CHAPTER 1

Fibre production

J E Mclntyre

1.1 GENERAL INTRODUCTION

This chapter is intended to provide a scientific and technological background to the production
of fibre-forming polymers and of fibres from those polymers. It places particular emphasis on
those aspects of the process, and of the chemical and physical structure of these products, that
affect the dyeing behaviour of the fibres. It also concentrates on the polymers and fibres to be
discussed in subsequent chapters: polyester; polyamide (nylon); elastane; acrylic and
modacrylic; and acetate and triacetate. Although standard polyolefin fibres contain no dye
sites, and therefore are not the subject of a subsequent chapter, their production is also briefly
considered because only cotton and polyester fibres exceed them in terms of volume of
production.

All of the names highlighted above are generic terms, approved by the International
Organization for Standardization (ISO) for use in international trade and labelling. A full list of
generic terms is available in an ISO standard [1], which is updated from time to time. It is
important to bear in mind, however, that the definitions in the standard do not necessarily
coincide with the natural chemical definitions — for example, only a limited range of polyester
structures is included in the generic definition. Moreover, in the USA the Federal Trade
Commission has formulated a list of generic terms [2] whose definitions differ in some cases
from those used in the rest of the world. In certain cases too, the name approved in the USA
differs. A relevant example is the use of the name ‘spandex’ in the USA to describe segmented
polyurethane elastomeric fibres, which ISO names ‘elastane’. Fortunately, there is a publication
that incorporates both sets of definitions and contains a classification scheme that includes both
sets of terms [3].

There are numerous books covering the production and properties of polymers and fibres in
greater detail. A short list of selected titles is provided in the references [4-7].

1.2 PRINCIPLES OF POLYMERISATION

1.2.1 Nature of polymers

A polymer consists of large molecules (macromolecules) built up by the repetition of small,

simple chemical units. These repeating units are derived from small molecules, known as
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monomers. A monomer is a low molecular weight compound that contains within it a means by
which individual molecules can link up with other molecules, either of the same or of another
compound, to form macromolecules. It is important to recognise that the term ‘repeating unit’
defines the chemical structure of the polymer, whereas the term ‘monomer’ only defines a
specific reactant used to make a particular sample of a polymer. A polymer in which all the
repeating units are the same is known as a homopolymer. If we represent the repeating unit of a
homopolymer as —A—, then the structure of a section from the length of a polymer chain can be
represented as —~A-A-A-A-A-A—-A—. Many homopolymers — for example, the polyester
poly(ethylene terephthalate) — can be made either from a single monomer or from more than
one combination of monomers. If two different monomers are reacted together to form a
homopolymer, the single repeating unit of that polymer can still be represented as —A—, but it
can also be represented as —XY—, where X and Y are derived from the two different monomers
and A = XY. However, X and Y, which are sometimes called monomeric units, are not
themselves repeating units, and it is sometimes necessary to define the mechanism of the
polymerisation reaction in order to identify the monomeric units. A further complication is that
some individual monomers can be polymerised under different conditions to form polymers
possessing quite different repeating units.

A copolymer is a polymer in which the repeating units are not all the same, and
copolymerisation is the process by which such a polymer is produced. Copolymers can be of
different types, of which some of the more important are described as random, alternating, block
and graft. (Copolymers can also be produced that have a structure intermediate between
random and alternating, or intermediate between random and block.) Using A and B to denote
two different repeating units, these four types can be represented as shown in Figure 1.1.

(1) Taking the simplest case of a polymer made from two monomers which produce two
different repeating units, a random copolymer is one in which the sequence of repeating
units is determined by the statistics of random series, analogous to a sequence of coin tosses
(Figure 1.1(a)).

(2) An alternating copolymer is one in which two different repeating units are present, and
each unit of one type is flanked in the chain by two repeating units of the other type. In
the case where the two repeating units are A = XY and B = XZ, the alternating
copolymer becomes —(XY)—(XZ)—(XY)—(XZ)— and so on (Figure 1.1(b)).

(3) A block copolymer is one in which long sequences of each repeating unit succeed each
other along the chain (Figure 1.1(c)).

(4) A graft copolymer differs in type from the others in that it consists of a branched chain
system. In Figure 1.1(d), the graft copolymer consists of a linear chain of one repeating unit
to which are attached chains of the other repeating unit. In this case, the A repeating units
at the junction points are slightly modified by the bond attaching B to A.

An example of a polymer is nylon 6 or poly(e-caproamide) (1.1) where the simple chemical unit
within the square brackets is repeated n times in a single molecule of the polymer.
This unit is the repeating unit of nylon 6. In this polymer, the repeating units are all
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Figure 1.1 Types of copolymer: (a) random; (b) alternating; (c) block; (d) graft

R'—[NH—(CH,)s—COJ7—R?
1.1

difunctional; consequently, it is a linear polymer. Since it is not of infinite length, there are two
end groups in each polymer macromolecule, denoted here as R! and R%. The nature of these
end groups depends upon the process used to make the polymer. In the product of a specific
process normally used to make nylon 6 for textile fibres (but not for moulding) the group Rl is a
hydrogen atom (H-) on some chains, and an acetyl group (CH3CO-) on other chains, and the
group R? is a hydroxy group (-OH). In practice, these three end groups are referred to as amino
(H,N-), acetyl or acetamido (CH;CONH-) and carboxyl (-COOH) groups respectively in
order to express their chemical functionalities when present at the chain ends of nylon 6.

The suffix n in the formula for nylon 6 above is a measure of the number of repeating units in
the polymer chain, and is known as the degree of polymerisation (DE, symbol X). The molar
mass (expressed as mass per molecule) and the molecular weight (a dimensionless quantity
equivalent to the molar mass in g mol™! — that is, based on the commonly used values of atomic
weights) are obtained by summation, respectively, of the atomic masses or atomic weights in the
polymer molecule. Where X is a large enough number, such as 100, the contribution of the end
groups to the molar mass or molecular weight is small compared with that of the repeating units.
Consequently, it is usual to ignore them and relate, for example, molecular weight, M, to DP by
the expression:

molecular weight = X (molar mass of repeating unit)

In the case of nylon 6, the repeating unit weight, by summation of atomic weights, is 113.
There is, however, a complication. The lengths of the polymer chains in a sample of polymer
are not necessarily all the same. If they are, the polymer is said to be monodisperse because every

chain has the same value of X (or n). This case is very exceptional. The polymers in general use
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contain polymer chains of a wide range of lengths, and are therefore said to be polydisperse. It
follows that the chains in a sample of such a polymer exhibit not a single value of DP or of
molecular weight, but rather a distribution of values. The degree of polymerisation and
molecular weight of the polymer sample as a whole are therefore averages of the values for the
individual chains present, and to indicate this they should strictly be represented by the symbols
X for degree of polymerisation and M for molecular weight, where the bar indicates their status
as averages.

There is a further complication. The distribution of values of individual chain lengths is not
symmetrical about any one value, but typically as shown (in units of degree of polymerisation,
X) in Figure 1.2. It follows that the averages can be calculated in several different ways that
give different values. Of these, two are more generally used than the others. One is the number
average, which is the arithmetic mean and equivalent to the statistical case where if a single
chain is selected from the sample, there is an equal chance of selection for any chain regardless
of its length. The other is the weight average, which is equivalent to the case where the chance
of selection of any chain is proportional to its mass (and therefore, for linear polymers, to its
length). For molecular weights, these two averages are denoted as X, and X,, respectively. X, is
always greater than X, in a polydisperse polymer and the ratio X,,/X,, called the dispersity, is a
measure of the breadth of the molecular weight distribution.
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Figure 1.2 Typical molecular weight distribution for a linear polymer, expressed in terms of degree
of polymerisation, X, and the weight fraction, w(X), for each individual degree of polymerisation. The
dispersity, X,/X,, (= M,,/M,) in this case is 2.0 [8]

1.2.2 Polymer-forming reactants

Compounds capable of behaving as polymer-forming reactants fall mainly into three categories:
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(1) compounds containing carbon=carbon or other polymerisable double or triple bonds;

(2) ring compounds that contain bonds capable of being split and recombined in such a way
that the molecules are linked to form larger linear species;

(3) compounds containing at least two functional groups that are capable of reacting with

themselves or with other such compounds to form longer linear species.

In the first group, the most important are those containing polymerisable carbon=carbon double

bonds, such as acrylonitrile (cyanoethene) (1.2). An example of the second group is the cyclic

amide (that is, lactam) €-caprolactam, which can be polymerised to form nylon 6 (Section

1.7.1). Examples of the third group are:

(1) e-aminocaproic acid, each molecule of which contains one amine group and one
carboxylic acid group, which can react with each other to form a linear polymer by
elimination of water, forming amide groups (Section 1.7.1);

(2) combination of hexamethylenediamine (1,6-diaminohexane) and adipic acid (hexanedioic
acid), containing respectively two amine groups and two carboxylic acid groups per
molecule, where the two compounds can react with each other to form a linear polymer by
elimination of water, forming amide groups (Section 1.7.2).

The former type will be described later as an AB-type polymerisation, and the latter as an
AA-BB-type polymerisation.

For producing linear polymers, it is essential that the polymer-forming reactants are
difunctional with respect to the polymer-forming reaction; that is, that each molecule becomes
linked to other molecules by two, and only two, new bonds. Reaction of two molecules of
monofunctional reactants will only give a simple non-polymeric compound, and monofunctional
reactants present with difunctional reactants in a polymerisation reaction can only appear in the
polymeric product as end groups. The presence in a polymerisation reaction of reactants having
a functionality greater than two leads to chain branching (that is, non-linear polymers) and
ultimately to cross-linked, and therefore insoluble and infusible, polymers.

1.2.3 Polymerisation processes

Processes used for making synthetic polymers for fibre production can be classified in several
ways. One classification divides them into addition polymerisation and condensation
polymerisation, which are differentiated according to whether the polymerisation does
(condensation) or does not (addition) give a non-polymeric product, such as water, as well as a
polymer. Some polymers can be made by either addition or condensation polymerisation
reactions. For example, nylon 6 can be made either by addition polymerisation of the cyclic
monomer &-caprolactam, or by condensation polymerisation, with elimination of water, of the
linear monomer €-aminocaproic acid. In this case the position is even more complicated, since
nylon 6 for fibres is made commercially by a process that combines elements of both addition
and condensation polymerisation (Section 1.7.1). Consequently, the terms addition polymer
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and condensation polymer should be avoided except where they refer to specific samples of
polymer known to have been made by the appropriate process.

Another classification divides the processes into step-growth polymerisation and chain-
growth polymerisation. In the former, polymer chains grow stepwise by reactions that can occur
between any two molecular species. In the latter, polymer chains grow by reaction of a
molecular species with an active site on the end of the chain. Again, these terms should not be
applied to polymers unless the process used to make the particular sample is clearly identifiable.
One of the most significant differences between these two processes in practice is that in the
case of step growth, provided that the reaction is homogeneous, the initial reactants are rapidly
consumed and the molecular weight rises steadily throughout the reaction, whereas in the case
of chain growth the reactants are consumed steadily throughout the reaction but polymer
molecules of high molecular weight are present from an early stage and the yield of polymer
rises steadily throughout. This difference is illustrated in a simplified way by Figures 1.3 and 1.4.

Chain-growth polymerisations are normally initiated by added species that form active
centres from which polymerisation commences by addition of a molecule of reactant. Such

initiators may be of various types. In free radical polymerisation, which is one kind of chain-
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Figure 1.3 Early stages of a type of step-growth polymerisation: (a) before start; (b) soon after start
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Figure 1.4 Early stages of a chain-growth polymerisation: (a) before start; (b) soon after start
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growth polymerisation, the initiator is a free radical — a molecular species containing an
unpaired electron, which is the active centre. Typically, a reactant containing a double bond
reacts with this centre at one of the atoms forming the double bond; that bond then becomes a
single bond, and an electron thus released is transferred to the other atom previously forming
the double bond, which becomes a new active free radical site and also the growing chain end.
This process is illustrated in Scheme 1.1, which shows the first two steps of the free radical
polymerisation of acrylonitrile (1.2).

R+ CHp=CH ————= R—CH,—CH"

12 CN CN

R—CHz—CH* + CH;=GH ————> R—CH,~CH—CH,—CH-

Scheme 1.1 CN CN CN CN

A second type of initiating species for chain-growth polymerisation is ionic in character.
Typically, a reactant adds to the ionic centre, which is transferred to the other end of the new
repeating unit to form the growing chain end. Both cationic and anionic initiators can be used,
depending upon the nature of the reactant. Although such initiators are useful for
polymerisation of reactants containing double bonds, they are also important for ring-opening
polymerisations. Examples of the latter are the use of cationic initiators to polymerise
tetrahydrofuran to form a polyether used in making segmented polyurethanes for elastane
fibres, and of anionic initiators to polymerise €-caprolactam to nylon 6 for moulding purposes.

A third type of initiating species acts by coordinating with the reactant, usually at a double
bond. In a common form of this type of polymerisation, the initiating species contains a bond
between a metal atom and a carbon atom. The double bond in the monomer first becomes
coordinated with the metal atom and then becomes inserted between the metal atom and the
carbon atom already attached to it. The metal atom thus becomes bonded to one of the carbon
atoms from the double bond, which is the point at which the next reactant molecule to
coordinate is inserted. Scheme 1.2 shows the early stages of a coordination polymerisation. First
the monomer becomes coordinated at the vacant bonding site, then it migrates via the cyclic
transition state (not shown) and is inserted between the end of the growing chain and the
transition metal (M = transition metal; X = Cl; R, R? = alkyl groups; ‘*’ = vacant bonding
site). This type of polymerisation, which is often carried out in a heterogeneous system with a

solid initiator, is used to produce isotactic polypropylene, for example.

R1 RZ R1 ) R1
I | | R I
CHp + CH ——— CH, L —— CH;
X4 M* CH, x4|v|—>(|:|H (IDH—R2
2 CI;H2
XM*

Scheme 1.2
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1.2.4 Copolymerisation

The concept of copolymerisation is easily understood for double-bond polymerisations, where
the normal course of reaction is such that a simple starting material, or monomer, will polymerise
to form a homopolymer, whereas two or more monomers will polymerise together to form a
copolymer. An example is the copolymerisation of acrylonitrile (1.2) and methyl acrylate (1.3)
to form a copolymer (1.4) (Scheme 1.3; co = copolymer).

CHp=CH + CH;=CH ————= —CH;—CH— c0o —CH,—CH—
CN COOCH;3 CN COOCH;3
1.2 1.3 1.4

Scheme 1.3

In the case of step-growth polymers, those of the AB type, where a single reactant gives rise
to a single repeating unit, conform to the above pattern. Here, two different AB-type reactants
produce a copolymer. However, the AA-BB type gives rise to complications. Here, two reactants
give rise to a single repeating unit and therefore to a homopolymer. A copolymer is produced if a
third reactant, which may be of the AA, BB or AB type, is included. Thus nylon 6.6, made from
the two reactants hexamethylenediamine (1,6-diaminohexane) and adipic acid (hexanedioic
acid), is a homopolymer. If sebacic acid (decanedioic acid) is also present, the product is a
copolymer because the two repeating units corresponding with nylon 6.6 and nylon 6.10 are
both present (Figure 1.5).

—NH(CH2)gNHOC(CH),CO—  c0  —NH(CH,)sNHOC(CH,)sCO—

Nylon 6.6 repeating unit Nylon 6.10 repeating unit

Figure 1.5 Copolymer of nylon 6.6 and nylon 6.10 (co = copolymer)

1.3 INTERMEDIATES FOR SYNTHETIC FIBRES
1.3.1 Polyamide fibres

Nylon 6

Caprolactam (1.11), the cyclic monomer for nylon 6 production, is made commercially by
several different processes. The oldest established process is based upon either benzene (1.5) or
phenol (1.6), which are hydrogenated to give cyclohexane (1.7) or cyclohexanol (1.8),
respectively (Scheme 1.4).
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Cyclohexane is oxidised at about 120 °C by air in the presence of a cobalt salt as catalyst to
form a mixture of cyclohexanone (1.9) and cyclohexanol. The cyclohexanone is converted by
reaction with a hydroxylamine salt into its oxime (1.10), and the cyclohexanol is
dehydrogenated to form further cyclohexanone for conversion to its oxime. Cyclohexanol
derived from phenol is similarly dehydrated at a high temperature over a metallic catalyst to
give cyclohexanone. The final stage in both cases is a Beckmann transformation of the oxime,
catalysed by the action of concentrated sulphuric acid or oleum, into caprolactam. This process
as originally operated produced large quantities of ammonium sulphate, a cheap low-grade
fertiliser, because the sulphuric acid was finally neutralised by ammonia in order to isolate the
lactam, but the neutralisation has now been modified to produce ammonium hydrogen
sulphate, which can be incinerated to produce sulphur dioxide for reoxidation to the trioxide.

An alternative route from cyclohexanone (1.9) to caprolactam (1.11) involves oxidation
with peracetic acid to give e-caprolactone (1.12), which can then be reacted with ammonia in

the presence of a metallic catalyst at about 200 °C to product the lactam (Scheme 1.5).

o] o] 0
OJ\CH HNJ\CH
CH3COgH 7 12 NH3 i 12
2C\ /CH2 cat. HZC\ /CH2
H,C—CH, H,C—CH,
1.9 1.12 1.11

Scheme 1.5

A direct process from cyclohexane (1.7) to cyclohexanone oxime (1.10), due to Toray, uses
a photonitrosation reaction of cyclohexane with nitrosyl chloride catalysed by ultra-violet
irradiation (Scheme 1.6). The product is the oxime hydrochloride, which can then be subjected
to Beckmann rearrangement to form caprolactam (1.11).

An alternative starting material is toluene (1.13), which is first oxidised to benzoic acid
(1.14) using oxygen and a cobalt ion catalyst (Scheme 1.7). The benzoic acid is hydrogenated
over a palladium catalyst to form hexahydrobenzoic acid (1.15), which is reacted with
nitrosylsulphuric acid in oleum to produce caprolactam sulphate by a complex reaction involving
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NOH,HCI O

NOCI H2S0, H’\l (‘;’HZ
uv HQC\ ,CHZ
HQC_CHZ
1.7 1.11
Scheme 1.6

COOH COOH

CHj j\
0,/ Co?* H, / Pd NOHSO, H;\l c\>H2
—_— —_— —_—
HeC_ CHap
H,C—CH,

1.13 1.14 1.15 1.1

Scheme 1.7

nitration, decarboxylation and Beckmann-type rearrangement. Finally the sulphate is converted

into caprolactam by neutralisation with a base.

Nylon 6.6

The original process for the two chemical intermediates used in making nylon 6.6, adipic acid
(hexane-1,6-dioic acid) (1.16) and hexamethylenediamine (1,6-diaminohexane) (1.18), is still
in use (Scheme 1.8). It is based upon benzene (1.5), which is catalytically hydrogenated over a
nickel catalyst to cyclohexane (1.7), which in turn is oxidised by air using a cobalt ion catalyst
to form a mixture consisting mainly of cyclohexanone (1.9) and cyclohexanol (1.8). This
mixture is oxidised by strong nitric acid in the presence of dissolved copper and vanadium
catalysts to form adipic acid (1.16), which is purified by recrystallisation from water.
Hexamethylenediamine is made from adipic acid by a two-stage process. First, adipic acid is
passed with ammonia in a vapour phase over a solid catalyst, such as boron phosphate, at about

0~
1.9
Hy / Ni 0,/ Co?* HNO3
u
1.5 1.7 OH 1.16
1.8
/
NHj H
HOOC—(CH,),—COOH ? NC—(CHj)4,—CN —t> HoN—(CHy)g—NH,
4 cat.
1.16 1.17 1.18

Scheme 1.8
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270°C. Then the adiponitrile (1,4-dicyanobutane) (1.17) so made is hydrogenated over a solid
cobalt or nickel catalyst to form the diamine.

Numerous other processes have since been introduced, particularly to reduce the cost of
hexamethylenediamine. Adipic acid is made directly from cyclohexane by oxidation in acetic
acid at about 80 °C using a cobalt ion catalyst. Adiponitrile (1.17) is made from acrylonitrile
(1.2) by a process of reductive dimerisation at the cathode of an electrolytic cell (Scheme 1.9).
Adiponitrile is also made from butadiene (1.19) by a complex series of catalysed reactions with
hydrogen cyanide (Scheme 1.10). In both these latter cases the adiponitrile is hydrogenated as

above to form hexamethylenediamine.

2 H,C=CH—CN + 2H,0 + 2¢ ——> NC—(CH,),—CN + 2 0H"
1.2 1.17
Scheme 1.9

HsC—CH—CH=CH,

cat. CN + cat.
H,C=CH—CH=CH, + HCN— >
1.19 H3C—CH=CH—CH,—CN
cat.
HCN
NC—(CH,)4,—CN T H,C=CH—CH,—CH,—CN

1.17
Scheme 1.10

1.3.2 Polyester fibres

The major polyester fibre, poly(ethylene terephthalate), is made from ethylene glycol (ethane-
1,2-diol) and either terephthalic acid (benzene-1,4-dicarboxylic acid) or dimethyl terephthalate.
Ethylene glycol (1.22), which is also widely used in antifreeze formulations, is made from
ethylene (1.20) by oxidation with air at a high temperature of about 350 °C on a metallic
catalyst, often silver-based, to form ethylene oxide (oxiran) (1.21), which is then reacted with
water to form ethylene glycol (Scheme 1.11).

H0
HoC=CH, + %0, ——> HyC—CH, ———> HO—CH,CH,—OH

1.20 1.21 1.22

Scheme 1.11
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Terephthalic acid (1.24) is made by oxidising paraxylene (1,4-dimethylbenzene) (1.23),
dissolved in acetic acid containing as catalysts cobalt, manganese and bromide ions, by passing
oxygen gas through the solution at about 200 °C (Scheme 1.12). It is then purified by
recrystallisation from water at a high pressure (about 5 MPa) and temperature (about 250 °C).
While it is in solution, it is exposed to hydrogen gas in the presence of a palladium-on-carbon
catalyst to hydrogenate impurities such as 4-carboxybenzaldehyde that would not otherwise be
effectively removed by the recrystallisation.

CHs COOH
0O, / CH3COOH
_—
Co?t / Mn2* / Br-

CHs COOH
Scheme 1.12 1.23 1.24

Dimethyl terephthalate (1.28) is also made from paraxylene (1.23), but usually by a
reaction sequence (shown in Scheme 1.13) that involves:
(1) oxidation of the p-xylene by oxygen gas at 140-160 °C in the presence of a cobalt ion
catalyst to form mainly p-toluic acid (1.25);
esterification of the acid at 250-280 °C to form methyl-p-toluate (1.26);

—
o
~

(3) further oxidation to methyl hydrogen terephthalate (1.27);
(4) further esterification to dimethyl terephthalate, which is purified by distillation.
CHa COOH COOCH COOCH;, COOCH,
© 02/ Co?* © CH3OH © 0,/ Co?* © CH30H ©
— = _— = — = _— =
CHs CHs CHs COOH COOCH;3
1.23 1.25 1.26 1.27 1.28

Scheme 1.13

1.3.3 Acrylic fibres

The major intermediate for acrylic fibres is acrylonitrile (cyanoethene) (1.2). The most
important, though not the only, process used for making it is ammoxidation (that is, oxidation by
oxygen gas in the presence of ammonia) of propylene (propene) (1.29) at 450-500 °C using a
solid catalyst consisting of a complex oxide such as bismuth phosphomolybdate (Scheme 1.14).
Another important process is based on the reaction of propylene with nitric oxide and is carried
out using a silver catalyst at about 500 °C.

NH3 / 02
HeC=CH—CH; —_ == H,C=CH—CN

Scheme 1.14 1.29 1.2
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1.4 PRINCIPLES OF FIBRE PRODUCTION

1.4.1 Spinning processes

Natural fibres, with the exception of silk, are formed by a process of growth, but all the major
manufactured textile fibres are formed, like silk, by a process of extrusion through fine holes.
There are three principal processes in use: melt, wet and dry spinning.

Melt spinning is the cheapest and is preferred wherever the thermal degradation temperature
of the polymer is sufficiently above its melting temperature to make the process feasible. It is the
process normally adopted for nylon, polyester, polyethylene and polypropylene fibres.

Wet and dry spinning are both based on extrusion of polymer solutions. In wet spinning the
solvent is removed by a precipitation or coagulation process using a non-solvent, and sometimes
(for example, in the case of viscose fibres) there is also a chemical reaction involved. In dry
spinning the solvent is removed by evaporation. In some cases, such as the production of acrylic,
modacrylic and elastane fibres, both types of solution-spinning process are commercially applied.
In others, such as acetate and triacetate fibres, there is a clear preference for one type of process
—in these two cases, for dry spinning.

One further type of spinning process, reaction spinning, will be discussed later under the
heading of elastane fibres (Section 1.9).

Melt spinning

Melt spinning is the simplest process of fibre formation, since it involves only a thermal transition
that takes place on cooling from a viscous fluid to form either a glassy or a semi-crystalline solid
(Figure 1.6). The rate at which this occurs is controlled by the normal mechanisms of heat

transfer.

Solid polymer
Melter

Metering pump
Filter

Spinneret

Air flow
Convergence guide
Finish applicator
Haul-off roll

Spin bobbin

CTIOTMMUOT>

Figure 1.6 Diagrammatic illustration of melt spinning
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The essential features to be found in the extrusion stage of melt spinning are the formation of
a supply of molten polymer and its delivery from a metering pump through a filtration system to
a spinneret containing small holes. Where the polymer supply is in the form of solid chips,
granules or powder, it must be melted. The most usual melting device is a screw extruder,
particularly for processes designed to operate at high throughput. Alternatively, melting heads
based on perforated plates or grids heated electrically or by heat transfer fluids are used to melt
the solid polymer, which then flows into a melt pool from which it is withdrawn by a metering
pump. In high throughput processes based upon continuous melt polymerisation, the polymer is
not solidified before melt spinning but is forwarded directly by a screw from the end of the
polymerisation stage to the metering pump.

Gear pumps are used to meter the molten polymer to the spinnerets. These positive
displacement pumps provide an accurately controlled rate of supply of polymer. They also
develop a pressure sufficient to force the polymer through a filtration system designed to prevent
large particles or aggregates from passing through and appearing in the extended fibres or even
causing blockage of spinneret holes. The filtration system consists either of sintered metal discs
or of graded sand or alumina. It is followed by a compact distribution system that transports
molten polymer to the spinnerets with as little variation in dwell time as possible.

The size, shape and number of holes in a spinneret vary according to the product required.
For melt spinning textile filaments and tows, the holes are usually in the diameter range
100-750 um at the exit from the relatively thick (3—-20 mm) spinneret plate but are much wider
at the inlet. The final capillary section usually has a length:diameter ratio between 1 and 5. The
number of holes in a spinneret is up to about 500 for producing continuous-filament yarn, but
may be several thousand for producing tow for conversion into staple fibre. Although circular
holes are most widely employed, many complex hole cross-sections are also used to produce
fibres of a wide range of non-circular cross-sections and to make hollow fibres. Bicomponent
fibres containing two polymers in a variety of sheath—core and side—side arrangements are
produced by arranging separate melting and distribution of the polymers in such a way that they
enter the spinneret with the interfacial boundaries in the appropriate configuration.

The threadline emerging from the spinneret is attenuated by a draw-down force applied by a
haul-off or winding roll. On their way to this roll, the fibres pass first through a chimney in
which the cooling environment is controlled, usually by a transverse flow of cool filtered air,
then through or over a convergence guide, and finally through or over a device for applying a
spin finish that consists mainly of a mixture of lubricant and antistatic agent.

1 are used for the thicker filaments

Relatively low haul-off roll speeds, below 1500 m min~
and also where very high final orientation is required; such products are usually subjected to a
separate drawing stage to produce orientation. Many products are nowadays made using high-
speed spinning techniques, with roll speeds in the range 2500 to 6000 m min~!. These produce
partially-oriented yarns or tows (POY) in the lower range and fully-orientated yarns or tows
(FOY) in the higher range of speeds.

An alternative to this draw—spin technology is spin—draw, where the spinning and

orientational drawing are integrated into consecutive stages on the same machine, with the
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haul-off roll system acting as feed roll for the drawing stage. Partially-oriented yarns are also
used as the feedstock for various types of integrated draw—texturing process using, for example,
false-twist or air-jet texturing. Alternatively, the texturing or crimp-forming process may be
applied as a separate subsequent stage to a yarn or tow that has already been oriented by
drawing. Tow is converted into staple fibre by cutting it, or into a sliver or top by, for example,
stretch breaking.

Dry spinning

Dry spinning is more complex than melt spinning since it involves both heat transfer and mass
transfer, the latter process being the diffusion of solvent to the surface and its evaporation into a
gas stream (Figure 1.7). If a skin forms at the fibre surface at an early stage of solvent removal,
the diffusion rate falls and also further loss of solvent leads to a volume contraction that can
only be accommodated by distortion of the skin leading to a non-circular cross-section. As a
result, although fibres of approximately circular cross-section can be made, in practice cross-
sections are often of kidney or dog-bone shape even though circular spinneret holes are used.
On the other hand, the skin remains generally smooth and the internal structure shows low
porosity.

Polymer

Solvent

Solution vessel

Filter

Feed vessel

Heat exchanger
Metering pump

Hot solvent-rich gas
Spinneret

Spinning cabinet
Hot solvent-poor gas
Finish applicator
Haul-off roll

To wind-up or drawing
Solvent recovery
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Figure 1.7 Diagrammatic illustration of dry spinning
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This type of spinning is normally conducted by forming a solution of the polymer, heating it
to a temperature at or just above the boiling point of the solvent, and extruding it into a stream
of air. With high-boiling solvents, such as dimethyl formamide, the air stream is heated to a
temperature above the boiling point, and additional heat is provided from the walls of the
enclosing spinning cabinet. With low-boiling solvents, such as acetone and dichloromethane,
this additional heat is not essential and some processes even operate with an unheated air
stream. Oxidation-sensitive products, such as certain elastane fibres, need to be extruded into
hot inert gas or into superheated solvent vapour; the latter is also used for some products that are
not oxidation-sensitive.

The solution of polymer is heated, filtered and forwarded by a metering pump to the
spinneret, which is much thinner, at 0.25—-1.25 mm, than for melt spinning. The holes are also
smaller, with a diameter of 25-200 um except in special cases, and there will normally be no
more than about 2000 holes per spinneret. The evaporating gas most commonly flows counter-
current to the fibre, but some processes use co-current or even more complicated flow patterns.
Haul-off and wind-up speeds are limited to about 1000 m min~!.

Some dry-spun fibres, such as acrylics and modacrylics, are oriented by drawing the spun
yarn; others, such as acetate, triacetate and elastane fibres, are normally used in as-spun form.

Clearly, cost efficiency depends crucially on solvent recovery, which is based on adsorption
on activated carbon or silica, absorption in liquid solvents, or condensation, followed by
purification by distillation.

Wet spinning

This is much the most complex spinning process, since it involves solvent—non-solvent exchange
and in some cases chemical reactions. Of the products discussed in this book, acrylic,
modacrylic, acetate and elastane fibres have all been wet-spun by some producers, although
only in the case of acrylic fibres is wet spinning the most widely used process.

Wet spinning permits the use of a wider range of solvents than dry spinning because it can be
conducted, and usually is, at temperatures near to or below ambient temperatures. Hence
solvents that would degrade the polymer, or themselves degrade, at the higher temperatures
needed for dry spinning can be used.

The solution of polymer is filtered and forwarded by a metering pump to the spinneret, which
like that for dry spinning is thin, but unlike those for both melt and dry spinning has the holes very
close together (Figure 1.8). A single spinneret for wet spinning may have as many as
200 000 holes. This is possible because heat transfer is relatively unimportant in wet spinning and is
in any case relatively rapid at a liquid-liquid interface, and also because interfibre contact
immediately after extrusion is less probable, and less likely to cause adhesion if it does occur, than
in the other processes. A variant of wet-spinning where the spinneret is not immersed in the
coagulant, known as dry-jet or air-gap wet spinning, does require relatively wide hole spacings.

The coagulant, or precipitant, is usually not a non-solvent alone but a mixture of the solvent

with a non-solvent. Where the solvent is a concentrated aqueous solution and the non-solvent
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Figure 1.8 Diagrammatic illustration of wet spinning

water, the coagulant is then a somewhat more dilute aqueous solution of the same substance.
This procedure leads to less abrupt coagulation than use of a non-solvent on its own, and thus
reduces the tendency to formation of large pores in the fibres.

Extrusion and haul-off speeds are much lower in wet spinning than in dry spinning due to
problems of hydrodynamic drag and liquid carry-over. For an immersed jet they range up to
about 40 m min~!. The lower productivity per hole that results is, however, more than
compensated by the closeness of the holes, which makes it possible to spin a large number of
filaments from a single spinneret. This is particularly useful in the production of tows for
conversion into staple fibre.

The polymer precipitates as a gel, initially at the interface with the coagulant but ultimately
throughout the fibre. Skin formation occurs at the surface, and eventually loss of solvent leads
to distortion of the fibre shape to accommodate the volume contraction, for example by
corrugation of the skin parallel to the fibre axis.

The spun fibres are usually subjected to an orientational stretching or drawing process in line
with the spinning process, often in a heated liquid bath that also serves to remove residual
solvent. Further washing or drying processes may also be necessary.

Wet-spun fibres tend to be rather more porous than those made by the other processes.
Although this somewhat less perfect structure may adversely affect the tensile properties, it has
the advantage that accessibility to dyestuffs is usually improved.

1.4.2 Drawing and texturing

Most fibres are subjected to an orientational drawing or structuring process after the spinning
stage (Figure 1.9). The purpose of this process is to increase the tenacity and tensile modulus
and to reduce the extension to break of the fibres.

In the case of melt-spun fibres, collection at the spinning stage, at a relatively low wind-up
speed less than about 1500 m min™!, gives a product of low degree of orientation that stretches

irreversibly under tension until it suddenly reaches a higher degree of orientation, above which
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A Hot feed roll
B B Hot plate
C Draw roll
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Figure 1.9 Diagrammatic illustration of drawing process; applied draw ratio = ratio of surface
speeds of draw roll and feed roll; true draw ratio = ratio of linear densities of yarn before and after
drawing

further extension requires a much higher tension and is reversible. This is the phenomenon

known as cold drawing, and the draw ratio — the ratio of final length to original length — is

known for this process as the natural draw ratio. Commercial drawing, however, is based on a

process where the drawing temperature and tension are controlled and the draw ratio applied is

fixed so as to produce the tensile properties required. As progressively higher wind-up speeds are
used at the spinning stage, the degree of orientation of the spun yarn becomes correspondingly

higher and the draw ratio then required to produce a highly oriented yarn is lower. Eventually a

wind-up speed is reached at which the yarn from the spinning stage is so highly oriented that no

drawing stage is needed, although such products are in practice somewhat less oriented than
those made by a low wind-up speed, high draw ratio process.

Most fibres, and particularly those destined for apparel or domestic end-uses, are subjected to
texturing processes either after the drawing process or simultaneously with drawing. Many
texturing processes have been described and used, but the most commonly used at present are
the false-twist, stuffer-box and air-jet texturing methods.

(1) In false-twist texturing, the yarn is highly twisted, thermally set and untwisted in a
continuous, integrated process. This process may be applied either to fully drawn yarns or,
with a simultaneous drawing process integrated into the false-twisting, to partially oriented
yarn.

(2) Stuffer-box texturing involves feeding a yarn or tow through a nip into a confined space,
often heated, from which it is withdrawn at a lower velocity than the feed rate.

(3) Air-jet texturing involves overfeeding yarn through a region of highly turbulent air flow

inside an air-jet assembly, so that entangled loops are formed in the filaments.



