process. A complete
series of studies (both theoretical analysis and
experimental Investigation) of the spinline problem
began with the work of Ziabicki and Kedzierska (122~124)

and Kase and Matsuo (61-65). More detailed review have
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been given by Dees (25,26), White (114), and Tsou (109).
A brief summary of the important features of the problem
is given in the following paragraphs.

The problem involves mass balance, force balance,
energy balance, and structure development along the
spinline. These balances must be solved simultaneously
to interpret this complex melt spinning process:

(1) Mass balance

In steady state melt spinning, the mass balance may

be expressed as

Pp AV =W = constant (2.8)

where

O
.

fiber density

fiber cross-section area

fiber velocity

zE < »

mass throughput

(2) Force balance
The gradient of axial force along the spinline,

dF/dx, results from several contributions,

S

ax - % (2.9)

dR 2
|l a?ﬁ? pg R+ 1D Tf

and after intergration (base on pure elongational flow)
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F = F(O) + W (V(x)'v(O)) + T a (R( -R }

(x) 0) (x)
- T pg % dex + 2 1w/ R 1, dx (2.10)
0 0 f
where

4ar : . C N

Tx : gradient of axial force along the spinline

V(x) : current axial velocity of the filament at
the distance x from spinneret

V(O) : extrusion velocity

R(x) : current radius of the filament

R(O) : radius of the orifice
o : surface tension

shear stress on the filament surface

Hh

resulting from air drag (skin friction)

The individual terms in eguation (2.3) describe the
contribution of rheological force, inertia, surface

tension, gravity, and air drag forces:

F(x) = Frheo(x) = Frheo(O) + Fin + Fsurf - Fgrav

+ Fair (2.11)
The effects of surface tension, Fg, 57 W&(RO—RX)
and gravity, Fgrav= chszzdx are generally small
compared to the other term, except for the low speed
spinning of very thick filaments where Fgrav and Fsurf
can become appreciable. Otherwise these two factors
contribute 1less than 1% of the total tension and can be

neglected for both low and high speed spinning (126).
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(3) Energy balance

Heat transfer from the spinline to the cooling
medium (air) provides another important factor 1in
spinning dynamics. The melt viscosity of fiber depends
upon the temperature of the fiber which in turn depends
on the cooling rate of the fiber. As the temperature of
the fiber decreases (causing an 1increase 1in the
viscosity) the rheological force exerted on the
molecules, which causes the deformation, increases.

The energy balance can be approximated as,

dT _ _
13 Cp-a§'— -h "D (T- Tg ) (2.12)
where
daT .
= ° cooling rate
h : heat transfer coefficient
Ts : cooling air temperature

C : heat capacity of polymer

2.5 Dynamics of High Speed Melt Spinning

As opposed to low speed spinning, the increase in
the elongation rate in the threadline induces a much
higher degree of molecular orientation at high spinning
speeds. From the thermodynamics point of view the
increased orientation decreases the free energy of

20



molecules, thus creating a more stable phase (27).
Strain induced crystallization occurs in the spinline
and a high birefringence is obsevred for PET fiber at
spinning speeds over 4500 m/min (51-53,66,76,82,91,
95-97,116,117). The latent heat released by
crystallization may influence the viscosity of the
polymer, causing changes in the spinline behavior and
structure development of PET that are quite different
from that of low and moderate speed spinning.
Kikutani (66) combined strain hardening,
birefringence, and crystallization kinetics with the
conventional mass, force, and energy balances as below:

(1) Force balance equation

gr _ SV g
= W o < ) + © D e (2.13)

(2) Rheological equation

&V _ F oV

dx nw (2.14)

(3) Strain hardening equation

4400 18 _16

n= 1.3 EXP(W) exp( 2 XC ) (2.15)
(4) Energy balance equation
X
d*c _ Cp dT 4h _
ax if ax T EEDerv (T Tg) (2.16)
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(S5) Crystallization kinetics

XS - - T
So=l-exe (-( /5K (T() AN At D) (2.17)

>~}

(6) Birefringence equation

dAN _ Cop dv AN

dx ax ~ v 1.
VvV dx v Tf

(2.18)

The notations are listed in Appendix A.
From this model, the spinline problem can be
simulated for PET high speed spinning. More detail will

be given in Chapter 4.4.

2.6. Fiber Formation Process in Low and Moderate Speed
Melt Spinning

When molten polymer is extruded from the
spinneret(s), the orientation, which is created by shear
flow within the spinneret channel is relaxed by die
swell and the polymer becomes unoriented (27). The
molecular orientation by shear flow is not an effective
contribution to the final fiber orientation. The
extruded polymer is then deformed by the take-up force.
Fiber molecules are stretched from a random conformation
to an oriented conformation. This orientation actually
is a balance between the orientation induced by the
deformation of the melt stream and the relaxation due to
thermal motion of the molecules before the glass

transition point is reached.
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In other words, the structure development along the
spinline depends upon the spinline stress and the amount
of supercooling. The physical properties of the fiber
depend upon the formation of the fine structure along
the spinline.

The spinline problem was studied by Ziabicki and
Kedzierska (122-124,126) and Kase and Matsuo (61=-65).
They reported velocity and diameter distributions along
the spinline as a function of the spinning conditions.
Z2iabicki and Kedzierska were the first to publish x-ray
patterns and birefringence data of melt spun fibers and
showed that the orientation of the molecules increased
with take-up stress. Henson and Spruiell (49) and
Nadella et al. (79,80) also studied the spinline stress
for polypropylene fibers under low spinning speed. They
concluded that the spinline stress dominated the
structure development process in melt spinning. Abbot
and White (1) studied the effect of spinning speed, flow
rate and melt temperature on the orientation and
crystallization of melt spun polyethylene. They
reported that the mechanical properties increased with
increased crystalline orientation.

In general, PET exhibits a rather low

crystallization rate, short relaxation time and low
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viscosity (66,103,126,128). At low and moderate
spinning speeds (below 3500 m/min), the rate of
crystallization is sufficiently slow and the rate of
cooling is sufficiently high to prevent crystallization
from occurring. X-ray (51,66), density (51,66,96), DSC
analysis (51,83,92), and shrinkage data (36,92) showed
that fiber spun at these conditions exhibited an
amorphous structure or a mesophase (oriented amorphous
structure) (2).

Nakamura, Watanabe, Katayama, and Amano (81)
pointed out that at high take-up velocities and spinline
stress, PET will crystallize due to enhanced
crystallization rate, which is apparently due to

molecular orientation produced in the polymer melt.

2.7. Fiber Formation Process in High Speed Spinning

The morphology of fiber structure is determined by
the conformation of fiber molecules. Highly oriented
fiber molecules strongly influence the morphology of the
fiber and its physical properties. Thus, the structure
development and physical properties of high speed melt
spun fibers has become a topic of both theoretical and
practical importance for many fiber research

laboratories.

Shimizu et al. published a series of papers on the
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high speed spinning of several polymers (81-94). They
have studied polypropylene (PP), poly(ethylene
terephthalate) (PET), nylon-6, nylon-66, and
poly(ethylene -1, 2-diphenoxyethane-p, p'-dicarboxylate)
at spinning speeds up to 9000 m/min.

Their results revealed that most high speed spun
fibers show characteristic structure and properties
compared with conventional drawn yarns. For example,
high speed spun PP fibers (79,80) exhibited a remarkable
increase in crystallinity and in both crystalline and
amorphous orientation resulting in a hard elastic
structure. In nylon-6 (92), the content of o« and y phase
was controlled by the spinning speed and the ¥ —phase
increased with take-up speed. For nylon-66 (93) the &-
phase predominated at every spinning speed and the
crystal size along the fiber axis increased with the
spinning speed. Heuvel and Huisman (52) reported high
crystallinity and orientation were observed with
increasing take-up speeds for nylon-6 fibers. They also
reported an increase in Yy -phase with an increase in the
take-up speed and proposed that Y -phase was mainly
generated from orientation induced nuclei and o -phase
grew slowly after moisture pick up at take up speeds
above 2500 m/min.

Lecluse (71) reported the effect of take-up speed
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and water diffusion on the structure of nylon-66 fibers.
She reported that the higher the spinning speed, the
lower the ratio of @ to Y phase along the spinline and
after a critical speed of about 3000 m/min to 4000 m/min
only the Y-phase may be observed along the spinline.

Suryadevara and Spruiell (107) studied the effect
of molecular weight on the structure and properties of
high speed melt spun nylon=-6. They reported an increase
in spinline stress with increasing take-up speed and
molecular weight. The total crystalline fraction and
phase fraction increased and the o - phase fraction
decreased with increasing take-up speed. The fiber
modulus and tensile strength increased with increasing
molecular weight and take-up speed.

Ishibashi et al. (57) investigated the molecular
weight effect on the melt spinning of nylon-6. On-=line
temperature and diameter measurements were carried out.
They found that the temperature and diameter profiles
were independent of the number average molecular weight

over the range 18,500 to 24,000 grams/mole.

2.7.1 Fiber Formation Process in High Speed Spinning of
Poly(ethylene Terephthalate)
Shimizu and coworkers have performed a series of

studies on high speed spun PET. 1In 1977, they reported
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changes in PET fiber structure and physical properties
with take-up speeds up to 9000 m/min (89). At spinning
speeds over 5000 m/min, they observed a large increase
in the density and crystallinity. The crystallization
peak occurring heating of as spun samples also vanished
in DSC traces.

In 1978, they reported the effect of melt draw
ratio and flow rate on the high speed spinning of PET
(92). They concluded that the take-up speed played the
dominant role in the fiber structure formation.
Increasing the melt draw ratio or decreasing the mass
flow rate increased both the fiber crystallinity and
orientation. They reported that high molecular weight
polymers crystallized at lower speeds and increasing the
viscosity increased the spinline stress which
accelerated the orientation and crystallization process.

In 1981, Shimizu et al. (96) observed radial
variations across high speed spun fibers. They reported
that the fiber structure developed to a highly oriented
state. After increasing the take-up speed above 7000
m/min, the density and birefringence began to decrease
and the degree of crystallinity, measured by heat of
fusion, levelled off. They observed an almost fully
oriented crystalline region. A skin and core structure
was observed at high take-up speeds and the degree of
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molecular orientation and crystallinity were higher in
the skin than in the core. The difference in the
birefringence between the skin and core increased with
increasing take-up speed.

In 1982, Shimizu (97) reported on the structure
development in high speed spinning. He observed a sharp
diameter thinning (necking) on the spinline at take=-up
speeds above 5000 m/min for PET fibers. The orientation
induced crystallization corresponded to birefringence
values above 60 x 10~

In 1983, Shimizu et al. (98,99) reported again on
the formation of fiber structure in high speed spinning.
The spinning stress played a very important role. Among
the spinning stresses, the air drag and inertia stresses
became the dominate stresses. Their examination
concluded that the inertia stress played an important
role in the formation of fiber structure, while the air
drag had only a small effect on it.

In 1984, Shimizu et al. (101) reported on the
effect of take-up speed on the unit cell parameters and
superstructure of PET fibers. They summarized that the
crystallite size in the lateral directions as well as
chain direction increased with spinning speed. In
contrast, the imperfection parameter along the chain

direction decreased with increasing spinning speed. 1In
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the range of spinning speeds from 5000 m/min to 6000
m/min, the interface between the crystalline and
amorphous phases in the microfibril was highly inclined
with respect to the plane perpendicular to the fiber
axis. In the range from 8000 m/min to 9000 m/min, this
inclination is rather small, and many voids existed
between the microfibrils.

In 1978, Heuvel and Huisman (51) reported that
increasing the take-up speed to 3500 m/min only
increased the orientation without any indication of
crystallization. At take-up speeds above 4000 m/min,
extremely fast strain-induced crystallization occurred.
At higher spinning speeds (above 5000 m/min) very
well-developed crystals were detected. They also
proposed molecular arrangements in the fibers at various
take-up speeds Figure 2.2.

In 1979, Perez and Lecluse (82) reported on
crystallization induced by orientation when the take-up
speed exceeded 3500 m/min. The necking phenomena was
observed on the spinline at take-up speeds of 5400
m/min. A sudden increase in birefringence was observed
in this region. The fiber had an amorphous structure
before necking and a fully crystallized structure after
necking. Their results were similar to Shimizu's.

In 1982, Perez (83) reported the effect of the
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5000 6000 m/min

Figure 2.2. Proposed molecular arrangement in fibers at
different take-up speeds. (ref. 51).
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rheological properties of PET on structure development
in high speed spinning. He compared the rheological
properties of branched and linear PET in shear on a cone
and plate mechanical spectrometer and observed the
branched PET had higher normal stresses and a
pseudo-plastic behaviour. An increase in molecular
weight and branching led to higher relaxation times. He
concluded that the high sensitivity of the spinline
profile and of the structures induced was directly
related to the rheological behaviour of the polymer.
The viscoelastic behavior of PET controls the critical
state of stress-inducing crystallization. The
mechanical behavior of high speed spun fibers depended
upon the degree of orientation and had a small effect on
crystallinity. He also reported that necking phenomena
were not so obvious in branched PET high speed spinning.
Yasuda (118) reported on the structure developement
and physical properties of high speed spun PET fibers.
He presented a correlation of take~up velocity with the
birefringence and crystallinity differences between the
center core and outer skin of the fiber at high speeds
and proposed that this difference results from lower
temperature and higher stresses in the skin portion.
Matsui (76) studied the PET fiber formation process

on the spinline. He reported diameter and birefringence
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profiles obtained by cutting the fiber on-line and
temperature profiles obtained by using a contact type
thermocouple. He divided the spinline into three
regions: a flow deformation region, orientation induced
crystallization region, and a plastic deformation
region. He discussed the deformation process in each of
these regions. Most of the fiber structure developed
within the orientation induced crystallization region.
He also observed that fiber diameter variations
decreased at the higher speeds because the spinline is
more stable at the higher stress levels.

In 1983, George (37) et al. also reported that the
PET crystallization process is extremely rapid,
occurring over a few centimeters of the spinline. At
high speeds, the "freeze point", which was defined as
the point at which velocity reached its final value, was
reached at ZOOCE. A minimum stress of 0.08 g/denier or
a minimum level of orientation must be reached before
crystallization can be initiated. Garg (35) reported
similar results.

In general, based on density, differential scanning
calorimetry (DSC), birefringence, wide angle x=-ray
scattering (WAXS), and small angle x-ray scattering
(SAXS), the fine structure of high speed spun PET fibers

exhibit high molecular orientation, birefringence and
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crystallinity, more perfect crystalline structure, a
skin and core structure and many voids within the
microfibrils. The physical properties of high speed
spun fibers exhibit high tenacity, birefringence, and
melting point, and low shrinkage and elongation.

On-line studies disclosed a necking phenomena that
was observed at take~-up speeds above 4500 m/min. A
fully developed crystalline structure was observed after
necking and an amorphous structure was observed before
necking. Based on these results the crystallization
process is evidently an orientation induced

crystallization process produced by high stresses in the

spinline.
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CHAPTER 3
EXPERIMENTAL MATERIALS, EQUIPMENT, AND PROCEDURES

3.1 Materials

Three different samples of poly(ethylene
terephthalate) (PET) were used in this study. Linear
PET with an intrinsic viscosity (I.V.) of 0.58 ml/g and
a branched PET with an I.V. of 0.54 ml/g were supplied
by Rhone Poulenc Fibres of France. Linear high
molecular weight PET with an I.V. of 0.91 ml/g was

supplied by Allied Fibers and Plastics.

3.2 Melt Spinning Equipment

The melt spinning experiments were performed using
a screw extruder manufactured by Fourne Associates of
West Germany and a pneumatic drawdown device supplied by
Rhone Poulenc Fibres of France. A Schematic of the

extruder and drawdown device is shown in Figure 3.1.

3.2.1 Fourne Screw Extruder

The Fourne Screw Extruder used has a 13 millimeter
diameter screw which receives polymer pellets by gravity
feed from a seven liter capacity nitrogen purged hopper.
The extruder supplies molten polymer at pressure of 1.0
to 3.0 x 103 psi to a gear pump (Zenith) which provides

a constant mass flow to the spinneret. The discharged
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Figure 3.1. Schematic of screw extruder and pneumatic
drawdown device.
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polymer stream from the gear pump passes through a 325
mesh filter screen and through a single capillary die
which has a diameter of 0.762 millimeter and a L/D ratio
of 5.0.

The extruder and spinning head assembly is wrapped
with electric band heaters arranged to provide four
separate heating zones. Four controllers are used to
maintain the desired temperature in each of these four
zones.

Two platinum-resistance thermocouples are inserted
into the polymer stream to measure the polymer
temperature in the discharge stream. The temperatures
are indicated on a meter on the control panel. The melt
pressure is indicated by a Dyanisco pressure gauge. The
gear pump speed is manually adjusted by means of a
variable speed gear box to obtain the desired flow rate
of the polymer melt. Once set, the flow rate remains
constant.

The entire assembly of the extruder and spinning
block is mounted on a vertical steel column. It can be
moved up and down along the column by a motor. Further
details of the various parts of the extruder and its
operating and maintenance instructions are given in

reference 26.
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3.2.2 Pneumatic Drawdown Device

A pneumatic drawdown device was supplied by Rhone
Poulenc Fibers of France. A schematic of this device is
shown in Figure 3.2.

The device has a pressure indicator near the air
inlet. Pressurized air was used to produce a suction
force on the filament near the entrance of the device.
The filament take up velocity can be adjusted by
changing the pressure of the compressed air source. The
actual take up velocity was calculated based on the
fiber diameter, density, and mass throughput.

The final filaments were collected in a large
cardboard box. The pneumatic drawdown device did not
require special maintenance, and was easily wiped clean

after each spinning run.

3.3 Fiber Characterization Apparatus

3.3.1 Polarizing Microscope

Fiber diameter and birefringence readings were made
with a Leitz polarizing microscope (Ortholux) equipped
with a Baush and Lomb filar micrometer eye piece and a
10 order Berek compensator. The retardation "R" was
obtained by adjusting the compensator with crossed
polars. The birefringence "An" was calculated from the

following equation:
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Figure 3.2. Pneumatic drawdown device.
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AN = —— (3.1)
where

AN : fiber birefringence

R : retardation reading

D : fiber diameter

The compensator constant for the 10 order Leitz Berek
compensator was found to be 2.065.
The amorphous orientation factors were determined

from the equation

bN = X Aér fcr + 1= )Agm fam * ANform (3.2)
where

AN : total measuvred birefringence

X : total crystalline fraction

Aér : intrinsic birefringence of the
crystalline phase

fcr : crystalline orientation function

A;m ¢ intrinsic birefringence of the
amorphous phase

fam : amorphous orientation function

ANform : form birefringence

The crystalline orientation function was obtained

from wide angle x-ray scattering (WAXS) results.
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3.3.2 Density Column

The density of the fiber was determined from a
density gradient column. Low and high density mixtures
of distilled water and sodium bromide were mixed to
produce a solution which had a density ranging from
1.300 g/c.c. to 1.450 g/c.c.. Beads of known density
were placed in the column to calibrate it. The density
column was maintained at 23Cb * O.SCb by means of
circulating water from a constant temperature water
bath. A more complete description of the preparation of
the column is given in reference number 26. Density
readings of fiber samples were taken at least 24 hours
after samples were put into the column.

Density values were used to calculate percent
crystallinity according to the equation:

P - Dam DCI

Xep = - x 100 (3.3)
cr ch Oam ©

vhere

Xep © the weight fraction of crystallinity

density of crystalline phase

ho)
.

cr

Pam ° density of amorphous phase

o) : density of the sample

3.3.3 Wide Angle X-Ray Scattering (WAXS)
Wide angle x-ray film patterns were obtained using

a Philips Norelco x-ray generator. A nickel filtered
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CuKa radiation source of wavelength 1.542 g was used.
The x-ray unit was operated at 30kV and 20mA. 1In a
Statton camera, the fiber sample bundle was fixed on a
sample holder which attached to the beam collimator.

The distance from sample to film was 3.0 cm. At least
14 hours exposure time was allowed before developing the

film.

3.3.4. Rigaku X-Ray Diffraction System

A Rigaku D/max~IIIA x-ray diffractometer system
equipped with a fiber specimen attachment and a
control /data processing unit (5072 D1l) was used to
obtain 2 2 scans of the fiber samples. A PDP-11
microcomputer was connected to the system to record data
from the intensity measurements.

A bundle of carefully aligned parallel fibers was
used to obtain 285 and azimuthal scans to evaluate the
orientation factors. To obtain the crystalline
orientation factors, the 28 value for a (hkl) plane was
determined and the diffractometer was set at this 2 ¢
value. The sample was automatically controlled by the
control/data processing unit which scanned from O to 90
degrees in steps of one degree. The data were recorded
on the PDP-11 microcomputer. The background intensity

was obtained by measuring the scattered intensity at the
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same (2% ) planes of PET spun fibers spun at take-up
velocities around 3500 m/min. The net intensity
(measured intensity minus the background intensity) was
used in calculating the average of cosz¢ (26:25.f3) and
cosz¢ (26=17.50). The calculation of cos’¢ was

performed utilizing the following equation:

> fgfthkl(¢)'cosz¢'sin¢ d¢
Cos™oy .1 = =732 . (3.4)
IO Ihk1(¢)-81n¢ d¢
where Ihkl(¢) is the intensity of the diffracted beam

from the (hkl) plane making an angle with the fiber
axis.
Perez (78) reported (based on Wilchinsky's method)

that for PET fiber

2 2
i = (3.5
{cos ¢100) (cos ¢u,z) )
2 _ 2. 2 2. 2
(c05010®) = cos 8 (cos Qu,z) + sin"¢*(cos ¢v'z)
+ 25in¢'cos¢'(cos¢u’2‘cos¢v’z) (3.6)

where
z axis : the fiber axis
u,v axis: perpendicular to each other and to
Z axis
1 : the angle between the ncrmal to plans

(100) and (010)
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and

2 2 2
(cos ¢u,z) + (cos év,z) + (cos $c,z)= 1.0 (3.7)
This results in
(coszd ) =1 - (0 GSl(coszﬁ )
c,2 : 100,z
~ 2

and crystalline crientation factor was calculated as:

fer =2 ( 3cos“2o,, = 1) (3.9)

and amorphous orientation factor was computed from

equation 3.2.

3.3.5 Instron Tensile Tester

The mechanical properties of the spun fibers were
measured by using a table model Instron Tensile Tester
at 21°c ¢+ 2°% and 65%* 2% RH. A gauge length of 10 cm

was selected (7).

3.3.6 Scanning Electron Microscope
An AMR 900 scanning electron microscope was used to
observe the peeled fibers. The sample was coated by a

thin gold-palladium alloy film.
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3.3.7 Differential Scanning Calorimetry (DSC)

A Perkin Elmer (DSC-2C) differential scanning
calorimeter equipped with a microcomputer was used to
determined the thermal properties of the spun fibers.
The fiber samples were cut into small pieces and placed
in a standard aluminum sample container consisting of a
pan and lid. A specially designed crimper was used to
crimp the pan and lid. Each sample (about 10.0 mg) was
placed in the sample holder of the DSC and scanned
between 33OOK and SSOOK at a rate of IOOK/min. The DSC
was calibrated using an indium standard (Tm=429.7loK)
before the measurements on the PET fibers. The

crystallinity was evaluated from the equation:
LH
exp

T x 100 (3.10)
="100% crys.

Xpsc™

where Xpsc? crystallinity percentage from DSC.
AH : heat of fusion of sample
exp

AH : heat of fusion of 100% crysta-

100% crys.
llized sample

AHexp was computed from heat of fusion in the
crystalline melt peak minus heat of fusion in the

crystallization peak.
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3.3.8 Infrared Microscope

A Barnes Infrared Microscope model RM-2B was used
to determine filament temperature along the spinline. A
small heater with a black surface was designed to mount
in front of the infrared microscope (Figure 3.3). The
distance between the heater surface and the microscope
lens (15X) was 3.0 cm. The heater temperature was
controlled between BOCb to 300Cb by a Leeds and Northrup
Electromax III controller. This system, combined with a
recorder, permitted noncontact measurement of the fiber
temperature on the spinline. More details of operating

the infrared microscope are given in section 3.4.4.
3.4. Procedure

3.4.1 Drying Of PET Chips

A batch of PET chips (about 1,800 g) was first
dried in a conventional hot air circulation oven (Fisher
Model 300) at a temperature of 1OSCE for at least four
hours. Then the chips were dried in a laboratory type
vaccum oven (National Appliance Company Model 5831) at a
temperature of 105°C and at an absolute pressure of 0.5
inches of mercury for twenty four hours. After drying,
the chips were stored in glass jars sealed under

prepurified nitrogen until ready for use.
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3.4.2 Melt Spinning Procedure

The extruder was preheated for at least two and
one-half hours before operation. The procedure for
starting up the extruder was then followed according to
the operating manual (26).

Both the linear and branched PET were melt spun at
290Cb. For high molecular weight PET it was necessary
to increase the melt temperature to 3100C. After
carefully adjusting the throughput to the desired rate,
the filament was drawn down by the pneumatic drawdown
device. The spin length, the distance between the
spinneret and the drawdown device, was adjusted by
moving the spinning head assembly up or down along the
support column. The take up velocity increased with
increasing air pressure in the aspirator or decreasing
the spin length. The air pressure within the aspirator
ranged from 5 to 90 psig. The filament exiting the

drawdown device was collected in a large collection bin.

3.4.3 Cutting Of Filament Along The Spinline

A two-clamp, hand controlled cutter (see Figure
3.4) with a compressed spring was designed for cutting
filament on the spinline. The length of filament
segment removed from the spinline was 8.0 cm.

Extreme care was exercised during the cutting of
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the running filament. The cut sample was not allowed to
stretch in the cutting process. A very tiny filament
loop accumulated on the lower clamp is prefered (see
Fig.3.5). Filament samples which were cut less than 50
cm from spinneret were rapidly quenched in a cold water

pan to minimize polymer melt deformation.

3.4.4 On-line Temperature Measurement

An infrared microscope (IR microscope) with a small
heater was mounted along the spinline (see Figure 3.4).
The heater was set to the desired temperature. The
remainder of the procedure was as follows:

(1) Turn the emissivity control, the ambient
control and meter range selector switch fully
counterclockwise (ambient control to its switch off
position).

(2) Turn the zero control to position 500.

(3) Block the entrance aperture of the objective
with a material at ambient temperature; such as a piece
of rough surface cardboard.

(4) Set the objective select switch to select the

proper position for the power of the objective being

used.
(5) Turn the emissivity control to position 1.0.

(6) Turn the meter range selector switch to the
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desired radiometric position X1 or X100, according to the
expected radiance.

(7) Adjust the zero control so that the output
meter indicates 0.0 on the radiometric scale.

(8) Remove the cardboard. Read out the IR
radiation of the heater (background temperature) from
the output meter.

(9) At a chosen position along the spinline, focus
the filament within the IR microscope focusing point and
read out the difference between fiber temperature and
heater set temperature.

(10) Change the location along the spinline and
repeat measurement between filament and heater
temperature until no difference can be determined
between filament and heater set temperature.

(11) Measure the distance from spinneret and

record temperature from the heater controller.

3.4.5 COn-line Birefringence Measurement

The polarizing microscope was set at the
appropriate position and angle to the spinline.
Guilding the filament was accomplished by using a v=-
groove arc type aluminum guide within the microscope's
viewpoint. A schematic of the online birefringence
measurement is shown in Figure 3.6 and the guide is

shown in Figure 3.7.
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Quickly measure the filament diameter by using the
Bausch and Lomb filar microscope eye piece. After the
diameter reading, turn the 10 order Berek compensator to
measure the black fringe of the filament from both the
negative and positive side. The birefringence was
calculated by dividing the measured retardation by the
fiber diameter from equation 3.1. There was some
unavoidable error introduced by the friction between the
filament and the guide. The filament diameter from the
reading was an average filament diameter of five

measurements.

3.4.6 Shrinkage Measurement

A 500 ml beaker containing distilled water was
heated to the boiling point. Fiber samples were cut
into 10.0 cm (LO) lengths and placed in the boiling
water for 3 minutes. After taking the samples out of
the water, the final fiber length (Ll) was measured.

The percent shrinkage was calculated as:

Shrinkage (%) =

T x 100 (3.10)
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CHARPTER 4

STRUCTURE DEVELOPMENT OF HIGH SPEED SPUN FIBERS

4.1 Characterization Of High Speed Spun Fibers

Fiber structure and properties are two interrelated
aspects. Fiber properties are a result of fiber
structure which is controlled by processing conditions
and resin properties. The elucidation of fiber
structure has been based on many sources of information,
which include: optical properties, thermal analysis,
density, electron microscopy, x-ray diffraction, and
general physical properties.

Unfortunately, no single technique can elucidate
all fiber structure. But, taken together, these
techniques do provide substantial information about the

structure and morphology of the fibers.

4.1.1. Birefringence

Polarized light can be used to determine fiber
birefringence which yields information on molecular
orientation. Figure 4.1 presents the total
birefringence versus take-up velocity. The results show
that the fiber birefringence increases with take-up
velocity. The birefringence of linear PET rapidly

increased at 3000 m/min and reached a value of 140 x
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10.3 at 6000 m/min. For branched PET the increase was

not so rapid. It reached a value of 45 x 10-'3 at 4500

m/min and 60 x 10_3 at 6000 m/min. The dotted line in
Figure 4.1 represents the occurrence of broken filaments
on the spinline. For high molecular weight PET, the
initial rate of increase is similar to the linear PET,
but the birefringence begins to levels off at 5000 m/min
and reached 120 x 10_3 at 6000 m/min. Similar results
were observed by Perez (82), and Shimizu et al.
(90,92,96,97).

The birefringence increased smoothly from low to
high speed without clearly showing the transition from
amorphous to crystalline state. This may be attributed
to increased molecular orientation as take-up speed
increased. When highly oriented amorphous molecules
transferred to the crystalline structure the total
orientation of the filament did not change much as the
total birefringence of the fiber was measured.

The entanglements of the molecular chain in the
high molecular weight sample prevented this sample from
reaching as high a degree of ultimate crystallinity as
the lower molecular weight sample at high take-up
velocities (see crystallinity measurements below).

Thus, the overall birefringence was lower than linear

PET at high take-up velocities.
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4.1.2 Density And Crystallinity

Molecular arrangements within the fiber create a
complex fiber structure. Based on a two phase,
amorphous and crystalline model, the crystallinity of
fibers can be interpreted by x-ray diffraction, density,
DSC, etc.,. Among these the density measurement is the
simplest and most convenient method.

Increasing the take-up velocity results in an
increase in the density of the fibers. When the polymer
crystallizes, the density of the fiber increases
sharply. Figure 4.2 shows that the onset of
crystallization occurs around 4000 m/min for the linear
polymer of lower molecular weight. The high molecular
weight sample, generally showed the highest density at
take-up velocities below 4500 m/min. But entanglements
apparently result in lower ultimate crystallinity and
prevent further density increases at speeds from 5000
m/min to 6000 m/min. Because the branched chains
restricted the molecules from crystallizing within the
fiber, the density of the branched sample increased
slowly as the take-up velocity increased.

Generally, the fiber crystallinity was calculated
from density data by equation (3.3). Figure 4.3 shows
the crystallinity values resulting from this

calculation. Linear PET crystallinity increased rapidly
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when the take-up velocity exceeded 4000 m/min. The high
molecular weight fibers had a higher crystallinity
content compared with the linear and branched PET fibers
at take-up velocities below 5000 m/min and levelled off
after 5000 m/min. It is proposed that the stress build
up in the spinline of high molecular weight sample is
higher than linear and branched PET at the same take-up
velocity. Even at low take up velocities, the higher
stress build up on the spinline results in a higher
density and crystallinity for the high molecular weight
samples. At higher take-up velocities the entanglements
between molecules restricted any further crystallization
so that the crystallinity levelled off. The branched
sample exhibited the lowest crystallinity. These
results revealed that the branched polymer did not

easily crystallize.

4.1.3 Differential Scanning Calorimetry (DSC) Analysis
In Figure 4.4 a typical PET polymer DSC trace 1is
presented. The glass transition (Tg) can be seen at
about 3509K, followed by a crystallization exotherm peak
around 378Ck, and finally a melting endotherm at about
5280K. From Figures 4.5, 4.6, and 4.7, it is concluded
that by increasing the take-up speed, the fiber changed

from an amorphous to a crystalline structure. The glass
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transition temperature was observed for fibers spun
below 4500 m/min but it could not be seen at take-up
speeds above 5000 m/min. The crystallization peak in
heating also vanishes at the higher take-up velocities.

Figure 4.8 clearly shows that the crystallization
peak decreases as take-up velocity increases.

Figure 4.9 shows that melting temperature increases with
take-up velocity. Figure 4.10 shows that the
crystallinity computed from the DSC scan increases with
take-up velocity.

From the DSC analyses, it was concluded that the
structure of PET fibers changed from an amorphous to a
crystalline state when the take-up velocity increased
from low to high spinning speeds. Also the perfection
of the crystalline region increased as the take-up
velocity increased. Together with the density results
these show that PET begins to crystallize on the
spinline at speeds in the range 4000 to 4500 m/min.
These results are similar to those of Perez (82), Heuvel

and Huisman (51), and Shimizu (90,92,96,97).

4.1.4 Tensile Properties of Melt Spun Fibers
The mechanical properties of textile fibers are
probably the most critical parameters in determining the

end-use performance properties. The individual fiber
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properties are directly related to yarn and fabric
properties. Therefore, the inherent fiber structure
arrangement is closely related to mechanical properties
of textile fibers.

The tensile properties of high speed spun fibers
were determined in a constant elongation rate Instron
machine. The load-elongation curves are shown in
Figures 4.11, 4.12, and 4.13.

Generall, the low take-up velocity fibers exhibited
yield point and natural draw ratio in the
load-elongation curves. Increasing the take-up velocity
decreased the fiber elongation and natural draw ratio.
The natural draw ratio was sensitive to the degree of
preorientation (i.e. the molecular orientation in the
polymer before any elongation). The high speed spun
fibers did not exhibit natural draw ratio or yield
point. In fact they showed behavior similar to drawn
fibers. The fiber tenacity increased with take=-up
velocity (Figure 4.14).

The true tenacity (based on final diameter) did not
change significantly as take-up velocity increased
(Figure 4.15). The high molecular weight samples
exhibited the highest tenacities and the branched

samples exhibited the lowest tenacities.
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4.1.5. Shrinkage

Figure 4.16 shows the relationship between
shrinkage in boiling water and take-up velocity. Below
3500 m/min, the fiber exhibited large shrinkages. Above
4500 m/min, the shrinkage decreased to less than 3%.
Below the glass transition temperature, the oriented
molecules are "frozen" in. When heated in the boiling
water, the oriented molecules relaxed back to their
original conformation. If the fiber had crystallized,
the crystals would have prevented the oriented amorphous
parts from relaxing back. Thus, at high speeds the
shrinkage values were low. These results also indicate
that the onset of crystallization was approximately 4500
m/min. Above 5000 m/min, heat stability increased. The
lower throughput fibers resulted in higher shrinkages
than high throughput fibers, probably because of the
cooling effect. The fiber cooled faster and the
crystallization process was not complete at lower

throughput.

4.1.6 Scanning Electron Microscopy (SEM)

The morphology and structure of fibers are usually
determined by a combination of microscopic observation
and diffraction techniques. The high resolution of

scanning electron microscopy can allow one to directly
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observe the surface characteristics of fibers as well as
peeled fibers and fracture surfaces. The fibrillar
superstructure can be observed in peeled fibers. The
peeling operation consisted of cutting the fiber about
half way through its diameter and then pulling this cut
segment down along the fiber axis in order to display
its interior structure.

Figure 4.17 shows a SEM photomicrograph of the
surface of the peeled interior of a low speed spun
fiber. It can be seen that such a fiber does not
exhibit a fibrillar structure. A highly fibrillated
structure was observed in high speed spun fiber
(Figure 4.18). The SEM results suggest that the high
speed spun fibers had highly fibrillated structures and

the fibrils were parallel to the fiber axis.

4.1.7 Wide Angle X-Ray Scattering (WAXS)

From a macroscopic point of view, a crystallized
material can be identified by WAXS examination. The
degree of crystalline orientation can be qualitatively
described from the diffraction arc shape on film
diffraction patterns. The arc becomes sharp and short
when the crystalline orientation is high.

From Figures 4.19 and 4.20, the WAXS patterns show

a transition from an amorphous to a partially
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Figure 4.18. Photographs of peeled fiber from linear PET
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crystalline fiber structure around 4000 m/min for the
linear and branched PET. X-ray patterns for the high
molecular weight fiber exhibited crystalline reflections
at lower take-up velocities than for the other polymers.
They exhibited highly oriented structures at high
speeds.

Below 4000 m/min, linear and branched PET did not
crystallize on the spinline. The observed crystalline
diffraction at low take-up speeds for the high molecular
weight PET was a result of the high stress levels,
caused by the high viscosity, which produced some

stress-induced crystallization at lower take-up speeds.

4.1.8 Orientation Factors

Quantitative determination of the crystalline
orientation factors was obtained by measurement of the
intensity of scattered radiation from several sets of
crystalline planes. For PET fiber, the (100) and (010)
planes were chosen (82). Amorphous orientation factors
can be calculated from equation 3.2.

The chain axis (c-axis) crystalline orientation
factor for PET fibers are plotted against take-up
velocity in Figure 4.21. All three polymers exhibited
high crystalline orientation factors at take-up

velocities above 4500 m/min. The amorphous orientation
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factor increased with take-up velocity. The high
molecular weight fibers exhibited high amorphous
orientation factors at lower speeds and increased slowly
with spinning speed. Branched PET exhibited the lowest
amorphous factors.

The observed high crystalline orientation and
somewhat lower amorphous orientation factors may be the
result of high molecular orientation prior to
crystallization. Abhiraman (2) reported the
crystallites, which originated from highly oriented
amorphous molecules, were highly oriented since
orientation induced crystallization occurred on the
spinline at high spinning speed. Thus, a high degree of
crystalline orientation (fcr) would result even at low
take-up velocity, but the amorphous orientation (fam)
would be relatively low even at high take up velocities.

Most physical properties of fibers are strongly
influenced by the orientation in the amorphous region or
the average orientation. Compared with previous fiber
tenacity results, increasing the orientation of

molecules also increased fiber tenacity.
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4.1.9 Relationship between Density, Birefringence, and
Wide Angle X-Ray Scattering

From figure 4.22 which displays density,
birefringence and combined WAXS film patterns, it was
obvious that there was a linear relationship between
density and birefringence in linear PET samples. At
lower birefringences, an amorphous WAXS pattern was
observed and the density increased slowly. But the
slope of density and birefringence increased when
birefringence exceeded 45 x 10_3. Similar results were
reported by Shimizu et al. (90,92). The WAXS patterns
showed an oriented crystalline structure in this region.
It is interesting that the density increased more
rapidly with birefringence in the branched PET samples
than in the linear PET samples (see Figure 4.23). The
branched PET also showed an orientation induced
crystallization when the birefringence exceeded 45 x

-3
10 .

4.2 Cutting of Filament on the Spinline

4.2.1 Fiber Diameter and Birefringence Profile
The development of fiber structure along the

spinline is an interesting subject among fiber

researchers. Usually diameter and birefringence

profiles can be determined by using a combination of
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photographic and microscopic techniques on rapidly
quenched samples which are cut from the spinline (127).

A spinline cutting technique was developed in this
research (see Chap. 3.4.3) to determine fiber diameter
and birefringence profiles at different take-up
velocities. Although there is an error introduced by
the temperature change of the filament segments, the
online cut samples can be accurately measured for
filament diameter and birefringence profiles.

Figures 4.24 and 4.25 show the diameter and
birefringence profiles of linear PET at different
take-up velocities and throughputs. The diameter
decreased in a non-linear manner when the filament was
drawn down from the spinneret. At low take-up
velocities, no sharp diameter thinning (necking)
phenomena was observed on the spinline, and
birefringence values on cut segments were very low. A
necking phenomena occurred when the take-up velocity
exceeded about 4600 m/min. The necking occurred between
100 to 150 cm below the spinneret depending on the
take-up velocity and spinline length. With increasing
take-up velocity and decreasing spinline length, the
distance between neck and spinneret decreased (see
Figure 4.26). The diameter of the filament after

necking was almost the same as the diameter of the final

fibers. 89
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The birefringence measurements made from the cut
segments at high take-up velocity fibers showed very low
values before necking and sudden increase in
birefringence after necking. The birefringence almost
reached the final birefringence of high speed spun
fibers after necking. Decreasing the mass throughput,
moved the necking position toward the spinneret.
Increasing take=-up velocities and decreasing mass
throughput resulted in an increase of spinning stress in
the threadline. This caused necking to occur closer to
the spinneret.

A comparison between linear and branched PET showed
that for the branched PET samples, the birefringence
increased with take-up velocity, but the branched sample
increased more slowly than the linear one (see Figure
4.27 and 4.28). The necking phenomena was not clearly
observed in branched cut samples.

High molecular weight PET also exhibited the
necking phenonema on cut samples at high take-up speeds.
The distance of the neck from the spinneret was shorter
than the linear PET sample at the same take-up velocity.
The diameter and birefringence after necking was almost
the same as the final spun fibers (see Figure 4.29 and

4.30). The lower throughput had higher spinline stress
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and the necking moved to near 70 cm below the spinneret
at 5100 m/min take-up velocity. The necking phenomena
was observed at 90 cm below the spinneret for 4150 m/min
take-up velocity of high molecular weight sample while
it was observed at 100 cm below spinneret for 4800 m/min
take-up velocity of linear sample at the same mass
throughput. This is because of higher spinline stress

was built up in the high molecular weight thread line.

4.2.2 Necking On The Cut Sample

When solid polymers are stretched at room
temperature, they behave differently. Rubbers can be
extended uniformly to several times their original
lengths before breaking. Brittle polymers, for example
polystyrene and polymethyl methacrylate, also extended
uniformly for a few percent of their original lengths
before breaking. Ductile polymers, such as polyethylene
or polypropylene, can be extended uniformly for a few
percent of their original length, but instead of
breaking, they form a neck at the weakest point of the
specimen. Either due to the decrease in cross sectional
area or stress concentration, the neck may get steadily
thinner until breaking, or it may stabilize at some
point and then the shoulders travel along the length of

the specimen. When necking occurs, localized temperature
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increase is generated at the neck portion which causes
softening of the shoulders resulting in molecular
rearrangements in the stfess direction (105).

The necking phenomena was also observed in PET
filaments in the drawing process. Tompson (103)
explained the relationship of drawing tension,
temperature, and draw ratio. Generally diameter
thinning was observed when PET filaments were drawn at
low draw ratios and low tensions. When increasing draw
ratios under high tension, a sharp diameter thinning
(necking) was observed. This sharp diameter thinning
depends on temperature, draw ratio, and tension
(stress).

In the melt spinning process, fiber temperature
decreased and molecular oreintation, gradually increased
as the fiber diameter gradually decreased along the
spinline. When the take=-up velocity exceeded a certain
value, necking was observed on the spinline. Whether
necking occurred before or after orientation-induced
crystallization is a very interesting question.

Perez et al. (82) reported that when PET ( I.V. =
0.66) was spun at a speed of 5400 m/min, there existed a
necking zone at a distance of 100 cm from the spinneret
in which most of the drawing occurred. A strain rate of

- o]
2 x 10 (sec l), average temperature of 105 C, and a
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cooling rate of 26000 OC/sec coincided with a sudden
increase in birefringence. They assumed that the major
part of the orientation and crystallization originated
in this zone. They examined the fiber structure of the
neck and concluded that before necking, the fiber
exhibited an amorphous structure and a crystalline
structure was observed after necking. They also
examined the structure of final spun fiber and proposed
that crystallization was induced by orientation when the
take-up velocity exceeded 3500 m/min.

Shimizu (97) reported that necking occurred when
spinning speeds exceeded 4000 m/min and after necking,
the fiber diameter did not change and was equal to its
final diameter. He also found that the necking starting
position moved closer to the spinneret when the take-up
speed increased.

In Matsui's (76) study of the PET fiber formation
process in high speed spinning, he observed a sudden
diameter change (necking) on the spinline. He reported
a rapid crystallization by orientation occurring when

3 t 30 x 10°° and

fiber birefringence reached 20 x 10~
heat was generated by crystallization in this region.
Kikutani (66) also reported that a necking

phenomena was observed for PET fiber when take-up

velocities exceeded 5000 m/min. He reported that the
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polymer melt viscosity increased when crystallization
occurred.

From the above reports it was understood that rapid
diameter thinning (necking) on the spinline is an
unusual behavior of PET polymer under high speed
spinning. An amorphous structure was observed before
necking and a crystalline structure was observed after
necking. The diameter and structure of fiber after
necking was almost the same as the final spun fiber.

Figure 4.31 and 4.32 show the neck of a linear PET
sample at a take-up velocity of 5600 m/min. Figure 4.33
shows the diameter and birefringence profile of the
necking zone of linear PET with a mass throughput of 5.2
g/min and a take-up velocity of 5600 m/min. Figure 4.34
shows the diameter and birefringence profile of linear
PET with a mass throughput of 3.3 g/min and a take=-up
velocity of 5750 m/min. From these data, it is seen
that once the necking started, both the diameter and the
birefringence were almost fully developed within a few
millimeters of the neck. The fiber diameter remained
almost constant and birefringence almost reached the

final spun fiber birefringence after necking.
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Figure 4.31. A neck of linear PET cut sample at take-up
velocity of 5600 m/min under scanning
electron microscope observation.
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Figure 4.32. A neck of linear PET cut sample at take-up
velocity of 5600 m/min under optical
microscope observation.
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4.2.3 Wide Angle X-Ray Diffraction of Neck Bundle

In the PET high speed spinning process, necking is
an interesting phenomena on the spinline. To further
understand the structure change in the neck region, a
wide angle x-ray technique was used in this research.

A bundle of sixteen linear PET filaments spun at
5000 m/min was placed in a WAXS sample holder
(Figure 4.35 and Table 4.1). The filaments in this
bundle were placed parallel to each other with the necks
as near to each other as possible. The relative
positions of the necks is shown in Table 4.1. By
employing WAXS 26 scanning from 14 to 30 degrees, an
amorphous structure was observed above the neck (Figure
4.36). Within the deformation region, there was no
detectable crystalline diffraction, but a few
millimeters below the neck crystalline diffraction peaks
were clearly detected (Figures 4.37 to 4.40 ). This
evidence supports an orientation induced crystallization

process in or after the neck region.

4.3 On-line Measurement

4.3.1 Temperature Profile Along the Spinline
The elongational viscosity of a polymer melt is
strongly dependent on the temperature. The spinline

temperature profile thus became an important subject for
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Table 1. Relative Position of Neck
Samples in the Bundle

*

Position Diameter Diameter
(on) {biqg) (small}*
1.29 16 0
3.75 16 0
5.29 11 5
6.29 4 12
7.29 3 13
8.29 0 16

Position*: Relative position of neck samples.

(big) * : Numbers of fiber with big diameter
(before necking).

(small)* : Numbers of fiber with small diameter
(after necking).

Table 2. Diameter and Birefringence of
One Neck Sample in the Bundle

*

Position Diameter Birefringence
(mm) {micron) (AN x 103)
1.79 57.4 1.24
3.39 52.9 4.79
4.19 48.2 6.04
4.39 45.0 12.35
4.79 39.0 29.02
5.49 36.5 61.88
6.29 32.0 80.48
8.29 29.5 102.92

*Relative position along the neck
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bundle at relative position of 10.0 mum.
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Figure 4.40. Wide angle x-ray diffraction of a neck



fiber researchers. Several people (25,54,66,73)
reported that the spinline temperature profile depended
on the polymer type, throughput and take-up velocity.
Some of them measured the fiber surface temperature by
using a contact thermocouple. Because of low
sensitivity, it required a long time to measure the
balance temperature of the fiber surface. Friction
caused by contacting the fiber moving at high speeds
raises some question as to the accuracy of this method.
This can be avoided by using an infrared technique since
it is a non-contact method.

The principle of this technique is based on
measuring the magnitude and spectral distribution
emitted by the fiber which indicates the temperature of
its surface. The infrared region of the electromagnetic
spectrum is generally defined as the wavelength interval
between 0.72 and 1000 microns, that is between the
visible region and microwave region. Warm objects emit
radiation at the longer wavelengths in the infrared
region.

Here, the Barnes RM=-2B IR microscope system was
modified by adding a black surface adjustable heater in
front of the IR microscope lens, as a background
temperature (see Figure 3.3). The measurement was based

on a detectable temperature difference between the
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background (heater) and the object (fiber). The IR
microscope was moved along the spinline until there was
no difference between signal with and without thé fiber
in the field of view. The fiber temperature at this
position was assumed to be the same as the heater
temperature.

Figures 4.41 to 4.49 show the temperature profiles
of linear, branched, and high molecular weight PET spun
at different take-up velocities and mass throughputs.
Generally, decreasing the throughput and increasing the
take-up velocity produced a more rapid temperature
decrease. Within 20 cm of the spinneret the fiber
temperature was almost the same for constant throughputs
at different take-up velocities. Increasing the
spinline length allowed the fiber temperature to
decrease further before the filament entered the
drawdown device. The temperature profiles exhibited a
noticeable slope change at a point which corresponded
approximately to the neck region. The temperature
profiles indicated that the fiber cooled faster after
necking. This rapid cooling may be a result of the
increased surface area per unit volume and the increased
velocity of the fiber through the ambient air. Since
crystallinity increases rapidly at the neck, the latent

heat given up would tend to decrease the rate of fiber
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cooling. This effect opposes that associated with the
increased surface area and velocity.

The fiber temperature in the neck region varies
with throughput and take up velocity. Measured values
range up to 170 OC for linear PET samples. These values
are reasonably consistent with the "freeze point" values
reported by George et al. (37).

The temperature in the neck region increased as
take-up velocity increased. For high molecular weight
PET, as the mass throughput decreased from 5.2 to 3.3
g/min, the "necking temperature" decreased (Figure
4.50). But for linear PET, the "necking temperature" did
not change much when mass throughput decreased. When
compared with linear PET, the "necking temperature"
occurred at higher temperature in high molecular weight
PET. This may be because molecular entanglements caused
a higher stress build up in the spinline for the high
molecular weight PET, and orientation induced

crystallization occurred earlier than for linear PET.

4.3.2 Diameter And Birefringence Profile Along The
Spinline

The most important aspect of melt spinning is the
relationship between the spinning conditions and the

structure and properties of the spun fibers.
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Quantitative studies of structure development during
melt spinning have been carried out by Kitao et al.

(69) and by the researchers at the Uniwversity of
Tennessee (8,9,25,26,79,80,104,107). They
quantitatively studied the development of crystallinity
and orientation using on-line WAXS and birefringence
techniques. They reported the fiber orientation
strongly depended upon the spinning conditions. Most of
the studies were carried out at low or moderate spinning
speeds with large fiber diameters.

In using a pneumatic drawdown device for high speed
spinning of PET fibers, the vibration of the spinline
increases the difficulty in measuring the fiber diameter
and birefringence on the spinline. The effect of
vibration was overcome by using a v-groove arc type alu-
minum guide as shown in Figure 3.7 (p. 53) to guide the
filament within the microscope field of view. There was
some unavoidable error introduced by the friction
between the filament and the guide. A silicon spray was
used to prevent sticking between the guide and filament.

Generally, the fiber diameter decreased gradually
as the fiber approached the drawdown device at low
take-up velocities. At high spinning speeds, necking
was observed on the spinline but under microscopic

observation there was only a cyclic diameter change
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around the necking region. After necking, the filament
diameter remained almost constant although it continues
to decrease slightly with increasing distance along the
spinline (Figures 4.51 to 4.53). The birefringence
slightly increased along the spinline at low take-up
velocities. At high take-up velocities, it increased
slightly before necking and sharply increased after
necking for linear PET. Although birefringence was low
prior to necking it was still higher for the on-line
measurements than for the previously reported samples
cut from the threadline. This would appear to result
from relaxation after cutting.

Branched PET behaved differently from the linear
PET. Branched PET did not exhibit a localized (sudden)
increase in birefringence, but a more gradual increase
with distance. This appeared to be associated with a
more gradual change in diameter than for the linear
PET. For branched PET, the on-line birefringence was
higher than the values determined from samples cut from
the threadline. This would also appear to result from
relaxation after cutting.

High molecular weight PET on-line birefringence was
lower than linear PET on-line birefringence after

necking, but prior to necking, the birefringence of the
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FIBER DIAMETER (MICRON)
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high molecular weight sample was higher than for linear

PET.

4.4 Computer Simulation of Fiber Formation and Structure
Development on the Spinline

The necking phenomena observed on the spinline, the
suddenly increasing birefringence in the necking region,
the local change in cooling rate caused by necking and
the related release of heat of crystallization, and the
strain hardening effect causing filament diameter to
remain constant after necking are complex and
challenging problems for interpretation of PET high
speed spinning. Conventional mass, force, and energy
balances alone can not solve these complicated problems
of high speed spinning. Kikutani (66) combined
birefringence, strain hardening, and crystallization
kinetics with the mass, force, and energy balances and
successfully predicted the unique behavior of PET high
speed spinning along the spinline. His analysis has
been used in this dissertation in an effort to try to
understand the complex behavior observed experimentally.

The following differential equations were solved
simultaneously by a continuous system modeling program

(CSMP) method of IBM (97).
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}

Force balance equation

-g§-= W (—g%—--%-) + 7D Te
Rheological equation
av _ F oV
dx n W
Stress hardeninc equation
4400 18 16

Energy balance equation

d*c _ Cp ar 4

ex - oH & TTHDov (T Tg)
Crystallization Kinetics

XE =1 -exp (-0 /5 K ( T(r) aN)dr )™

Xoo

Birefringence equation

diN _ Cop dV _ _ AN
B

dx ~ V dx v

The notations are listed in the Appendix A. The
strain-optical coefficient (Cop = 0.53) is from the
experimental results of birefringence measurement of PET
filament under low take~up spinning carried out by
Kikutani (66). The heat of fusion (AH = 29.0 cal/g) is
from Shimizu's data in reference 96. The tensile
viscosity (N = 1.3 exp(4400/T + 273)) (when filament
temperature is above Tg) is from Kikutani's experimental

results. He compared his simulation results of diameter
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profile with his experimental data under 3000 m/min and
found reasonable agreement (66).

In this simulation, the constants are the same as
Kikutani's. But the initial conditions, for example,
the initial fiber temperature, the initial fiber
diameter, the mass throughput, etc., are based on the
spinning conditions in this research.

In this simulation, only the initial force (Fo) is
an unknown parameter. By changing the initial force,
the spinline dynamics and fiber structure can be
simulated from fully amouphous to semi-crystalline
structure in the spinline.

Figure 4.54 shows simulation results for 5.2 g/min
mass throughput and 43.35 dynes initial force. For
these conditions there was no necking occurring on the
spinline, and very low birefringence and crystallinity
were computed on the spinline. The results were similar
to the experimental data measured at 3000 m/min take-up
speed (Figure 4.55).

At an initial force of 46.4 dynes and mass
throughput of 5.2 g/min, there was a "neck like"
diameter thinning phenomena on the spinline at 120 cm
below the spinneret (Figure 4.56). But the simulated
diameter thinning phenomena was not as sharp as that of

the experimental data (Figure 4.57) at a take-up speed

134



GET

{micron)

Fiber Diameter

280

240

200

—
o
o

-—
~N
o

-]
(=]

40

3000

300 °
\o 140
\0
250 2500
. 120 60
\o
\o
. \o s
200 100 0 2000
\o
_ o\ \o - .
s . N, 80 3 w3
et -
150 AN No > £ s
4 . N a2 =
g ° 8 Ex
: N e 60 ° 0
§ o\\ . e -
': 100 ] Su 1000
% .
- -e- f(iber diameter \ 40 20
-o- fiber temperature °
50 -a~- birefringence \‘ * 500
-%- force )4. {20 10
*/*
—n
. - e * PR 0
20 40 60 80 100 120
Dictance from Spinneret (ca)
Figure 4.54. Simulation result (F = 46.35 dynes,

W= 5.2 g/min).

(sukp) @304




9¢T

(micron)

Fiber Diameter

280

240

200

160

120

40

Figure 4.55.

300 3000
\\\\ 140
250 o 2500
\\\\ 120 60
o
. \ o 100 50 2000
G - <
< ~, B0 3> {e g
o 150 ° o = = 1500
5 \ § 2
- 0 ~
g o 60 o 30 =
g N ol
" 100 o 5 1000
X .\ w
< ° {40 20
-®- fiber diameter \o
50 -0- fiber temperature 500
1 20 10
0
20 40 60 80 100 120

Distance from Spinneret (cm)

Experimental result
mass throughput= 5.2 g/min) .

(velocity= 3000 m/min,

(saukp) w3403



LET

280

240

200

-
o
(=)

{micron)

—
~N
o

Fiber Diameter

80

40

250

200

—
[T
o

g

Fiber Temperature (°¢)

50

fiber diameter
fiber temperature
birefringence
crystallinity
force

ﬂ

R ——
N\, %
p e

140

120

60

40

20

:otxuv ddudbuiajadyg

60

50

40

30

20

10

() Aupresk)

3000

2500

2000

1500

1000

500

Figure 4.56.

Distance from Spinneret

Simulation result (F
W= 5.2 g/min).

46.40 dymes,

(sudp) ®3404



8t

{micron)

fiber Diameter

280

240

200

160

120

40

Figure 4.57.

Distance from Spinneret (cm)

300 3000
b
140
250 r'e) 2500
a2 {10 60
o
- \ o —~ 160 50 {2000
o\o = o
s o 3 S
2 “o 80 Ww L
150 \ Y = {1500
¢ °\ ‘® 5
3 ° o a o
hd \ L) ~
é . 6 ¢ W _
- »~ —
_ 100 N, ” 1000
X AN o
S o\\ 4 40 20
-@- fiber diameter o\
-~
50 -0~ fiber temperature [} 560
~0- birefringence | 20 10
o—e
&1_‘!]“'"0 u
0 20 40 60 80 100 120

Experimental result (velocity=5500 m/min,

mass throughput= 5.2 g/min).

(saufp) 82304



of 5500 m/min. After necking, the fiber diameter
decreased very slowly, the crystallinity reached its
final value, and the birefringence suddenly increased
and continued increasing with distance along the
spinline. At the same point where crystallization
occurred on the spinline, the fiber temperature sharply
increased. The amount of heat released depended on the
crystallinity of the fiber. As the initial force
increased to 46.48 dynes, the necking position moved to
100 cm below the spinneret (Figure 4.58). At the same
necking position, the experimental data showed the
take-up speed up to be 6000 m/min (Figure 4.59) .

These simulation results are qualitatively similar
to the experimental results. The simulation revealed
that when fiber birefringence (which is the result of
molecular orientation) increased to a certain value,
stress-induced crystallization initiated in the
spinline. When the polymer crystallized on the
spinline, the latent heat generated in this region was
released and fiber temperature increased locally. This
local increase in temperature caused the polymer melt
viscosity to suddenly decrease and produced the
necessary strain softening effect. Under a constant
take-up force, the filament began to undergo a rapid

diameter decrease. But when the degree of crystallinity
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reached a certain level, polymer melt viscosity sharply
increased (based on the strain hardening equation).
Because of high viscosities, the velocity gradient became
small and the diameter of the fiber decreased very
slowly and a "neck" was observed on the spinline.

The temperature profile in the necking region did
not show a sudden increase in the experimental data.
This was probably due to the fact that the necking was
not stable at one position. This tended to introduce
error in the experimental results.

Figures 4.60 and 4.61 shows the simulation results
for a mass throughput of 3.3 g/min. Again, the fiber
structure could be simulated from fully amorphous to
semi-crystalline on the spinline.

In general, by changing the initial conditions in
the simulation, for example, mass throughput, initial
fiber diameter, initial fiber temperature, initial
forces, etc., the structure development of PET fibers
could be simulated from a fully amorphous structure,
which exhibited low birefringence and crystallinity, to
a semi-crystalline structure, which exhibited high
birefringence and crystallinity on the spinline.

But a complete quantitative comparision of the
theoretical and experimental results is difficult

because of the many parameters which influence the fiber
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orientation in the high speed spinning. A complete CSMP

program is listed in Appendix B.

4.5 Proposed Neck Formation Mechanism

When molten polymer is extruded from the spinneret,
the orientation, which is created by shear flow within
the spinneret channel is relaxed by die swell. The
extruded polymer is then deformed by the take-up force.
Fiber molecules are stretched from a random conformation
to an oriented conformation. The molecular orientation
actually is a balance between the orientation induced by
deformation of the melt stream and relaxation due to
thermal motion of the molecules before the glass
transition point is reached. Spruiell and White (103)
reported that the spinning stress and accompanying
molecular orientation decreases the free energy of
formation of crystal nuclei and increases the
crystallization rate.

The crystallization rate of PET is very low (127).
At take-up velocities of 3000 to 3500 m/min, only an
oriented amorphous structure was observed (2). At
higher take-up velocities, these oriented amorphous
molecules serve as a source for nuclei embryo and a
rapid crystallization occurs in the spinline (14,76).

In the consideration of possible neck formation
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mechanisms it should be realized that the formation of a
neck appears to require a sudden strain softening
(viscosity decrease) followed by a rapid strain
hardening (viscosity increase). This statement is based
on the fact that mathematical models that exhibit only a
rapid strain hardening at a locallized position do not
predict neck formation, but show a smooth drawdown to
the final diameter. The final diameter is, of course,
reached at approximately the point where the viscosity
rises abruptly. In order to explain neck formation
then, we must suggest mechanisms that involve a sudden
strain softening followed by strain hardening. Based on
the present modeling a possible mechanism is as follows:
Increased stress and molecular orientation eventually
lead to the initiation of stress-induced
crystallization. When stress-induced crystallization
takes place, the latent heat generated in this region is
released and the fiber temperature increases locally.
Because the polymer melt is supercooled substantially
below the melting temperature of the crystals, there is
no remelting but the local increase in temperature
causes the polymer melt viscosity to suddenly decrease.
This produces the necessary strain softening effect and,
under a constant take-up force, the filament begins to

undergo a rapid diameter decrease. The deformation
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presumably causes considerable molecular orientation and
further enhances the crystallization rate. But when the
degree of crystallinity reaches a certain level, strain
hardening occurs and the highly oriented and
crystallized molecules resist further deformation. The
fiber diameter becomes constant and a "neck" is
observed.

It is speculated that on another possible necking
formation mechanism as follows: Prior to necking PET
molecules have been oriented. If sufficient orientation
is achieved the structure may become a meso-phase
(thermotropic liquid crystal) prior to actual
crystallization. The viscosity of this meso-phase may
be reduced compared to the unordered amorphous phase at
the same temperature. This effect would be similar to
that observed in the behavior of the viscosity of
lyotropic liquid crystalline system on the formation of
the meso-phase (22). A mechanism similar to this seems
to have been suggested recently by Shimizu et al. (97).

At the present time, we really do not know whether
the necking formation mechanism is due to formation of a
meso-phase which results in a visocity decrease (strain
softing) or the viscosity decrease results from an
increase in temperature of the threadline resulting from

the liberation of the heat of crystallization.
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Although some investigators had argued that the
temperature rise may not be sufficient to cause strain
softening on the threadline, Warner (112) reported that
during deformation of PET fibers in the drawing process,
the temperature rise in the necking region was estimated
to be about 60°K and heat released is sufficient to
raise the fiber temperature about 55°% under adiabatic
conditions. Our calculations indicate that the
temperature increase at the neck varies with spinning
conditions, but may be locally as high as 20-25 degrees
when a sharp neck is observed. A simple adiabatic
assumption also indicates that this may not be an
unreasonable temperature rise.

In the experimental work, a sharp temperature rise
was not observed on the spinline. This probably is
because the neck is not stable at one position was not
observed on the spinline. The motion of the neck would
make measurement of the local temperature rise very
difficult, as it would likely smear out the signal being
observed by the infrared microscope. Also, after
necking the fiber diameter is greatly reduced and fiber
velocity sharply increases. This results in faster
cooling of the fiber after necking. This would make the
experimental observation of a sharp temperature increase

in the neck region more difficult.

148



In summary, then, these simulation results suggest
that the neck formation mechanism involves the
liberation of crystallization heat which results in a
locallized strain softening. Under constant take-up
force this results in a high local deformation
(necking). At the same time, the crystallization
process, which results in strain hardening effect,

prevents further deformation of the neck.

4.6 Discussion of the Effect of Polymer Variations on
the Spinning Behavior

The molecular orientation is a balance between the
orientation induced by deformation of polymer and the
relaxation due to thermal motion of the molecules before
the glass transition point is reached. Increasing the
take-up velocity was found to increase the molecular
orientation.

Material properties depend upon the molecular
orientation. The fiber molecular orientation depends
upon the rheological properties of the polymers and the
take-up speeds. The melt viscosity of linear low
molecular weight, branched and linear high molecular
weight PET behave differently in the spinning process.
From the experimental results, a rapid strain-induced

crystallization occurred in the spinline for the linear
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low molecular weight PET samples at high speed spinning.
For the linear high molecular weight samples, the
polymer melt viscosity is higher than the linear low
molecular weight samples. Because of higher stress
build up in the threadline, the neck position is closer
to the spinneret. This effect could be predicted by the
simulation model. For branched samples, the molecular
branching resists polymer crystallization in the
spinline. From the experimental results, we did not
observe highly crystallized branched PET samples below
5000 m/min. Also we did not easily find necking on the
spinline for branched samples. If the branched polymer
crystallizes slowly, the strain softening, which is the
result of releasing heat of crystallization, would occur
over an extended distance in the spinline. This would

reduce the sharpness of the necking effect.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

High speed spinning of linear, branched, and high
molecular weight poly(ethylene terephthalate) (PET)
polymers using a pneumatic drawdown device has been
carried out. The structure characterization of these as
spun fibers and the structure development along the
spinline under different mass thrughput and take-up
velocities were studied. A computer simulation was also
carried out in this research.

From the results of characterization of three
different kinds of PET polymers, it was found that the
structure and physical properties are greatly affected
by take-up velocity. Generally, at low take-up
velocities (below 3500 m/min), the as spun fibers
exhibited low birefringence, crystallinity, density, and
tenacity values, and high elongation and shrinkage
properties--typical of an amorphous structure. At high
take-up velocities (above 5000 m/min) the (as-spun)
fibers exhibited high birefringence, crystallinity,
density and tenacity values and correspondingly low
elongation and shrinkage values which are indications of
a semi=-crystalline structure. Differential scanning

calorimetry analysis revealed that, below 5000 m/min,
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the fiber partially crystallized while heating the
sample. Above 6000 m/min, crystallization during
heating was no longer observed. The glass transition
could not be distinguished at take-up speeds above 5000
m/min. The melting temperature increased as the take-up
velocity increased. Both density and DSC results show
that PET begins to crystallize on the spinline at speeds
in the range of 4000 to 4500 m/min. From density versus
birefringence plots, it was found that orientation
induced crystallization occurred at fiber birefringences
above 45 x 10—3.

From the analysis of samples cut from the spinline,
the fiber diameters were observed to decrease in a very
unusual manner. At low take-up velocities, no sharp
diameter thinning phenomena (necking) was observed
either on the spinline or in the cut specimens, and the
birefringence values were low. Necking was observed on
the spinline and on the cut samples when the take-up
velocity exceeded 4500 m/min for linear PET. The
birefringence values reached the final fiber
birefringence within a few millimeters in the necking
region. The diameter of the filament remained nearly
constant after necking. Increasing the take-up velocity
moved the position of the neck toward the spinneret.

For branched PET, the birefringence increased with
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take-up velocity, but the increase was slower than for
the linear PET. Necking was not observed for cut
branched samples. High molecular weight PET also
exhibited necking on the spinline at high take-up
speeds. The position of necking was closer to the
spinneret compared with linear PET at the same take-up
velocity.

Wide angle x-ray diffraction results from a bundle
of fibers containing necking regions found amorphous
diffraction patterns before necking. Clear crystalline
diffraction peaks were detected after necking.

From on-line temperature measurements, it was
determined that decreasing throughput and increasing
take-up velocity produced a more rapid temperature
decrease. The temperature profile indicated that the
fiber cooled faster after necking. This increased
cooling rate may be a result of the increased surface
area per unit volume and increased velocity of the
filament through the ambient air. The temperatures in
the necking region were different with different PET
materials and increased as take-up velocity increased.
There was some slight indication that the fiber cooling
rate slowed down in the neighborhood of the neck just

prior to the increase of cooling rate occurring

subsequent to the neck. This effect could have resulted
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from the liberation of the heat of crystallization.
There was, however, no indication of an actual
temperature increase.

The on-line diameter and birefringence profiles
showed that a low birefringence was observed before
necking and suddenly increased after necking for linear
and high molecular weight samples. A more gradual
increase in birefringence was observed for branched PET.
Prior to necking, the birefringence of the high
molecular weight sample was higher than for linear PET.

It was found possible to achieve reasonable
qualitative agreement with the experimental data using a
computer simulation method first developed by Kikutani
(66). This method assumes that when birefringence
increases to a certain value, stress-induced
crystallization is initiated. When stress-induced
crystallization takes place, the latent heat generated
in this region is released and the fiber temperature
increases locally. This causes the polymer melt
viscosity to suddenly decrease and produces a strain
softening effect. Under a constant take-up force, the
filament begins to undergo a rapid diameter decrease.
But when the degree of crystallinity reaches a certain
level, polymer melt viscosity increases and this strain

hardening effect resists further filament deformation in
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the spinline. The filament diameter becomes constant
and a "neck" is observed. By changing the initial
conditions in the simulation, for example, mass
throughput, initial fiber diameter, initial fiber
temperature, initial forces, etc., the structure
development of PET fibers could be simulated from a
fully amorphous structure to a semi-crystalline
structure on the spinline.

Based on the experimental data summarized above,
the following conclusions were made:

Take-up speed (spinline stress) is a dominate
factor for fiber structure development of PET filament
in the spinline. At high take-up speeds, the spinline
stress is high enough to cause stress-induced
crystallization in the spinline. Under certain
conditions this also leads to a necking effect on the
spinline. The fiber structure changed from amorphous to
semi-crystalline structure after the neck.

From DSC analysis it was observed that melting
temperature and crystallinity increased as take-up
speeds increased. This indicated that the crystalline
perfection and crystallinity increased at higher speeds.
These data are consistent with online temperature
measurements that show that necking occurred closer to

the spinneret and necking temperature (crystallization
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temperature) was higher at higher take-up speeds. The
crystallization rate also increased at high temperature
and higher molecular orientation. This produced higher
crystallinity and increased the perfection of the
crystals.

The difference of rheological properties and
crystallization rates of the three different polymers
results in different fiber structure and properties.
The branched polymer had slower crystallization kinetics
and developed lower crystallinity. These differences
evidently reduced the propensity for formation of a
sharp neck on the spinline. The higher viscosity of
high molecular weight polymer results in higher stress
build up in the spinline and fibers exhibit higher
density and crystallinity at take-up speeds below 4000
m/min. The higher molecular entanglement also
restricted further crystallization on the spinline for
high molecular weight samples and the crystallization
levelled off at higher take-up speeds.

From the present study, it was concluded that the
necking formation mechanism is as follows: The
formation of a neck appears to require a sudden strain
softening (viscosity decrease) followed by a rapid
strain hardening (viscosity increase). When sufficient

stress-induced crystallization takes place in a
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locallized region of the spinline, the heat of
crystallization is released in this region and the fiber
temperature increases locally. This produces the
necessary strain softening effect. Under a constant
take-up force, the filament undergoes a rapid diameter
decrease. But when the degree of crystallinity reaches
a certain level the high viscosity and orientation of
filament resists further deformation on the spinline
(strain hardening). The fiber diameter becomes constant
and a "neck" is observed. Computer simulation results
suggest that this is a possible and reasonable
mechanism.

Another possible necking formation mechanism is as
follows: Prior to necking, PET molecules have been
oriented. If sufficient orientation is achieved the
structure may become a meso-phase (thermotropic liquid
crystal) prior to actual crystallization. The viscosity
of this meso-phase may be reduced (viscosity decrease).
At a constant take-up force the filament undergoes a
rapid diameter decrease. The deformation increases the
orientation of the filament and stress-induced
crystallization takes place. When the filament is
oriented and crystallized on the spinline the molecules
resist further deformation of the filament (strain
hardening).
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While the former mechanism is favored, it is not
possible to rule out the latter mechanism on the basis

of the present experimental data.
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APPENDI¥X A

NOTATIONS Notations

A (cmz) cross-section area of filament

Cop (---) strain-optical coefficient

cf (=) coefficient of air friction cf = 0.5Re 0-61

o (cal/gc) heat capacity of polymer Cp=0.3+60 10"
] (cm) diameter of filament

F (dyne) tension of spinning filament

g (cm/secz) gravity g = 980

G (dyne/cmz) modulua G=1 xlOg

h (ca]/cmzsecoc) heat transfer coefficient h = (ks/D) Nu

k (cal/cm sec®C) heat conductivity of polymer k=5.2x107"

ks (cal/cm sec®C) heat conductivity of air ks = 0.66 x1074

n (---) Avrami number

Nu (---) Nusselt number Nu = 0.42(1 + (BVy/V)Z)O’lmReO'334
Re (---~) Reynolds number Re = DV/vg

t (sec) time

ty/2 (sec) crystallization half-time

t172 (sec) minimum crystallization halt-time

T (°c) temperature of filament

Ts (OC) temperature of surrounding air

T* (OC) maximum crystaliization rate temperature



oLt

Vv (em/ sec) velocity of spinning filament

Vy (cm/sec) velocity of quenching air
W (g/sec) extrusion rate
X (em) distance from spinneret
% (---) crystallinity
B (deg) half-width of temperature vs. crystallization curve
AH (cal/g) heat of fusion
AN (---) birefringence
e ) strain n o= 1.3 exp(a400/(T + 273))  (T>70%C)
n (poise) tensile viscosity of polymer b (T<’70OC)
v (st) kinetic viscosity of air V= 0.16
. (g/cn13) density of polymer o= 1.35% - 5.0 xlOA'qT
Ng (g;‘cmB) density of air pe = 1.2 %1073
« (dyne/cm}) spinning stress
' (dyne/cm3) stress of air friction = (I/Z]IIS Vz Cf
(n (sec) relaxation time T W6
SUBSCRIPTS
0 value at the spinneret

L value at x = L




APPENDIX B

Continuous System Modeling Program

Continues System Modeling Program (CSMP) 1is an appli-
cationoriented program specially written for scientist,
engineers, and analysts who are involved in work that
requires the solution of ordinary differential equations
or in simulating a system that has been modeled as a block
diagram.

The program structure of CSMP is composed of three
segments: Initial, Dynamic, and Terminal. Generally, data
statements will appear in the Initial segment. In addi-
tion, calculations that are required to be performed only
one time during a simulation can conveniently placed in
this segment. The Dynamic segment is usually vomposed of
structure statements that describe the dynamics of the
system or explicity describe a set of differential equa-
tions. The Terminal segment is the last segment in the
program and is usually made up of control statements.

The utility and ease of using stems mainly from:

(1) simplified program statements

(2) flexibility of program structure

(3) a basic set of preprogrammed function blocks.

The CSMP program for high speed spinning of PET is listed
below.
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CSMP Program

$SSCINTINUOLS SYSTEM MCDELING FROGRAM 111 V1iM3

CCASTANT TS=25.
CCNSTANT CCP=.53,DELR=265.
CCANSTANT TC=29C.
CCASTANT AKS=.0le6
CONSTANT ABKSO0=.€E6E-4
CGASTANT P[=3.1415G6,4G=6G6C.
CCNSTANT ALCS=GC.CGl2.,AMUS=C.l0o
CCANSTANT CQ0=0.076
*CCNSTANT FC=46.28¢

PARKOMETER FC=(40.32y40.34,4¢.35)
INITIAL
w=E.2/6C.

ALCC=1.256-5.E~4=T(
vO=w24./ALLGC/P1/DuU/DT
XCl=.44
OELNC=COP*FO=ALLC*Vi/1C.%%5/h
DYNAMIC
LASEL w=£.2,vY=C.
ANL=,42%RE*2 334
H=AKSC/C#®ANL
CP=.3+0.2-4%T
dF=w*(CVv=-G/VI+Pl*#0=TAUF
ALC=1.38€=-C E-a®T
F=INTGRL(FC+CF)
D=SCART(m=4./V/P1/ALC)
TAUF=C.5%aLCS*vsv:(CF
Cr=0.5%RE®=*»(=-C.¢el)
RE=D=v/AaMUSsS
CV=F3AL0®V/m/LTA
FATA=0. 73%EXP(53CC./(T+273.))=cXP(2.222*(2.¢xC)=*]6)
ATA= | o3%EXP(44Clo/ (T+2T73.) 1%EXP(4%(2.%XC)%**]0)
FuTR=0CZB2%EXPI433TEL/(T+2753.) )8 RkP(aaF (23X )%2]6)
V=INTGRL{VC,0V)

VPL=v*06i./1CC.
OT=-F1*0*H* (T-TS)/w/CP+CXC*CcL+/CP
T=INTSRL(TC.0T)
ULELN=CCP®*CVv/V-—CELN/V/TAUM
DELN=INTGRLIDELNG,CCELNI
TAUM=ATA/]1L.®%S
XL=INTGARL{CesOXC)

CXC=CY= (X0C-XC) /v
JY=ArSEZXP{~Y] )*EXP{4CCC.*CCZULN*CELN)
Yl=a.®ALLG (242 (1=T3TARI*=2/8/E
TSTAR=15C.+75.%0cLN/ 22

PRCCEDURE B=RECY(T,T7STAR)

IF {(1.61.TSTAR) GC TC 1¢C
B=(TSTAR-T70.)/1.2

¢C 7C 2¢C
iC B={265.-TSTAKI}/ 1.2
20 CONTINUE
ENDPROCEDURE

DD=ALOG(DUNM)
DUM=C*1000GC.
XCP=XxC=*100.

METHCD STIFF

PRTPLT CUMsT+VPL,DY+XCP
PAGE HEIGHT=50,mnIDTH=5C
PRTPLT FsDELNyXCP,T,ALC
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PAGE +EIGHT=50,nIDTK=5(C

RELERR CELN=0.00005,T=(C.00C1

ABSERK GCELAN=C.0C0CC1,T=C.0CC1

NCSCRT

CALL CEBLG(1+0.)

TERMINAL

TIMER FINTIM=135.,PRDEL=8.,DELMIN=1.E-12
ENC

STCP
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