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Preface

The need for a book on manufactured fibre technology has been felt by
us for several years while teaching undergraduate and postgraduate
students taking courses on or related to the subject. While there are
excellent books dealing with the chemistry of fibre production or
with the fundamentals of the spinning processes or with newer fibres,
there is a dearth of books dealing with the subject in an integrated
manner at an appropriate level and suitable for a course lasting one or
two semesters. The present book has been designed to fulfil this need. It
covers in considerable detail the two principal stages in the manufacture
of fibre, namely the production of the fibre-forming polymers and their
conversion to fibre. Adequate emphasis is laid on fundamental
principles and newer developments without recourse to advanced
mathematics.

That such a book will have a much wider base became clear to us
while conducting a two-week continuing education programme organ-
ized in our department for teachers from textile colleges and tech-
nologists from industry. The faculty for this programme was drawn
from academic institutions, industry and research laboratories. From
our experience of running several such programmes, we feel that this
book will also be useful to such teachers and to technologists in industry.
In addition, it will provide the basic material to those interested in
organizing and running intensive training courses on this topic.

The book has been designed with the following features:

¢ the treatment is at an undergraduate level for a course on fibre produc-
tion; however, the needs of students taking a Master’s level course
have also been kept in mind;

e the treatment is intensive rather than extensive;

* the emphasis is on fundamental principles, wherever basic concepts
are involved;
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* the industrial practices obtaining on a global scale have been included,
as far as possible;
e the information is up-to-date and state-of-the-art.

Emphasis on in-depth treatment of the subject required careful selec-
tion of the topics to be covered. In the present book, the various aspects
of fibre production centre around 20 chapters as outlined below.

* Processes: the fibre production processes of melt-, wet- and dry-
spinning, drawing and heat-setting are covered in detail in five
chapters with adequate emphasis being placed on fundamentals.

e Fibre types: all important commodity fibres, namely polyester, poly-
amide, acrylic, polypropylene and viscose rayon, are treated in detail
in five chapters. The vinyl fibres, namely polyvinyl alcohol, polyvinyl
acetate and polyvinyl chloride, and the modified cellulosic fibres,
namely cellulose diacetate and cellulose triacetate, have not been
included.

* Recent developments: newer developments including high performance
fibres and the techniques of dry-jet wet-spinning and gel-spinning,
spunbonding and melt-blowing, computer simulation of melt-spinning
and modification of fibres for value addition are covered in four
chapters.

o Characterization and testing: the methods used for characterization of
polymers and fibres and for testing fibres for both quality control and
R&D are described in two chapters.

¢ Others: important industrial aspects relating to spin finishes and their
application and of reuse of waste generated in the plant and elsewhere
are covered in two chapters. One chapter is devoted to the develop-
ment of basic structural concepts and the other is introductory in
nature and traces the history of manufactured fibres and gives some
statistics and typical applications.

The diverse topics listed above were handled by fifteen authors with
basic background in one or more of the following subjects: physics,
chemistry, materials science, textile technology and chemical engineer-
ing. They were drawn from academic institutes, research laboratories
and industry and all have considerable expertise in various aspects of
fibres and textile materials and processes. We have tried to retain the
flavour of the author’s experience and approach while ensuring an in-
depth coverage of the different topics with a minimum overlap between
the chapters. We hope that we have succeeded in meeting the objectives
for which the book was designed and that the users will find it useful in
teaching, research, production and applications.

A book of this magnitude is the joint effort of a number of persons
and as editors we would like to express our gratitude to them. We



Preface xv

thank the authors for their contributions. The understanding shown and
cooperation extended by them during the prolonged editorial exercise is
gratefully acknowledged. We would also like to acknowledge with
thanks the reviewers for their generous advice and comments. The
editorial staff of the publishers, Chapman & Hall, deserve special
thanks for the assistance rendered during different stages of publication.
The generosity of several publishers and authors in permitting the
reproduction of figures and tables (listed in a separate section) from
their published work is gratefully acknowledged. We are indebted to
Mr RK. Arora for doing the entire word-processing work single-
handed. We are thankful to Mr K.G. Padam for line sketches, Ms Sujata
Caprihan and Mr T. Vineet for some artwork, and Mr K.P. Vetrival and
Mr J.K. Sensarma for computer graphics. We would be failing in our
duty if we did not thank the many generations of students whom we
had the privilege to teach and whose association has been stimulating
and educative for us.

Finally, we would like to thank our wives, Lata and Purnima, for
support, patience and encouragement without which it would have
been difficult to undertake this project.

New Delhi V.B. Gupta
May, 1997 V.K. Kothari
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Sl units and symbols

The International System of Units (SI) divides units into three classes:
base units, supplementary units and derived units. SI is based on seven
well-defined base units (Table A) which by convention are regarded as
dimensionally independent. There are two supplementary units — the
radian and the steradian (Table A).

Derived units are formed by combining base units, supplementary
units, and other derived units according to the algebraic relations linking
the corresponding quantities. The symbols for derived units are obtained
by means of the mathematical signs for multiplication, division, and use
of exponents. For example, the SI unit for velocity is the metre per
second (m/s or ms™), and that for angular velocity is the radian
per second (rad/s or rads™'). Derived units are given in Table B.
Table C gives the preferred SI units and conversion factors for some of
the non-SI units used in this book.

Table A Base and supplementary Sl units

Quantity Unit Symbol
Length metre m
Mass kilogram kg
Time second ]
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd
Plane angle® radian rad
Solid angle® steradian sr

@ Supplementary units.
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Table B Derived Sl units with special names

Quantity Unit Symbol Formula
Frequency

{of a periodic phenomenon) hertz Hz g7
Force newton N kgms™2
Pressure, stress pascal Pa Nm™2
Energy, work, quantity of heat joule J Nm
Power, radiant fiux watt w Js™!
Electric charge coulomb c As

Electric potential,
potential difference,

electromative force volt v WA~
Electric capacitance farad F cv
Electric resistance ohm Q VA~
Electric conguctance siemens ] Ay
Magnstic flux weber Wb Vs
Magnetic flux density tesla T Wbm™?
inductance henry H wbA™
Celsius temperature degree Celsius® G &
Luminous flux lumen Im cdsr
lllurinance lux Ix Irmm=2
Activity {of a radionuclide) becquerel Bqg s”'
Absorbed dose gray Gy Jkg™
Dose equivalent sievert Sv Jkg™'

2 The SI unit of thermodynamic temperature is the kelvin {K}, and this unit is properly used for
expressing thermodynamic temperature and temperature intervals. Wide use is also made of
the degree Celsius (*C}, which is the S! unit used for expressing Ceisius temperature and
temperature intervals. The Celsius scale {formerly called centigrade) is related directly to
thermodynamic temperature (kelvin} as follows:

The temperature interval one degree Celsius equals one kelvin exactly. Celsius tempearature {t)
is related to thermodynamic temperature (T) by the equation:

t=T-T,
where T, = 273.15K by definition.
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Table € Units used in this book and conversion factor to obtain preferred Sl unit!

Quantity Unit used at some Preferred Conversion
places in this book Sl unit factor
Length inch (in) m 254 x 1072
mm 25.4
um 254 x 10*
Area inch? (i) m? 6.4516 x 1072
Volurne om® m? 1078
dl m3 107
[ m? 1072
Density gem™? kgm™® 10°
Lingar density denier (den) tex 0111
dtex 1.1111
Tenacity gfden™’ Ntex ™' 8.829 x 1072
(mass stress) gftex™ Ntex™ 9.81 x 1072
Surtace tension dyncm™ Nm™! 107?
Viscosity poise {P) Nsm™? 107"
centipoise (¢P) Nsm™2 1073
Specific heat cal(g°C)™’ Jkg™ K™ 419 x 10°
Force gf N 9.81 x 1073
kgt N 9.81
dyne N 107°
bt N 444822
Stress/pressure kgf mm™2 Nm™ (Pa) 9.81 x 10%
kgfcm™2 Nm~? (Pa) 9.81 x 1¢*
Ibf in~2 (p.s.i./psi) Nm~? (Pa) 6.89 x 10°
Pressure mmHg Nm™ (Pa) 133.322
atmosphere {atm) Nm~2 (Pa) 1.013 x 10°
Energy cal Nm~" () 4.1868

! Conversion factors betwean various units of stress and mass stress are given in Table O.
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Note on equivalence and
equivalent weight

The concept of equivalence and its quantification in terms of equivalent
weight has been used in Chapters 10, 12, 14 and 15 of this book to
estimate the end group content in polymers or the amount of reactants
in specific chemical reactions, e.g. the amount of water to be charged into
caprolactam at the beginning of polymerization in a VK tube. Since
different units have been used by different authors to denote equivalent
weight, a brief description of the concept and the units that have been
used is given below, mainly to facilitate conversion from one unit to
another.

In chemical compounds, equivalent weight can be expressed as weight
associated with unit functionality, where functionality is the number of
reactive functional group(s) per molecule. ‘Equivalent weight’ for
chemical compounds (or polymers) is thus defined as that weight
which contains one gram equivalent weight of the component taking
part in the reaction. It often happens that the same compound will
possess different equivalent weights in different reactions. An example
relevant to the use of this term in the present book is given below:

Consider a simple chemical compound, viz. pure hexamethylene
diamine, H,N—(CH;}¢—NH,, which has two amino groups and an
approximate molecular weight of 116.2. The equivalence in terms of its
reaction with acids may be expressed as

¢ equivalent weight = 116.2/2 = 58.1, expressed as a number,
s gram equivalent = 58.1g, expressed in grams.

Alternatively, the equivalence may also be expressed in terms of

« eq g' and related units: since 58.1 g is the gram equivalent of one
amino group in the compound, 1 gram will be the equivalent of 1/58.1
amino group, which may be expressed as 1/58.1 ie. 172 x 107° eq g~
or 17.2 milli eq g™ or 17.2 x 10° milli eq kg™' or 17.2 x 10° eq ton ™1,
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» eq mole™": this can be obtained by multiplying equlvalence ineqg™

by molecular welght in g mole™", ie, 172x10%eq g~ 1x1162 g
mole™! = 2 eq mole™
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V.B. Gupta and V.K. Kothari

1.1 DEFINITION AND CLASSIFICATION

A textile fibre is a long thin object with a high ratio of length to thickness.
It is characterized by a high degree of fineness and outstanding flexi-
bility. In addition, it should have dimensional and thermal stability and
minimum levels of strength and extensibility consistent with the end
use. Fibres should also be capable of being converted into yarns and
fabrics. There are a number of other requirements that a fibre must
satisfy, but those noted above are relatively more significant.

The fibres that satisfy the requirements noted above are surprisingly
small in number. They can be broadly considered as belonging to one of
the following two classes: (a) natural, and (b) manufactured. Natural
fibre is a class name for various genera of fibres of vegetable (e.g.
cotton, flax), animal (e.g. wool, silk) or mineral (e.g. asbestos} origin pro-
duced by nature. Manufactured fibres is a class name for various genera
of fibres produced from fibre-forming substances which may be (1)
modified or transformed natural polymers, (2) wholly synthetic poly-
mers, or (3) materials of inorganic origin. The principal manufactured
fibres belonging to the above three classes are listed in Table 1.1. Fibres
produced by nature are generally of relatively short length, say between
10 and 500 mm; these are called staple fibres. However, silk is produced
by the silkworm in continuous lengths of around 2 km and is referred to
as filament. Manufactured fibres are produced as continuous filaments
but, when required in staple form, they are cut into short lengths.

Manufactured Fibre Technology.
Edited by V.B. Gupta and V.K. Kothari.
Published in 1997 by Chapman & Hall, London. ISBN (0 412 54030 4.
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Table 1.1 The principal manufactured fibres

Based on Based on wholly Based on
natural polymers synthetic polymers inorganic materials
Cellulosics Polyamides Glass
Viscose rayon mz:g: 26 Ceramic
Modified cellulosics Kevlar™ Metallic

Cellulose acetate
Cellulose triacetate Polyesters
Poly(ethylene terephthalate)
Poly(butylene terephthalate)

Polyacrylonitrile

Polyolefins
Polypropylene
Polyethylene

Polyurethane

Polyvinyl alcohol

1.2 EVOLUTION OF MANUFACTURED FIBRES

The story of manufactured fibres may be traced to the accidental dis-
covery of cellulose nitrate in 1846 by C.F. Schonbein, a Professor of
Chemistry at the University of Basel in Switzerland. He observed that
cotton may be converted into a soluble plastic substance by the action
of a mixture of nitric and sulphuric acids. This solution was extruded
into fine filaments by Hillaire de Chardonnet in 1884. The organic chem-
ists gave a correct interpretation of the underlying chemical reaction by
suggesting that the action of acid mixture on cellulose, a natural fibre-
former, converted it into a derivative, i.e. cellulose nitrate. Unlike cellu-
lose, cellulose nitrate was soluble in a mixed alcohol/ether solvent and
therefore spinnable. The commercial production of viscose rayon fibre in
the late nineteenth century through the intermediate product cellulose
sodium xanthate, and of cellulose acetate fibre at the turn of this century,
were based on a similar procedure.

The origins of wholly synthetic fibres can be traced to the pioneering
work of W.H. Carothers in the USA. A number of systems were tried by
Carothers and his group during the years 1928 to 1932; the first success-
ful wholly synthetic fibre was produced commercially in 1938 from
adipic acid and hexamethylene diamine. This fibre was called nylon 66.
The filaments were pulled out from the melt and then stretched to give a
useful fibre. Paul Schlack in Germany discovered polycaprolactam, or
nylon6, which came into production just as World War II started in
1939. Other synthetic fibres soon appeared, the most successful being
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polyacrylonitrile in 1949, polyvinyl alcohol in 1950, poly(ethylene tere-
phthalate) in 1953 and polypropylene in 1957. Aromatic polyamide and
aromatic polyester fibres came in 1962 and 1972, respectively. The most
recent addition is that of gel-spun, ultra high molecular weight, high
density polyethylene fibres.

1.3 FIBRE-FORMING PROCESSES

Fibre manufacture involves the following two principal operations: (1)
production of the polymer, and (2) conversion of the polymer into the
fibre. For fibres based on raw materials derived from nature, step (1) is
not involved.

1.3.1 PRODUCTION OF THE FIBRE-FORMING POLYMER

The two principal mechanisms suggested by Carothers [1] for synthe-
sizing fibre-forming polymers are condensation (step growth) and addi-
tion (chain growth) polymerization. The synthesis of condensation
polymers proceeds by the step-wise reactions of functional groups, each
reaction proceeding with the elimination of a small molecule, usually
water. The use of bifunctional monomers in condensation polymeriza-
tion leads to linear condensation polymers, typical examples of which
are the polyesters and polyamides. When the molecular weights of con-
densation polymers exceed 10000, they can be drawn into tough fibres.

Addition polymers are formed by the addition of unsaturated mono-
mers to the growing chain without the elimination of water or other
small molecules. Consequently in the polymer the same number of
elements are present as in the corresponding monomer. The synthesis
of addition polymers from unsaturated monomers may proceed by
either a free-radical or an ionic mechanism. The free-radical processes
are characteristic of chain reactions and involve at least three processes,
namely initiation, chain propagation and chain termination. Addition
polymerization may also be either cationic or anionic, depending on the
nature of the monomer and the catalyst employed.

1.3.2 CONVERSION OF THE POLYMER INTO FIBRE

The basic steps involved in the conversion of the polymer into a fibre are
spinning or extrusion, and post-spinning operations which include
drawing and heat-setting.

(a) Spinning of polymers into fibres

The fibre-forming polymers can be converted into filaments using
two principal routes. The first, melt-spinning, involves extruding the
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polymer melt through small capillary holes to form fibres, attenuated by
an external force applied at the wind-up. The filament is cooled to its
solid state by quenching as it emerges from the capillary holes. The
second, solution-spinning, involves the extrusion of a solution to form
fibres. The solvent is removed from the fluid filament by vaporization
with hot gases in dry-spinning, or by coagulation in a non-solvent in
wet-spinning.

(b) Post-spinning operations

In most cases the as-spun fibre does not have the properties required of a
fibre and is therefore subjected to drawing. This aligns the molecules in
the direction of the long axis of the filament and reinforces it with orien-
tation and crystallinity. Drawing is followed by heat-setting to stabilize
the fibre and make it dimensionally more stable. The stabilization that
occurs during heat-setting is due to post-crystallization and stress relaxa-
tion in the fibre.

1.4 FIBRE PRODUCTS AND PROPERTIES

1.4.1 TYPES OF FIBRE PRODUCTS

Manufactured fibres are widely used by textile manufacturers for
producing apparel and household textiles. Manufacturers of industrial
fibrous products use fibres in such diverse applications as filter materi-
als, protective clothing and as reinforcement for tyres, rubber goods and
composites. Such a broad utilization of manufactured fibres has been
achieved through many technical advances.

Manufactured fibres are used in various applications in a variety of
forms. A bundle of continuous filaments forms a multifilament yarn
with some or no additional twist. Textile fabrics woven from continuous
filament yarns generally have a lustrous appearance, which is desirable
for lining, hosiery, outerwear, home furnishing, etc.

There are considerable limitations with continuous filament yarns for
textile purposes. These include the synthetic look, lack of bulkiness, and
clothing discomfort due to poor water sorption. For this reason, as stated
earlier, some fibres are cut into short lengths as staple fibres. Staple fibres
can be spun like natural fibres to form a yarn. They can also be blended
with other fibres to impart certain desirable characteristics to the
resultant yarn. Alternatively, continuous filament yarns can be textured.
These fibre products give textile fabrics the desired aesthetics, comfort,
durability and feel.

Yang [2] has classified manufactured fibres into four categories based
on their characteristics.
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1. Conventional fibres. These comprise viscose rayon, cellulose acetate,
nylon 66, nylon6, poly(ethylene terephthalate), linear polyethylene,
isotactic polypropylene and polyvinyl alcohol.

2. Second generation fibres. Yang's classification [2] describes second
generation fibres as those whose properties have been improved as a
result of physical modification (textured yarns, bicomponents) and
chemical modification (high molecular weight, flame resistant, anti-
static, easily dyeable, etc.).

3. High temperature fibres. This category comprises fibres used in many
industrial, military and aerospace applications for extended periods
of time at temperatures of 200—400°C. High temperature fibres
include aromatic polyamides and other similar fibres.

4. High performance fibres. The final category comprises those fibres with
the necessary dimensional stability and light weight required for end
uses that involve high temperatures, high tensile or compressive load
and hostile environments. The high temperature fibres considered
earlier may thus also be considered as high performance fibres.
Aromatic systems based on polyamides, polyesters, polyimides and
heterocyclic polymers come into this category. Linear ultra high mole-
cular weight polyethylene fibres, carbon fibres, and inorganic fibres
like boron, alumina and silicon carbide all come into this category of
fibres. Glass fibre is not strictly a high performance fibre, but is used
for various industrial applications.

1.4.2 FIBRE PROPERTIES

Some important properties of the principal manufactured fibres are
listed in Table 1.2. For comparison, the properties of some natural fibres
are also given. It is noteworthy that compared with the natural fibres, the
manufactured fibres have a wider property spectrum. This is an impor-
tant and useful feature of these fibres.

1.5 PRODUCTION TRENDS

Historically, manufactured fibres have been with us for over 100 years,
but their rate of growth of production has witnessed a phenomenal
increase during the past 25 years. The production of manufactured
fibres at the beginning of the twentieth century was extremely small.
Even until 1935, it remained below half a million tonnes and was con-
fined mainly to regenerated cellulosic fibres. It was only after wholly
synthetic fibres were introduced in 1938 that manufactured fibre produc-
tion increased dramatically. Table 1.3 gives detailed world production
statistics relating to both natural and manufactured fibres. Figure 1.1
shows the production figures for total natural fibres, total manufactured
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Table 1.2 Properties of major textile fibres

Fibre Density Moisture  Tenacity Breaking Initial
(gem™3) regain (gf tex™") elongation modulus
at 65% (%) (gftex™)
RH (%)
Polyester 1.34-1.38 04 25-54 12-55 600—-1200
Nylon 66 1.14 2.8-5.0 32-65 16—-65 200-300
Nylon 6 1.14 2.8-5.0 32-65 30-55 200-300
Acrylic 1.14-1.17 15 18-30 20-50 600-700
Polypropylene 0.90 0.04-0.10 35-80 15-35 225-900
Polyethylene 0.95 0 30-60 10-45 225-450
Viscose 1.46-1.54 11-13 20-51 8-20 500-800
Acetate 1.28-1.34 6.0-6.5 13 24 350
Triacetate 1.32 4 12 30 300
Cotton 1.50-1.55 7-8 19-46 5.6-7.1 400-740
Wool 1.30-1.32 14-16 11-14 29-43 210-310
Silk 1.34 10 39 23-24 750

fibres, and two main groups among the manufactured fibres separately
over the past 100 years. In the late 1940s and 1950s many new synthetic
fibres were introduced and in the late 1960s the total world production
of synthetic fibres started to exceed that of regenerated cellulosic fibres.
In the early stages of their introduction, the total production of filament
yarns exceeded that of staple fibres for both cellulose-based and wholly
synthetic fibres. However, for many years the total production of staple
fibres has exceeded that of filament yarns. In 1995, 23.19 million tonnes
of manufactured fibres were produced, accounting for almost 53% of
the total (natural and manufactured) world fibre production of 43.651
million tonnes; nearly 87% of the total manufactured fibre production
was from synthetic polymers.

Figure 1.2 gives the geographical breakdown of the world production
of manufactured fibres. It can be seen that since 1980 the increase in the
production of these fibres in the USA, Western Europe and Japan has
been very slow, although in 1992 these regions still accounted for
nearly 43% of the total manufactured fibres produced. Other countries,
particularly Taiwan, China, South Korea and India, have shown strong
expansion of manufactured fibre production since the mid 1980s. Figure
1.3 shows a detailed geographical breakdown of manufactured fibre pro-
duction during 1994. Polyester, polyamide, acrylic and polypropylene
account for 98% of synthetic fibre production. Capacities and production
of these fibres in 1991 and their projected values up to the year 2001 are
shown in Fig. 1.4. It can be seen that polyester is the predominant
synthetic fibre; according to one estimate it accounted for 52% of total
synthetic fibre production in 1995.
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Fig. 1.1 Froduction of different fibres during the period 1830-1995.

1.6 APPLICATION AREAS

The application areas for textile products may be considered under the
following three categories: (1) apparel, (2) household, and (3) industrial,
technical and engineering. Manufactured fibres have made significant
inroads into all three categories. Figure 1.5 shows the application areas of
the principal synthetic fibres. Conventional and modified manufactured
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Fig. 1.2 Geographical breakdown of the world production of manufactured fibres
during the period 1970-92.
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fibres are being increasingly used in apparel and household sectors owing
to their durability, easy-care and many other desirable performance
characteristics. These fibres, along with newer high temperature, high
performance fibres, are also being used in a large number of industrial,
technical and engineering applications. Manufactured fibres are used in
woven, knitted as well as non-woven fabric structures, and their produc-
tion and uses are steadily growing.

Poly{ethylene terephthalate) (PET) is the most widely used fibre in the
world in its various forms. PET is a strong, dimensionally stable fibre
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and is extensively used in both staple and filament forms. In the apparel
area, which accounts for nearly 50% of the total fibre market, PET is used
extensively both alone and in blends with cotton and viscose, mainly
because it imparts easy-care characteristics, wrinkle resistance and
durability to the fabrics. Comfort characteristics and dyeability of the
fibre have been improved through medification techniques and PET
multifilament yarns are also used extensively in the textured form. A
large quantity of IPET fibre is also used for both woven and non-woven
fabrics meapt for industrial and technical applications such as filtration
and geotextiles.

Nylon 66 and nylon 6 were the first synthetic fibres to be introduced
into the market and continue to be important. They are used in a wide
range of applications including hosiery, stretch fabrics, sportswear, para-
chutes, tyre cords and conveyor belts. Nylon fibres perform well in
applications that require high strength, light weight, abrasion resistance,
and strong adhesion, impact and fatigue resistance. Some applications
where these properties are desirable are luggage, truck covers, sleeping
bags, tents, webbings, inflatables and carpets.

Acrylic fibres are used worldwide in a wide variety of applications
including sweaters, children’s wear, T-shirts, blankets and velvets.
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Acrylic fibre has been extensively used in a number of industrial appli-
cations, for example as a precursor for carbon fibre, as a substitute for
asbestos in fibre-reinforced cement, and in hot gas and wet filtration.

The use of polypropylene and other polyolefins in textile products
now exceeds one million tonnes. Primary carpet backing for tufted
carpets, sacks, bale wraps, flexible intermediate bulk containers, ropes,
twines, and coverstock for disposable nappies (diapers) are some of
the major uses of polypropylene fibre. Floor coverings and upholstery
made from polypropylene have the merits of good wear resistance
and easy stain removal. Clothing uses of polypropylene have not
developed widely because its moisture sorption, dyeability and thermal
resistance are poor. However, polypropylene spun yarns are used to
some extent in knitwear while coarser fibres find use in heavier filtration
fabrics, geotextiles, cement and concrete reinforcement, and sports
surfaces.

Viscose rayon conducts heat more readily than silk, has a cooler feel-
ing against the skin, and is highly absorbent, enhancing its value as a
clothing material. It is often used for blending with other natural and
synthetic fibres, contributing moisture absorption and other cellulosic
characteristics to blends of viscose with stronger but less absorbent syn-
thetic fibres. Viscose rayon in its many forms is highly versatile and is
used in outerwear, underwear, furnishing and other household textiles,
and in medical applications. Acetate and triacetate yarns have always
been ‘silk-like’ in their pleasing appearance and handle. Their uses
include linings, dresswear, lingerie, home furnishing fabrics including
draperies and bed spreads, garment labels and ribbons.

Apart from the commodity manufactured fibres and their variants dis-
cussed above, a number of high temperature, high performance fibres
are being used in limited quantities in the specialized applications of
protective clothing, filter fabrics, engineering composites, etc. Industrial,
technical and engineering applications of both commodity and high
performance fibres is a vast and fast growing field for manufactured
fibres. It is estimated that the 1995 share of 15-20% of total fibre uses in
these applications will grow rapidly. The share of fibre uses in industrial,
technical and engineering applications in countries like the USA and
Japan is already one-third of the total fibre uses and it is predicted that
world fibre uses in these applications will exceed their use in apparel by
the year 2000. Manufactured fibres will continue to dominate in these
increasingly important applications.

1.7 SCOPE OF THIS BOOK

This book has been designed to cover in detail the production tech-
nology of manufactured fibres, particularly commodity fibres. Structure,
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properties, applications and other related areas are also described briefly
to put the subject into its correct perspective and provide a comprehen-
sive coverage. The first two chapters (Chapters 1 and 2) are introductory
in nature. The present chapter (Chapter 1) gives a brief introduction to
the fibre types and their production technology. Chapter 2 introduces
the structural aspects of polymers and discusses such important
factors as molecular weight, molecular interactions and glass transition
temperature.

The next five chapters (Chapters 3-7) deal with the extrusion or
spinning of polymers to produce filaments. Chapter 3 deals with the
fundamentals of flow of melts and solutions through fine capillaries
and along the spin lines. Chapter 4 discusses the melt-spinning process
in terms of a number of variables and describes the various operations
involved in melt-spinning. High speed spinning and spin-drawing are
also briefly discussed. Chapter 5 considers the computer simulation of
melt-spinning, particularly of poly(ethylene terephthalate), and the
investigation of the various variables through sensitivity analysis. Chap-
ter 6 deals with various aspects of the solution-spinning processes.
Finally, in Chapter 7 the importance of the application of spin finish
and various related aspects are brought out in detail.

In Chapters 8 and 9 two important post-spinning operations, namely
drawing and heat-setting, are discussed. The technology is described
and the effect of these operations on structure and properties of fibres
is examined.

The next two chapters (Chapters 10 and 11) are devoted to character-
ization and testing. In Chapter 10, the characterization of polymers and
fibres is briefly considered in terms of such important techniques as
molecular weight determination, X-ray diffraction, infrared spectro-
scopy, microscopy and thermal techniques. Chapter 11 deals with testing
of manufactured fibres with particular emphasis on the testing of
fineness, tensile properties, evenness, frictional properties and shrinkage
behaviour.

The next seven chapters (Chapters 12-18) deal with specific fibre
families, namely poly(ethylene terephthalate), polyamides, speciality
nylon and polyester yarns, acrylics, polypropylene, rayon and industrial
fibres. The chemistry of polymer production is first discussed. This is
followed by a discussion of the technology of the conversion of the
polymer to a fibre, and finally a brief description of structure, properties
and applications.

The last two chapters (Chapters 19 and 20) deal with direct fabric
manufacturing techniques from manufactured fibres and reuse of
polymer and fibre waste, respectively. In Chapter 19, spunbonding and
melt-blowing technologies are discussed. In Chapter 20, the recycling
and reuse of polymer and fibre waste is considered, both from the
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point of view of the technology as well as from the consideration of
application areas.
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Structural principles of
polymeric fibres
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2.1 INTRODUCTION

A fibre must ultimately satisfy the needs of the consumer. The consumer
is not concerned with the method of production of the fibre, nor with its
chemistry and physics; the consumer looks for durability, comfort, ade-
quate dimensional stability and other useful properties in addition to
aesthetic appeal. However, the fibre producer must have a good under-
standing of how fibre structure controls its properties so that the fibre
can be ‘engineered’ by suitable choice of the polymer and its molecular
weight, orientation, crystallinity, morphology, etc. By so doing, the fibre
producer can expect to meet the needs of the consumer. The starting
point to gain such an understanding is to consider the fibre-forming
polymers against the backdrop of the available polymers so that the
structural requirements for a useful fibre-forming polymer become
clear. This is the primary purpose of this chapter. The emphasis is on a
physical understanding of the structure-property relationships in very
simple terms; the resulting loss of accuracy should not detract from the
main theme that is developed.

Polymers in the form of fibres, rubbers and plastics have been known
for a long time. The word polymer, meaning literally many parts (from
the Greek polus, many; and meros, parts, segments), is used to include all
those materials whose molecules are made up of many units; these units
consist more usually of a small group of atoms in a state of chemical
combination. Polymers in the form of natural fibres, which may be of
either plant (cotton and jute) or animal (silk and wool) origin have been

Manufactured Fibre Technology.
Edited by V.B. Gupta and V.K. Kothari.
Published in 1997 by Chapman & Hall, London. ISBN 0 412 54030 4.
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known to be used as clothing and for other textile applications for
centuries; there is evidence that cotton was in use over 5000 years ago.
However, it was only in the late 1920s that Staudinger’s idea that
polymers were formed from long molecules was considered with some
degree of seriousness by the scientific community. It was around the
same time that it was appreciated that, in addition to high molecular
weight, the fibres had good orientation with varying degrees of crystal-
linity. These observations were possible because of developments in
viscometry, X-ray diffraction and electron microscopy. These ideas,
supported by experimental techniques, were in no small measure
responsible for the synthesis and development of a large number of
polymers, including fibre-forming polymers; nylon66 and nylon6 were
developed before 1940 and poly(ethylene terephthalate) (PET) and
acrylics after 1940.

2.2 MOLECULAR SIZE AND INTERACTION

Although characteristics of individual units in a polymer molecule can
have a considerable influence on properties (this aspect is considered
later), the role of molecular size is of paramount importance. This is illu-
strated by the examples in Table 2.1, where the properties of some low
molecular weight compounds are compared with compounds built up of
an increasingly large number of similar units [1]. On the left-hand side,
the nature of the intermolecular forces remains the same but the size
of the molecule is progressively increased, while on the right-hand side,
the main difference between the various compounds shown is with

Table 2.1 Effect of molecular weight and intermolecular forces on melting points of
some compounds [1]

Equi-intermolecular forces: Equi-molecular weight substances
substances with increasing exhibiting increasing intermolecular
molecular weights forces
Chemical Structure  Melting Chemical Structure Melting
name point (°C) name point (°C)
Butane C4Hyg —138 Hexanol CgH30H —56
Octane CgH1g -57 Hexane-1-amine  CgH;3NH, —-19
Dodecane CioHog —10 Hexanoic acid CsH{1CO,H -2
Octadecane CigHgg +28 Hexamethylene CgH12(OH), +41
glycol
Tricontane  CsgHgp +65 Hexamethylene CsHi2(NH,), +43
diamine
Polyethylene C,H, 2 +137 Adipic acid C4Hg(CO,H),  +153

(n > 500)
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respect to intermolecular forces. Although in both cases there is a
gradual change from gas to liquid to high melting point solid, only the
high molecular weight substances (e.g. polyethylene) possess adequate
mechanical properties. It is this type of observation that makes one
realize the importance of macromolecular (or polymer) systems in
materials engineering.

The dependence of glass transition temperature (T;) on molecular
weight will be considered later and it will be shown that to qualify as a
high polymer, a high molecular weight is necessary. For many synthetic
polyamides and polyesters, fibre formation becomes possible at a
molecular weight of about 5000gmol™’, and at values above about
10 OOOgmol_l, commercial fibres can be made. The larger the molecule,
the more difficult it will be for chain segments to separate from their
neighbours, and therefore the higher the fracture resistance.

The long chain contributes what could be considered to be a very
important requirement in an oriented fibre at and around room tempera-
ture, namely finite extensibility of 5-10% on application of a load and
recovery on release of the load. The extension results from secondary
bond deformation and hindered rotation around the single covalent
bonds in those regions of the fibre which are not highly ordered. The
fibre goes back to its original state once the applied stress is removed
with interatomic forces, entanglements and crystallites acting as cross-
link points. The continuity provided by the valence bonds between
atoms constituting the chain molecules also provides a mechanism
for large-scale deformation in rubbers. It also confers spinnability to
fibre-forming polymer systems, which allows them to be converted to
filaments.

The internal rotation has been studied extensively in the case of low
molecular mass organic compounds, in which most rotational modes
have frequencies of over 10'°s™'. Similar rotational motions of small
pendant groups also occur in high polymers around single bonds. How-
ever, deformation of polymers involves movement of chain segments.
The rate of movement of a polymer segment is not equal to the bond
rotation rate, but is some small fraction of it. Segmental motion is
illustrated in Fig. 2.1 and involves the simultaneous co-operation
of several bond rotations, both within the moving segment and within
neighbouring segments which have to co-operate in the motion. It is
believed that at the glass transition temperature, segments of about 25
carbon atoms in length are involved in rotation with a time constant of
say about 10s per rotation. This may be compared with the much more
vigorous thermal motion in the polymer melt in which the segmental
motion may occur at the rate of 10°s™". There have been significant
developments which have enhanced our understanding of molecular
motion during flow; some of these are reviewed in Chapter 3.
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Q
A

Flg. 2.1 Segmental motion in a polymer by rotation of about two carbon—carbon
bonds in a chain molecule. The new position occupied by the segment is shown in
light shade. The hole which provided room for this jump is displaced to the left as a
consequence.

2.3 MOLECULAR ORIENTATION AND CRYSTALLINITY
IN FIBRES

High molecular weight alone will not ensure desirable mechanical prop-
erties. The degree of orientation of the fibre is also crucial; higher orien-
tation means greater resistance to deformation, greater breaking load
and relatively lower extension to break. These attributes render the
fibre more suitable for the desired uses.

The role of molecular orientation of the long polymer chains in enhan-
cing intermolecular cohesion is of considerable importance in fibres.
Most simple compounds can form crystals in which individual mole-
cules are arranged in a regular fashion. So, too, many polymers can crys-
tallize, but with the important difference that instead of entire molecules,
only parts of molecules are incorporated into crystalline regions. This is
shown schematically for a typical fibre in Fig. 2.2. It is obvious that
longer chains would thread through more crystallites compared with
shorter chains and would also be more entangled in amorphous regions;
both these factors would contribute to enhancement of some mechanical
properties.

Crystallization is only one aspect of orientation. Molecular orientation
may not always result in crystallization but in an enhancement of order
when the various types of bonds such as hydrogen bonds and other
weak interatomic forces can contribute to property enhancement. Indivi-
dually each bond may be quite weak, but if many weak bonds connect a
single long chain to its neighbours then the total force holding that chain
in place will be high.

Amongst the three principal industries based on polymers, namely
fibres, plastics and rubbers, anisotropy (having different properties in
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Fig. 2.2 A single molecule may form part of several ordered regions in a fibre.

different directions) is of most importance in fibres. It should be empha-
sized that the polymer chain is highly anisotropic in two respects: first,
in terms of geometrical dimensions (a typical chain of polyethylene may
be 12000 A long and 34 A wide, thus having a length-to-diameter ratio
of around 4000), and second, in terms of bonding forces (the stronger
covalent bonds along the molecular chain axis have a dissociation
energy of the order of 100 kcalmol™' and the weaker physical bonds in
the transverse direction have a dissociation energy of 5kcalmol™"). This
highly anisotropic nature of the polymer chain has two important
consequences [2]. First, as a result of the anisotropy of dimensions,
stretching or flow processes result in a tendency for the molecular
chains to line up relative to each other. Second, the anisotropy in terms
of mechanical strength is the basis of fibre formation.

2.4 POLYMERS AS FIBRES, PLASTICS AND RUBBERS

2.4.1 POLYMERS AS FIBRES

The fact that only a limited number of synthetic polymers (PET,
nylon66, nylon6 and acrylics) have succeeded as large-tonnage fibre-
forming polymers (polypropylene has also started making its mark) can
be explained on two fronts. The first is the technological angle, which
has been partly developed in this chapter as an interplay of an optimum
molecular weight with adequate intermolecular force and the capacity
for orientational reinforcement of the structure through molecular align-
ment. In cases where the intermolecular forces are weak, a stiff backbone
containing rigid units, such as ring structures, and the capacity to orient
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will be assets. Such is the case with PET fibres. Second, the economic
considerations of producing large-tonnage materials give the established
fibre-forming polymers a tremendous advantage over newer materials
because of their tested usefulness in terms of long years of use and the
availability of R&D data that has been generated over these years.

It is interesting to note that nature prefers to build fibres with very
high molecular weights, e.g. cotton cellulose may reach a molecular
weight greater than 1500000gmol™'. When cellulose is converted by
man into viscose fibre, the molecular weight is less than one-tenth this
value. With polyamides and polyesters, the molecular weight is kept
at between 18000 and 24000gmol™'. This large difference will be
discussed in more detail later. Here it will only be pointed out that, in
natural fibres, the necessary alignment or arrangement of the polymer
molecules along the direction of the length of the fibre is laid down
during the actual process of growth. In conventional synthetic fibres,
the filaments, as originally produced from the melt at conventional
speeds, have limited molecular orientation and an additional stretching
or drawing operation becomes necessary to achieve molecular align-
ment. At higher speeds of spinning, significant orientation can be
introduced in the fibre during spinning itself; however, further drawing
to a limited extent is still required in most cases to achieve the desired
properties.

24.2 POLYMERS AS PLASTICS

The large-tonnage plastics encompass a wide range of polymers, e.g.
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), poly-
styrene, polymethyl methacrylate (PMMA), phenol formaldehyde,
polyester and epoxy resins, etc., and form the basis of a large industry.
It may be stated that the distinction between fibres, plastics and rubbers,
which is made mainly on the basis of their physical properties, is rather
artificial and is with reference to room temperature. In general, polymers
are capable of showing both glass-like and rubber-like behaviour as a
function of temperature or strain rate.

In a large number of applications, the plastics products are isotropic
(properties not changing with direction) and in these products aniso-
tropy (introduced during processing) is often detrimental to properties
and is removed by annealing the sample (for example by a suitable heat
treatment). In some plastics products, uniaxial orientation (chair cane) or
biaxial orientation (film) is introduced to enhance the properties in one
or two directions, as desired. Plastics can be crystalline or amorphous
(Greek a, without; morphe, form). The amorphous polymers used as
plastics are generally glassy at room temperature (T, above room tem-
perature) but can be made rubber-like (T, below room temperature), for
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Fig. 2.3 Structure of an unoriented amorphous poilymer.

example by adding plasticizers to PVC. The glassy amorphous polymers
(PMMA, polystyrene, PVC) have molecules with rather large pendant
groups which result in steric hindrance and lead to a glassy structure.
The semicrystalline polymers (PE, PP} have more flexible chains which
are stiffened by crystallization. Schematic representations of a glassy
amorphous thermoplastic and a semicrystalline thermoplastic — both in
the isotropic state — appear in Figs 2.3 and 2.4, respectively. The poly-
mers used as plastics generally have a higher molecular weight
than polymers used as fibres; this point will be considered later. There
is another class of polymers used as plastics ~ these are the three-
dimensional networks with different degrees of crosslinking. ‘Bakelite’
(phenol formaldehyde) and cured epoxy resins are two examples of this
important class of thermosetting plastics. A schematic sketch of a
thermosetting polymer is shown in Fig. 2.5.

24.3 POLYMERS AS RUBBERS

Rubbers are required to be very flexible, undergoing large deformation
under small stresses and showing good elastic recovery when unloaded.

= e—

m

Flg. 2.4 Structure of an unoriented semicrystalline polymer.
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Fig. 2.5 A highly crosslinked polymer has a three-dimensional network.

Three conditions must be satisfied if a material is to show rubber-like
properties.

1. It must be composed of long-chain molecules possessing freely rotating
links.

2. The forces between the molecules must be weak, as in a liquid.

3. The molecules must be joined together or ‘crosslinked’ at certain
points along the length.

A schematic sketch of vulcanized rubber is shown in Fig. 2.6. The
requirements listed above for such polymers illustrate the important
role played by the arrangement of the melecular structure in space. The
isoprene unit {CsHg, of the polyisoprene molecules has two isomeric
forms, namely trans and cis, as shown in Fig. 2.7 [3]. In cis-polyisoprene
or natural rubber, the two single C—C bonds lie on the same side of the
non-rotating double bond; consequently chain straightening and crystal-
lization are restricted. Thus the chain of natural rubber cannot be linear

) X

\

Fig. 2.6 Structure of a lightly crosslinked rubber.
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Fig. 2.7 The two isomeric forms of polyisoprene, trans and cis, in which all the
carbon atoms in the backbone lie in one plane (adapted from reference [3]).

whilst also keeping the backbone atoms in one plane [3]. It consequently
adopts a random geometry and large deformations are possible as the
ends of the chain are pulled apart under stress. In trans-polyisoprene
or gutta percha, on the other hand, the two single C—C bonds are on
opposite sides of the double bond and the chains are in linear extended
form. Consequently the resultant crystalline material is rigid and brittle.
In contrast to fibres, rubbers are not normally crystalline (they can
crystallize on stretching) but are amorphous. It is this rather loose struc-
ture which gives rubbers (natural rubber or cis-polyisoprene, butadiene
rubber, styrene-butadiene rubber, butyl rubber, etc.) their softness and
flexibility. The molecular weight of uncrosslinked rubber is very high
and the crosslink density of vulcanized rubber is much less than that of
crosslinked thermosetting plastics. The crosslinks in rubber are respon-
sible for their recovery from large strains. A schematic sketch of a lightly
crosslinked rubber is shown in Fig. 2.6. It may be noted that the presence
of double bonds in the chains allows the crosslinks to be created subse-
quently. It has also been pointed out [4] that a double bond between two
carbon atoms which are located on the chain backbone, with the double
bond itself not located inside a ring, causes inefficiency of packing,
which enhances molecular mobility.

2.4.4 MOLECULAR WEIGHT DIFFERENCES BETWEEN
FIBRES AND PLASTICS

As stated earlier, nature prefers to design fibres of very high molecular
weight. Natural rubber, which is tapped from a rubber tree, also has
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extremely high molecular weight. This has to be reduced by milling
before the rubber can be processed.

When a polymer is synthesized for use both by the plastics industry
and the fibre industry, the molecular weight is generally relatively low
in the case of polymer to be used as a fibre. The actual limits of mole-
cular weight are determined on the basis of property requirements. In
the case of polyamides, which are hydrogen-bonded, a molecular weight
of 18000 gmol™" is adequate for fibres for apparel use. For tyre cord, a
molecular weight of 24000gmol™" or above is preferred. The same
polymer used for moulded products will have a molecular weight of
75000 g mol ™" or so. In the case of polypropylene, where the intermole-
cular bonding is of the weak van der Waals type, the fibre-grade poly-
mer will have a molecular weight of 60 OOOgmol_1 or so, while for
mouldings, the molecular weight may be about 150000 g mol~'. While
the property requirement is the prime determinant, processability
requirements also play a very important part. The most important struc-
tural variable determining the flow properties of polymers is molecular
weight or chain length (z); the melt viscosity is related to (z)**. Thus low
molecular weight ensures a melt of low viscosity which is easier to
handle. Further advantages of low molecular weight are the ease of
orientation and the higher crystallization rate. Finally, at very high mole-
cular weights, the spinnability can be poor and fibre breaks during
spinning can become significant. However, polymers with higher mole-
cular weights can be spun by solution- or gel-spinning. It has been
reported [5] that ultra high molecular weight, high density polyethylene,
which is unprocessable by the standard melt-spinning process, shows
minimum viscosity over a very narrow temperature window (150-
152°C) in which it forms a highly mobile hexagonal crystalline meso-
phase. This opens the possibility of using the liquid crystal spinning
technique with this flexible system.

2.5 FIBRE MORPHOLOGY

Flexible chain, semicrystalline thermoplastics form the basis of a number
of important commodity plastics and fibre-forming polymers. These are
converted to plastics products and manufactured fibres mostly through
melt-processing but sometimes through solution-processing. Under
quiescent conditions, spherulites containing lamellar ribbons are
formed as the melt cools; these are unoriented in the macroscopic sense
but are not homogeneous at a molecular level. The solutions, on the
other hand, give rise to different morphologies depending upon polymer
concentration. Very dilute solutions lead to folded chain lamellae; with
increasing concentration, multilamellar structures form, ultimately
resulting in a spherulite.



24 Structural principles of polymeric fibres

mom | || § Ujﬁl

|

(-_‘l

= &

=
(i——P
e
gl
i
H
=
_-'\‘__-

| i

(a) (b} (¢)

Fig. 2.8 The morphologies of some oriented products: (a) shish kebak, (b) gel-spun
and drawn high density polyethylene fibre, and (c) nylon 6 fibre {Fig. 2.8(c) adapted
from reference [6]).

For crystallization to occur in the fibrous form, the chains have to be
stretched first. This may be achieved in different ways. If a dilute poly-
mer solution is agitated by stirring, the elongational flow field stretches
the longest molecules preferentially and around these nuclei lamellar
chain-folded crystals form during cooling; such structures are called
shish kebab (Fig.2.8(a)). The second route to such anisotropic products
is through the spinning of a gel and then drawing the gel-spun filament.
The resultant product has a structure composed predominantly of
extended molecules (Fig. 2.8(b}). The third method of producing oriented
products is the conventional melt- or solution-spinning of flexible chain
polymers by extruding a melt or a solution in an elongational field and
then, in a subsequent operation, drawing the spun filament in the solid
state; the resultant morphology is schematically illustrated in Fig. 2.8(c}
[6]. It may be noted that there are significant differences in molecular
organization between the above models and they lead to very significant
differences in physical properties. Though the model shown in Fig. 2.8(c}
is for nyloné6 fibres, a number of other important manufactured fibres
like PET, nylon66 and polypropylene, which are melt-spun, have
broadly speaking similar morphology; all of them are semicrystalline
with different degrees of crystallinity. The properties of all these fibres



Thermal transitions 25

are generally interpreted in terms of two-phase models. The structure
shown in Fig. 2.8(b) is representative of ultra high molecular weight,
high density polyethylene fibre made by drawing of gel-spun fibre.
Kevlar™ fibre has a similar morphology. Both Kevlar and nylon6 are
high performance fibres and their moduli and strengths are much
higher than those of conventional fibres. The shish kebab structure
shown in Fig. 2.8(a) has too few extended molecules and very limited
chain continuity along the fibre axis; it has therefore little practical use-
fulness due to its poor mechanical properties [7]. The differences in
properties are mainly related to the roles played by the two phases; in
products represented by Fig. 2.8(b), the crystalline phase plays a pre-
dominant role while the amorphous phase plays a more significant role
in products represented by Fig. 2.8(c).

In a semicrystalline polymeric fibre, the crystallites make a significant
contribution to the macroscopic stiffness, strength, durability, thermal
resistance and stability of the fibre. The amorphous phase is more
loosely packed compared with the crystalline phase and contributes
mainly to the extensibility, pliability, recovery, moisture uptake and
dyeability.

The various fibre-forming polymers crystallize at very different rates,
poly(ethylene terephthalate) crystallizing very slowly while polyamides
and polypropylene crystallize very rapidly. The two stages of crystalliza-
tion involve first the local ordering of chains (nucleation), followed by
addition of other chains (growth). The rate of crystallization increases
with increased supercooling but is retarded by the increasing viscosity
as the temperature is reduced. There is, therefore, a maximum in the
rate-temperature curve which is about midway between the glass transi-
tion temperature and the melting point [8].

2.6 THERMAL TRANSITIONS

The two important thermal transitions in a semicrystalline polymer are
the glass transition and melting; the respective temperatures of these
transitions are denoted by T, which is characteristic of the amorphous
phase, and T,,, which relates to the crystalline phase. While T, is a
primary transition involving change of phase from a solid to a liquid,
Tg is a secondary transition; the molecules are glass-like below Tg
because of very limited molecular mobility and rubber-like above T,
when large segments of the molecule become mobile. Thermal transi-
tions can be mapped with the help of a dilatometer, which measures
the volume expansion of the polymer as a function of temperature. The
dependence of specific volume of an amorphous and a semicrystalline
polymer on temperature is shown in Figs 2.9(a) and (b), respectively. In
both cases the specific volume increases with increase in temperature.



26 Structural principles of polymeric fibres

T 2
@
E &
g 0
> e
5 !
0
Ta T/ T

(a) Temperature —»
! z
4] 7]
E 3
2 Qo
- !
o
@ T 7,

9 T Tg/Tm
()] Temperature —»

Fig. 2.9 Specific volume—temperature curves for (s} amorphous and (b) semicrys-
talline polymer.

However, in the case of the amorphous polymer (Fig.2.9(a)), the rate of
change of specific volume increases quite noticeably above T and the
polymer continues to be rubber-like. In the case of the semicrystalline
polymer (Fig.2.9(b)), the amorphous portions ‘melt’ or ‘soften” at T, [4]
while the crystalline portions remain ‘solid’. Consequently the change of
slope at T, is not so great but there is a discontinuity in specific volume
at the melting point. An amorphous polymer does not have a conven-
tional melting point; on progressive heating it passes from a brittle solid
to a rubber-like solid which then becomes a highly viscous liquid.

2.6.1 GLASS5 TRANSITION TEMPERATURE

A very simple explanation of the glass transition temperature is given in
Fig. 2.10 in terms of the free volume theory, where the free volume is
assumed to be the difference between the total volume and the occupied
volume; the latter is assumed to be independent of temperature (this
assumption is not strictly correct since, because of local thermal vibra-
tions, the occupied volume also increases with temperature). On this
model, above T, enough free volume becomes available for rotation
of molecular segments about 25 carbon atoms long, leading to a more
rapid increase of specific volume. This makes the polymer soft and
flexible.
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Fig. 2.10 Free volume explanation of the specific volume—temperature curve.

We next consider the transition from the rubber-like state to the glassy
state as the sample is cooled. This transition is more relevant to the
behaviour of the amorphous phase in the fibre during its manufacture.
As the temperature of the polymer in the rubbery state is lowered, the
equilibrium state corresponding to a new temperature is attained after
some time during which the kinetic units of the polymer occupy the new
equilibrium state. These relaxation processes are accomplished only if
sufficient time is given to the polymer in the new state. Moreover, as the
temperature is lowered, the increase in relaxation time, being generally
governed by an exponential law, is very large. Near T, the relaxation
time becomes so large that, under normal cooling rates, the equilibrium
state of the polymer and the corresponding structure are rarely achieved.
The glassy state is thus generally a metastable state in which the polymer
may exist for an infinitely long time. The cooling rate effect with poly-
styrene is as follows: at a cooling rate of 1°Cmin™", T is found to be
105°C, while at a cooling rate of 1°C day‘l, it is 100°C [9]. This effect
also manifests itself when T, is measured by different methods. For exam-
ple, the T, of PMMA has been reported as follows: thermal method (time
10*s) 100°C; penetrometry (10%s) 120°C; and rebound elasticity (107" s)
160 °C [10]. The T} of a textile fibre is frequently reported as the tempera-
ture of the mechanical loss tangent peak, although it is significantly
greater than the equilibrium 7,. The theories of T, invariably treat the
observed value of Ty as a kinetic (rate-dependent) manifestation of an
underlying thermodynamic phenomenon [4].

The T; and Ty, (melting point) values of some polymers are given
in Table 2.2. Elastomeric or rubbery materials have a T, or softening
temperature below room temperature, whereas brittle, rigid materials
have a T, above room temperature.

With few exceptions, polymer structure affects the glass transition (Ty)
and the melting point (T,,) similarly. This is not unexpected, since
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Table 2.2 Values of Ty and T, for some polymers

Polymer T4 (°C) Tm (°C)
Polyethylene -120 137
Isotactic polypropylene -10 176
Polybutadiene -85 -
cis-Polyisoprene (natural rubber) —73 -
Atactic polystyrene (amorphous) 100 -
Isotactic polystyrene (semicrystalline) 100 240
Polyvinyl chloride (isotactic) 87 227
Poly(ethylene terephthalate) 69 265
Nylon 6 50 220
Polyacrylonitrile 100 320°
& Estimated.

similar considerations of cohesive energy and molecular packing apply
to both the amorphous and crystalline regions. T, and T, are rather
simply related for many polymers, depending on symmetry; T, (K) is
approximately one-half to two-thirds of T, (K). There are, however,
some exceptions to the general rule.

The effect of structural factors on T, can be considered in terms of the
observation that the thermal energy supplied to the polymer overcomes
two types of resistance to large-scale motions of its components, namely
the cohesive forces holding the components together and the inherent
inflexibility of the chain segments [4]. The intrachain effect is more
important than the interchain effect in determining the value of T,. The
simplest approach to understanding the structural dependence of T,
considers the glass transition temperature in terms of the free volume
concept discussed earlier. Both chemical and physical factors affect T,
and by and large the factors which enhance free volume lower the T, of
the polymer, and vice versa. The presence of highly polar groups along
the polymer chains has the effect of increasing the intermolecular forces,
bringing the chains closer together; this reduces the free volume. Polar
polymers therefore have relatively high T, values. However, a more
important factor is the steric effect of the chain substituent groups. Stiff
and bulky side groups, which inhibit the free rotation of the chain seg-
ments, increase T,, whereas flexible side groups, which tend to hold the
chains apart, free their motions and decrease Tg.

Chain flexibility and symmetry lower T, while crosslinking raises Tj.
The glass transition temperature is also affected by molecular weight,
crystallinity, orientation, morphology and additives. Molecular weight
has only a small effect within the range in which polymers become
useful. The general dependence can be depicted as shown in Fig. 2.11.
At low molecular weight the effect is dramatic, but in the range when it
is a useful polymer the effect is relatively small. The effect of crystallinity
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Fig. 2.11 The dependence of 7, on molecular weight.

and orientation may be illustrated with respect to PET fibre. The as-spun
fibre is amorphous and unoriented and has a T, of 67 °C. If it is heat-set
in this state, it crystallizes in a random form and the T, rises to about
100°C. If the spun filament is first stretched and then heat-set, the

oriented and crystalline PET filament has a T; of 125°C.

262 THE MELTING PHENOMENON

At the melting point, equilibrium exists between the liquid and crystal
phases. The equilibrium melting point of a crystal is given by AH,
(enthalpy of melting)/AS,, (entropy of melting). This definition only
applies to crystals of infinite size (no surface effects} which contain only
equilibrium defects, if any. In reality the crystals in the fibres are meta-
stable and contain non-equilibrium defects. The melting point of a fibre
may, however, also be considered in terms of the thermodynamic rela-
tionship given above. The simplest approaches identify large heat of
fusion with strong intermolecular forces. It has been pointed out that
attempts to correlate the melting points of polymers with intermolecular
interactions, utilizing the cohesive energy density of the repeating units
as a measure of these interactions, have been notably unsuccessful. No
simple correlation is observed between melting point and AH,,, as is
clear from the extensive data available in the literature. It was therefore
thought that AS,, is more likely to be of prime importance in establish-
ing the value of the melting point.

In the thermodynamic equation the heats and entropies of fusion
represent the differences in enthalpy and entropy between the liquid
and crystalline states; it is therefore necessary that both these states of
matter should be considered in any interpretation of the melting point.
On this basis the high melting point of polyamides is due to the low
entropy of the liquid phase (perhaps due to the presence of hydrogen
bonds), while the low melting point of aliphatic polyesters results chiefly
from a low heat of fusion.
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In melting and many other physical characteristics of typical fibres, the

concepts developed by polymer physicists [8,11] provide the basic
framework. The application of these ideas to polymeric fibres in a
suitable manner allows a more comprehensive understanding not only
of their physical properties, but also of their structure and morphology.
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Basic principles of
fluid flow during
fibre spinning

V.B. Gupta and Y.C. Bhuvanesh

3.1 INTRODUCTION

The inspiration and the knowledge needed to develop the spinning tech-
niques used for fibre manufacture were provided by the spider and the
silkworm. These creatures showed that the following steps were
required for extruding thin continuous filaments: (1) acquisition of spin-
nable liquid, (2) jet formation, and (3) jet hardening. Add to this bobbin
winding, and we get manufactured fibres in the spun state. The manu-
factured fibres may need further drawing so that they have adequate
properties.

In the manufacture of polymeric fibres, the polymer in the form of a
melt or a solution is squirted under pressure through capillaries having
diameters typically in the range of 0.002 to 0.04cm and lengths either
equal to or three to four times the diameter. The fluid comes out of the
capillary as a thread. It is pulled rapidly onto a winder as it is attenuated
and solidified to a thin filament generally of gradually reducing cross-
section, which ultimately acquires a uniform final cross-sectional shape
or a constant diameter (a typical final diameter is 0.002 cm or 20 pm).

The first spinnable fluids were solutions of cellulose nitrate (celluloid)
in a mixture of alcohol/ether solvent, the solidification of the jet being
achieved by solvent evaporation.

The second method of fibre production to be developed was the viscose
process, in which a solution of cellulose was solidified by chemical
coagulation. Polyacrylonitrile that is largely atactic is often spun by this
method.

Manufactured Fibre Technology.
Edited by V.B. Gupta and VK. Kothari.
Published in 1997 by Chapman & Hall, London. ISBN 0 412 54030 4.
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The third method arrived with the development of a melt-stable mate-
rial (nylon66) and used jet solidification by freezing it. Poly(ethylene
terephthalate) (PET), nylon66, nylon6 and isotactic polypropylene are
all spun by this technique.

The first, second and third methods referred to above are now well-
established techniques and are known as dry-spinning, wet-spinning,
and melt-spinning, respectively. Melt-spinning is the youngest and
most economical of the three processes.

Melt-spinning is also the simplest and technologically the most elegant
method of producing filaments. Solidification of the melt thread involves
only heat transfer, whereas in dry-spinning it also involves one-way
mass transfer and in wet-spinning two-way mass transfer. The result is
that fast production rates become possible and the melt-spun filaments
are smooth and circular. Thermal stability of the polymer melt is a
prerequisite for melt-spinning. Polymers that do not give a stable melt
are sometimes spun by blending them with volatile or extractable plasti-
cizers before spinning. However, this method is not as widely used as
spinning from solutions. The choice between dry- and wet-spinning is
made on the basis of a number of factors which are described in
Chapter 6. The manufactured fibres produced by the different spinning
methods are listed in Table 3.1. Though aromatic polyamides have been
included in the wet-spinning (coagulation) category, they are produced
by the dry-jet wet-spinning method using liquid crystal spinning
technology. Similarly, although polyethylene filaments from fibre-grade
polyethylene are produced by melt-spinning, ultra high molecular
weight, high density polyethylene is converted to high performance
fibres using the gel-spinning technique. These special techniques of
fibre manufacture will be described in Chapter 18.

Table 3.1 Manufactured fibres produced by the different spinning methods

Melt-spinning Solution spinning
Dry-spinning Wet-spinning: Wet-spinning:
direct solvent derivative-based
Nylon 66 Cellulose diacetate Acrylic (e.g. Viscose rayon
Courtelle™, Acrilan™)
Nylon 6 Cellulose triacetate Modacrylic
Acrylic (e.g. Orlon™)  Rayon (Tancel™)
PET Polyurethane Polyurethane
(e.g. Lycra™) (e.g. Vyrene™)
Polypropylene Polyvinyl chloride Polyvinyl alcohol

Polyethylene  Chlorinated PVC Aromatic polyamide
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The quality of the spun filament determines its subsequent behaviour
— if the spun filament is uniform and homogeneous, the drawn, treated
commercial filament will also be uniform and homogeneous. Its proper-
ties, e.g. mechanical properties and dyeability characteristics, will also
be uniform, which is a highly desirable feature. If the spun filament is
not uniform and homogeneous, the final filament will show regions of
weakness and its dye absorption will be non-uniform, putting it at a
disadvantage and making it uncompetitive.

The spinning processes described above involve the flow of polymer
fluids, namely melts and solutions, and a brief consideration of fluids as
materials and the mechanism of fluid flow will therefore be in order at
this stage. It is well known that substances can exist in three states of
aggregation: as gas, liquid and solid. The state of aggregation of a sub-
stance is determined by the relation between the average kinetic energy
and the average potential energy of interaction between molecules of the
substance [1]. In gases, the average kinetic energy is much higher than
the average potential energy of interaction between molecules. On the
other hand, in solids the absolute value of the average potential energy
of molecular interaction is much higher than the average kinetic energy.
In liquids these values are nearly equal. A consequence of this is that the
liquid state shows short-range order but no long-range order, unlike the
solid state, which is characterized by both short-range and long-range
order, or the gaseous state, which shows no order. It must be empha-
sized that this categorization is not unambiguous as a material like
pitch can behave as a solid or a liquid at different time scales.

In low molecular weight fluids at rest, there is a continuous change of
neighbours as molecules jump from one position to another. In poly-
meric fluids, on the other hand, the change of neighbours may involve,
according to a widely accepted model described later, rotatory segmen-
tal jumps, as illustrated in Fig. 2.1. Since in the quiescent state the
number of jumps in any one direction is the same as the number of
jumps in other directions, there is no net transport of the liquid in any
direction. This phenomenon is known as self-diffusion. If, however, the
liquid is subjected to an external stress, there is preferential movement in
the direction of the stress and we get flow. This is known as viscous
flow. The ease with which a given molecule may change its neighbours
is related to an important property of a liquid, namely its viscosity.
According to this model, flow becomes possible when the molecules
acquire the necessary ‘activation energy’ to break away from the attrac-
tive forces which bind them to their neighbours. The activation energy
for flow was determined by Kauzmann and Eyring [2] for a series of
hydrocarbons of the paraffin type with various chain lengths. In Fig. 3.1
the resulting values of the activation energy are plotted against the
number of carbon atoms in the chain [2]. It can be seen that the activation
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Fig. 3.1 Dependence of the activation energy for viscous flow of paraffins on the
number of carbon atoms in the chain [2].

energy first increases almost in proportion to the number of carbon
atoms, but with further increase in chain length the rate of increase of
the activation energy becomes slower, approaching a limit for a chain
length of about 25 carbon atoms. This suggests that the unit which
moves during flow is not the whole molecule but a short segment of
the chain. A similar observation was made by Flory [3], who measured
the viscosity at constant temperature and pressure of a wide range of
polydecamethylene adipates. He found that the activation energy of vis-
cous flow levels off to a constant value; the size of the jumping segment
overcoming the barrier is approximately the same for the various
samples. Recently there have been significant developments in our
understanding of the molecular basis of fluid flow; some of the models
are reviewed in Section 3.4.

The production of all spun filaments involves fluid flow and therefore
it is important to first describe the basic underlying principles relating to
the flow of fluids in the spinneret channel and then in the spinline. In
this chapter an attempt has been made to deal briefly with these two
aspects. In addition a brief review is made of the molecular theories of
flow and the concept of spinnability. The problems of flow instabilities
are also considered.

3.2 SHEAR FLOW

3.2.1 VISCOUS FLOW AND NEWTONIAN FLUIDS

The response of a liquid to an externally applied force can be illustrated
with the help of Fig. 3.2, which shows a block of fluid contained between
two parallel planes, each of area Acm?, and hcm apart (Fig.3.2). When a
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Fig. 3.2 Deformation of a block of fluid subjected to a shear force.

force of Fdyn is applied to the upper plane, the shear stress 7 acting
on this plane (F/Adyn cm™2) causes it to move with a certain velocity
relative to the lower plane. This flow is called streamline or laminar
flow and is visualized as one set of parallel material planes sliding over
ancther. The angle v is a measure of shear strain.

In Fig. 3.3, C and D represent two streamline layers of the liquid flow-
ing under steady conditions. The two light particles P and Q, placed in
the layers C and D respectively, are a distance dy apart at a time ¢ such
that the line joining them is at right angles to the parallel streamlines
(Fig.3.3), that is along the direction y. The speed of liquid flow will be
slightly different along the two streamlines so that after a further time 61,
particle I’ has moved to P’ while particle Q has moved to . The line
Joining P'Q’ is at an angle &7 to the y axis, which is a measure of shear
strain. The rate of shear is §y/di.

If the velocity of liquid flow along streamline C is #, and that along
D is u + (du/dy) 8y, where &y is along the y axis, then in time éf the
particle P moves a distance u.6t, while particle Q moves a distance
[# + (du/dy) dy] ét. Now

[u +d—u6y] 8t — u bt

dy due
= = —#t. A
by 5 &y &t (3.1)
|-—u + g—;l Sy'—-t
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Fig. 3.3 The flow of streamline layers of a fluid under steady conditions.
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So, in the limit,

dy du
it~ dy (3.2)
Thus the rate of shear of the liquid is equal to the velocity gradient
normal to the direction of flow.

For a number of liquids undergoing laminar flow, Newton observed
that the shear stress acting over surfaces parallel to the direction of flow
needed to maintain a given shear rate is proportional to the shear rate.
Thus

Toxdy/dt  or 7T=ndy/dt, (3.3)

where 7 is a constant for a given liquid at a given temperature and
pressure. A liquid for which the above relationship holds is termed
‘Newtonian” and 7 is known as the coefficient of viscosity or shear
viscosity.

It may be noted that the unit of shear rate is reciprocal second (s™")
and that of viscosity is Nsm™ or Pas in SI units, or dynscm™ in the
CGS system. If a force of 1dyn acting on 1cm? area results in a shear rate
of 1571, then the viscosity is 1dynscm™ or 0.1Pas (or 1 poise).

3.2.2 CAPILLARY FLOW

In a spinning head the melt or solution has to pass through a capillary
where it takes the shape of a fibre. The law governing fluid flow through
a capillary was first derived by Poiseuille. He assumed a steady flow of
liquid through a cylindrical narrow tube of circular cross-section under a
pressure gradient. The flow is assumed to be streamline and the pressure
constant over any cross-section, that is no radial flow occurs. In a liquid
in which the flow is laminar, adjacent layers of liquid travel with differ-
ent speeds. The layer immediately in contact with the wall is adsorbed to
that surface and is therefore, from a macroscopic point of view, at rest
relative to the surface. This adsorbed layer is in dynamic equilibrium, as
molecules are continually being removed as a result of collision with
other molecules, and different molecules take their place.

The construction shown in Fig. 3.4 helps us to set up an equation to
describe the flow of an incompressible, Newtonian liquid of density p
and viscosity 7 through a capillary of radius R and length L. The velocity
of the liquid in contact with the wall may be taken as zero, assuming no
slip. Symmetry considerations indicate that the velocity distribution in
the capillary will be symmetrical about the axis of the tube and have its
maximum value on this axis, as shown in Fig. 3.5. Let the velocity of the
layer at a distance r from the axis be V. Consider the forces acting on the
liquid in a cylindrical element of radius r, coaxial with the tube (Fig.3.4).
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Fig. 3.4 Construction for deriving Poiseuille’s equation.

If P is the applied pressure (or more strictly the applied pressure differ-
ence between the inlet and outlet of the capillary), the accelerating force
acting on the liquid cylinder of radius r is Pxr’. The viscous drag or
retarding viscous force exerted on the surface of this liquid cylinder by
the remainder of the liquid is 7 x 2arL, where 7 is the shear stress
(r =ndV/dr, assuming the fluid to be Newtonian) acting on a fluid
layer at a distance r from the axis. When the conditions are steady,
these two forces must be equal and opposite, i.e.

av_ P

dv
P?TT’z——TXZ?TTL—"-T}(—) x2arl  or P __rZ'n—L' (3.4)

dr

The velocity gradient or shear rate is thus proportional to 7, the distance
from the axis of the tube, and vanishes at the axis.

The shear stress T across the capillary is given by r = —Pr/2L and is
thus a maximum at the capillary walls and zero at the axis of the
capillary.

At the wall of the tube r = R and velocity V = 0. Integrating equation
(3.4) fromr =R to r = r, we have
_4nLV P

1%

2.2 _
R —7 P or 747?L

(R? — 7). (3.5)

The prefile of the advancing liquid is therefore a parabola.
The volume of the liquid, dQ), flowing through the tube per second is

dQ =2mVdV. (3.6}

—_—— —— —

Flow

{a) {b)

Flg. 3.5 Fluid flow through a capillary: (a) laminar flow, {b) parabolic velocity profile.
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Hence the total volume of liquid flowing through the tube per second, is

RPr, , mPR*
- - = ) 3.7
Q L oL (R® =1 )rdr 8L (3.7a)
We may rearrange this as
nPR*

Equation (3.7b) is known as Poiseuille’s equation. The volume of liquid
flowing out of the capillary per second, Q, is seen from equation (3.7a) to
be directly proportional to the applied pressure and depends on the
fourth power of the capillary radius. Thus the capillary radius is a very
important parameter in fluid flow. The treatment so far is based on two
assumptions: first, that the liquid is Newtonian, and second, that all the
energy supplied to push the liquid through the capillary is used to
overcome the viscous drag or internal friction or rheological force.
Neither of these assumptions is valid for molten polymers and polymer
solutions which are non-Newtonian and viscoelastic. It is therefore
necessary to take account of these two factors when computing viscosity.

3.2.3 NON-NEWTONIAN FLUIDS

Water, simple organic liquids, true solutions, dilute suspensions and
emulsions and gases are in general Newtonian in character. For them a
plot of rate of shear, dvy/dt or 4, against shear stress, 7, is a straight line
passing through the origin, provided that flow is laminar. Many materi-
als of interest to fibre manufacturers, such as polymer melts and solu-
tions, do not exhibit the simple characteristics of a Newtonian fluid.
Non-Newtonian behaviour may be considered under two categories:
time-independent fluids and time-dependent fluids.

Time-independent fluids, like Newtonian fluids, are fluids in which
the rate of shear is a function of the shearing stress. Time-dependent
fluids are more complex systems in which shear stress-shear rate rela-
tionships depend on how the fluid has been sheared and on its previous
history. The rheological characteristics of these two types of fluids are
briefly described here.

(a) Time-independent fluids

The shear stress—shear rate curves for four kinds of time-independent
fluids are shown in Fig. 3.6 (note that as per convention the shear stress
is plotted on the x axis and the rate of shear on the y axis). Line A repre-
sents the behaviour shown by a Newtonian fluid, as discussed earlier. In
this case, it is only necessary to make one determination at a single rate
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Fig. 3.6 The shear stress—shear rate curves for different categories of fluids (see
text).

of shear. Line B is a representation of an idealized Bingham body which
is considered to have a connected internal structure that collapses above
a yield stress, 7,. Above the yield stress, the shear rate increases linearly
with shear stress, i.e.

n=(r—-1), where 72>, (3.8)

Pottery clay, chocolate, toothpaste, butter and putty approximate in their
behaviour to Bingham bodies, although the 7—y relationship above may
be non-linear in some cases, mostly pseudoplastic (like curve C) with a
yield value (not shown in the figure).

Curve C represents pseudoplastic flow; it commences at the origin, is
linear at low shear rates and then becomes convex to the stress axis.
Polymeric fluids are generally of this type. As shown in Fig. 3.7, the
viscosity, which is defined as the ratio 7/(d~y/dt) and designated appar-
ent viscosity, is no longer a constant but decreases as the rate of shear is
increased. Since the slope of the line OP, (which is equal to fluidity or
reciprocal of viscosity) is greater than that of OP;, it follows that 7, < 7.
An alternative method of estimating apparent viscosity is to take the
local slope of the 7—y plot at the required shear rate; however, the
former method is more often used to characterize viscosity. This type of
behaviour is termed ‘pseudoplastic’ or ‘shear-thinning’. Many industrial
materials including polymer melts and solutions, natural resins, rubbers,
bitumens and heavy oils exhibit pseudoplastic behaviour. The reduction
in viscosity with an increasing rate of shear implies that the stresses
required to produce high rates of flow are not as high as would be
expected from measurements of viscosity at low shear rates. The
decrease in viscosity is really an advantage because it reduces the
power requirements for processing to a considerable extent.
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Fig. 3.7 Estimation of viscosity of a pseudoptastic fluid.

The shear-thinning behaviour of polymeric fluids is attributed to the
extensively entangled and randomly oriented nature of the long-chain
molecules (Fig.3.8). As the shear rate increases, the molecules tend to
become aligned and peints of entanglements are reduced. The rate of
loss of existing entanglements is higher but not the rate of generating
new ones, so that the number of entanglements in a given volume of
material has lower equilibrium values at larger shear rates. Conse-
quently the frictional resistance between adjacent layers of the laminar
fluid decreases. The fluid thus exhibits a ‘shear-thinning’ effect and the
viscosity decreases. At very high shear rates, the orientation of the
molecules may be complete and in this range near-Newtonian behaviour
may be observed, as in the very low shear rate region.

Fig. 3.8 An entangled molecular network.
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A number of empirical equations have been proposed [4] to describe
pseudoplastic fluids. The equation that has found very wide acceptance
is the power-law equation, also known as the Ostwald-de Waele equa-
tion. This takes the form:

T =k(%)" (3.9)

where k and n are constant, n being less than unity for pseudoplastic
fluids. Sometimes this relationship is written as

5= ArP. (3.10)

If we put p=1/n and A = (1/k)/", the two equations are seen to be
equivalent.
Equation (3.9) may be written in logarithmic form as

log T = logk + nlog . (3.11)

Thus it would be expected that a plot of log 7 against log should give
a straight line with positive slope from which the constants k and 7 can
be found. For polymer melts, such plots give straight lines over a few
decades of shear rate but depart from linearity at higher shear rates.

For a pseudoplastic fluid, the apparent viscosity can thus be written as

Napp = 7-/'7 = k(’?)n—l' (312)

Sometimes the following approach is taken to eliminate k. If 7, is the
apparent viscosity at some shear rate ¥ and n;pp is the apparent viscosity
at some arbitrary reference shear rate ¥/, then it follows that

napp/n;pp = (’y/’y’)"_l' (313)
If 4/ is put equal to 1s™', equation (3.13) simplifies to
Napp = n;pp('y)n _17 (314)

where 17, is the approximate viscosity at a shear rate of 1 s!. This
approach is elaborated upon further in Chapter 14.

The next category of flow is dilatant flow, shown by curve D in Fig.
3.6. The behaviour is characterized by a curve which passes through
the origin, remains linear at low shear rates and then shows non-linear
increase, becoming concave to the stress axis. Dilatant materials thus
show an increase in apparent viscosity with an increase in shear
rate. This type of behaviour has led them to be designated as ‘shear-
thickening’ fluids.

Dilatancy is often exhibited by highly concentrated suspensions, parti-
cularly PVC pastes. The irregularly shaped particles are closely packed
with minimum voids in the stress-free state. At low shear rates the solid
particles do not make much contact while at high shear rates the parti-
cles do not pack easily and the rubbing friction enhances the resistance
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to flow. Such behaviour has also been observed in sand-water suspen-
sions, clay suspensions and printing inks.

The power-law equation 7 = k(¥)", with n > 1, is the equation most
used to represent dilatant behaviour.

(b) Time-dependent fluids

When the shear stress changes in Newtonian, dilatant or pseudoplastic
liquids, as well as in Bingham fluids above the flow limit, the corre-
sponding shear rate or the corresponding viscosity is reached almost
instantaneously. In some liquids viscosity depends on time. If at a
constant shear stress or constant shear rate the viscosity falls as time
increases, then the liquid is termed thixotropic. If the apparent viscosity
increases with time, the liquid is termed rheopectic. Thixotropy is inter-
preted as a time-dependent collapse of ordered structure which breaks
down to a lower apparent viscosity when sheared.

Most formal studies on time-dependent behaviour have been con-
cerned with reversible effects. A thixotropic fluid rebuilds itself in time
if allowed to rest. Paints, shaving cream, margarine, printing ink, etc. are
examples of thixotropic materials. A rheopectic material shows time-
dependent behaviour in the opposite direction.

3.2.4 VISCOELASTIC FLUIDS

Polymeric fluids are not ideally viscous. This means that not all of the
energy supplied to make them flow is used to overcome the resistance to
flow due to internal friction; some of it may be stored as elastic energy
which relaxes at an appropriate time. The expansion of liquid thread on
emerging from the spinneret (Fig.3.9) is known as ‘dieswell’. The
amount of expansion is found to be a function of the length of the
capillary up to a certain length, beyond which it becomes constant. In
polymer melts and solutions, the source of elasticity is believed to be
the orientation of molecules that is induced on stressing; this can relax
when the load is released. The phenomenon of dieswell is discussed in
greater detail later.

3.2.5 APPARENT AND TRUE VISCOSITY

The viscosity that is determined from Poiseuille’s equation is called the
‘apparent viscosity’, and may be very different from the ‘true viscosity’,
which takes the non-Newtonian and viscoelastic nature of the fluid into
account.

The viscoelastic nature of the fluid will be considered first. The
simplest approach to account for the viscoelastic nature of the fluid in



Shear flow 43

'

Fig. 3.9 Expansion of the liguid thread on emerging from the spinneret.

capillary flow is that of Bagley [5], illustrated in Fig. 3.10. It is based on
the assumption that the effective pressure which is responsible for
Poiseuille flow is less than the total applied pressure; some of the
applied energy is stored as elastic energy and released as the dieswell
effect at the exit of the capillary. If the effective length of the capillary is
greater, the transit time of the fluid is higher and the elastic effects can
become negligible. A number of dies of different length-to-radius ratios
are taken and flow curves are obtained. On plotting pressure against L/R
for fixed shear rates, straight lines are obtained (Fig.3.10} which, on

1200 Shear rate
~ 25057
£
.
a 1205
. 2 90 s
a 6057
v T2 u0s
o

Il 1 |

1 J
5 0 5 10 15 20 25 30
L/R

Fig. 3.10 Plot of pressure vs. L/R (length/radius) of the capillary for a polyethylene
melt of melt flow index 28 for a range of shear rates from 40 to 250 s™". The end
correction is given by the negative intercept on the L/R axis [5].
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extrapolation, converge to a single point. Taking the effective capillary
length as L + bR, we have

PR P
(L4+bR) ~ 2[{(L/R)+b)

Now at P =0, b = —L/R. Hence the Bagley factor b can be read off from
the negative intercept and the true stress computed.

The non-Newtonian nature of the fluid is accounted for by making use
of equation (3.9), that is

True shear stress = 3 (3.15)

r = K(dy/dt)",
which may be rewritten as

7 = 7 = K (dv/df) (3.16)

where n’ = 1/n. Since 7 = —Pr/2L, we get
—(Pr/2LY" = K(dv/d}). (3.17)

Now since dv/df = dV /dr, we may write
—(Pr/2L)" =K(dV/dr). (3.18)

By integration of equation (3.18), the velocity V is obtained and then

the flow rate () comes out to be
‘n'R",+3 .

=———(P/2L)". 319

Q=g (P/2L) (3.19)

This introduces a correction in the shear rate. The true shear rate

(dy/dt)ipe comes out to be equal to [(dv/dBNewtonian X (3 +1)/4],

where ' is the slope of the double logarithmic plot of shear rate against

shear stress.

3.2.6 SOLUTION VISCOSITY

It is common industrial practice to characterize viscosity in a quick and
arbitrary manner. The method adopted is to prepare a solution of the
polymer in a suitable solvent. The solution is then passed through a
capillary and the time () needed to flow between two marks is noted.
The time of flow for solvent is then measured and noted (f). A term
relative viscosity is then defined as n, =/ =/}, where 5 is the
viscosity of the solution and #y the viscosity of the solvent. Other viscos-
ity terms are defined as follows:

Specific viscosity ngp = 1 — 1
and
Intrinsic viscosity [7] = (7sp/€)c— 05
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where ¢ is the concentration of the solution. Intrinsic viscosity of a
polymer solution is determined with the help of a viscometer like the
Ubbelohde viscometer, using polymer solution of concentrations up to
about 2%.

It may be noted that while Poiseuille’s equation allows an absolute
measurement of viscosity, the solution methods described above lead
to a relative measure which must be calibrated with fluids of known
viscosity to obtain the absolute value.

3.2.7 FACTORS AFFECTING SHEAR VISCOSITY

The influence of temperature, molecular weight, shear rate and shear
history, molecular structure, and pressure on viscosity will now be
considered.

(a) Effect of temperature

The flow behaviour of Newtonian fluids as a function of temperature can
generally be described by the Arrhenius equation:

n(ry = constant x exp (E, /RT), (3.20)

where 7)) is the viscosity at temperature T, E, is the activation energy
for flow and R the gas constant.

Inorganic glasses and metals show close to Newtonian behaviour in
the fluid-like state. For these fluids plots of log7) against 1/T give
straight lines. The activation energy, E,, can be estimated from the
slopes of these lines.

For polymeric fluids, the linearity in plots of logn against 1/T is
restricted to a very narrow temperature range, thus indicating that
these fluids show a non-Arrhenius type of behaviour. For a wider
temperature range, the relationship is non-linear and the apparent
activation energy, E,,, decreases as temperature increases. This obser-
vation may be explained on the basis that viscosity is sensitive to the
extra free volume made available by the kinetic agitation as well as by
thermal expansion. The temperature dependence of melt viscosity can
accordingly be represented by an empirical relationship proposed by
Williams, Landel and Ferry [6], which may be expressed in the following
form:

n

~17.44(T — T)

~SE =Ty (3.21)

log (nr/nr,)

where T, is the reference temperature. For a reference temperature T,
which has a unique value of T, +50°C [7], the following form of the
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Williams, Landel and Ferry (WLF) equation holds:

8.86(T — T)
1 = 3.22
The variable activation energy for flow, E,, may be expressed as
2
4120T (3.23)

T A016+T -T2

It is noteworthy that equations (3.21) to (3.23) can be derived using an
empirical relation proposed by Doolittle [8] for the variation of viscosity
with free volume, that is

n = Aexp (B/vy), (3.24)

where A and B are constants and v is the free volume fraction.

The fact that in a polymer the temperature dependence of the viscosity,
and the activation energy derived from it, are both independent of the
chain length does not mean that the actual value of viscosity is similarly
independent of the chain length [9]. Indeed, this is far from being the case.
The value of the viscosity is determined by the resultant motion of the
molecule as a whole. This resultant motion depends not only on the rate
of jumping of individual segments, but also on the way these segmental
jumps are related to one another in direction. Because of the complicated
form of the molecule in space and the mutual entanglements between
molecules, the resultant displacement needs to be carefully estimated.

(b) Effect of molecular weight

The molecular weight dependence in the case of polymer solutions is
given by the following empirical relationship:

[n] = kM*, (3.25)

where [7] is the intrinsic viscosity (at infinite dilution), k and o are con-
stants and M is the molecular weight.

For concentrated polymer solutions, when double logarithmic plots of
viscosity against concentration are examined, the data appear to fit two
straight lines of differing slopes (Fig.3.11). The straight lines intersect
at a critical concentration, C.;. This critical concentration is interpreted
as the concentration at which polymer chain entangles and/or close
packing of molecular segments first occurs [10]. A critical molar mass is
also found in the case of polymer melts (Fig.3.12). Below the critical
molecular weight, the zero shear melt viscosity (1) is directly propor-
tional to the weight average molecular weight (M,,):
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Fig. 3.11 Viscosity of solutions of polyiscbutylene of molar mass 40600 g in toluene

at 25°C as a function of concentration, C (data of J. Schurz and H. Hochberger
taken from reference [10]).

In contrast, the viscosity above the critical molecular weight is given by
o = KM (3.27)

Entanglements can only occur when the molecular chains are suffi-
ciently long, that is, when a sufficiently large number, N, of chain
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Fig. 3.12 Zero shear rate melt viscosity of unbranched polyethylenes as a function
of molar mass M at 190°C {data of H.P. Schreiber, EB. Bagley and D.C. West taken
from reference [10]). M., occurs at togM = 3.6.
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Table 3.2 Critical chain link number, N, of various
polymers [10]

Polymer Nerit
Polyethylene 286
1.4-cis-Polyisoprene 296
Atactic polyvinyl acetate 570
Polyiscbutylene 609
Atactic polystyrene 730
Polydimethylsiloxane 784

links is present [10]. The tendency to entangle increases with decreasing
stiffness of the macromolecute (Table 3.2).

(0 Effect of shear rate and shear history

The shear-thinning nature of polymer fluids and the time-dependent
effects have already been described. Irreversible effects due to the
shear history of the sample are best illustrated when natural rubber
is masticated and are attributed to chain scission or crosslinking
which are caused by oxidation or mechano-chemical processes. If
the extrudate collected from a capillary viscometer is re-extruded, a
reduction in viscosity by a factor of twe can occur, provided the
shear rate is above the critical shear rate for elastic turbulence to
occur [11].

Thus in viscosity measurements, the shear history of the sample can
play a significant role and it is advisable to ensure that comparison of
flow properties is made between samples having similar shear and heat
histories.

(d) Effect of molecular structure

As a general guide, it may be said that the stiffer the polymer chain, the
greater the melt viscosity at some reference temperature [12]. This obser-
vation is consistent with the WLF equation (3.21), according to which the
higher the value of T, the higher the viscosity. It follows therefore that
those structural factors which affect T, (these are listed in Chapter 2),
and which include chain stiffness, will in general increase the melt
viscosity,

(e) Effect of pressure

Since viscosity is related to the distance between molecules {12] and
since an increase in pressure will decrease this distance, it might be
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expected that viscosity will increase with increase in pressure. It has
been reported [13] that the viscosity of polystyrene at 25000 psi is 100
times the viscosity at 2000 psi, while in the case of high density poly-
ethylene, the increase is five times.

At high pressures crystallization may be induced, which stiffens the
material and may result in the shear-thinning fluid becoming shear-
thickening at very high shear stresses.

3.2.8 MEASUREMENT OF SHEAR VISCOSITY

The viscosity of polymeric fluids varies from 1poise to greater than
10" poise. To investigate the entire range experimentally, many methods
have been devised to study the flow properties of polymer solutions and
melts; some of the commonly used methods are listed in Table 3.3 [14].
The most frequently used methods involve rotational and capillary
devices.

Rotational viscometers are available with several different geometries,
including concentric cylinders, two cones of different angles, a cone and
a plate, or combinations of these.

Capillary flow has been the most popular method for measuring
viscosity of fibre-forming polymers. The small diameter capillary
minimizes the effect of viscous heating, which is a significant problem
with rotational devices. The flow is generally pressure-driven and
pressure gradients are unavoidable. As the driving pressure is
increased to allow the study of higher shear rates, a point is reached
where the variation of viscosity with pressure cannot be neglected
[15]. The experimental conditions must be limited to situations in
which the pressure effect is negligible; the easiest way to judge this is
to see that the Bagley plot (Fig.3.10) is linear. Some high molecular
weight polymers can undergo mechanically induced degradation at
high shear rates.

Table 3.3 Methods for determining viscosity [14]

Method Approximate useful
viscosity range (P)
Capillary pipette 1072-10°
Falling sphere 1-10°
Capillary extrusion 1-108
Parallel plate 10*-10°
Falling coaxial cylinder 10°-10"
Stress relaxation 103-10"°
Rotating cylinder 1-10'2

Tensile creep 10°->10"
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3.3 ELONGATIONAL FLOW

331 THE NATURE OF ELONGATIONAL FLOW

So far, the emphasis has been on shear flow of a fluid through a capit-
lary. In the manufacture of fibres, after passing through the capillary,
the fluid emerges from the orifice into air or some fluid much less
viscous than the liquid of the jet and is stretched by a force at a fixed
point some distance downstream of the orifice. As the fluid thread
moves down, the cross-sectional area decreases and its wvelecity
increases, though all these quantities at any point in space are indepen-
dent of time [16].

It has been pointed out by Petrie [16] that Ziabicki [17] appears to have
been the first person to make the distinction between shear flow and
elongational flow in terms of the velocity gradient which is transverse
in shear flow (Fig.3.13(a)) and longitudinal in elongational flow (Fig.
3.13(b}}. Within the capillary, the fluid is confined during shear flow.
As the fluid leaves the orifice, there is a transition from shearing to
elongational flow and from a confined to a free-surface flow. From the
earlier discussion on laminar flow, it would be expected that if a mole-
cule gets extended in shear, it is oriented parallel to the streamlines and
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Fig. 3.13 The velocity gradient in {a) shear flow in a capillary, and (b} elongational
flow in a spinline (the corresponding velocity profiles are also shown).
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lies more or less in a fluid of uniform velocity as the velocity does not
change along the streamlines. Thus the motion of the fluid is not greatly
affected by the molecule. In elongation, the velocity changes along the
streamlines as shown in Fig. 3.13(b) and the ends of a molecule will
experience an increasingly different velocity. Thus there is likely to be a
change from the coiled to the extended form which will affect the motion
significantly.

The first place in the spinning equipment where the polymer mole-
cules could be oriented is the spinneret channel. It has been pointed out
by Ziabicki [18] that although in principle shear flow is capable of orient-
ing macromolecules along the flow direction, two facts make this
mechanism ineffective in melt-spinning:

1. the residence (transit) time, i.e. the time of action of the shear field, is
rather short; and

2. the polymer jet leaving the spinneret channel is subject to relaxation
indicated by the dieswell phenomenon. The orientation, if any,
produced within the channel is therefore relaxed to a large extent
just below the spinneret.

A number of studies have since shown quite clearly that spinning
orientation develops gradually along the spinning path. It results from
elongational flow of the spinning line and is determined by the local
velocity or the local tensile stress. Though it is now recognized that in
fibre manufacture the principally important technological state is not the
shear flow but extension or jet drawing, a detailed understanding of
extensional flow is yet to emerge.

Elongational flow was first studied by Trouton [19] with pitch and
waxes. He observed that the ratio of tensile stress, o, to elongation rate,
de/dt or € (the coefficient of viscous traction or elongational viscosity),
was three times the shear coefficient of viscosity. In the range of very low
deformation rates (below 1s7"), isothermal elongational viscosity hardly
differs from the 37 value predicted by the Newtonian model.

3.3.2 FACTORS AFFECTING ELONGATIONAL VISCOSITY

For a model elastic liquid system, theoretical analysis by Lodge [20]
showed that while shear viscosity is independent of shear rate, the elon-
gational or traction viscosity will increase sharply with elongation rate. It
is only when the curves are taken to zero strain rate that the elongational
viscosity is equal to three times the shear viscosity. Under these condi-
tions, the material may be described as Troutonian.

When the elongational viscosity of a polymer fluid is actually meas-
ured at higher elongation rates, the following three types of behaviour
are observed [12].
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1. The material appears to be Troutonian at all measurable elongation
rates.

2. The material is Troutonian over a range of elongation rates but a
critical elongation rate is eventually reached when the traction
viscosity decreases with increased tension. The term tension-thinning
(analogous to the term shear-thinning used earlier) is sometimes used
for such materials.

3. The material becomes non-Troutonian at quite low stresses but in this
case the traction viscosity increases with stress. Such a material might
be referred to as tension-stiffening.

The studies made by Vinogradov et al. [21] on polystyrene and by
Miinstedt and Luan [22] on low density polyethylene over a wide range
of shear and strain rates illustrate the types of behaviour listed above.
Vinogradov et al. made measurements of the shear viscosity of poly-
styrene and its elongational viscosity at 130 and 150 °C respectively; the
data are shown in Fig. 3.14.

It was observed that while the shear viscosity of polystyrene showed
typical behaviour expected of a shear-thinning fluid at both tempera-
tures, the elongational viscosity showed Trouton-like behaviour at
150°C but tension-stiffening was observed when the extensional flow
was studied at 130°C. These results were explained by Vinogradov et
al. [23] as follows: At both temperatures, the elongational viscosity
shows Troutonian behaviour at very low rates of extension since the
network-like fluid structure is regenerated fast enough so that the
material is still isotropic and results in steady flow. At higher strain
rates, the deformation can no longer be considered to be purely viscous,
particularly at relatively low temperatures. There is a transition from flow

Logy (4, ), Log M (e,e) (poise)

Log ')", Log € (s-1)

Fig. 3.14 Shear and elongational viscosity data for polystyrene [21].
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Fig. 3.15 Shear and elongational viscosity data for low density polyethylene at
150°C [22].

to viscoelastic strain and the material partly loses its capacity to undergo
irreversible deformation. A considerable amount of reversible deforma-
tion (elasticity) is accumulated and the material tends to retract, leading
to an increased resistance to flow, thus giving rise to tension-stiffening.

The studies on low density polyethylene by Miinstedt and Luan [22]
were made at 150 °C over seven decades of shear rate and strain rate. As
shown in Fig. 3.15, these studies show shear-thinning behaviour typical
of a pseudoplastic material when shear viscosity is measured but show
three regimes of flow behaviour in tension. While the existence of the
first two regimes may be understood in terms of the explanation given
above, the third regime in which the extensional viscosity drops at the
highest strain rates may be because the network-like structure is itself
destroyed and the molecules are oriented side-by-side, thus giving rise
to a drop in elongational viscosity. A similar behaviour was observed at
all temperatures between 120 and 180 °C.

It must be emphasized that it may not always be possible to strictly
observe and differentiate between the three regimes of flow. One or all of
the three types of behaviour may be observed, depending on the poly-
mer, its molecular weight, molecular weight distribution, presence of
side branches and the amount and conditions of deformation (tempera-
ture, rate of deformation, etc.).

The effect of molecular weight distribution on apparent elongational
viscosity (A) of high density polyethylene has been studied by Ishizuka
and Koyama [24]. The results for two samples with differing distributions
are shown as plots of \ against distance from spinneret exit (Fig. 3.16(a))
and of X against 1/T (Fig.3.16(b)); in both cases the take-up velocity was
8mmin~'. It is noteworthy that the broad distribution sample A with a
polydispersity of 43 (polydispersity is the ratio of weight average mole-
cular weight, M,,, to number average molecular weight, M,) shows a
minimum in A in both the plots, while for the narrow distribution
sample B (polydispersity = 6.9) the viscosity behaviour is the same as
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Fig. 3.16 Apparent elongational viscosity of two polyethylene spinlines as a function
of (a) distance fram spinneret exit and (b} 1/7. For curve A, M, /M, is 69, and for
curve B it is 43 [24].

that of many other polymers, namely an increase of viscosity with
decrease of temperature. While the latter behaviour is an expected
result, the fall in viscosity as the temperature decreases from 160 to
130 °C is unexpected. The authors conclude that the wide distribution of
molecular strain rates in broad molecular weight distribution samples is
possibly responsible for the abrupt decrease in elongational viscosity in
melt-spinning. An alternative explanation postulates that over this
temperature range liquid crystal formation can result and lead to this
anomaly. It is interesting to recall, as pointed out in Chapter 2, that such
an effect has actually been observed in very high molecular weight,
high density polyethylene; liquid crystal formation was suggested to
explain it.

3.3.3 MEASUREMENT OF ELONGATIONAL VISCOSITY

As pointed out by Ziabicki [25], fibre spinning is generally considered to
be steady-state but non-uniform flow, which, as stated earlier, implies
that the velocity, deformation rate, etc. at point x on the spinning line
are constants. However, from the point of view of a small particle of
polymer moving along the spinning line, deformation is time-dependent
and the particle experiences different strain rates as it moves along its
trajectory. During the elongational flow of molten polymer, transient
viscoelastic effects bring about a transition from steady-state flow to
rapid deformation which can lead to fracture. Large relaxation times
and deformation rates result in pronounced viscoelastic effects. While
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Fig. 3.17 Meissner’s method for measuring elongational viscosity.

the behaviour at low elongation rates may be approximated to steady
viscous flow, elastic, reversible deformation is involved at high rates
and relaxation effects therefore play an important role in elongational
flow. Hence elongational viscosity measured under non-steady-state
or non-uniform elongational conditions may show major deviations
from steady-state characteristics. For this reason, elongational viscosities
obtained from spinning experiments, which are non-isothermal in
nature, do not adequately characterize elongational flow.

However, steady-state conditions are extremely difficult to achieve
with elongational flows since a steady-state value of recoverable strain
has to be reached. The most commonly used method to measure elonga-
tional viscosity is that due to Meissner [26, 27], which involves stretching
the rod-like polymer between two rotating nips formed by two pairs of
rollers. These rollers rotate at constant speed over a fluid bath of silicone
oil placed horizontally to compensate for gravity (Fig.3.17). The strain
rate is estimated from the measurement of velocity or diameter and the
tension is measured to obtain the stress. Other measurement devices
have been reviewed by Ziabicki [18].

3.4 MOLECULAR THEORIES OF FLUID FLOW

Molecular theories of flow allow a better understanding to be achieved
of the relationship between molecular parameters and rheological prop-
erties. In concentrated polymer solutions and polymer melts, there is
a strong interaction between the molecular chains. Starting with the
classical work of Eyring and his colleagues [28] in the early 1940s which
involved a molecular segment as the unit of flow, the molecular theory
was refined by Rouse [29] to take into account the coordinated move-
ment of the molecular chain segments. The innovative idea of reptation,
in which a molecular chain is confined within a tube defined by its
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Fig. 3.18 Potential energy barrier for flow.

neighbours and moves by wriggling along a tortuous path, was con-
ceived by de Gennes [30] and translated into a quantitative theory of
polymer chain dynamics by Doi and Edwards [31]. Finally Curtiss and
Bird [32] developed a kinetic theory for polymer melts and were able to
predict the correct dependence of the zero shear viscosity on molecular
weight. The Doi-Edwards theory was shown to be a limiting case of the
Curtiss-Bird theory. These theories will now be briefly described.

3.4.1 THE EYRING MODEL

One of the earliest theories of fluid flow is that due to Eyring and co-
workers [28], briefly referred to above. Eyring considered a liquid to
be close to a disordered solid, comprising flow units which could be
segments of chain molecules or chain molecules themselves. In the
stress-free state, the flow units are assumed to lie in a potential well
(Fig.3.18), which represents the position of minimum potential energy;
the potential energy barrier which the flow unit has to overcome is AF
and represents the energy of activation for diffusion to occur. Eyring
applied the ‘transition state’ theory of chemical rate processes to the
molecular jump and the jump frequency, v, as

v= I%exp(—AF/RT) (3.28)
where K is Boltzmann'’s constant, % is Planck’s constant, AF the height of
free energy barrier and R the universal gas constant.

The application of a stress to the system modifies the shapes of the
potential wells, as shown in Fig. 3.18, so that jumps in the forward direc-
tion involve a lower energy barrier than jumps in the reverse direction.
The chance of a molecule jumping forwards into a hole under stress is
thus greater than the chance of one jumping back, and so a net move-
ment occurs in the stress application direction.

Meares [33] has pointed out that Eyring’s model neatly reconciles
the two viewpoints that are generally taken to explain viscosity. The
first theory is based on the premise that fluidity (i.e. the reciprocal of
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viscosity) is a function solely of the free volume of the liquid. The alter-
native view considers viscous flow to be an activated process with an
activation energy which is concerned only with raising the flowing mole-
cules over the potential energy barrier between one equilibrium position
and the next. The activation energy was shown by Eyring to be made
up from two contributions, namely the work required to make a hole
for the molecule to jump into and the work required to free the molecule
of its immediate environment to enable it to jump, the former being
higher than the latter for simple and relatively non-polar liquids. As
stated earlier, the flowing units are not whole molecules but molecular
segments around 25 carbon atoms long.

The type of deformation that occurs in viscous polymeric fluids has
been visualized by Meares [33] to be as follows. Under stress, break-
down of chain entanglements may take place, while in the stress-free
state, new entanglements may form. Simultaneously the relatively free
chain segments diffuse in the stress direction by a preponderance of
micro-Brownian jumps. Thus the chains are able to progress as a whole
without ever departing far from an equilibrium distribution of config-
urations consistent with the random chain theory.

A shortcoming of the Eyring approach is that it refers only to localized
mobility of submolecules and does not include the effect of molecular
weight on flow.

3.4.2 THE MODELS OF ROUSE AND BUECHE

Rouse [29] considered the polymer molecule divided into a number of
equal segments, each of which contains enough chain units for its end-
to-end distance to be governed by a Gaussian probability distribution.
Each segment thus behaves as an elastic spring, as required by the
theory of rubber elasticity. A friction factor fy of a segment is assumed
which arises from the fact that the segment is surrounded by the neigh-
bouring polymer segments and the solvent. The relaxation spectrum for
a dilute solution is essentially a straight line and is quite closely pre-
dicted by the Rouse theory. More concentrated solutions or polymer
melts show a horizontal region or a plateau which becomes more promi-
nent as the concentration and molecular weight increase (Fig.3.19).
Atkinson [7] has pointed out that this plateau region is an expression of
entanglements between the chains of contiguous polymer molecules.
Such entanglements would be more common in concentrated solutions
of polymer of high molecular weight, and could be expected to affect
those relaxation modes which involve longer portions of the molecular
chains, by increasing their relaxation times. Rouse’s theory is still applic-
able to the shorter relaxation time region with a somewhat increased
value of f,. The long relaxation time end of the spectrum can only be
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Fig. 3.19 Relaxation spectra for polymer solutions of (A) low and (B) high concen-
tration (adapted from reference [7]).

fitted to the theory if the friction factor is increased considerably. Bueche
[34] has shown that the entanglements between the polymer chains can
cause such an increase in the apparent friction factor.

3.4.3 THE THEORIES OF YAMAMOTO AND LODGE

Yamamoto [35] considered the network to be in a state of constant flux in
which the junction points (physical entanglements) are constantly being
broken and re-formed under the action of thermal forces at equilibrium.
When the network is deformed, there is an increase in the end-to-end
distance in accordance with affine deformation. Yamamoto considered
the rate of deformation to be slower than both the rate of micro-Brownian
motion of the segments and the rate of breakage and re-formation of
junctions, so that the system was in equilibrium at any instance.

Lodge [20] developed a continuum theory for entangled polymer
fluids based upon the molecular ideas manifest in the theory of rubber
elasticity and some features of Yamamoto’s molecular theory. Lodge
considered flow as a quasistatic deformation of the network and the
attainment of thermodynamic equilibrium was taken to be instanta-
neous. Thus it was assumed that there was no change in the number of
entanglements on deformation and that the entanglements re-formed in
the same positions. The breakdown and re-formation of entanglements
resulted in the dissipation of energy which was taken to be responsible
for the relaxational response. The most important contribution of the
theory was that it explained the origin of anomalous effects shown by
polymeric fluids such as normal stresses, etc.

3.4.4 THE MODELS OF de GENNES AND DOI AND EDWARDS

The model of de Gennes [30] considered an idealized single polymeric
chain trapped inside a three-dimensional network (Fig.3.20), such as a
polymeric gel. The surrounding molecules act as fixed obstacles and the
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Fig. 3.20 |dealized single polymer chain trapped inside a three-dimensional network,
as visualized by de Gennes. The dots represent chain cross-sections.

chain is not allowed to cross any of these obstacles. Consequently the
lateral movement of the molecular chain is impeded. A tubular element
surrounding the molecular chain to limit its lateral fluidity was therefore
introduced into the model. Movement of the molecular chain through a
snake-like translational motion of each chain parallel to its own contour
or through creeping along such a tube was termed ‘reptation’. The repta-
tion motion results in a forward movement and the end of the chain can
then assume various new orientations. Using scaling concepts, de
Gennes found that the diffusion coefficient of a chain in a gel is inversely
proportional to the square of the molecular weight, and the relaxation
time is proportional to the cube of the molecular weight. Both of these
theoretical relationships have been shown to hold in a number of poly-
meric systems.

Doi and Edwards [31] generalized and extended the de Gennes model
for flow. They assumed that the chains pass through fixed sliplinks and
have a net tension along the chain which disallows free slippage of the
chain through the links.

3.4.5 THE MODEL OF CURTISS AND BIRD

Curtiss and Bird [32] used the concept of reptational motion of a chain
but introduced an empirical chain constraint parameter 3, which
depended not only on the density of surrounding molecules, but also
on the length of the chain itself. The Curtiss and Bird model predicts
the correct type of relationships for a number of flow parameters, as is
shown in the next subsection.

3.4.6 COMPARISON OF THE VARIOUS MOLECULAR THEORIES

The molecular theories briefly described above will now be compared in
terms of their ability to predict (1) the general form of the dependence of
longitudinal viscosity on strain rate, and (2) the 1\713;4 dependence of zero
shear viscosity.
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Fig. 3.21 Normalized longitudinal viscosity, A/Ag, vs. strain rate according to {a)
Lodge’s theory, (b) Doi—Edwards theory and (¢} Curtiss—Bird theory [32].

The normalized longitudinal viscosity A/} increases with strain rate
according to Lodge’s theory (Fig.3.21(a)), while according to the Doi-
Edwards theory it decreases (Fig.3.21(b)). This is because in Lodge’s
theory there is no restriction to lateral mobility as there is in the Doi-
Edwards theory. As shown earlier, both these types of behaviour have
been observed experimentally for different polymer fluids. The Curtiss—
Bird theory can predict both a decrease and an increase of normalized
longitudinal viscosity, as shown in Fig. 3.21(c), depending on the lateral
mobility parameter. It is thus seen that the Curtiss-Bird molecular
theory is more general; it has been shown that the Doi-Edwards theory
is a special case of the Curtiss-Bird theory. The experimentally observed
M3 dependence of zero shear viscosity is also predicted by the Curtiss—
Bird theory. The Doi-Edwards theory predicts an M3, dependence. The
other models do not consider molecular weight as a factor.

3.5 SPINNABILITY AND FLOW INSTABILITIES

3.5.1 SPINNABILITY OF FLUIDS

A fluid is spinnable under given deformation conditions if steady-state,
continuous elongation of the fluid jet proceeds without a break of any
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kind [18]. One of the earlier studies on spinnability was that of Nitsch-
mann and Schrade [36], who suggested that elongational viscosity
should increase with strain rate to stabilize the filament. This is essential
because in industrial spinning the stress increases as the filament moves
away from the spinneret. In the absence of such an increase in viscosity,
a localized defect could get drawn endlessly, leading to catastrophic
ductile failure. Such failures are generally observed on isothermal
stretching of polymer melts. As stated in Section 3.3.3, the viscoelastic
nature of the fluids can result in the accumulation of recoverable defor-
mation in which the elasticity of the fluid plays an important role. An
ideally viscous, incompressible Newtonian fluid would deform end-
lessly with instantaneous dissipation of the deformation energy. In a
viscoelastic fluid, a part of the deformation energy is stored; if it reaches
some limiting value, cohesive, brittle fracture occurs. The deformation
rate and the relaxational characteristics of the viscoelastic fluid are the
two important parameters. Relaxation of the stored energy reduces
the chances of failure. Relaxation times of spinning fluids range from
several milliseconds (solutions used in wet-spinning) to 1s or more
(high molecular weight polyolefin melts). Thus cohesive fracture is
more frequent with fibre-grade polyolefins with M, > 60000 g mol™’
which have relaxation times of 1-10s at the processing temperatures.
Such effects are much less in PET, nylon6 and nylon66 with M, in the
range 18000 to 24000 gmol™" and relaxation times of 0.01-0.1s. Melt-
spinning is a non-isothermal process and the elongational viscosity
increases along the spinline due to cooling of the filament; this enhances
the stability of the spinline. High speed spinning of polycondensates at
speeds up to 5000 m min~' and with high spin draw ratio thus becomes
possible.

The stability of semi-melt-spinning procedures, solution dry-spinning
and wet-spinning are also largely dominated by cohesive fracture. It has
been shown that in the wet-spinning of acrylic fibres, the maximum
take-up velocities are high for solutions of low polymer concentration
in the spinning dope and increase with the temperature of the spinning
bath, both effects being associated with relaxation time.

Besides cohesive fracture, the other possible process of breaking fluid
threads is associated with surface tension and the formation of capillary
waves on the free surface of a liquid jet [18] leading to the break-up
of the jet into drops. The initial distortions of amplitude of the order of
10-100 pm are generated in the extrusion die as a result of pressure or
density fluctuations. As the capillary waves proceed from the exit of the
spinneret along the filament, the growing amplitude of the capillary
wave ultimately splits the jet into individual drops through the cohesive
fracture mechanism. Too low a viscosity and too high a surface tension
of the polymer fluid result in too high a ratio of surface tension to
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viscosity which promotes the break-up of the spinning line. Compared
with condensation polymers, polyolefins have a higher fluid viscosity
but similar surface tension; thus the condensation polymers are more
susceptible to capillary break-up. In dry-spinning solutions, the surface
tension is not very different from that for melt-spinning but the solution
viscosity is much lower. As a result the dry-spun fibres may also show
such breakage.

In wet-spun polymer solutions, viscosities are rather low, but so also is
the interface tension. Under industrial conditions, breaks due to this
mechanism are not likely.

The above approach, advocated by Ziabicki [18], has been criticized by
Walczak [37], who questioned the assumption that viscosity, surface
tension and density are constant. However, Ziabicki has presented con-
siderable evidence in support of his approach. He has found that the
cohesive mechanism of thread breakage seems to operate across a wide
range of spinning conditions. In industrial practice, the instability due to
cohesive fracture determines the upper limit of take-up velocity and spin
draw ratio above which no spinning is possible.

3.5.2 FLOW INSTABILITIES

One of the primary concerns of the fibre industry is to produce filaments
with uniform diameter or cross-section. Flow instabilities can introduce
non-uniformities and are therefore to be avoided. The main flow instabil-
ities that arise during fibre spinning can be considered under two
headings. The first has its origin in the spinneret channel - the two
instabilities under this category are dieswell and melt fracture. The
second type of flow instability occurs when the spin draw ratio reaches
a critical value and is termed draw resonance. These will now be briefly
discussed.

(a) Dieswell and melt fracture

Dieswell appears as a bulge in the extruded filament at the spinneret exit
(Fig.3.9) while melt fracture refers to distortion of the extrudate surface,
with the severity ranging from simple roughness to helical indentations.
Both these flow instabilities are believed to result mainly from the elastic
energy stored in the viscoelastic fluid during its passage through the
spinneret orifice. If the relaxation rate of the fluid molecules is fast,
significant relaxation of the stored elastic energy can take place, as illu-
strated by the data on cuprammonium solution presented in Table 3.4
[38]. It is noteworthy that the elastic energy is comparable with, and for
short capillaries even larger than, the energy dissipated in steady shear
(Poiseuille) flow. In shorter capillaries, a large proportion of the elastic
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Table 3.4 Energy contributions for spinneret flow of a cuprammonium cellulose
solution (8% cellulose) [38]

Channel length L (cm) 0.015 0.030 0.075 0.150 0.300 0.600
L/R ratio 1 2 5 10 20 40
Transit time (ms) 21 42 104 208 416 832
Total energy 150 193 321.5 536 965 1823
supplied (ergs™)
Energy dissipated in 43 86 2145 429 868 1716
steady Poiseuille flow
(ergs™)
Energy of elastic 107 107 107 107 107 107

deformation (ergs™")
Transformation of elastic
energy (ergs™")
(a) Dissipation (heat) 215 33 54.8 65.6 75.8 76.6
(b) Dieswell 85.5 74 52.2 414 31.2 304

Channel radius, R = 0.015cm; temperature T = 30°C; output, Q = 5.09 x 110™*cm3s™".

energy is stored and affects swelling of the extrudate. The other part
relaxes during the transit time.

When the extrudate fluid leaves the capillary, the boundary conditions
are changed abruptly. Within the capillary, the velocity of the fluid at the
wall is zero, while outside the capillary there is no limitation of the
velocity on the surface of the emerging jet. The extent of the dieswell
will depend on the stored elastic energy. The degree of swelling (often
called the dieswell ratio; maximal diameter of extrudate/diameter of
capillary) depends on the conditions of extrusion temperature and geo-
metry of the extrusion die. The significance of dieswell in fibre formation
technology has several aspects; dieswell is governed by the same visco-
elastic factors as, and is therefore correlated with, the instability in the
exit zone known as melt fracture. In extreme conditions (very low tem-
peratures, very high shear rates, etc.) dieswell itself may be a source of
unstable or irregular spinning. Therefore extrusion conditions and the
geometry of the spinneret orifices become important variables of the
spinning process.

Dieswell, indicative of the elasticity of melts, is commonly observed in
the absence of an external tensile force. The dieswell ratio in melt
spinning of polyamides and polyesters is not large, except for tempera-
tures close to the solidification point where relaxation time increases
rapidly. Nylon6, for example, shows a dieswell of 7.9 at an extrusion
temperature of 220 °C and the maximum diameter appears at a distance
several millimetres from the exit of the spinneret. At normal extrusion
temperatures, the dieswell does not exceed 1.2-1.5 [39].

Melt fracture seldom disturbs spinning of polycondensate polymers.
Critical shear rate for the onset of melt fracture in nylon 66 is 10°s™" at a
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temperature of 275 °C, while maximum shear rates in spinneret flow do
not usually exceed 10*s™!. However, in the case of nylon 6, irregular flow
was observed at 5 x 10?s™! when spinneret temperature was 220 °C.

The dependence of maximum extrudate diameter on the length-to-
diameter (L/D) ratio of the capillary and shear rate has been investigated
for polypropylene. The higher the L/D ratio of the capillary, the lower is
the dieswell. Also the lower the shear rate, the lower is the dieswell. This
supports the earlier observation that dieswell is related to relaxation
phenomena. Since the effective deformation gradient and the relaxation
characteristics are very sensitive to temperature distribution along the
spinning line, the cooling process is often slowed down by the applica-
tion of heated cells below the spinneret to achieve stability.

In solution spinning, the dieswell ratio usually increases with increase
in viscosity and elasticity of the dope and increase in polymer concentra-
tion and molecular weight; it however decreases with increase in extru-
sion temperature. Take-up tension (and velocity) is found to reduce the
dieswell effect considerably. A very important effect in wet-spinning is
due to the nature of the precipitation bath. Mass transfer and phase
transition phenomena occurring in the bath reduce swelling of the jet.
One can suppose that the formation of a rigid precipitated layer on the
outside of the jet (skin) suppresses expansion and reduces the maximum
degree of swelling. The skin mechanism has been confirmed by studies
on acrylic copolymer where a reduction in dieswell was observed with
an increasing rate of coagulation. Various studies have suggested that
minimum dieswell corresponds to maximum spinnability.

Walczak [37] has shown that dieswelling in extrusion is much more
complex than has been assumed and that fluid elasticity may not be the
only factor affecting it. Molecular entanglements can create network
structures and these depend on the thermal and shear history of the
melt. They can also affect dieswell effects.

(b) Draw resonance

Periodic fluctuations in the thread diameter have been observed during
melt spinning. This is referred to as ‘draw resonance’. The interesting
feature is that draw resonance occurs only when the spin draw ratio
reaches a certain critical value. In the case of isothermal melt-spinning
of a Newtonian fluid, the critical spin draw ratio is around 20 [40].
Jinan Cao [40] has shown that for a power-law fluid the appearance of
draw resonance for isothermal melt-spinning depends on the draw
mode. For a power-law exponent less than one (tension thinning situa-
tion), the application of tension on a non-uniformity results in the ampli-
fication of the non-uniformity. The critical spin draw ratio for resonance
to appear is very low (Fig. 3.22). For a power-law exponent greater than
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Fig. 3.22 The logarithm of the critical spin draw ralio vs. power-law index (1) in
isothermal and uniform tension melt-spinning [40].

one {tension stiffening), the non-uniformity is stabilized since the thinner
sections will offer greater resistance to deformation. This can happen
when the polymer fluids develop orientation or crystallization during
spinning. Furthermore, the non-isothermal nature of actual melt-
spinning increases the critical draw ratio further.

Polymers like low density polyethylene which are tension-stiffening
rarely produce draw resonance. Polypropylene and high density poly-
ethylene are tension-thinning beyond a critical stress and draw reso-
nance is quite common during melt-spinning of these polymers.

It is generally believed that draw resonance is closely related to the
spinning conditions. In the presence of stretching and either melt in-
homogeneity or frictional heating {due to molecules sliding past one
another), draw resonance can occur [41].
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Melt-spinning
processes

V.B. Gupta

4.1 INTRODUCTION

As stated in the previous chapter, melt-spinning is the simplest method
of fibre manufacture, mainly because it does not involve problems
associated with the use of solvents. It is therefore the preferred method,
provided the polymer gives a stable melt. When polymer granules or
chips form the starting material for melt-spinning, they are first dried
and then melted in the extruder. The homogenized and filtered melt is
squirted through narrow channels into a quench chamber where solidi-
fication of the fluid filament bundles is achieved (Fig. 4.1). Finally, spin
finish is applied before the filament bundles are wound on tube rolls. In
larger modern plants, polyester and nylon are produced in continuous
polymerization units in which the melt is directly transported from the
final polymerizer to the melt-spinning unit. In the case of polypropylene,
since polymerization leads to a solid product, it is separate from the
spinning process.

A major development in the area of melt-spinning was the transition
in the 1970s from conventional spinning at wind-up speeds of around
1000mmin~" to high speed spinning at speeds of 3000mmin~" and
above. As far back as 1975, more than half of the textured yarn in the
world was based on yarn produced using this technology. However,
monofilaments continue to be produced at relatively low spinning
speeds because of the problem of heat removal. The chronology of
techniques used for fibre manufacture based on melt-spinning is as
follows [1].

Manufactured Fibre Technology.
Edited by V.B. Gupta and V.K. Kothari.
Published in 1997 by Chapman & Hall, London. ISBN 0 412 54030 4.
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Flg. 4.1 A typical melt-spinning line.

1.

Conventional process: spinning at 600-1500 m min™". The spun yam is
then drawn at 400-1000 m min~" to a draw ratio of between 3 and 4.5
generally.

Direct spin—draw process: in this integrated process, which couples
spinning and drawing in one continuous operation, ultimate wind-
up speeds may be as high as 6000 m min~', but the spinning speed is
unlikely to exceed 4000 mmin .

High speed spinning process: spinning at 3000-4000mmin~’ to get
partially oriented yarn {POY), to which a further draw of up to 2 can
be applied during sequential/simultaneous draw texturing.

Super high speed spinning process: spinning at 4000 to over
6000mmin~'. For filament spun at 5500mmin~’, a further slight
draw has still to be applied.

1

The general nomenclature for wind-up speeds up to 6000 mmin™" is

high speed spinning, and super high speed spinning refers to speeds in
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excess of 6000mmin~". It is noteworthy that techniques (2), (3) and (4)
are all based on high speed spinning. In this chapter various aspects of
the melt-spinning process operating at different speeds will be consid-
ered, and the direct spin—draw process will also be briefly described.

4.2 THE MELT-SPINNING LINE

4.2.1 GENERAL FEATURES

A melt-spinning line is shown schematically in Fig. 4.1. Strictly speaking,
the line sketch is representative of melt-spinning at relatively low speeds
using polymer chips as the starting material. There are two departures
from this line that need to be noted. First, in the direct spinning process,
the homogeneous and spinnable melt produced by polymerization may
be directly passed to the spinning machine at the gear pump stage.
Second, when the winding speeds are high, the yarn may be directly
dropped to the wind-up device with no godets being used. An industrial
melt-spinning unit without godets is shown in Fig. 4.2(a), while Fig.
4.2(b) shows the lower part of the unit with godets. The latter version
allows the yarn tension on the take-up machines to be controlled using
S-shaped wraps around cold godets.

When polymer chips form the starting material, chips from several
polymerization reactors are mixed to minimize batch-to-batch variation.
The chips are dried (moisture content should not exceed 0.05% by
weight for nylon 6 and 0.005% for PET) and then melted. In the majority
of contemporary processes, melting is carried out continuously in screw
melters as these deliver a more homogenized and uniform melt. The
polymer melt is transported under pressure to spinning blocks where
an exact metering pump, e.g. a gear pump, maintains a highly even
issue of the melt. The polymer melt is then forced through a fine filter
(a pack of sand particles of 20-80 um size, a series of stainless steel wire
gauzes of different mesh sizes, etc.). Filtration of the molten polymer
before it enters the spinneret further homogenizes the melt and removes
solid impurities such as metal pieces and semisolid degraded polymer
gel, and also eliminates gaseous bubbles. Efficient filtration brings down
the breakage rate to below six breaks per 1000 kg production and also
reduces the frequency of nubs or undrawn portions in the spun filament.

After filtration, the melt is forced through capillaries in a plate, called
the spinneret, and in this way an endless, fine stream of fluid is formed.
The molten polymer, on emerging from the spinneret, bulges slightly
due to release of elastic energy stored during shear flow through the
narrow channels. This is known as the dieswell effect and has been
discussed in Chapter 3. The filaments are then quenched and solidified
in the quench chamber while being drawn off from the bottom. The
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Fig. 4.2 An industrial melt-spinning unit: (a) without godets, {b) with godets.

filament diameter reduces and a number of these filamenis are then
made to converge into a bundle with the help of two guides. A spin
finish is applied before the bundles are wound up on a tube roll, which
is often friction-driven by a roller.

422 THE EXTRUDER

In the past, the granules were melted on grids consisting of a large heat-
ing area in the form of ribs and coils heated from inside. However,
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Fig. 4.3 The functional parts of a typical extruder.

because screw melters or extruders offer the advantages of much higher
melting rate, large capacity, short residence time, pressure build-up,
greater homogenization and delivery of a metered quantity of the melt,
they have now replaced grid melters. The functional parts of a typical
extruder are shown in Fig. 4.3, while the details of a typical screw appear
in Fig. 4.4. The extruders [2—4] consist essentially of a cylindrical barrel
within which rotates one or more close-fitting screws {(only single screw
extrudes will be considered here). Screws with diameter of 45-300 mm
are, for example, used for polypropylene with melting capacity of 50-
2000kgh™!. The screw length for polypropylene is larger than for poly-
ester and polyamide, with the length normally being 28-33 times the
diameter. The barrel is heated along its length by oil or electricity. The
chips are fed to one end of the screw from a feed hopper and are then

Barrel Screw  Channel Flight land

f L /X e T e

Flow
direction

fDirection of screw rotation

Fig. 4.4 Details of an extruder screw.
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forced forward through the barrel by the rotating screw; the rotation is
achieved at the base of the machine. As the polymer moves forward, it is
softened partly by conducted heat from the barrel walls and partly by
frictional heat developed as a result of mechanical shearing of the
polymer by the action of the screw. When it reaches the end of the
screw, the molten and homogenized melt is guided through a change-
able filter pack into a gear pump which meters a desired throughput into
the spinneret through another filter assembly.

To visualize how mixing and homogenization of the melt occurs, it is
worth noting that if the polymer sticks to the screw and slips at the
barre] surface, there would be no output from the extruder because the
material will rotate with the screw without being pushed forward. On
the other hand, if the polymer sticks to the wall and slips at the screw,
the rotational speed of the material will be less than that of the screw and
as a result the material is forced along the extruder by the leading edge
of the flight.

Generally, single screw extruders can be considered as operating with
the following distinct regions as one travels along the length of the screw
starting from the hopper.

1. The feed section or the solids transport zone: this section lies just beneath
the hopper.

2. The compression and melting zone: the solid polymer chips undergo
compression in this zone because of reduced volume of the screw
flights. The chips start melting at the point where the first liquid film
forms at the barrel wall, which is heated, and melting can extend
along a considerable length to the point where all the polymer in the
cross-section of the channel is in molten form.

3. The metering zone: in this zone the pressure builds up and the melt is
transported and homogenized. Three flow components can be distin-
guished in this zone:

(a) forward or drag flow, which is the unrestricted flow caused by
contact effects between the material and the barrel and screw
surfaces;

(b) a pressure flow due to the pressure that is built up at the exit of
the extruder due to the constriction or die. The direction of this
flow is opposite to that of the drag flow so that overall output is
reduced;

(c) a leakage flow through the gap between the barrel and the flight
of the screw. This reverse flow is normally very small and may be
neglected.

In a typical extruder, the volumetric flow rate is predominantly
governed by the drag flow and the contributions of back flow and
leakage flow are very small.
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4. The mixing zone: the feedstock at this stage may not be entirely
homogeneous and the close-clearance mixing section (Fig. 4.3) is
incorporated to promote intensive mixing.

4.2.3 THE SPINNING MANIFOLD

The design and heating conditions of the spinning manifold have a
significant effect on the filament quality and therefore need careful
consideration. In a typical spinning unit, the polymer fluid may be
conveyed from the last polycondensation vessel in the case of direct
spinning, or from the extruder in the case of batch processing, to the
spinning head via double-jacketed tubes. These tubes are generally
heated by circulation of Dowtherm™. The polymer fluid is delivered to
a number of spinnerets, each equipped with a spinning pump. There are
two important requirements: first, all melt paths before reaching the
spinneret orifice must be of exactly the same length to ensure equality
of pressure, which in turn ensures that the same quantity of material
reaches each orifice; and second, the melt streams and the spinneret
must have identical temperature profiles. To ensure melt homogeneity
and a uniform temperature profile, static mixers are installed in front of
the metering pumps.

4.2.4 THE SPIN PACK AND THE SPINNERET

The polymer melt is transported under pressure to spinning heads
where an exact metering pump, e.g. a gear pump, maintains a highly
even issue of the melt. As shown in Fig. 4.5, the spinning head [5] has
a polymer inlet through which the molten polymer enters into the
pump block and a metered quantity of the melt is then led through it
into the spin pack (not labelled in Fig. 4.5). The gear pump consists of
three surface-ground steel plates [6]: a base, a central and a cover plate,
which are firmly screwed to one another. The central plate has two
gear wheels (not shown in the figure), the shafts of which lie in the
base and cover plate. Pumps are made of high grade steel containing
molybdenum and vanadium. Conveyance of the melt is effected as
follows: the engaged teeth of both gear wheels open opposing
gaps when they turn. These are filled with melt arriving from the
feed channel which is seized by both gear wheels. When the two
wheels mesh, the melt is again pressed out of the gaps in the gear
wheel by opposite teeth and reaches the spinneret via the built-in
filtering device. Sginning of fine filaments normally requires spinning
pumps of 1-4cm’ capacity per revolution and 10-35revmin'. The
spinning of coarse filaments or staple fibre requires pumps with a
considerably greater capacity of about 20cm® per revolution and more.
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Fig. 4.5 A spinning head {(adapted from reference [5]).

The metering pumps must be capable of feeding against high back
pressures of 20-200 bars without change of feed rate and with a preci-
sion of +3%.

For filtration, graded fine sand or alumina held in place by metal
screens or sintered metal disks is employed [7]. The sieves and the filter
sand are in a device which supports the filtration system; this also
accommodates the spinneret plate and the bracket plate. Filtration
removes large solid or gel particles. Smaller particles, such as
delustrants, are not retained by the filter. The filters also influence the
rtheological behaviour by providing shearing action. The spinnerets are
made of stainless steel 3-30 mm thick and contain holes of diameter 100-
500 um. Many different arrangements of holes are available such as
concentric circles, parallel rows and scatter patterns. The holes are
relatively wide and cylindrical at the inlet end and eventually narrow
conically to their ultimate diameter which is maintained for a length of
only one to five diameters. The number of holes varies from two te four
for monofilaments to up to 60000 for heads contributing to a staple tow.

\F'ump

drive
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The combined filter and spinneret assembly, or pack, is removable and is
exchanged at intervals to avoid development of unduly high pack
pressures or hole blockages.

The heated pack body sometimes extends a few centimetres below
and around the edge of the spinneret to form a shroud that provides a
heated zone around the initially extruded yarn. A blanket of hot gas
around the threadline allows a spun yarn of low orientation but high
orientation potential to be produced, which can be converted to high
tenacity yarn.

4.2.5 THE COOLING SYSTEM

Between 1937 and 1940 the first melt-spun fibre, nylon 66, was
extruded through spinneret holes at 285°C and cooled by natural
convection down to 40-80°C before reaching the first contact points
(finish application rolls, godets, etc.). For the cooling, a distance of
5-6m at take-up speeds of 600-800mmin~' was necessary, corre-
sponding to a cooling time of approximately 0.7s. The boundary
layer of air formed by air friction on the filament caused poor heat
convection and a certain instability in the thread path. A 1939
Du Pont patent claimed that the boundary layer could be made as
small as possible by providing a cross-flow of air, thus reducing the
thread cooling path to 1.5m, corresponding to a cooling time of about
0.5s. Many important developments in later years have reduced the
cooling time to 0.05s for fine yarns. The following types of quenching
systems [5] are in use (for schematic representation, see Figs 4.6(a), (b)
and (c)):

1. cross-flow quench;
2. in-flow quench;
3. out-flow quench.

Cross-flow quench is a universally used method for fine and large
deniers and for round and rectangular spin packs. With in-flow quench,
air from outside streams radially and symmetrically through the
filaments which must be arranged in a ring shape. Together with the
filaments, the air then streams downwards. Out-flow quench is used
for filament yarns of high deniers and for spinning of staple fibres. In
this system, much air can be blown uniformly through a bundle of
many, densely arranged filaments. For this type of quench, larger
spinneret diameters and distances between the spinnerets are necessary
than for the first two methods. Each quench system comprises turbulent
air streams but the degree of turbulence is kept to a minimum for
production of uniform filament yarns. One disadvantage inherent in
cross-flow quench is the fact that not all filaments of the yarn bundle
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are uniformly provided with air. Quench types with radial air stream are
advantageous in this respect. In the in-flow quench system, air streams
through a porous tube radially to the centre on to filaments which are
arranged in a ring shape. A quench length of about 60 cm is sufficient in
this case.

The threadline is sometimes protected from strong draughts by enclos-
ing it in a protective chimney below the quench chamber. In the case of
polyamides, some processes include a steam-filled conditioning tube to
improve the dimensional stability of the filaments, so that they do not
slough off the bobbin during storage due to moisture absorption and
further crystallization.
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4.2.6 SPIN FINISH APPLICATION

The next step is spin finish application. Conventionally, lubricating
systems are mounted at the bottom of the quench duct but there are
several advantages in moving the application point at a variable height
inside the quench duct, particularly when the speeds of spinning are
high. This aspect of fibre production is covered in detail in Chapter 7.

4.2.7 THE WIND-UP DEVICE

The take-up device lies horizontally below the appropriate spinneret. To
attain uniform speed, the tube roll is friction-driven by a roller; this ensures
that the requirement of constant take-up speed is complied with when the
diameter of the wrap increases. Generally the yarn passes through two
godets before reaching the package winder. In order to lay the filament
satisfactorily around the package, it is grasped by the forked thread guide
and moved equally to the left and the right by a traverse guide. In high
speed spinning, godets are generally dispensed with and a grooved roller
is used in conjunction with tube rolls. An alternative driving mechanism is
based on the spindle drive in which the speed of rotation of the spindle is
controlled by a signal from an on-line tension pick-up device.

4.3 MELT-SPINNING VARIABLES AND CONDITIONS
FOR CONTINUOUS SPINNING

4.3.1 MELT-SPINNING VARIABLES

There are many state variables involved in melt-spinning which deter-
mine the course of fibre formation and the resulting fibre dimensions
and properties. Ziabicki [8] has divided these variables into three
groups:

1. Independent or primary variables, which uniquely determine the
course of the spinning process and the resulting fibre structure and
properties.

2. Secondary variables, which are related to primary variables through
simple geometrical relationships and are useful in defining spinning
conditions.

3. Resulting variables, which are determined by the independent vari-
ables through the fundamental laws of spinning kinetics.

These groups can be subdivided as follows.

1. Independent (primary) variables
(@) Polymer material;
(b) Extrusion temperature (T);
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(c) Spinneret channel dimensions (dy, diameter; Iy, length);
(d) Number of filaments in the spinning line {n);
(e) Mass output rate (W);
(f) Spinning path length (L);
(g) Take-up velocity (V;);
(h} Cooling conditions (cooling medium, its temperature and flow
rate).
2. Secondary variables
(a) Average extrusion velocity,

W
0 ﬂp{]ﬁdé '

where g is the density of the melt.
(b) Equivalent diameter of a single filament at x = L,

nrp V|

d; =2[

(c} Denier of the filament = 9000[W(g min™')/V;(mmin™')].
(d) Deformation ratio or melt-draw ratio, § = V; /V, = d3/d?%.

3. Resulting variables
(a) Tensile force at take-up device, Fo;
(b) Tensile stress at take-up device, o = 4F.,/ nad?;
(c} Temperature of filament at x = L, T;
(d) Filament structure {orientation, crystallinity, morphology).

Walczak considers the above division into primary, secondary and
resulting variables to be artificial and superflucus [9]. He divides the
variables into two types: independent and dependent. According to
Walczak those variables which may be changed directly within a techno-
logically reasonable and possible range, e.g. molecular weight, extrusion
temperature, length of quench zone, draw ratio, etc., are independent
variables. Such properties, conditions or states which do have an
influence on the course or result of the process of fibre formation but
cannot be regulated independently are taken as dependent variables. A
change of every independent variable causes change in at least one
dependent variable. The dependent variables, on the other hand, are
usually affected by changes of more than one of the independent
variables.

4.32 CONDITIONS FOR SPINNING WITHOUT A BREAK

Ziabicki has considered the mechanical aspects of fibre spinning [10] and
postulated that two general conditions should be fulfilled if spinning
without a break is to be accomplished:
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1. Continuity of flow:
AVp = constant = W,

where A is the cross-sectional area of the spinning line at any inter-
mediate point, V the linear stream (fibre) velocity and p the density.
W is the mass output rate (mass extruded in unit time through the
spinneret orifice and therefore equal to Qp).

2. The tensile stress on the melt stream must never exceed the tensile
strength of the filament.

4.4 SPECIAL FEATURES OF HIGH SPEED SPINNING

4.4.1 THE PROCESS AND THE PRODUCT

A typical high speed spinning plant was shown in Fig. 4.2. The higher
the output and the higher the spinning speed, the greater are the
demands on the quality of the melts fed to the spinneret. This increased
quality requirement applies not only to the polymer feed with respect to
viscosity, homogeneity, freedom from dust, etc., but also to the proces-
sing conditions, involving proper drying and optimum melting condi-
tions in the extruder. The propulsion and distribution of the melt to the
individual spinning positions, including mixing and filtering, require
more attention. To deliver a perfectly homogeneous polymer melt,
static mixers for distributive mixing are installed between the extruder
and the metering pumps [11]. The mixing elements consist of a lattice
made up of cross-wise interlocking webs which are at an oblique angle
to the pipe axis and are incorporated in the pipework of the spinning
system. Another area that needs special attention is the quenching of
the filaments. When spinning at super high speeds, as the quench air
flow rate is increased, the number of broken filaments passes through a
minimum (optimum) value [5]; this phenomenon is not usually observed
at conventional spinning speeds. Greater shear forces generated by the
special spinneret will provide a surface temperature high enough to
compensate for the extensive quenching of the threadline that is needed
to obtain adequate cooling at these super high speeds. The heat from
crystallization will also add to this. Control of thread tension in the
wind-up zone becomes more difficult with increasing spinning speed.
In contrast to conventional spinning, wind-up in high speed spinning is
often carried out without godets, as shown earlier in Fig. 4.2(a). The
absence of godets reduces capital costs and makes thread string-up
simpler. However, the advantage of godets in that they allow the adjust-
ment of wind-up thread tension by the speed difference between godets
and wind ups, regardless of the thread tension exerted by drawing from
the spinneret, is lost. When spinning without godets, the wind-up
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mechanism itself assumes the role of drawing-off from the spinneret.
The thread tension is consequently the wind-up thread tension.

In addition to controlling thread tension as discussed above, the
following requirements are also imposed on high speed winding
devices: stability in operation, the possibility of winding two or more
packages on a single working position, preparation of packages of
weight not less than 10kg, a low noise level, and simple to use, repair
and maintain. With the increase in the weight of the packages, mechan-
ized or automated package removal devices (so-called ‘auto-doffers’)
have also been developed.

In the conventional process of melt-spinning, which was in use for a
very long time, spinning was done at 600-1500 m min~". The spun yarn
was then drawn at 400~1000 m min ™' to draw ratios of between 3 and 4.5.

The production of fibres at speeds higher than conventional speeds
will now be considered in more detail.

4.4.2 SPINNING AT MODERATELY HIGH SPEEDS

When filaments are produced at speeds of up to 1800mmin~" they are
known as low oriented yarn (LOY). Speeds between 1800 and
2800mmin~" lead to the formation of medium oriented yarn (MOY).
Polyester yarns spun in these speed ranges have limited storage and
transport capabilities.

Filaments spun at 2800-4000 m min~' give rise to partially oriented
yarn (POY). For polyester (PET), POY for draw-texturing is produced at
speeds of 2800-3500mmin~'. This ensures cost-effective operation in
the spinning line as well as high quality subsequent processing in the
texturing plant. The packages can be transported with ease and can be
stored for months. For polyamide POY, speeds of 2500-4500 m min ™"
have been used [13] but speeds of 4200-5000mmin~' have become
customary so that spinning can be more cost-effective for the fine
deniers. For subsequent processing of the POY packages to flat yarn by
draw-twisting or recently also by draw-warping, these packages are
used with great success because of their transport and storage stability
and their excellent take-off performance at high speeds. Two reasons
have been given [12] for the relatively lower speeds used for polyester
(PET) POY production compared with those used for polyamide POY.
First, polyester is more highly sensitive to mechanical strain than poly-
amides; for example, in ring spinning, polyester gives a far greater
amount of fibre rubbing (snow) than in polyamides, so problems are
found to arise at a much earlier stage. Second, the throughput vs.
spinning speed curve (Fig. 4.7) shows [13] that polyester performance
curve flattens remarkably so that speeds have to be increased to over
4000mmin~' in order to achieve a rise in throughput as speeds are
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Fig. 4.7 Throughput vs. spinning speed [13].

raised. By contrast, polyamide throughput rises almost linearly as speed
increases. Polypropylene POY is produced at speeds of 4000 m min™*
and then draw-textured for making knitted goods. The normal poly-
propylene grades have a polydispersity (M,,/M,} of 7; for POY produc-
tion a narrow molecular weight distribution with polydispersity of 3
is recommended. One benefit is that the strength of the filament is
greater than 3.5gden™" in the narrow distribution case compared with
2-2.5gden™" for the wide distribution sample.

443 SPINNING AT VERY HIGH SPEEDS

From the industrial point of view, a one-step process based on high
speed spinning is very attractive to fibre producers. High speed winders
up to 6000mmin~! were developed in 1978 and high speed spinning
machinery became available in 1981.

Yarn made at speeds of 4000-6000mmin~" is called highly oriented
yarn (HOY). Tt is not fully oriented and has elongation-to-break values
of between 40 and 60%. In order to obtain fully oriented yarn (FOY) by a
one-step process, with elongation-to-break values of 20-30%, spinning
speeds of well over 6000mmin~"' would be needed. This is presently
not viable either economically or technologically. However, research in
this area continues and it has been reported that in the case of PET the
use of a heated sleeve near the spinneret face and a liquid isothermal
bath around 100cm below the spinneret allows a filament to be pro-
duced in one step having structure and properties identical to those of
a two-step process [14]. Alternatively, the spin-draw method described
in Section 4.7 is already established.

There are currently two possibilities for making use of one-step pro-
cess yarns, that is either to use them as they are or to modify these yarns
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so that they have properties closer to those of a fully drawn yarn made
by the conventional two-step process. Both these possibilities have been
tried.

4.4.4 THE CURRENT STATUS OF HIGH SPEED SPINNING

In the usual melt-spinning technology, the increase in wind-up speed
from 1000~1500 m min~" to 4000 m min~! has now become accepted and
wind-up speeds up to 4000 m min™" are widely used. High speed spin—
draw and highly oriented yarn (HOY) technologies at speeds of around
6000mmin~! are now being used to some extent. Speeds above
6000 mmin~" have only been used to a very slight extent and the yarns
produced are seen to have properties different from the yarns produced
using existing, more common techniques. Research and development
work is going on to develop new application fields for these yarns.

4.5 THE ROLE OF SOME CRITICAL PARAMETERS AND
THEIR VARIATION ALONG THE SPINLINE

The fibre manufacturer controls the basic spatial arrangement of
molecules in the spun fibres, and thus the properties of the fibre, through
the various state variables listed earlier. While the role of the various
spinning parameters in controlling the structure and properties of the
spun fibre is considered in some detail in the next chapter, two basic
features, namely the various components of tensile force and the varia-
tion of some critical state variables along the spinline, will be briefly
considered in this section.

4.5.1 THE TENSILE FORCE

The extensional force produced by the winding drum of the take-up
device (F) and the force due to gravity (Fg,,) are balanced by the
rheological frictional force which arises because of the friction between
molecules (Fij,,), the aerodynamic force (F,e,) which is due to the drag
exerted by the ambient gaseous medium on the moving stream, the
inertial force (Fi,ert) and the surface tension force (Fg,). Thus, we may
write [8]:

Fext + Pgrav = Frheo + Paero + Finert + Fsurf-

The data of Ziabicki [8] on nylon 6 spun at a winding velocity of
656 mmin~' showed that it is reasonable to assume that the force is
constant along the spinline.

The assumption of constant force along the spinline is not valid at
higher spinning speeds, as is clear from Ziabicki's calculations of the
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Fig. 4.8 Individual contributions to take-up force for PET fibres.

individual tension contributions to the total take-up tension from the
analysis of spinning dynamics [15]; the results are shown in Fig. 4.8.
For low velocities (up to 1000-2000 m min~"), spinning dynamics is con-
siderably affected by the rheological force, i.e. the rheological resistance
of the extruded polymer melt to applied stress. For high velocities, the
dominant role is played by the air drag force. The air resistance can be
lowered by forming the filaments into a bundle as near to the spinneret
as possible or by providing a flow of compressed air in the spinning
direction. It has also been suggested that the thread can be formed into
bundles by an electrostatic field.

4.5.2 THE NATURE OF VARIATION OF SOME PARAMETERS
ALONG THE SPINLINE

Some state variables for two melt-spinning threadlines of PET produced
at wind-up speeds of 1218 mmin~! [16] and 6000 mmin~" [17], respec-
tively, are shown in Figs 4.9(a) and (b). As expected, the 6000 m min "
threadline develops much higher birefringence compared with the
1218mmin~" threadline, apparently due to the much higher stress at
the higher speed. It is also interesting to note that in both cases the velo-
city gradient along the spinline first increases to a maximum and then
decreases; the peak appears at a distance of 30—40 cm from the spinneret
exit for the low speed spun PET yarn and 110-120 cm from the spinneret
exit for the high speed yarn. However, such a simple comparison of the
data in terms of the effect of only one state variable, namely take-up
speed, can be misleading for the following reasons: first, as indicated,
the throughput rates in the two cases are different; second, while at the
low spinning speed the material remains amorphous, at the higher
spinning speed it crystallizes; and third, the other state variables in the
two cases such as quench air temperature and flow rate may not be
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identical. The effects of the first two factors will now be considered. The
effects of various other state variables are considered in Chapter 5.

(a) The effects of variable throughput rate {18}

To gain a clear understanding of the effects of variable throughput rate,
we need to be aware of the way in which variable winding speed affects
key state variables at constant throughput rate. Figures 4.10(a) and (b)
show the effect of variable winding speed at constant throughput rate
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Fig. 4.10 Calculated average temperature profiles {a) and velocity gradient distribu-
tions {b) for different winding speeds at a constant throughput rate of 2.70g min~"
per hole [18].

on temperature and velocity gradient (dV/dx) along the spinline. Now
keeping the winding rate constant, Figs 4.11(a) and (b) show the effect
of variable throughput rate on temperature and velocity gradient along
the spinline. In both cases, under the conditions used, PET cannot
crystallize during spinning so the effect of crystallization need not be
taken into account. It should also be noted that the results presented on
temperature and velocity gradient distribution are based on simulation
using the energy balance equation and the constitutive equation,
respectively.

It can be seen that, at constant throughput rate, the effects of take-up
velocity on the temperature profile (Fig. 4.10(a)) and the velocity gradi-
ent distribution (Fig. 4.10(b)} are small. Thus the solidification point
is mainly dependent on the extrusion rate. However, the variation of
throughput rate at constant take-up velocity results in significant
changes in the temperature profile and also in the velocity gradient
distribution (Fig. 4.11). Assuming that the solidification point is Ty
(70°C), the position of the solidification point is seen to change from
60 cm to 145 ¢cm from the spinneret with increasing extrusion rate [181.
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1000 mmin~" [18].

(b} The consequences of crystallization

The crystallization of the threadline during spinning occurs in the case of
PET at wind-up speeds of 5000 m min~' and above. The velocity profiles
for melt-spun PET for a range of take-up speeds (30006000 m min ") at
constant throughput rate are shown in Fig. 4.12 [19]. The data on
deformation rate or velocity gradient distribution in PET spinlines for
wind-up speeds of 4000-10000 m min ', taken from another source [20],
are shown in Fig. 4.13. The data in the two figures are for different
throughput rates but some wind-up speeds are commeon.

The velocity and velocity gradient profiles for amorphous spinlines are
seen to be significantly different compared with those for crystallizing
spinlines. In the amorphous spinline, there is a gradual build-up of
velocity which gives rise to a broad velocity gradient distribution. In this
particular case, since the throughput rate is high, the velocity gradient
peak at a wind-up speed of 4000mmin~" is far removed from the
spinneret exit. At higher speeds the induced crystallinity results in an
abrupt rise of velocity, suggesting an almost instantanecus change from
a viscous melt to a semicrystalline solid; this is consistent with the
observed necking of the spinline. It is also noteworthy that with an
increase in spinning speed, the maximum of the velocity gradient moves
closer to the spinneret. This is apparently because at higher speeds stress-
induced crystallization can occur and shift the peaks to higher tempera-
tures, thus moving the dV/dx peak closer to the spinneret exit.

It may be noted that conditions such as higher temperature of
extrusion and higher throughput rate slow the process of cooling. This
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Fig. 4.12 Measured velocity profiles for melt-spun PET yarns at a range of take-up
speeds at a constant throughput of 36gmin~' per hole (denier per filament, dpf,
indicated) [19].

reduces the peak value of the velocity gradient, as well as shifting the
location further away from the spinneret exit. This is not surprising
because now the deformation can take place over a large distance, since
the location of the freeze line is also farther from the spinneret exit.

In the above discussion, considerable importance has been attached
to velocity gradient profile or the rate of filament thinning which is

105
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Fig. 4.13 The variation of deformation rate along the spinline for a range of take-up
speeds as indicated at a constant throughput of B2 g min~' per hole [20].
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determined by the deformation of filaments under stress. This is because
this state variable, together with temperature, which depends mainly on
convective heat transfer by the air used for quenching, have been identi-
fied as the two state variables that predominantly affect changes in fibre
properties during spinning [21]. The temperature profile and the velocity
gradient profile are both related to the location of the freeze line. Ziabicki
has shown [22] that the condition for the point of inflexion in velocity
gradient is an increase in elongational viscosity along the axis, no matter
how it depends on the velocity gradient. The data given in Fig. 4.9(a)
show that the exponential rise in apparent shear velocity coincides with
the point of inflexion. Since the shear viscosity (7) has been estimated
from the elongational viscosity (A) assuming that A =3, Ziabicki’'s
basic postulate is confirmed. To that extent the point of inflexion relates
to a structural transition involving initiation of ‘solidification’.

4.5.3 THE COUPLING OF STATE VARIABLES

In considering the roles of different state variables, the interaction
between them should also be taken into account. In particular, it must
be noted that for a given denier product, the spinning parameters are
coupled. As an illustration, two primary state variables, namely through-
put rate and take-up velocity, may be considered. For a constant
throughput rate, increase in take-up velocity increases orientation due
to enhanced spin draw in the spinline. For a constant take-up velocity,
however, orientation reduces as the throughput rate is increased. This is
because the filament denier increases rapidly with the throughput rate
even though the spinline tension actually decreases marginally. The net
effect, therefore, is a reduction in spinline stress as throughput rate is
increased. Thus to produce products over a range of denier and tenacity,
the throughput rate and take-up speed have to be jointly manipulated.

4.5.4 MINIMIZATION OF PRODUCT VARIABILITY

To ensure product uniformity the state variables must be controlled
within very narrow limits. Even a variation of 1% in extrusion tempera-
ture, for example, can result in a 10% variation in spinline stress, which
in turn can give rise to a significant increase in the coefficient of variation
of filament denier. Thus accurate temperature control and monitoring of
spinline pack temperature are critical.

A number of factors contribute to filament non-uniformity. Take-up
tension variation due to slight fluctuation in temperature has already
been mentioned as a possible cause. Some of the other factors are:
heterogeneity of the spinning melt; instability of flow within the spin-
neret channel, non-uniform channel dimension in the spinneret; time
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variation of technical process variables like temperature and throughput
rate, flow rate of cooling medium in the quench chamber, etc. To ensure
steady-state spinning so that filaments of the required uniformity are
produced, it is essential to exercise strict control on the polymer, melt
homogeneity and the various state variables and other factors mentioned
above, so that variation in filament dimensions is kept to a minimum.

4.6 STRUCTURE FORMATION DURING SPINNING
4.6.1 STRUCTURE DEVELOPMENT AT LOW SPEEDS

(a) Molecular orientation

Molecular orientation arises from parallelization of the molecular chains
along the fibre axis in both the crystalline and non-crystalline regions of
the fibre. In polymers exhibiting very low crystallization rates, e.g. PET,
the orientation produced by spinning at low speeds involves amorphous
regions alone. On the other hand, rapidly crystallizing polyolefins and
polyamides show some orientation of crystallites accompanying that
of amorphous regions. In ordinary low molecular weight molecules,
thermal agitation is normally fast enough to counteract completely the
tendency of the flow to deform and orient the molecules. In macro-
molecules, the relaxation time is several orders of magnitude larger and
grows rapidly with molecular weight, entanglements and the need for
co-operative motion. The chain conformations can thus rearrange with
the possibility of development of significant orientation.

The development of molecular orientation during spinning may be
considered in two stages: first, in the spinneret channel, and then
during the elongation of the fluid filament. When the fluid is forced
through the channel, the macromolecules are aligned in the direction of
flow. As the filaments emerge from the spinneret exit, they are pulled
rapidly towards the winding mechanism and the tensile force results in
molecular alignment. Molecular alignment in the spinneret channel con-
tributes very little to orientation because the aligned molecules become
disoriented on coming out of the channel. The orientation due to elonga-
tion of the filament contributes the main part of the spin orientation. This
is evident from Fig. 4.14 [23], where the birefringence of the spinning
line of PET is plotted against distance from the spinneret. This suggests
that the spinning orientation results from extensional flow and the
factors which are important in the spinning line are the parallel velocity
gradient, the relaxation time distribution of the fluid and the elapsed
time. The spin orientation increases with heat transfer coefficient of the
filament (the higher the rate of heat removal from the filament, the more
effective the freezing of orientation on filament quenching), take-up



Structure formation during spinning 91

ey 60F o -o— Q
=]
S Lof
g
£ 20+
§ b
=
0 1 {
0 50 100 150

Distance from Spinneret cm

Fig. 4.14 Birefringence of melt-spun PET fibres vs. distance from the spinneret for
two take-up velocities: (a) 1000mmin~", (b) 400mmin~" [22].

velocity, extrudate viscosity (the higher the viscosity, the greater the
relaxation time and therefore the higher the retained orientation) and
reciprocal outflow intensity or 1/W (low mass output means more
efficient quenching). The effect of spin draw ratio is of secondary impor-
tance (when filament thickness and take-up velocity remain unchanged),
which distinguishes this process from cold drawing where draw ratio is
the most important factor.

(b) Crystallinity and morphology

Formation of crystallites, like molecular orientation, plays a very impor-
tant role in melt-spinning. Non-isothermal and oriented crystallization
of the filament is very sensitive to spinning conditions. Since spinning
is done above the melting point and the fibre cools along the spinline,
somewhere along the spinline crystallization commences. However,
where this happens differs from polymer to polymer. Crystallization is
almost zero for rapidly solidified, slowly crystallizing polymers like
melt-spun polyethylene terephthalate, intermediate for rapidly solidified
but fast crystallizing polymers like melt-spun polyamides, and high for
very fast crystallizing polymers like polypropylene and polyethylene.

It is well known that polymers crystallize faster under strain. The resi-
dence time of the polymer from spinneret to take-up rollers is 0.10-10s.
For unoriented PET the maximum crystallization rate is 0.025 s~ while
for oriented PET it is 10°~10°s™".

Crystallinity, unlike orientation, is found to decrease with an increase
in heat transfer coefficient and increases with an increase in filament
(spin-line) radius. This is because slow cooling gives more time for mole-
cules to form crystallites. Increasing cooling rate decreases crystallization
rate for the same reason.
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Information on the effect of spinning conditions on the crystallinity of
as-spun fibres is rather scanty. Often the crystallinity of as-spun fibres is
characterized in terms of density. It should be noted that macroscopic
density fails as a quantitative measure of crystallinity when many
structural modifications with different densities are involved, or when
micro- or macro-voids are present.

It has been shown [24] that when a polymer crystallizes under axial
deformation, the nuclei are formed along the stress direction and grow
in the form of platelets perpendicular to this direction; this is known as
row nucleation and is believed to occur in both melts and solutions.
During spinning, a large number of molecules become extended and
form a bundle. Such a string forms a nucleus from which molecules
crystallize radially. Platelets, consisting of lamellae of folded crystals
longitudinally tied by the string-like row nucleus, form perpendicular
to it. This morphological entity is believed to be formed during the
spinning of crystallizable fibres. Fibrillar structures have been observed
in melt-spun PET. Spherulites appear only sporadically in some melt-
spun fibres, in particular when thick filaments are spun at low speeds.

4.6.2 STRUCTURE DEVELOPMENT AT HIGH SPEEDS

(a) PET filaments

It has been pointed out [25] that the tensile stress reaches a level of
10" dyncm ™2 at the take-up point. This level of stress is in the range of
yield stress required for hot drawing of PET fibres (the stress level
required for cold drawing is around 5 x 10° dyncm™2). These observa-
tions led Shimizu, Okui and Kikutani [26] to propose a scheme for the
development of fibre structure along the spinline (Fig. 4.15), according to
which the fibre diameter decreases from the molten state in which the
molecules have random orientation. With a further decrease in fibre
diameter, an oriented mesophase is formed. At a certain point along the
spinline, neck-like deformation appears. After the neck-like deformation
has been completed, the diameter does not change and a high degree of
crystallinity and a high molecular orientation are achieved.

Thus at take-up speed of 30004000 m min ', the as-spun filaments of
PET (called POY), show a relatively high molecular orientation but
almost no crystallinity, the maximum velocity gradient along the spin-
line being 120s™". Above 5000 m min~’, the velocity gradient is 1000s ™"
and high orientation and high crystallinity are obtained. At such a high
take-up speed, the time required for passage through a 10cm length in
the spinline is only about 1ms and the temperature at the position of
abrupt thinning is 100~150 °C. Therefore, compared with the conven-
tional two-stage PET yarn, the crystals in high speed spun filaments are
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Fig. 4.15 The development of fibre structure in the spinline at high spinning speeds
[25].

larger and more perfect. Also crystallinity and crystal orientation are
high but amorphous orientation is low.

(b) Nylon 6 yarns

In the case of nylon 6 polymer, high speed spinning leads to yarns con-
taining mixtures of two-crystal modifications: a and 7.

The studies reported by Heuvel and Huisman [27] were made on
nylon 6 yarns spun from chips at 290°C with spinneret hole diameter
250um and winding speeds of 700-5500mmin~'. X-ray studies were
made on both dry (unconditioned) and conditioned (at 20°C, 60%
relative humidity, RH) yarns. In the dry, unconditioned sample, the
crystallization process did not reach completion durmg spinning when
the yarns were spun at speeds lower than 3000 mmin~'. At higher wind-
ing speeds, crystallization reaches completion. In this respect, nylon 6
shows a clear analogy with the behaviour of PET yarns. With respect to
the conditioned yarn, it should be emphasized that a large difference
between nylon 6 and PET is that conditioned nylon 6 is above its T,
under normal conditions in the winding room. This permits a contmua—
tion of the crystallization process under winding room conditions. It
follows that the structure present in conditioned yarns spun at lower
speed is mainly due to crystallization after moisture pick-up, while the
crystals in the yarns wound at speeds higher than 3000 mmin~' are
already generated during the spinning process. Also orientation-induced
crystallization promotes the v phase. These seem to form from orienta-
tion-induced nuclei.
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When the as-spun yarn is subjected to further drawing or to heat-
setting, the ~y crystal phase changes into the more stable o form.

4.7 INTEGRATED SPIN-DRAW PROCESS

Though patents for high speed spinning were registered by Du Pont in
the USA as early as 1952 (for example, see reference [28]), its commercial
exploitation had to await the availability of high speed winders at an
economic price; this happened in the early 1970s. Around 1960 a new
process was introduced into commercial production, in which spinning
and drawing were combined into a coupled spin-drawing (SD) process.
A British patent was filed in 1958 and a US patent in 1961. This process
has assumed significance in tyre cord production but its development on
a commercial scale was also linked to the availability of high speed
winders. Draw winders, which are based on side winding and introduce
no twist (as opposed to draw-twisters, which introduce a small amount
of twist into the yarn at wind-up by end-winding using a ring and
traveller system), can operate commercially at up to about 6000 m min ™"
and are therefore much more productive. To make the yarn coherent in
subsequent processes, it is usually necessary to introduce some substi-
tute for twist; the most generally used methods depend upon physical
intermingling of the individual filaments by passing them through an air
or stream jet intermingler just before they are wound up. A typical spin—-
draw attachment for production of nylon 66 tyre yarn is shown in
Fig. 4.16. Here the spinning speed is low and the yarn is drawn in two
stages in a coupled SD process; the final winding speed is high. The
entanglement jet shown in the figure intermingles the filament, giving
them cohesion.

An interesting use of SD technique is the production of bulked contin-
uous filament (BCF) yarn. After spinning and drawing in a single
process, the fully drawn filament yarn is conveyed to a stuffer box
by hot air or steam, where filaments buckle under the influence of the
heat.

The equipment and energy costs for the three principal processes
are compared in Table 4.1 [28]. The numbers shown in this table are
examples of the calculated costs for spin-draw and one-step processes,
assuming the cost of the conventional two-step process to be 100.
Here the one-step process is assumed to be an ideal simple spinning
process without any additional heating or annealing equipment;
consequently it appears in the table as the most economical industrial
process.

In the conventional two-step process, the draw-twisted yarn may be
highly stressed during twisting and there may exist large variations in
winding tension and orientation differences associated with the traverse.
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The price of draw-twisted yarn is high and the packages are relatively
small, while the longitudinal shrinkage may exhibit variations.

Conventional methods of spinning and draw-twisting are now being
replaced by more modern improved technology. While the use of POY is
established for textured yarn production, the spin-draw process has
gained wide acceptance for tyre yarn production. The strength and
elongation-at-break values obtained with this process are normally
adequate for most end uses. The problem of residual shrinkage is gener-
ally under control and the SD yarn has greater dimensional stability due
to less heat shrinkage. The final yarn speed in most cases is in the range

30004000 m min .

Table 4.1 Comparison of production cost in the three spinning

processes [28]

Method Cost (arbitrary units)
Equipment Energy
Conventional 100 100
Spin—draw 86 75
(ne-step high speed spinning 50 45
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4.8 OTHER TECHNIQUES TO PRODUCE FIBROUS STRUCTURES

Besides the melt-spinning techniques described here, several other tech-
niques have been utilized [29] to produce fibrous structures. These
include solid state extrusion (cold extrusion or hydrostatic extrusion of
a polymer billet by application of high pressure), ultra-drawing (melt-
spinning of relatively low molecular weight polymer with a specified
distribution and then stretching it to very high draw ratios at slow
speeds), crystallization from stirred solution (polymer solution is stirred
with a counter-rotating device to give a shish kebab type fibrous struc-
ture) and high pressure crystallization (e.g. in the capillary of a melt
rheometer). Scaling-up of some of these processes on a large scale is
being attempted and their potential to provide high speed technology
tested.
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Computer simulation
of melt-spinning

V.M. Nadkarni

NOTATIONS

A cross-sectional area, m?

A final cross-sectional area, m?
Ap initial cross-sectional area, m?

C  stress optical coefficient, Pa!

C, specific heat, Jkg™' °C™!

F  spinline tension, N

F, initial guess for F, N

h  heat transfer coefficient, Js~ ! m~Z°C™!
IV melt intrinsic viscosity, dlg™!

L. freeze line location, m

0, volumetric quench air flow rate, m h!
T  temperature, °C

T, quench air temperature, °C

Te extrusion temperature, °C

T; glass transition temperature, °C

Ty spinneret exit temperature, °C

V  velocity, ms™

Va quench air velocity, ms™
W melt flow rate, kgs™'

x  distance from spinneret, m
An birefringence

ny  shear viscosity of PET, Pa s

1
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p  melt density, kgm™
o spinline stress, Pa
o stress at the freeze line, Pa

5.1 INTRODUCTION

The production of poly(ethylene terephthalate) (PET), nylon and poly-
propylene (PP) fibres or filaments involves melt-spinning of the
molten polymer followed by solid state drawing and annealing. The
final fibre properties such as tensile strength, elongation, shrinkage and
dyeability are determined by structural parameters such as orientation
and crystallinity. The fibre morphology is the result of the combined
influence of the spinning, drawing and annealing steps. Although the
desired orientation and crystallinity are achieved primarily through
the control of process parameters in the drawing and annealing steps,
the fibre line processability in terms of drawability and level of
broken and fused filaments is determined by the orientation and
uniformity of the as-spun fibres. Also the final product quality para-
meters such as the coefficient of variation of fibre denier and tenacity,
level of over-length fibres, etc. are influenced mainly by the spinning
process variables. This is because the basic spatial arrangement of the
polymer molecules with respect to the fibre axis is determined in the
melt-spinning step.

The orientation developed in the spinning threadline is the result of
tensile deformation under stress in the flowing melt. The net orientation
in the flowing melt is determined by the relative rates of extensional flow
and the disorienting thermal relaxation phenomena. These rates are
governed by the velocity and temperature variation along the threadline.
Figure 5.1 is a schematic representation of the melt-spinning process.
Molten polymer is extruded through a spinneret into a quench air
stream blowing across the spinline. The spinline, so formed, cools and
finally solidifies at a distance from the spinneret known as the ’freeze
line’. The solidified filament is then wound on take-up rolls at a speed
significantly greater than the extrusion velocity. This difference in speed
causes stretching of the filament and the final cross-sectional area is con-
siderably smaller (about 100200 times) than the initial extruded area. In
the absence of crystallization in the spinline, the orientation of the soli-
dified filament represents the orientation in the spinning threadline
frozen at or near the glass transition temperature of the polymer. The
as-spun orientation is therefore governed by the stress level at the
freeze line and controlled via process variables such as extrusion
temperature, extrusion velocity, take-up speed, quench air velocity and
temperature, etc. The uniformity of the fibre quality is influenced by the
fibreline stress.
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Fig. 5.1 The melt-spinning process.

The development of processing—structure-property correlations in melt-
spinning involves establishing mathematical equations for estimating the
fibreline stress from readily measurable process variables on the one
hand, and quantitative correlations between the fibreline stress and a
structural parameter of the solidified fibre on the other. As mentioned
earlier, the spinning stage converts the molten polymer to as-spun
filaments.

The spinning process represents a non-isothermal, uniaxial elonga-
tional flow situation, which is readily amenable to mathematical analysis
provided certain simplifying assumptions are made. The initial work on
the mathematical formulation of the flow dynamics in melt-spinning
was carried out by Kase and Matsuo [1,2]. This was further improved
upon by other research groups [3,4]. The mathematical equations that
have been derived can then be used for computer simulation of the
melt-spinning process to illustrate the variation of the fibreline stress
with changes in the process variables, such as melt temperature, take-
up speed, extrusion velocity, etc. [5-7].

The significant influence of the elongational flow in melt-spinning on
the orientation level of the as-spun fibres was first demonstrated by
Ziabicki and co-workers for both addition polymers [8] and condensa-
tion polymers [9]. The relationship between the orientation and fibreline
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stress in vitrified polymers was investigated by White and co-workers
[10]. The molecular orientation in the as-spun filaments is the combined
effect of extensional deformation and cooling. Thus, the orientation is
expected to vary across the cross-section of the filament because of the
varying cooling rates across the filament. Such orientation distribution
can be predicted by using the simulation approach [5].

Aspects of structure development and the effect of structure on
mechanical properties have been reported for nylon 6 [11], isotactic poly-
propylene [12], nylon 66 [13] and poly(butylene terephthalate) [14].

Among the various synthetic fibres, PET fibres and filaments represent
a commercially very important product group. Although parametric
studies of PET melt-spinning have been reported in the literature
[1,2,5,6,15], the information regarding the sensitivity of the as-spun
filament quality to changes in operating conditions and melt properties
is not readily discernible from them. This knowledge, however, is of
considerable importance for commercial processes as the critical
variables need to be controlled carefully. Failure to do so may result in
a number of downstream operational problems like poor drawability,
unacceptable broken filament count, unacceptable textile processability
and increased product non-uniformity (coefficient of variation, CV, of
denier). Dutta and Nadkarni [16] have reported on the identification
of critical process variables in PET melt-spinning by following a
simulation approach based on a constant force model. This approach
has been further refined recently by using a variable spinline force
model [17]. A majority of the simulation studies have been carried
out on a single filament model, whereas the actual commercial process
involves multiple filament spinning. In a multifilament bundle, the
quench conditions seen by the different filaments are different;
Dutta has proposed a simulation approach for the multifilament PET
spinning [18].

In this chapter, a simple quantitative procedure is presented for
identifying critical operating conditions and material properties for the
melt-spinning of PET. The method is based on the experimental observa-
tion that for vitrified polymers like polystyrene and PET spun at speeds
below 3000 m min~"', the molecular orientation of the as-spun filament is
uniquely determined by o7, the spinline stress at the glass transition
temperature (the freeze line). Using a constant tension model which
predicts o; for a single filament, a sensitivity analysis of the filament
orientation to changes in process variables is investigated. Finally, the
use of the simulation approach for process optimization and product
development is illustrated with the help of commercially relevant case
studies [19, 20].

For further detailed information on computer simulation of melt-
spinning, the reader is referred to recent reviews on the subject [21,22].
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5.2 THEORETICAL BACKGROUND

Mathematical analysis of the melt-spinning process has received consid-
erable attention in the literature and therefore will not be dealt with in
detail here. Instead, the basic assumptions shall be briefly postulated, the
relevant governing equations stated, and the solution technique out-
lined. Clearly, the spinning stage represents a non-isothermal, uniaxial
elongational flow situation with variable physical properties. In order
to develop the governing equations, the following assumptions are
necessary.

1. The process is operating under steady state conditions.

2. The temperature and velocity field are independent of radial position.

3. The elongational viscosity is independent of extension rate and is
equal to the Trouton viscosity.

4. All the molecular motions are ‘frozen-in’ at temperatures less than the
glass transition temperature, T,.

5. The effects of inertia, gravity, surface tension and air drag are
negligible.

6. Dieswell effects are small.

Figure 5.1 shows the coordinate system used for the analysis. Based on
the above assumptions, the governing equations can be written as:

W = pAV (5.1)
F dv
or alternatively
dA pFA
—d—; = - 3W’I]0 (533)
and
dT _ —2(rA)'/?
i —Wh(T = T,). (5.3b)
The appropriate boundary conditions are
atx=0, A=Ay, T=T, (5.4a)
atx=L, A=A, T=T, (5.4b)

where L is the distance of the freeze line from the spinneret. The tem-
perature, T(x), the velocity V(x), and the spinline tension F, are obtained
by solving equations (5.2) and (5.3) subject to the conditions represented
by equations (5.4). In order to accomplish that, however, correlations for
the temperature dependence of physical properties (p,Cp,m) and the
heat transfer coefficient, /i, need to be provided.



Theoretical background 103

>
Vi
]
0° iy
i
Fi
AN
2'.”:;’(:J _ Fi7
f ze5*e ! jfa
o
d /)
f_'. 295°C /
7 g P/
8 {(III
& W7
> Fi-Fi
E 30s'C fiia
&
v%
7717
Ti 7
Fi
A
Vi 7
DY/
V/
16° ///'
o2 5 10

INTRINSIC VISCOSITY, LV. {dl/gm}

Flg. 6.2 PET shear viscosity as a function of intrinsic viscosity and temperature
(V.M. Nadkarni, personal communication). Symbols: (O =275°C; A = 285°C;
W = 285°C; T]= 305°C; solid lings represent equaticn (5.5).

Rheological measurements of the shear viscosity of PET indicate that it
behaves like a Newtonian liquid for shear rates up to about 200s™". Thus
the assumption of Newtonian behaviour may not be too inappropriate
for PET. The variation of zero shear viscosity of PET, n,, as a function of
intrinsic viscosity (IV) for different temperatures is shown in Fig. 5.2.
Experimental data (V.M. Nadkarni, private communication} suggest the
following expression for the zero shear viscosity,

M = 9.76 x 107 (IVY>#% exp [(6923.7) /(T + 273)]. (5.5)

A similar expression for shear viscosity of PET has also been provided
by Gregory [23). It can be seen that equation (5.5) adequately represents
the data over a wide range of IV or molecular weight. Only for IV greater
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than 0.9, equation (5.5) underpredicts the shear viscosity. However, since
the intrinsic viscosities for fibre-grade PET are generally between 0.5 and
0.65, the equation is valid for a spinning simulation.

For density and specific heat, we assume the following linear varia-
tions with temperature [7]:

p=1.375x10"% - 0.75T (5.6a)
Cp =9.95 x 10> + 3.875T. (5.6b)

For the heat transfer coefficient, the best available correlation is that due
to Kase and Matsuo [2], which is given as

h=1.98A73[(W/pA)? + (8V,)*]"/8. (5.7)

Employing the above correlations, equations (5.2) and (5.3) can be
solved using the fourth-order Runge-Kutta technique. Since the spinline
tension F is not known a priori, an initial guess is necessary for the value
of F. Based on the guessed value, the problem is solved as an initial
value problem and the solution is checked for satisfactory agreement of
the boundary conditions (5.4b). This iterative procedure is continued
until a value of F is chosen that makes the solution satisfy all the condi-
tions given by equation (5.4). A proper choice of F is crucial for smooth
operation of the numerical procedure; a fairly good starting estimate can
be obtained from the following equation:

AL
j hA™2 dA
Ao
T pCpdT ’
1, Mo(T — Ta)
provided the density is assumed to be constant while evaluating / from
equation (5.7).

F, = 10.635 (5.8)

5.3 SPINLINE ORIENTATION

At intermediate take-up speeds (~3000 m min~"), melt-spinning of PET
results in almost entirely amorphous as-spun fibres. Therefore, the mole-
cular orientation of the as-spun fibre is expected to represent the ‘frozen-
in’ stress in the spinline. The mechanical properties like tenacity, per
cent elongation at break, initial modulus, and also drawability, are all
unique functions of the molecular orientation as measured by the
birefringence. Thus, if the birefringence can be quantitatively related to
the process variables, then a link can be established between the latter
and the as-spun fibre properties.

For amorphous polystyrene, Oda, White and Clark [10] investigated
the relationship between molecular orientation and the principal stress
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on-line [10]; + =PET, M, =~ 24000 (VM. Nadkarni, personal communication);
O =PET, M, 17000 (V.M. Nadkarni, personal communication), x =PET, M, 15000
[8]; ¥ = PET, on-line [3]. Elongation: @ =atactic PS [10]. Shear: & = atactic PS [10].

difference. They found that the orientation as measured by the birefrin-
gence is directly proportional to the principal stress difference indepen-
dent of the deformation mode. Figure 5.3 depicts literature data obtained
from melt-spinning, uniaxial extension and shear deformation of poly-
styrene [9, 101 It is clear that the birefringence varies linearly with the
principal stress difference, which for melt-spinning implies that

An = Co = C(F/A) (5.9)

C being the stress optical coefficient. At intermediate take-up speeds,
melt-spun PET fibres are amorphous owing to the slow crystallization
behaviour of PET. Hence, like polystyrene, a linear relationship between
An and o is also expected for PET fibres. Experimental data (V.M.
Nadkarni, private communication) for melt-spun PET fibres under dif-
ferent process conditions are also shown in Fig. 5.3. It is evident that the
birefringence is directly proportional to the spinline stress for PET. It is
also of interest to note that in spite of the scatter in the data collected
from various sources, both PET and polystyrene appear to follow a
linear behaviour with C varying between 1 x 10~ and 8 x 107° Pa™'.
Interestingly, similar behaviour has been reported for semicrystalline
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polymers (like isotactic polypropylene) [12]. It has been observed that,
irrespective of the spinning conditions, a unique relationship exists
between the as-spun orientation and the spinline stress for polypropyl-
enes of different grades. Unlike amorphous polymers, however, this
relationship is non-linear with the stress optical coefficient, C, being a
function of the spinline stress.

Referring to Fig. 5.3, the slopes of the lines for the different polymers are
comparable although the lines are shifted parallel to each other, depend-
ing on the molecular weight (PET). This suggests that the incremental
mechanical energy input needed for a specific increase in the orientation
level is unique for all glassy polymers, although the absolute stress
needed to achieve a specific orientation is governed by the molecular
weight. It implies that at an equivalent degree of polymerization, there is
a unique relationship between the applied stress and the resulting mole-
cular orientation in the absence of crystallization. The differences in the
chemical structure of the glassy polymers would be expected to affect the
molecular packing and the intermolecular forces. However, at the high
temperatures of melt processing, these factors are insignificant and only
the physical structural parameters such as the degree of entanglement
(influenced mainly by the molecular weight and its distribution) might
affect the orientation—stress relationship through changes in the relaxation
rate. A lower stress (and hence take-up speed) is therefore needed to reach
a desired orientation for a high molecular weight polymer.

In the foregoing it has been demonstrated that for the melt-spinning of
PET, the birefringence depends on the (experimentally measured) spin-
line stress only. George [7] has investigated the relationship between the
as-spun fibre birefringence and the calculated stress at the freeze line, ;.
Here again, a linear variation was obtained with C ~ 6 x 10° to 9 x 10~°
Pa~!, which compares quite favourably with the values obtained by
different experimental techniques. A value of C ~ 6.55 x 10™° Pa™' was
also reported by Yasuda, Sugiyama and Yanagawa [5] for the correlation
between birefringence and o, , where o7 is taken to be the spinline stress
at which the velocity is 95% of the take-up velocity. Thus it is clear that
oy, controls the orientation of the as-spun fibre, which in turn determines
the mechanical properties and fibreline processability. The sensitivity of
the as-spun fibre properties is therefore directly related to the sensitivity
of oy to the changes in process variables. o7, on the other hand, can read-
ily be obtained from the process simulation calculations, provided the
operating conditions and the melt properties are available.

5.4 SENSITIVITY ANALYSIS

From the preceding discussion it follows that the critical process vari-
ables are those that will significantly affect oy, the stress at the freeze
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Table 5.1 Process variables for PET in a typical melt-spinning

operation

Variable Value
Melt intrinsic viscosity 0.611dig™"
Extrusion temperature 285°C
Glass transition temperature 67°C
Ambient air temperature 25°C
Spinneret hole diameter 38x 107*m
Mass flow rate 103 kgmin~"
Quench air velocity 48mmin~'
Take-up velocity 1500 m min~"
Spinline tension? 9.72 x 107™*N
Freeze line location from spinneret? 0.37m

2 Calculated value.

line. Quantitative information can be obtained by considering a typical
PET spinning process summarized in Table 5.1, and calculating o} for
different operating conditions and melt properties. The results are
shown in Figs 5.4 and 5.5. The slope of the curves provides a measure
of the sensitivity of o}, to process variable changes. As can be seen, o} is
very strongly affected by changes in extrusion temperature, melt IV,
take-up velocity and the melt throughput rate. In comparison, oy is
moderately sensitive to changes in quench air velocity and relatively
insensitive to alterations in the quench air temperature. Thus, the pro-
cess variables, if arranged in descending order of their influence on oy,
will be: extrusion temperature, intrinsic melt viscosity, melt flow rate,
quench air velocity, and quench air temperature. Since the as-spun fibre
quality is uniquely determined by its birefringence, which in turn is
directly related to oy, the degree of sensitivity of the as-spun fibre
properties to changes in these process variables will be the same as that
of o L.

So far we have only considered the effect of operating variables on the
orientation. Another variable that also deserves consideration, however,
is the location of the freeze line L. Certainly, care must be taken to ensure
that the spinline length is greater than L such that the filament is solid-
ified before it is wound. Figure 5.6 illustrates the sensitivity of L to
changes in process conditions. In comparison with the ¢, behaviour, L
is more sensitive to changes in the throughput rate as well as the extru-
sion temperature and is relatively unperturbed by changes in the melt
IV. Changes in the other operating conditions, however, exert only
moderate influence in determining the freeze line location. In general,
therefore, the extrusion temperature, the throughput rate and the intrin-
sic melt viscosity require very careful control for maintaining the desired
as-spun fibre quality. For typical processes, where changes in these
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Fig. 5.4 Sensitivity plot for stress at the freeze line. The various curves are for
changes in (1} extrusion temperature, (2) melt flow rate, (3) take-up velocity, (4}
guench air velocity, (5} guench air temperature, and (6} melt intrinsic viscosity. Sym-
bols represent calculated values.

variables are not desirable or possible, the fibre properties can still be
adjusted to a certain degree by appropriate alterations in the take-up
velocity.

5.5 PROCESS IMPLICATIONS

The sensitivity analysis described above gives valuable insights into
making effective changes in the process parameters for trouble-shooting
and product quality improvement. For controlling the as-spun filament
orientation, the extrusion temperature, the intrinsic viscosity of the
polymer melt (that is, the average molecular weight), the take-up
velocity and the melt flow rate are identified as the critical process
variables. An increase in temperature and/or a decrease in melt IV will
result in reduced spinline stress, thereby adversely affecting the
stretchability.
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Fig. 5.5 Expanded sensitivity plot for extrusion temperature (@) and intrinsic
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The high sensitivity of the spinline stress to extrusion temperature has
important implications for maintaining uniform product quality in a
multiposition commercial plant with each position carrying multiple
hole spinnerets. A variation of about 3°C in the end-to-end temperature
profile of the spinneret represents a 1% change in the extrusion tempera-
ture, but could result in about 10% variation in the spinline stress
(Fig. 5.5), thereby increasing the CV of elongation. Accurate temperature
control and monitoring of spin pack temperature are therefore critical.
The use of static mixers upstream of the spin pack is desirable for
delivering a thermally homogeneous melt to the spinnerets.

In batch processes, control of moisture content of the chips is of
considerable importance because of the strong dependence of as-spun
fibre quality on polymer IV. In order to minimize hydrolytic degrada-
tion, the moisture content of the melt must be maintained at Iess than
0.005 wt %. A moisture level of 0.01% could lower the polymer IV from
0.6 to 0.56. Although this represents only a 7% change in IV, it leads to a
35% change in spinline stress, thereby affecting spinnability and product

quality.
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Fig. 5.6 Sensitivity plot for freeze line location. The various curves are for changes
in (1) melt flow rate, (2) take-up velocity, (3) quench air velocity, and (4) quench air
temperature. Symbols represent calculated values.

In plants with continuous polymerization, variation in polymer IV
may also result from reactor perturbation. For example, level fluctua-
tions in the polycondensation reactor (finisher) are often due to vacuum
fluctuations or flow perturbations. Since the control level (at 20% of the
reactor height) is critical for effective surface contact, any disturbance in
the level will be manifested by changes in polymer IV. A sudden drop in
polymer IV may cause the melt to stick to the spinneret, thereby disturb-
ing process continuity. Therefore, incorporation of an on-line viscometer
to monitor the melt quality is likely to be a necessary instrumentation.

Both the melt flow rate and the take-up velocity influence the as-spun
filament quality. For a constant flow rate, increase in take-up velocity
increases orientation due to enhanced stretching. For a constant take-up
velocity, however, orientation reduces as the flow rate is enhanced. This
is because the filament denier increases rapidly with the flow rate even
though the spinline tension actually decreases marginally. The net effect,
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therefore, is a reduction in spinline stress as throughput is increased.
Nevertheless, by manipulating the melt flow rate and the take-up
speed, it is possible to produce products over a range of denier and
tenacity. It should be emphasized, however, that for a given denier
product, the throughput and take-up speed are coupled. Thus, for
increasing production rate of a particular denier product by say 30%,
both the throughput and the take-up velocity need to be increased pro-
portionately. This, in turn, would result in an increase of about 15% in
the spinline stress, leading to higher orientation in the as-spun fibre
bundle. The fibreline conditions may have to be modified accordingly
in order to maintain product quality and textile processability. A pre-
ferred option for upgrading productivity under these circumstances
would be to increase the number of holes in the spinneret by 30%, if
possible as per hole layout guidelines. No changes in throughput and
take-up speed are then involved and the basic physical aspects of the
fibre formation remain practically unaltered.

The location of the freeze line, although not important for as-spun
fibre orientation, has critical practical implications for spinline stability
and product uniformity in multifilament spinning. It is necessary to
design the quench chamber in such a fashion as to avoid any air turbu-
lence in the vicinity of the freeze line. The fibreline is the weakest in
terms of its load-bearing ability upstream of the freeze line. Air turbu-
lence in this region can lead to filament breakage and/or fused filaments
resulting in process interruptions and poor product quality. The quench
air temperature, though not a very useful process parameter for control-
ling orientation, can be used effectively for stabilizing the spinline.
Reducing the quench air temperature from 25 to 15°C (40% change)
does not affect orientation significantly, yet would make the filaments
more stable by moving the freeze line closer to the spinneret, thereby
making it less susceptible to air turbulence.

Barring throughput, neither the extrusion temperature nor the melt IV
can be changed readily to alter the as-spun fibre properties in commer-
cial plants with a continuous polymerization unit. Since throughput
controls the production rate and therefore generally is not flexible, the
operating variable that is most readily amenable for controlling orienta-
tion is the take-up velocity. This is in spite of the fact that the take-up
velocity is not the most dominant controlling variable for orientation
development (Fig. 5.4). This leads us to the question of whether high
strength PET filaments can be directly spun by suitably adjusting the
take-up speed, thereby eliminating the cumbersome drawing stage. For
obtaining an answer to this question, the calculated spinline stress at
high spinning speeds would have to be compared with the melt strength
of the spinline. The aspect of further stress build-up due to flow-induced
crystallization beyond 4000 m min~" also needs to be considered.
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Table 5.2 Parametric space covered (taken from actual industrial data)

Parameters Range No. of
variable points

Extrusion temperature (°C) 275-290 2
Quench air temperature (°C) 15-25 3
Quench air velocity (cms™) 30-130 7
Spinneret hole diameter (mm) 0.2-0.3 3
Take-up velocity (mmin~') 500-1250 11
Throughput rate (ghole™ min™") 05-1.0 9
Intrinsic viscosity (dlg™") 0.6-0.65 2
Filament denier 4.0-12.0 11

5.6 STRESS-ORIENTATION RELATIONSHIP FOR PET

In order to be able to use the computer simulation for spinning process
optimization, it is essential to develop a quantitative correlation between
the spinline stress and the as-spun filament orientation, and to confirm
its validity over the relevant parametric space employed in industrial
operations. The PET spinning process parameters from three different
plants in India, representing 19 different sets of process conditions,
were used for computing the spinline stress, o;, by using the Dutta-
Nadkarni simulation package. Table 5.2 summarizes the industrial data
used; only the broad range of the variables and the number of data
points in each range have been indicated in order to protect proprietary
information. The birefringences, An, of the as-spun filaments from the
different industrial runs were measured experimentally. These data
(filled points), along with other published data [3], are shown in Fig. 5.7.

A straight line fit between An and oy on the log-log plot in Fig. 5.7 is
apparent. A linear regression analysis was used to fit the data and the
following correlation is obtained with a correlation coefficient of 0.96 for
fitting 37 data points:

o, = 2.526 x 107°(An'?%), (5.10)

It should be noted that o; in this correlation would be obtained in
pascals (Pa). Development of equation (5.10) also confirms that though
the sources of data, the equipment involved and the process parameters
are different, there exists a unique relationship between An and o, for
the melt-spinning of PET at speeds up to 3000 mmin~'. Hence, equation
(5.10) can be used with confidence for process optimization.

5.7 CASE STUDY FOR PROCESS OPTIMIZATION

The use of equation (5.10), together with the computer simulation pack-
age, can be illustrated with a case study in which it is desired to increase
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Fig. 5.7 Variation of birefringence with principal normal stress difference at the
freeze line. Filled symbols represent data collected from various industrial opera-
tions from india while the other symbols represent other published data.

the production rate in spinning without affecting the fibreline processing
conditions of the as-spun filaments. In order to avoid downstream pro-
cess optimization at the higher productivity, it is necessary to maintain
the denier and the orientation of the as-spun filaments at the reference
levels. This means that for a given denier product, the throughput (melt
flow) rate and the take-up speed have to be increased proportionally,
coupled with other process changes that would maintain the orientation
at its original value.

Since it is not desirable to change the polymer viscosity, the process
parameters available for manipulation are the spinning or extrusion
temperature, quench air velocity and quench air temperature. From the
process sensitivity analysis, it is known that the orientation of the as-
spun filaments, as measured by birefringence An, is very sensitive to
changes in the spinning temperature. As the orientation is uniquely
determined by the freeze line stress oy, the spinning temperature is to
be changed so that the freeze line stress ¢; and spinline tension F are
maintained at the original values.

Although the quench air velocity and temperature do not significantly
affect the spinline stress, they influence the freeze line location, that is
the distance from the spinneret at which the spinline temperature is
equal to the glass transition temperature of PET. It is important to main-
tain the freeze line location unaffected in order to ensure stability of the
spinline. Instability or fluttering of the spinning filaments could lead to
unacceptable values of uster and denier variation.

The production rate can also be improved by a proportional increase
in the number of spinneret holes. In this approach, no changes in the
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Table 5.3 Effect of changes in productivity on spinline stress, tension and location
of the freeze line

Parameters Original Increase in W, V,
condition

10% 20% 30%
Intrinsic viscosity, IV (dig™") 0.60 0.60 0.60 0.60
Extrusion temperature, Tg (°C) 280 280 280 280
Quench air temperature, T, (°C) 20 20 20 20
Quench air velocity, V, (cm ) 100 100 100 100
Spinneret hole diameter, dy (mm) 0.2 0.2 0.2 0.2
Take-up velocity, V, (m min~") 1000 1100 1200 1300
Throughput rate, W (g hole™ min"‘) 0.5 0.55 0.6 0.65
Spinline stress, o, (107 dyn cm™?) 2.18 232 2.46 2.60
Spinline tension, F (dyn) 82.8 87.5 93.8 98.0
Freeze line location, L (cm) 26.4 28.0 30.8 33.0

throughput per hole, take-up speed and spinning temperature will have
to be made. The quench air parameters will have to be suitably manipu-
lated to compensate for the additional heat load. However, this option
would involve capital investment for new spinnerets. Hence, it would be
preferable to upgrade the productivity via only ‘software’ changes, if
feasible.

The reference process parameters of a spinline whose productivity is
to be improved are summarized in Table 5.3, along with the process con-
ditions determined for production rate increases of 10, 20 and 30%. The
process variables provided in this table are representative of values used
in a typical spinning operation, as averaged out from within the ranges
given in Table 5.2. The computer simulation of Dutta and Nadkarni was
used for determining the changes in the process variables when the
throughput rate, W, and the take-up speed are proportionally increased
by 10, 20 and 30%. The effect on the response parameters, such as the
spinline stress o7, spinline tension F and freeze line location L for
increased productivity is shown in Fig. 5.8. It is seen that o7, F and L all
increase proportionally with increased W and V;. Thus, it is observed
that for a 10% increase in W and V|, there is about a 6% increase in o,
F and L. In order to maintain the molecular orientation level and the
downstream process variables constant it is essential to bring down the
values of o, F and L through proper adjustment of the other process
variables.

The sensitivity analysis indicates that increasing the extrusion tem-
perature decreases the spinline stress and the spinline tension but
extends the freeze line location. Figure 5.9 shows the effect of increasing
the extrusion temperature by 1 to 4%. The extrusion temperature, T, is
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assumed to be equal to the spinneret exit temperature, Ty. In the present
case, a 1.87% increase in temperature corresponds to an extrusion tem-
perature Ty increase from 280 to 285 °C and a 3.74% increase corresponds
to an increase from 280 to 290°C. Figure 5.9 shows the effect of the
increase in extrusion temperature on o;, F and L for each of the
three cases of 10, 20 and 30% increase in W and V. It is seen that
even for different throughput rates, the effect of increase in extrusion
temperature on o;, F and L is of nearly the same magnitude. It is seen
that for a 10% increase in productivity, in order to return the spinline
stress and tension from a 6% increase to the original level, the increase
in the extrusion temperature should be approximately 1.87%. However,
a 1.87% increase in Tz would result in a further 1.75% increase in L. The
freeze line location is thus sensitive to the combined changes in through-
put rate and extrusion temperature.

Referring to Table 5.4, although the spinline stress and tension can be
brought back to the criginal values by a change in the extrusion tem-
perature, the freeze line location remains different from the original
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value by about 9.5%. The location of the freeze line has a definitive effect
on the spinline stability and product uniformity, and hence its retention
at the original value is desirable. A process variable is to be sought
which would move the location of the freeze line closer to the spinneret
without any significant changes in either oy or F. The quench air tem-
perature, T,, is known to influence L to a greater extent relative to F and
oy, and can be effectively used for stabilizing the spinline. Figure 5.10
shows the effect on the response parameters (F, o;, L) for 0 to 60%
decrease in quench air temperature. It is seen that to move the freeze
line location by about 8.0%, the quench air temperature has to be
decreased by about 45%. Furthermore, the effect of this process change
on o; and F is insignificant. The entire exercise is summarized in Table
5.4, which indicates the changes in process variables required to increase
productivity while maintaining the denier, orientation and stability of
the spinline.



Case studies for product deveiopment 117

Table 5.4 Summary of process changes required to obtain a 10% productivity
increase while product quality is maintained constant

Parameters Original  10% increase 1.9% increase 45% decrease
condition in W, L in Tg in T,

Intrinsic viscosity, 0.60 0.60 0.60 060
v (dig™")

Extrusion temperature, 280° 280 285 285*
Te {°C)

Quench air temperature,  20° 20 20 12
Ta (°C)

CQuench air velocity, 100 100 100 100
V, (ems™")

Spinneret hole diameter, 02 0.2 02 02
gy (mmy)

Take-up velocity, ¥, 1000% 1100 1100 1100°
(mmin~"

Throughput rate, 0.5% 0.55 0.55 0.55%
W (g hole™ min™")

Spinline stress, o, 2.18° 232 220 2.19°
(107 dyncm™2)

Spinline tension, F (dyn)  82.8° 879 833 g2.9°

Freeze line location, 26 4° 28.0 289 26.8°
L {om)

 Parametric values changed 1o achieve a 10% increase in productivity for constant product
quality
®yvalues held constant 1o maintain product quality.

5.8 CASE STUDIES FOR PRODUCT DEVELOPMENT

5.8.1 SUBDENIER FIBRES

The first case study considers the development of subdenier fibres,
which provide better comfort for clothing in tropical countries. The
most common fibre deniers used for shirting and ladies” dress fabrics
are 1.5 denier in Western countries and 1.2 denier in the Indian textile
industry. For producing subdenier drawn fibres, it is necessary to start
with a lower spun denier, since the maximum possible draw ratios that
can be achieved without inducing fibre breakage at commercial line
speeds are in the range 3.5-4. The reference parameter values of the
spinning process which is to be modified to obtain lower spun denier
are given in the first column of Table 5.5.

In view of the upper limitation on the spin stretch factor (ratio of take-
up speed to jet velocity) for ensuring spinning continuity without filament
breakage, the use of a smaller diameter capillary is required to obtain
lower spun denier. It is also desirable to maintain the orientation level of
the lower denier as-spun filaments at the original value so as to retain
their drawability and minimize changes in the fibreline process. This can
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Fig. 8.10 Effect of percentage decrease in quench air temperature on spinline
stress, spinline tension and freeze line location for the specific case of 10% increase
in throughput and take-up velocity.

be achieved if the freeze line stress remains unchanged under the modi-
fied spinning conditions. It is also important to maintain the freeze line
location in order to ensure spinline stability. The objective of the simula-
tion exercise is thus to specify spinning process changes to produce lower
denier as-spun filaments, while maintaining the freeze line stress and
location constant. A fibre product denier of 0.8-0.9 would certainly pro-
vide better comfort in tropical climates. From the viewpoint of commercial
production, it would be useful to determine the feasibility of producing
such a premium grade fibre on an existing spinning line without any
major hardware changes. In the foliowing, it will be demonstrated how
the spinning variables need to be manipulated in order to obtain a low-
spun denier necessary for producing subdenier drawn fibres.

In the reference case, the spinneret hole diameter of 0.375 mm is used.
For the development of subdenier fibres of 0.8-0.9 denier, a spinneret
hole diameter of 0.2 mm (8 mil} has been chosen. The computer simula-
tion is now used for determining the new spinline stress value and the
freeze line location due to this change under conditions equivalent to the
reference case. It is seen from Table 5.5 that the spinline stress drops
while the freeze line location shifts away from the spinneret. A further
restriction is now imposed that the draw ratio should remain unchanged
from the value of 3.75. This would mean the as-spun denier would have
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to be between 3.0 and 3.375 in order to develop a fibre with a drawn
denier of 0.8-0.9. Increasing the take-up velocity would help in this
respect as well as enhancing the spinline stress. These changes result in
an increase in spinline stress to a level beyond the required value of
3.18 x 107 dyn cm 2, as can be seen from Table 5.5. It has been shown
that increasing the extrusion temperature helps in decreasing the
spinline stress value. But this would also lead to further shifting of the
freeze line location away from the spinneret. The most sensitive para-
meter for adjusting the freeze line location without significantly affecting
the spinline stress has been identified as the quench air temperature.
Thus, decreasing the value of the quench air temperature from 20 to
10°C establishes the conditions for obtaining fibres of 0.85 denier, as
shown in Table 5.5. If it is desirable to obtain a 0.8 denier fibre, the
throughput rate would have to be decreased by about 8%. However, it
is seen from the last two columns of Table 5.5 that the spinline stress
increases considerably and cannot be readjusted to the original value
even by raising the extrusion temperature to 292°C. It must be noted
that the extrusion temperature of 292°C would be the limiting value
beyond which degradation of the molten polymer is likely to take place
faster. Thus, for the given reference conditions and under the imposed
constraints, it is possible to adjust the processing conditions to obtain
0.85 denier fibre without any hardware changes other than the spinneret.
It is interesting to note that in adjusting the processing parameters, the
final conditions result in a higher value of take-up velocity, as can be
seen from Table 5.5, and hence higher productivity, which is the added
bonus in this new product development.

5.8.2 LOW PILL FIBRES

The second case study considers the development of low pill fibres. Pilling
is a common phenomenon that occurs at the collars and cuffs of mens’
shirts made of polyester/cotton blends. The higher strength of the PET
fibre in comparison with the cotton fibre does not allow free fall of fibres
disentangled from the fabric due to friction at the collars and cuffs. The
loose fibres therefore curl up in small balls hanging on the fabric. One way
of preventing pill formation is to lower the fibre strength. This may be
achieved by lowering the intrinsic viscosity (IV), that is, by using a base
polymer of lower molecular weight. Unlike in the earlier case, the present
study would prefer to maintain the product denier at its original value of
1.2. However, the draw ratio would have to be lower than that used for
the reference case in order to prevent fibre breakage in downstream pro-
cessing. Thus, a constraint could be imposed to reduce the draw ratio to a
value of 3.5. This would restrict the as-spun denier to 4.2 instead of its
original value of 4.5 in the reference case, as seen in Table 5.6.
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The new low pill fibre product development is done for the IV value of
0.55 as opposed to the original value of 0.60 (8.3% change). This change
results in a drastic decrease in the spinline stress and spinline tension
which could make the melt unspinnable (Table 5.6). One way to increase
the spinline stress is to increase the take-up velocity and the throughput
rate. In the present case, the take-up velocity and the throughput rate are
adjusted to new values so that the as-spun denier is controlled at a value
of 4.2. This was found to be achieved by increasing the take-up velocity
by 22.5% and the throughput rate by 14.2%, as shown in Table 5.6. In
order to achieve a further increase in the spinline stress, the extrusion
temperature was lowered to 275 °C. Though the spinline stress value was
found to adjust itself adequately, it was noticed that the freeze line
location was shifted considerably away from the spinneret. This would
have an adverse effect on the spinline stability and product uniformity.
It is known that the quench air temperature influences this parameter
greatly. By reducing the quench air temperature it is possible to move
the location of the freeze line closer to the spinneret without any signifi-
cant changes in the spinline stress. A 50% decrease in the reference
quench air temperature was found to give conditions such that the
spinline stress as well as the freeze line location were maintained at the
original values, as can be seen from Table 5.6.

5.9 CONCLUSIONS

A simple mathematical model is proposed to simulate the melt-spinning
of PET filaments. The model uses readily measurable process variables
for predicting spinline stress by computer simulation.

Based on available literature data, it is shown that the molecular
orientation developed in the filament during the spinning step is
uniquely determined by the spinline stress. This behaviour appears to
be generally valid for vitrified polymers like polystyrene and PET
filaments spun at speeds up to 3000mmin~". Since the mechanical
properties and drawability of the as-spun filaments are governed by
the orientation level, these product properties are also unique functions
of the spinline stress. The combination of the process simulation and
stress—orientation relation gives us a procedure for identifying the
important spinning process variables that would affect the spinline
stress, and hence the mechanical properties and fibreline processability
of the as-spun filaments. Such a process sensitivity analysis for PET
indicates that the critical process variables are the extrusion tem-
perature, intrinsic viscosity of the polymer, melt extrusion velocity,
and the take-up speed. Specific implications of the sensitivity analysis
for process trouble-shooting and product quality improvement are
highlighted.
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The use of the computer simulation approach for process optimization

and product development has been demonstrated with reference to
commercially relevant case studies. Thus, the technical feasibility of
increasing production on a given spinning position can be assessed
using simulation. The directional changes in spinning process variables
required for developing subdenier fibres and low-pill fibres can also be
predicted using this approach. The scope of experimentation is then
clearly defined, thereby eliminating the trial-and-error approach and
leading to significant savings in time and effort.
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