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Chapter 1 Introduction to Textile Fibres
1. Introduction:
Textile is a material that is very well known to every civilised human being as he/she is
constantly associated with it right from the cradle to grave. In fact, every individual is using
textiles all through his life as it is the second basic human need. Food, clothing and shelter are
the basic human physical needs. Clothes serve the triple functions of a utilitarian value and
expression one’s personality and exhibition of the wearer’s living standard. The primary uses
of textile are to protect our modesty and to provide us a comfortable micro climate. Its
secondary use is help us look better. In fashion terms, it is used to improve our appearance and
image. The evolution of apparel usage by mankind can be traced back to the Neolithic Age.
The mass production of textiles started with industrialization. Conversely, industrialization
happened for the purpose of mass production of textiles. In the recent times, technical textiles
are being used in wide ranging applications such as protective clothing, wearable computing
to automobiles and aircrafts. The constant development of textiles production will always be
essential. We all use textiles in a variety of forms and for a wide variety of different purposes.
From the average consumer or end user point of view, it can be used either as a disposable item
(e.g. wet wipe) or as a semi durable (dress materials).However, with the advancements in
science, engineering and technology, especially with the advent of technical textiles, the field
of textiles is evolving as an interesting field of engineering. Every human being needs to know
something about textiles as he is forced to using it on a daily basis. However, from the
technological point of view, textile has to be thoroughly studied and understood as it is a part
of a major manufacturing industry and business. Studying about textile can be done both as a
material science and as conversion processing. As a subject of material science, its physical
and chemical properties can be studied in depth and detail. Under conversion processing, one
can study about the ways in which it can transformed into a successful product which can fulfil
the multifarious needs of the various consumers. All textiles are made up of textile fibres. A
textile fibre is the fundamental unit of a textile material. In other words, it is the building block
of any textile. Therefore, to have a good knowledge of the textile, one must have the sound
knowledge about textile fibres. In this chapter, we will take a good look into the basics of textile
fibres. To start with, we will try and find out the meanings of the words textile and fibre. The
word ‘textile’ usually refers to an assembly of fibres either in semi-finished or finished form
which is both flexible and strong. All structures which consist of fibres as their smallest
components and that are capable of further processing by processes such as spinning, weaving,
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knitting, chemical processing etc. can be termed as textiles in general. Actually, it is used both
as a noun as well as an adjective. When it is used as a noun, it generally means as something
woven or that is suitable for weaving. It is a comprehensive term indicating a wide range of
textile products such as fabrics, carpets, garments, curtains and so on. When used as an
adjective, it is modifying the noun to mean that the particular noun belongs and associated and
related to the textiles. For example, a textile engineer means that this engineer is associated
exclusively to the field of textiles. We can find many such terms using the textile as an adjective
in textile mill, textile research, and textile technologist and so on.
1.1 Definitions of some important technical terms:
1.1.1 Textiles
The word 'textile' is from textus, the past participle of the verb texere which means 'to weave'
in Latin. The meaning of the adjective textilis, is 'woven'. Therefore, the word ‘textile’
originally meant a woven fabric. The term ‘textiles’ is mostly a broad term that refers to any
material that can be made into fabric by any method. Now, it is generally used to indicate
materials such as fibres, filaments, or even yarns that can be converted into fabrics by
weaving/knitting/ nonwovens. In the recent times, it is a generic term that can mean a
manufactured product that is made up of fibres including garments and apparels also. The
textile industry is one of the largest industries of world.
1.1.2 Fibre
A fibre is defined as a small threadlike structure (1). The American Society for Testing and
Materials (ASTM) defines a ‘fibre’ as ‘a generic term for any one of the various types of matter
that form the basic element of a textile, and it is characterised by having a length at least 100
times its diameter’ (2). The Textile Institute defines a fibre as a ‘textile raw material, generally
characterised by flexibility, fineness and high ratio of length to thickness’ (3). A similar
industry definition is a ‘unit matter with a length. A fibre is a flexible material, generally
characterized by good flexibility, fineness and high ratio of length to thickness. The practical
understanding of the word ‘fibre’ is that it is a unit of cylindrical matter characterized by a
reasonably long length and small diameter. Fibres are strands of long and flexible materials
(hair-like), which are either natural or manufactured and form the basic elements of fabrics and
other textiles. In a broad sense, the word ‘fibre’ is used for all the types of matter – either
natural or manmade, forming the basic structural elements of any textile fabrics and other types
of textile structures. Natural fibre can be termed as a fine strand of material which can be
sourced from the parts of plants/animal. Fibre is defined by Fabric Link Textile Dictionary as
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“the basic entity, either natural or manufactured, which is twisted into yarns, and then used in
the production of a fabric”. A fibre can be described as any substance either natural or
manufactured that is suitable for being processed into a fabric. Theoretically, all fibres are
capable of being converted into textiles. Whereas practically, a range of both natural and manmade materials can only be used as textile fibres. A similar industry definition is a ‘unit matter
with a length at least 100 times its diameter, a structure of long chain molecules having a
definite preferred orientation, a diameter of 10–200 microns (micrometres), and flexibility’ (4).
All fibres have a particular molecular structure that contributes to their specific attributes and
properties. The common characteristics of fibres from these definitions are:
• The diameter of a fibre is small relative to its length
• Properties of ‘flexibility’ and ‘fineness’ (a way of describing the thickness of a fibre)
These are key characteristics and qualities that enable it possible to manipulate fibres to create
the much larger textile structures that we are familiar with such as yarns and fabrics. Certain
key characteristics of fibres, such as fineness and flexibility, length and diameter, have a
profound effect on the properties of any textile product. Many of today’s textile products are
made up of blends or mixtures of different types of fibres which give a particular mix of
desirable properties that best fit how the end product will ultimately be used.
There are several technical and economic reasons why different fibres may be blended or
mixed:
• To try and compensate for weaker attributes or properties of one type of fibre
• To improve the overall performance of the resulting yarn or fabric
• To improve or provide a different type of appearance
• To improve the efficiency of textile processing, especially of spinning, weaving and knitting
• To reduce costs
Therefore, a textile fibre is a fibre which can be converted into a yarn or fabric by any single
or combinations of processes such as interlacing, interloping, and intermingling using a variety
of mechanical processes such as spinning, weaving, knitting, braiding, felting, needle punching
etc. Fibres are the basic materials for all textile products. They can either be natural (natural
fibres) or man-made (Either fully manufactured or man-made regenerated).
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Table 1 shows the evolution of textile technology (8)
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Within these two types or groups, there are two main kinds of fibres.
Fibres of short length, called staple fibres
Fibres of indefinite (very long) length, known as filaments
1.1.3 Staple Fibres
The word staple means something important or main. Fibres having a definite (a short/limited
length) are known as staple fibres. Usually, these fibres are natural fibres and have varying
lengths. However, there is one important/main/principal length that is statistically very relevant
and representative of the fibre mass and is known as the staple length of the fibre lot. In the
yarn manufacturing process, to make a continuous length of yarn, the staple fibres have to be
twisted together. The staple length of staple fibres can range from about 1 cm to many
centimetres in length. But, by definition, they can never become long enough to be classified
as filament. So, these two terms are distinctly different from each other. In the staple fibre
manufacturing process, a large bundle of filaments are cut into specified short lengths of fibres.
All types of staple fibres need to be twisted together to make a continuous strand of fibres
which is known as yarn. The evolution of textile products has largely been driven by
progressive developments in fibre engineering, particularly in the area of fibre production.
1.1.4 Filament
Filaments are generally combined and twisted together to form yarns, whilst staple fibres are
twisted together to create yarns. Yarns are then typically woven or knitted into fabrics. A piece
of a fabric usually contains a large number of fibres. For example, a small piece of lightweight
fabric may contain over 100 million fibres (9). Individual types of fibres can be used either on
their own or combined with other types of fibres to enhance and improve the quality of the
resultant end-product. The process for combining two or more types of fibres is known as
blending. There are many popular blended fibres on the market, such as Cotswool, which is
made of a blend of cotton and wool (10). A fibre of continuous length is known as a filament.
By definition, a fibre of very long (infinite) length is known as a filament. A filament is very
long enough to be used in a fabric manufacturing process such as weaving or knitting directly.
Majority of filaments currently used are man-made in nature. The only naturally occurring
fibrous material in the filament form is silk. A cocoon of a mulberry silkworm can contain
about 360–1200 m (depending on the quality and type of cocoon) of continuous twin filaments.
Manmade filament yarns (produced by chemical spinning machines) can be many kilometres
long in length. Filaments consist of very long, thin cylinders of extruded fibrous material, either
5

in single strand (monofilament) or grouped in multiple strands (multifilament). There may be
one or many filaments in the filament yarn (see below) and accordingly they are called either
monofilament or multifilament yarn respectively. The most important difference between a
fibre and a filament is in the length.
1.2 Types of Textile Fibres
Textile production of the world was predominantly a specialised domestic production system
(cottage industry) mainly done by women (Gordon, 2011) up until the seventeenth century.
The most widely used fibres were wool, cotton, silk, hemp and flax (for linen). With the advent
of the Industrial Revolution, mechanisation of the production process was started, allowing
totally new and faster methods of manufacturing. Over the next 300 years, developments were
taking place both in processing and advances in engineered fibres that had totally changed the
textile landscape. The first man-made or manufactured fibres, namely viscose (regenerated
cellulose fibres), were developed in the fag end of nineteenth century and its industrial
production was really started in the early twentieth century. Synthetic fibres were developed in
the late 1930s and production took off after the Second World War. The aim in the 21st century
is to create fibres that are both functional and sustainable, along with inherent smartness that
can be adapted precisely to the changing needs of today’s users (11, 12). Designers, whether
in fashion or textiles, always seek to push the boundaries of design, by exploiting the key
characteristics of fibres and their properties. At present, there are three basic types of fibre
groups as given below:
• Natural fibres
• Regenerated fibres
• Synthetic fibres
Both Regenerated and synthetic fibres together are known as man-made or manufactured
fibres. The various types of textile fibres are summarised in the classification chart shown in
Figure 1.1. Natural fibres are those fibres which occur in nature. Wool from sheep or cotton
from cotton plants (13) are the best examples of the same. Natural fibres are discussed in depth
and detail in Chapters 2 and 3 of this book. Regenerated fibres are the fibres that made from
natural polymers that are not useable directly in their original form but can be regenerated (i.e.
reformed) to create useful fibres (14) with the use of chemicals. One of the first regenerated
fibres was viscose rayon, also known as viscose or viscose rayon, and was regenerated from
wood pulp. The details of the regenerated fibres are discussed in Chapter 4. The structure and
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properties of both natural and regenerated fibres are discussed in the respective chapters.
Synthetic fibres are made by the polymerisation of smaller molecules into larger ones (known
as macro molecules or polymers) in an industrial process (15). Different types of Synthetic
fibres are discussed in Chapters 5–7.

Figure 1.1 Different types of Textile Fibres (Courtesy: Textile Fibers, Dyes, Finishes, And
Processes, A Concise Guide published by Noyes Publications, USA)
Based on the chemical composition of the fibres, natural fibres can be divided into two main
types:
• Vegetable (cellulosic) fibres (Please see in Chapter 2)
• Animal (protein) fibres (Please see in Chapter 3)
Asbestos is the only natural mineral fibre and it is no longer in use as it has been found to be
carcinogenic in nature.
Animal (protein-based) fibres can be divided into the following categories:
• Wool (from sheep)
• Hair (e.g. from goats, such as mohair and cashmere; or from rabbits, such as angora)
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• Silk (from silkworms)
Based on which part of the plant the fibres come from, vegetable fibres can be divided into:
• Seed hairs (e.g. cotton)
• Bast (fibres derived from the outer, or bast, layers of plant stems, e.g. flax, hemp and jute)
• Leaf (e.g. sisal)
Manufactured or man-made fibres can be classified as:
• Synthetic or chemical polymers, e.g. polyester, nylon (polyamide), acrylic, Lycra
• Regenerated, e.g. viscose, modal, acetate
• Inorganic, e.g. carbon, glass, ceramic and metallic fibres
Non-polymer or inorganic fibres are discussed in Chapter 7. Synthetic polymer fibres can be
classified in a number of ways. One such classification is as follows (included with their
technical definitions):
• Polyesters: It is defined as “any long-chain synthetic polymer composed of at least 85% by
weight of an ester of a substituted aromatic carboxylic acid, including, but not restricted to,
substituted terephthalate units and para substituted hydroxybenzoate units” (e.g. PET, PTT,
PBT, PEN, PLA, high-modulus high-tenacity (HM-HT) fibres).
• Polyamides: It is defined as “polymers having in the chain recurring amide groups, at least
85% of which are attached to aliphatic or cyclo-aliphatic groups” (e.g. nylon, PVA, PVC).
• Aramids: These are defined as “polyamides, where each amide group is formed by the
reaction of an amino group of one molecule with a carboxyl group of another” (e.g. Kevlar,
Nomex).
• Olefins: It is defined as “manufactured fibres in which the basic unit is any long-chain
synthetic polymer composed of at least 85% by weight of ethylene, propylene or other olefin
units” (e.g. polypropylene, polyethylene).
• Elastomers: It is defined as “materials that, at room temperature, can be stretched repeatedly
to at least twice their original length, and upon immediate release will return to approximately
the original length” (e.g. polyurethane, Lycra, Spandex).
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• Acrylics: It is defined as “manufactured fibres in which the basic substance is a long-chain
synthetic polymer composed of at least 85% by weight of acrylonitrile units”.
These groups are discussed in Chapters 5 and 6.
1.3 Fibres, Yarns and Fabrics
Fibres are commonly classified in the following way:
• Staple fibres
• Filaments
• Tow
As noted earlier, a staple fibre is a fibre of relatively short length, as is the case with most
natural fibres, which range from a few millimetres (e.g. the shortest cotton fibres, known as
linters) to around a metre (e.g. fibres from bast plants). Staple fibres are typically between 3
and 20 cm in length. Given the differences in average fibre length, cotton fibres (2–3 cm) and
wool fibres (5 cm or more) are, for example, sometimes referred to as ‘short staple’ and ‘long
staple’ fibres, respectively.
A filament is a fibre of indefinite length. The various silks are the only natural filament fibres.
Most regenerated and synthetic fibres are produced as filaments. These can be used in single
or multifilament form. Some of these are also assembled to produce a ‘tow’ which is then cut
or broken into required short lengths to produce staple fibres suitable for blending with other
fibres, in particular with cotton or wool.
A tow can mean two different things:
• In the synthetic fibre industry, a tow is a large assembly of filaments that is destined to be cut
into shorter (staple) fibres.
• In the processing of natural fibres (flax), tow is the shorter fibre produced when the stalks are
processed to extract the fibres (the long fibres are called line flax).
A yarn has been defined as ‘a product of substantial length with a relatively small cross-section,
consisting of fibres and/or filaments with or without twist. Another definition of yarn is
‘groupings of fibres to form a continuous strand. Most staple fibres are made into yarn through
a process of drawing, spinning and twisting that allows an assembly of fibres to hold together
in a continuous strand. There are different methods of spinning, depending on the fibre being
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spun. Fibres can also be assembled into larger structures in other ways, e.g. felt and nonwoven
fabrics.
Yarns can be categorised in different ways. Based on the components, the basic yarn types are:
• Monofilament
• Multifilament
• Staple or spun
These types are illustrated in Figure 1.3. As their name suggests, monofilament yarns contain
a single filament. More commonly, many filaments are twisted together to form multifilament
yarns. As noted earlier, staple or spun yarns consist of staple fibres combined by spinning into
a long, continuous strand of yarn. The key elements of a staple yarn are content, fineness and
length, yarn ply and twist. There are many ways of creating a staple yarn from groups of fibres.
Typical yarn formations include:
• Single (fibres combined into a single yarn)
• Ply/plied (two or more yarns twisted together)
• Cabled/corded (several plied yarns twisted together)
• Blended/compound (different fibre types combined in a yarn)
• Core spun (a yarn with one type of fibre, usually a filament, in the centre (core) of the yarn,
which is usually covered (wrapped) by staple fibres)
• Fancy or effect yarns (yarns with special effects or deliberate irregularities, e.g. slubs (thicker
portions) or loops occurring regularly or randomly along the length of the yarn)
The combination of different fibres and yarn structures can be used to engineer a particular set
of properties. Sewing threads are an example of a yarn that is specifically engineered for a
specific purpose. Additional finishes are often added to yarns to ensure they are fit for purpose.
Yarn fineness or thickness or size is characterised by two main types of yarn numbering
systems:
• Direct yarn numbering system: Based on weight or mass of a fixed length of yarn (mass per
unit length).
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• Indirect yarn numbering system: Based on the length of yarn of a fixed weight (length per
unit mass).
Both systems provide a measure of the fineness (or thickness) of the yarn, which is important
for its appropriate application in fabric construction techniques such as knitting and weaving.
Once yarns are processed, they then need to be assembled in some way to produce a fabric. A
fabric is defined as ‘a manufactured assembly of fibres and/or yarns that has substantial surface
area in relation to its thickness, and sufficient cohesion to give the assembly useful mechanical
strength’ (3). There are many methods of combining yarns to create a fabric. Some of the most
important methods are:
• Weaving
• Knitting
• Nonwoven fabric production
Some more specialised fabric types include lace, nets, braids and felts.
The different methods of forming fabrics result in wide variations in texture, appearance, drape
(the way a fabric hangs) and hand/handle (the feel of a fabric); as well as performance
characteristics such as strength, durability, comfort and protection. The combination of
different fibre types and yarns and fabric structures results in a huge range of products, with
widely differing properties. Both fashion and textile designers try their best to utilize the
inherent properties and performance characteristics of different types of fabrics when designing
and making products.
Fibres have a wide range of physical, mechanical and chemical properties (20).
Physical and mechanical properties include:
• Length, shape and diameter (fineness)
• Colour and lustre
• Strength and flexibility
• Abrasion resistance
• Handle (or feel), e.g. soft (cashmere), harsh (coir), crisp (linen), elastic (Lycra)
• Moisture absorbency
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• Electrical properties
• Important chemical properties, including fire resistance
• Chemical reactivity and resistance (e.g. resistance to acids, alkalis, solvents, light, etc.)
• Antimicrobial properties
These are discussed in detail the following sections. Figure 1.4 suggests a schematic way of
categorising all the relevant fibre properties related to its performance.

Figure 1.2 Fibre properties to different performance category
1.4 Fibre Length, Shape and Diameter
We have already discussed the length of different fibre types. Fibre length of the staple fibre
affects many of the properties of a staple spun yarn, including strength, evenness and hairiness.
Because they are continuous, filament yarns can be made into yarns with little or no twist,
producing a smooth, bright appearance, particularly when crimp is not present. Staple fibres
need to be twisted together to form a length of yarn with fibre ends protruding from the surface
of the yarn. This produces a duller appearance and more uneven texture. This can be an
advantage since it gives some fabrics a softer ‘hand’ or feel.
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A characteristic feature of some fibres is ‘the waviness of a fibre’, which is known as crimp
along its length. There only fibres that have natural and significant crimp are the animal fibres
(wool and hairs). Crimp is often imparted to synthetic filament fibres at the time of their
manufacture, in order to make them more bulky and comfortable, and to man-made staple
fibres for blending with wool or cotton and to facilitate ease of processing. Crimp can be
measured by counting the number of crimps or waves per unit length (using crimp meter) or
the percentage increase in fibre length on removal of the crimp. Crimped fibres tend to be more
bulky and cohere (cling) together more effectively when being spun into staple fibre yarn. Fibre
‘cohesiveness’ is an important factor in the successful spinning of staple fibres, and can
produce stronger yarns. Crimped fibres, such as wool, have more bulk and better insulating
properties, the latter being due to more entrapped air.
Natural fibres come in a range of shapes, whilst synthetic fibres can be manufactured in almost
any desired shape as required. Fibre shape can essentially be analysed in two ways:
• By looking at the cross-section of a fibre (i.e. cross-sectionally)
• By looking at the fibre lengthways (i.e. longitudinally)
Some common types of fibre cross-section are:

Figure 1.3 Schematic representation of different cross-sectional shapes of the fibres
13

1.

Round 2. Dog-bone shaped 3. Trilobal 4. Multilobal 5.Serrated 6.Hollow

Some typical cross-sections are schematically illustrated in Figure 1.5. Amongst natural fibres,
cotton fibres have a characteristic dog-bone (bean or kidney) shape, whilst silk fibres have a
more rounded, trilobal shape. Whilst there is greater flexibility in selecting and producing a
particular cross-section for synthetic fibres, some tend to have the same basic shape (mostly
round or serrated).Looking at fibres longitudinally, some have a smooth surface whilst others
are rough and uneven. Wool fibres have scales similar to human hair, whilst cotton fibres have
a characteristic twist (convolution). The shape and surface characteristics of a fibre can have
an important effect on properties such as cohesion, wetting, wicking, how easily fibres can be
cleaned, as well as fabric cover (discussed below) and lustre.
Synthetic filament yarns can be texturised (textured) to alter their surface and thus, its other
properties. The purpose of texturising is to increase the bulkiness of the yarns and hence, the
comfort of the fabrics. Textured yarns can be knitted or woven into fabrics that have the
appearance, drape and almost the handle of wool, cotton or silk fabrics, while retaining the
synthetic fibre fabrics advantages of better washability, ease of care and lower cost compared
to natural fibre fabrics. An important property of a fabric is ‘cover’, which describes the degree
to which the yarn and fibres cover the space or area occupied by the fabric. The more open the
fabric, with more open spaces or gaps, the lower the cover. Good cover in a fabric is important
because it determines certain comfort related and other properties such as degree of protection
and transparency. The ‘cover factor’ of a woven fabric is a number indicating the area covered
by the fibres and yarns in the fabric, relative to that covered by the fabric.
The diameter of a fibre is the distance across its cross-section. Because they are irregular, the
diameter of natural fibres usually varies over their length, so an average is used. Fibre diameter
is usually measured in millionths of a metre, known as ‘microns’ or ‘micrometres’ (using the
symbol μm).
Typical textile fibres have a diameter of between 10 and 20 μm, though some can reach 50 μm.
Natural fibres range in diameter from silk (10–13 μm) to wool (up to 40 μm). Synthetic fibres
can be manufactured in diameters from as small as 6 μm (known as microfibres) up to heavyduty carpet fibres (over 40 μm). Nanofibres, with a diameter less than 100 nm (nanometres),
are also produced. A small diameter of a fibre produces ‘finer’ fibres with a greater pliability,
flexibility and softness. This results in a fabric with better or softer hand (i.e. feel) and drape
(the way a fabric hangs). The fineness of fibres is discussed in more detail below. Apparel is
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typically manufactured from small-diameter fibres, whereas larger-diameter fibres are often
used for heavy-duty applications such as carpets.
1.5 Fibre Colour and Lustre
The natural fibres have different colours. Wool fibres can, for example, vary in colour from
black to white, usually being creamish in colour. Filaments are usually white when
manufactured but can be coloured to almost any colour, either during manufacturing or
subsequently. When synthetic fibres are mass dyed (also called dope dyeing, masspigmentation or mass-colouring), the colouring matter is incorporated in the polymer before
the filaments are formed (i.e. extruded). The colour and surface characteristics of different
fibres have a major effect on fabric appearance, including lustre (the amount and nature of light
reflected by a fibre, yarn or fabric). A smooth surface and more regular cross-sectional shape
(e.g. the smooth, trilobal shape of silk fibres) will reflect light more strongly and evenly, thus
creating a high lustre. A fibre like cotton, which has a rough surface and irregular, twisted
cross-sectional shape, has a lower lustre. As well as reflecting light more strongly, smooth,
round fibres tend to get soiling more easily than, e.g. multi-lobal fibres, which are preferred for
products such as carpets where dirt and wear may be a significant problem.
Another method of colouring fibres is to dye them in fibre form, before they are spun into
yarns. This is called stock dyeing, and is mainly confined to wool and hair fibres. Stock dyeing
permits the mixing of differently coloured fibres before spinning, and this in turn permits the
production of yarns containing several intimately mixed colours. This enables designers to get
colour effects that cannot be obtained in any other way. Harris tweeds are the best examples of
these colour effects. Dyeing can also be carried out in any stage of the textile product form
such as yarn, garment or fabric form, the latter being the most common.
1.6 Fibre Fineness
In textiles, fineness refers to the measure of its thickness (or thinness) of the fibre. Thinner
(finer) fibres have greater surface-to-weight ratios and are more flexible, giving a softer drape
(flexibility) and handle well than thicker fibres. Generally speaking, the thinner the fibre, yarn
or fabric, the better its quality and the higher its price. Fineness can be measured in textiles in
several ways, depending on whether it is a fibre, a yarn or a fabric form.
1.6.1 Fibres
There are two practical ways of measuring the fineness of textile fibres. The one that is
exclusively used for wool and animal hairs is to measure the diameters of a sample of the fibres
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and express the result as the average of these diameters. The most popularly unit used, bearing
in mind the smallness of these diameters, is the micron (μm), which is one millionth of a metre.
As an example, fine Merino wool would have a diameter of between 18 and 20 μm.
The second common way of assessing/measuring/expressing the fineness of textile fibres,
which applies particularly to filaments such as silk and certain synthetic fibres such as polyester
and nylon, is in terms of weight per unit length, such as denier or Tex. A denier is the weight
in grams of 9000 m of filament or fibre. An example is ladies 15 denier nylon stockings, which
vary from about 1.3 denier to 2.5 denier. The Tex system, expressed in grams per 1000 m (see
below), is also sometimes applied to fibres, especially in scientific and technical circles. Since
fibres are usually very fine, millitex is more often used (1000 millitex = 1 Tex) as a measure
of its fineness.
1.6.2 Yarns
Yarn is an essential element in the design and manufacture of fibrous textile products. It forms
an important immediate stage product in many methods of textile production. Yarn is an
assembly of fibres twisted together to form a continuous strand that suited for the process of
fabric manufacture. Yarn is the building block of a fabric and hence, it contributes significantly
to the fabric properties. Yarn is “a generic term for a continuous strand of textile fibres,
filaments, or material in a form that is very much suitable for knitting, weaving, or intertwining
to form a textile fabric. Yarn can also be defined as a product of substantial length and relatively
small cross-section consisting of fibres and/or filaments with or without twist. Yarns play the
most important role in the fabric manufacturing process since a majority of the textile fabric
are made up of yarns. Textile products such as sewing and embroidery threads, strings, and
ropes are made up of yarns. Yarns can be manufactured in various sizes and textures, and can
also vary very much in other characteristics. The performances, end uses, and fabric care are
greatly influenced by the yarn characteristics. Many different types of yarns can be produced
for different kinds of end uses.
In general, two major categories of yarn are commercially available, viz. staple fibre (or spun)
yarns and continuous filament yarns. The former is made by the mechanical processing of
staple fibres (either natural or synthetic or a combination of both these fibres) using twisting or
wrapping techniques. The latter is made by extruding continuous filaments from the synthetic
polymers (e.g. polyester, nylon and polypropylene). From these two categories, many different
types of yarns can be spun, as shown in Figure 1.4. Amongst the different types of yarns, the
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continuous filament yarns are the simplest in structure. But, they are now being subjected to
many post spinning processes designed for bulkiness, texture, extensibility and other desirable
properties. All the synthetic fibres are filament fibres and their spinning methods are different
from the staple spinning. Spun yarns made of staple fibres have the complexity of the
discontinuities at the fibre ends and differences in the yarn structures due to difference in
spinning technologies.
Staple fibres have to be twisted to force them adhere into a continuous length of yarn. The
action of twisting, ensures that the fibre surfaces are into firm contact with each other which
enables the fibrous strand to withstand the tensile forces. By twisting a strand of fibres together,
a continuous length of yarn can be spun even with the use of very short fibres. Spun yarns
(made using staple fibres) are thicker, hairy and are dull in appearance. Spun yarns are
produced either using short staple fibres, or long filament fibres that have been cut into short
staple fibres. Spun yarns may contain either fibres of the same type or a blend of different
fibres. The type of spinning method used to manufacture the yarn greatly influences the
resultant yarn properties such as uniformity and strength. Combed cotton yarns which are finer,
smoother and with better quality characteristics are produced by combing the in process fibrous
material prior to spinning. A similar process is used to manufacture fine quality worsted yarns
using wool fibres. A wide range of fibres is available in the current global market. Moreover,
specially engineered spinning systems have been developed capable of spinning a wide variety
of yarns is also commercially available. This enables the textile technologists to design and
develop yarns with specific properties.
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The nature and type of yarn (yarn properties) exert a very strong influence on the important
fabric properties such as texture and appearance. In general, filament yarns are thin, smooth
and lustrous, than the staple fibre yarns.

Figure 1.4 Schematic representation of different types of yarns
Staple fibres may be divided into two categories, viz. short and long staple fibres. Short staple
fibres are the fibres of less than 2 inches length whereas long staple fibres are those fibres
which are longer than 2 inches. Natural fibres such as cotton and wool are typical examples of
short staple fibre and long staple fibre respectively. Manufactured synthetic filaments can be
cut or stretch-broken into the desired lengths to make either short staple or long staple fibres.
The interrelationship of fibre, yarn and fabric structure on fabric properties is given in Figure
1.5. A plied yarn is created by twisting two or more singles yarns together. A cable and cord
yarn consists of many plied yarns (or plied and single yarns) twisted together.
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(Courtesy Google images)
1.5 The interrelationship of fibre, yarn and fabric structure on fabric properties

Figure 1.6 A diagrammatic representation of different types of yarns
(Courtesy Google images)
The systems of yarn fineness used in the textile industry vary according to the types of fibres
used and the traditions of the places where the yarns are produced. Yarn fineness measurement
systems can be either direct or indirect. In the direct system, the weight of a given length of
yarn is used as the measure of the fineness, the denier and Tex systems being the most
commonly used terms. The denier system is based on the weight in grams of 9000 m of filament
or yarn. This is the traditional system used for silk and often for synthetic filaments. Therefore,
9000 m of a 10 denier silk yarn will weigh 10 g. The same length of 50 denier yarn will weigh
50 g. In the tex system (discussed in more detail below), 1000 m of a 5 tex yarn will weigh 5g,
19

and 1000 m of a 40 tex yarn will weigh 40 g. In direct systems, the greater the number of the
yarn, the thicker the yarn. Direct systems are sometimes called linear density systems, since
they represent the mass per unit length of yarn (linear density).Over the last 50 years or so, as
textiles became a truly a global business, and hence, there was a growing need to have common
systems of reference and measurement, including yarn fineness. This resulted in the
development of the Tex direct system of yarn fineness or linear density measurement, which
now has worldwide recognition. The unit in this system is called the ‘tex’ and it corresponds
to the number of grams per 1000 m (1 km) of yarn. Sometimes, for yarns finer than 1 Tex, to
avoid using fractions or decimals, the yarn number is expressed in decitex, where 10 decitex
equals 1 Tex (to convert from Tex to decitex, multiply by 10).
Indirect systems are based on the length of yarn per unit mass. Different indirect measurement
systems for different types of yarns (fibres) have developed over a period of time. A traditional
British name for these indirect measurement systems, also termed counts, is ‘grist’ (see Figure
1.6). Examples are:
• The English cotton system. Even though, its name is English cotton count, this system is also
used in the United States, Europe, Asia and other places for describing cotton (100% cotton
and cotton/ polyester blended) spun yarns. This count is based on the number of 840 yard hanks
in one pound (454 g). The number of 840 yard lengths of yarn together weighing one pound is
its cotton count.
For example, for a 20s cotton count (cc), one pound of yarn will consist of 20 × 840 yards =
16,800 yards (23,043 m) of yarn, whilst 10s cc yarn would be half that length. In indirect
systems, the higher the count, the finer (thinner) the yarn.
• Worsted count. Number of 560 yard hanks per pound. There are also many woollen (as
opposed to worsted) counts.
• Flax count. The number of 300 yard ‘leas’ (hanks) or yarn lengths per pound. Also called the
‘lea’ or linen system.
1.7 Thread
A thread is three or more yarns tightly twisted, singed, dyed and finished to fit into the eye of
the needle, or to be hand-knotted, crocheted or tatted. The very extreme type of thread enters
into the area of cords and eventually ropes of all types. A ply yarn is made by a second twisting
operation, which combines two or more singles. Each part of the yarn is called a ply. It’s mostly
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used in warp direction and found in men’s shirts and sweaters. Sewing threads are usually made
as two ply or three-ply yarns. Figure 1.7 shows the diagrammatic representation of single, two
ply and cord yarns.

(a) Single yarn (b) Two-ply yarn (c) A cord yarn
Figure 1.7 A thematic representation of different types of yarns ((Courtesy Google images)
A cord/ cable is made by the third twisting operation, which twists combining ply yarns
together. Some types of sewing threads and ropes belong to this group.
1.8 Basic Requirements of a textile fibre
There are several primary or essential properties necessary for any polymeric material to make
qualify as textile fibre: (1) fibre length to width ratio, (2) fibre uniformity, (3) fibre strength
and flexibility, (4) fibre extensibility and elasticity, and (5) fibre cohesiveness. Certain other
fibre properties increase its value as a textile fibre and desirability in its intended end-use. But,
these are not necessarily the properties essential to make a fibre. Such secondary properties
include moisture absorption characteristics, fibre resiliency, abrasion resistance, density, lustre,
chemical resistance, thermal characteristics, and flammability. A more detailed description of
both primary and secondary properties follows. The fundamental principles of physics apply
to each fibre type whether it is staple or filament, natural or synthetic, these properties are
determined by the dimensions and molecular structure of the fibre. Fibres are made up of long
chains of atoms known as polymers or macro molecules. These structures are formed naturally
in the cases of cellulose, keratin, collagen, asbestos etc. They can be formed through synthetic
chemical processing for the synthesis and manufacture of chemical or synthetic fibres such as
polyethylene, nylon, polyester etc. Regardless of the method of synthesis, it is the length,
molecular structure, and net orientation of these polymers will govern not only the mechanical
properties (strength, stiffness, elasticity) but also the processing of these fibres in to fabrics
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(filament manufacture, fabric manufacture, dyeing) and the behaviour of such materials (crease
resistance, water adsorption, wicking). For example, cotton and flax are comprised largely of
cellulose, a chain of carbon, oxygen, and hydrogen. The length and arrangement of these
molecular chains determine the strength and stiffness of the fibre. For any matter to become a
fibre, it must have long fibre forming polymers held together so as to have a high length to
width ratio. This is the fundamental requirement for any macromolecule to form a fibre.
Similarly, for any fibre to be designated and used as a textile fibre, the fibrous material should
fulfil two major and important requirements, viz. the primary or essential properties and the
secondary or desirable or the properties. These properties are separately listed here below under
each category:
1.8.1 Essential properties
1.

High length to width ratio

2.

Fibre Uniformity

3.

Strength and Flexibility

4.

Spinnability (Fibre cohesiveness) 5. Fibre Elasticity and extensibility

1.8.2 Desirable properties
1. Durability (Resistance to chemicals, Resistance to biological agents, Resistance to
environmental conditions)
2. Fineness
3. Elastic recovery and elongation
4. Resiliency
5. Flammability and other thermal stability
6. Lustre
7. Dyeability
8. Moisture regain
9. Commercial availability

1.9. Essential requirements of a textile fibre
1.9.1 Fibre Length
Fibre Length to Width Ratio: Fibrous materials must have sufficient length so that they can
be made into twisted yarns. In addition, the width of the fibre (the diameter of the cross
section) must be much less than the overall length of the fibre, and usually the fibre
diameter should be 1/100 of the length of the fibre. Most natural fibres are staple fibres,
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whereas man-made fibres come in either staple or filament form depending on processing
prior to yarn formation. Fibre Length is the most important parameter which determines
the usefulness of a fibre as a textile fibre from the spinning point of view. The minimum
length of the fibre should not be less than 5 mm. It is very logical to understand that when
a continuous yarn is to be made out of individual fibres, it should possess a high level of
length to width ratio (with reference to its diameter). Only then, it will be possible to spin
a yarn that can hold together the constituent fibres. This is also known as the length to
breadth ratio. The most useful textile fibres will usually have length to breadth ratios of
more than 100:1. Almost all the popular textile fibres have length to breadth ratio of more
than 1000:1. Fibre length is a key metric in determining the processability of a material.
This is often one of the pricing considerations with natural fibres, with length being ranked
the most important parameter for ring and air jet spun cotton yarns. Longer fibres can make
yarn processing easy and are used for making finer and stronger yarns. In contrast, short
fibres can not only increase yarn hairiness and bulk but also can significantly reduce the
spinning yield as fibres are lost during spinning. For natural fibres, every supply has a
distribution of lengths from long to short and there are objective methods to characterize
the average length and the variation and uniformity within a sample. With synthetic
materials, staple length can be controlled accurately through filament cutting and can be
suitably optimized to work well with existing processing equipment.
The typical length to width ratios for the predominantly used natural fibres are as follow:
Fibre Length to Width Ratio
Cotton 1400
Wool 8000
Flax

1700

Silk

3,30,000

In the case of manmade fibres also it can be found that a high length to breadth ratio is
equally important in requirement. The diameters to which such fibres are spun can be tailor
made to suit the end use requirements. They can be available in a wide range, but in general
these fibres have similar diameters as those of the natural fibres. Thus, viscose and cellulose
acetate filaments are usually manufactured with average filament diameters varying
between 10 and 30 μm, similar to those found in the natural fibres.
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Manmade fibres are mostly used as continuous filament yarns, and even when they are cut
in to staple fibres, the staple length is always higher than 25.4 mm (one inch) in length. It
is clear that for a fibre to be useful as a textile fibre, a high length to diameter ratio is a
requirement that is equally applicable to both manmade fibres and natural fibres. The staple
length of staple fibre is one of the most important characteristics. Generally a longer
average fibre length is to be preferred because it offers a number of advantages. The
process- ability of longer fibres is comparatively easy than that of the short length fibres.
Besides, more even yarns can be produced from them because there are less fibre ends in a
given length of yarn and also a higher strength yarn can be produced from them for the
same level of twist.
1.9.2 Strength
A fibre or yarn made from the fibre must possess sufficient strength to be processed into a
textile fabric or other textile article. Following fabrication into a textile article. The
resulting textile must have sufficient strength to provide adequate durability during enduse. Many experts consider a single fibre strength of 5 grams per denier to be necessary for
a fibre suitable in most textile applications, although certain fibres with strengths as low as
1.0 gram per denier have been found suitable for some applications. Strength of any
material is measured as the load it supports at break and is thus the actual measure of its
limiting load bearing capacity. Normally strength of a textile fibre is measured in tension
when the fibre is loaded along its long axis and is designated as tensile strength. The
strength and elongation of a cotton fibre can be measured by a single fibre or by the bundle
method. The bundle fibre strength can be measured using an ASTM standard test procedure
that employs a fibre bundle tensile testing machine. These machines are commercially
available both in pendulum and inclined plane mechanisms. A fibre sample is conditioned
as per the standard conditioning procedure. Strength of any material is determined by the
breaking strength (known as tenacity in the case of textile fibres and yarns) which expresses
as force per unit cross-sectional area. With this term, (strength / tensile strength) we can
describe the ability of a fibre or a bundle of fibres of yarn to resist breakage under tension
/ load. In case of describing the strength of individual fibre, the term tenacity is usually
used. According to ASTM (American Society of Textile Manufacturers), the tensile
strength when expressed as force per unit linear density is called tenacity. Tenacity is
determined by applying a force to a known unit of fibre and measuring the force to break
the fibre. That is, tenacity = breaking load/ mass per unit length. Normally, strength of a
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textile fibre is measured in tension when the fibre is loaded along its length axis and is
termed as its tensile strength. Tensile strength of a textile fibre is measured as the maximum
tensile stress in force per unit cross-sectional area or per unit linear density, at the time of
breakage or rupture called ‘tenacity’, expressed in terms of grams per denier or grams per
Tex units.
Tenacity is expressed as grams per Tex (gTex) or grams per denier (gpd). Strength of any
material is derived from the load it supports at break and is thus a measure of its limiting
load bearing capacity. The values of tenacity for some of the natural fibres are given below:
Fibre

Grams per Denier (gpd)

Raw cotton

3.0 - 4.9

Jute

3.0 - 5.8

Flax

2.6 - 7.7

Ramie

5.5

Silk

2.4 - 5.1

Wool

1.1 - 1.7

Hemp

5.8 - 6.8

1.9.3 Flexibility
A fibre should be sufficiently pliable so that it can be used as a textile fibre; then only they
can wrap around each other fibres during the process of mechanical spinning. In case, if, a
fibre is stiffer and wirier, then it is not very much suitable for the textile end uses. The
classic examples of such fibres are glass and metallic fibres. A fibre must be sufficiently
flexible to go through repeated bending without significant strength deterioration or
breakage of the fibre. Without adequate flexibility, it would be impossible to convert fibres
into yarns and fabrics, since flexing and bending of the individual fibres is a necessary part
of this conversion. In addition, individual fibres in a textile will be subjected to considerable
bending and flexing during end uses.
1.9.4 Cohesiveness
Fibres must be capable of adhering to one another when spun into a yarn. The cohesiveness
of the fibre may be due to the shape and contour of the individual fibre s or the nature of
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the surface of the fibres. In addition, long-filament fibres by virtue of their length can be
twisted together to give stability without true cohesion between fibres. Often the term
"spinning quality" is used to state the overall attractiveness of fibres for one another. It is
the property of the individual fibres by which the fibres hold on to one another when these
fibres are spun into yarn. This action is usually brought about by the high degree of
frictional resistance offered by the surfaces of the fibres to separate one from the other. The
wool fibres, for example, have saw-toothed projecting edges on its surface, called scales.
These scales easily latch on to one another when several such fibres are twisted together
during mechanical spinning. Because of this, fibres offer higher resistance when an attempt
is made to pull them apart. Cotton fibres also possess roughness or irregularity on its
surfaces. Moreover, cotton fibres have some natural twist in them (which is known as
convolution). The surface roughness and convolutions of the cotton fibres assist to interlock
themselves by friction when they are spun into yarns. The process of crimping in synthetic
staple fibres enable them to have a higher inter-fibre cohesion. Thus, cohesiveness of textile
fibres determines its spinnability or spinning quality.
1.9.5 Uniformity
Fibres suitable for processing into yarns and fabrics must be fairly uniform in shape and
size. Without sufficient uniformity of dimensions and properties in a given set of fibres to
be twisted into yarn, the actual formation of the yarn may be impossible or the resulting
yarn may be weak, rough, and irregular in size and shape and unsuitable for textile usage.
Natural fibres must be sorted and graded to assure fibre uniformity, whereas synthetic fibres
may be "tailored" by cutting into appropriate uniform 1engths to give a proper degree of
fibre uniformity. Uniformity is the term that may describe the similarities in length and
fineness of the fibres which are spun into yarn. To make a good quality yarn, it is important
that the fibres used must be similar in length and width as the uniformity of the input
materials will give good quality yarn as output both in spinning quality and in flexibility.
Textile fibres should possess uniformity in their thickness and length. Unfortunately,
majority of the principal natural fibres such as cotton and wool do not have the same length
and diameter of the fibres in the same lot. Natural fibres in any specified qualities, grades
or lots vary considerably in length and diameter due to the natural variations during the
different stages of fibre growth. On the other hand, manmade staple fibres are more uniform
as they are cut to the exact length at the time of manufacturing (during spinning and
drawing) and the fibre diameters can be controlled precisely within close tolerance limits
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during its manufacture. Practically, there is no problem in producing uniform manmade
fibres as the manufacturing conditions and process parameters of these fibres can be
controlled effectively. However, in the case of natural fibres, uniformity among all the
fibres is difficult to achieve as the conditions of cotton growth are almost impossible to
control. So, for natural fibres, it is essential to mix many batches of these fibres together so
as to even out the natural variations of these fibres in order to manufacture good quality
yarn and fabrics.
1.10 Desirable properties of textile fibres
1.10.1 Durability
A textile fibre is expected to withstand the processing treatments for the manufacture of the
final products that they need to undergo and should not be easily/readily susceptible to
physical, chemical and bacteriological attack, which may result in damage and
decomposition.
Resistance to Biological Agents: Some natural fibres are easily attacked and destroyed by
the biological agents. So, the fibres must be able to resist/withstand rom the destructive
effects of the biological agents so as to qualify as a textile fibres.
Resistance to Chemicals: The processing of fibres, yarns and fabrics often involve the use
of a wide variety of chemicals. Bleaching agents, Detergents, Alkalis, Acids, Dyeing and
finishing auxiliaries and other chemicals are used in both the preparation and the finishing
of textiles. The fibres are therefore expected to withstand these chemical substances without
suffering harmful effects both in the manufacturing process as well as in the regular use.
Resistance to Environment Conditions: Many times, it is normal for the finished textiles
to be in contact with the natural elements of the environment such as sunlight, UV rays,
rainfall etc. during the course of their normal use. Besides these the wind in different
seasons may contain different elements which are likely to cause damages to the textiles.
So, the textile fibres that are to be used in different seasons must be compatible with the
elements of environment and will have to withstand the various environmental conditions
with suffering much damages.
The durability of clothing to average wear and tear depends more on the elasticity,
flexibility and resistance of the fibre and fabric, rather than the absolute strength of either
fibre or fabric. If a textile material possesses a good measure of these three properties, its
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garment will absorb or counter more readily stresses and strains encountered during wear.
The textile material will allow itself to be deformed with less resistance, thus reducing the
chances of intermediate tearing or twisting. For these reasons, wool garments get much of
their durability to the elasticity, resilience and flexibility of the fibre and fabric, even though
wool is a weak textile fibre.
It can also be seen that strength combined with these properties provide excellent durability.
Textiles made of nylon and polyester fibres seem to last long forever. Strength coupled
with reasonable flexibility can also provide good durability as demonstrated by cotton
which does not have very good elasticity and resilience.
A textile fibre to be useful must have reasonable resistance to chemicals it comes in contact
with in its environment during use and maintenance. It should have resistance to oxidation
by oxygen and other gases in the air, particularly in the presence of light, and be resistant
to attack by microorganisms and other biological agents. Many fibres undergo lightinduced reactions, and fibres from natural sources are susceptible to biological attack, but
such deficiencies can be minimized by treatment with appropriate finishes. Textile fibres
come in contact with a large range of chemical agents on laundering and dry cleaning and
must be resistant from attack under such conditions
1.10.2 Fineness
Fineness of a textile fibre is a measure of its size, diameter, linear density or weight per
unit length expressed in a variety of units.
Natural fibres have a wide variability in their fibre fineness than manmade fibres. This is
very much obvious as the diameter and densities of manmade fibres can be controlled very
accurately during their manufacture. For example, the variation in the diameter of nylon is
only 5–6%, while for natural fibres such as wool and silk, it is from 17 to 30%. Fineness of
cotton fibre is expressed in micrograms per inch or per centimetre. For wool fibres, fibre
fineness is given in micro-metre as its cross-section more or less circular in shape and for
manmade fibres the fineness is given in Denier or Tex.
• 1 μg = 10 -6 g;
• 1 μm = 10 -4 cm = 0.0001 cm. 1 μm = one millionth of a meter or one thousandth of 1
mm, i.e. 0.001 mm;
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• 1 Denier = weight in grams of 9000 m;
• 1 Tex = weight in grams of 1000 m).
Fineness is one of the major aspects of fibre characteristics and is a measure of its crosssectional thickness. A fine fibre can be used to spin fine yarns. As the linear density of yarn
decreases, the number of fibres in the cross-section also decreases by yarn diameter. The
presence or absence of a single fibre shows longitudinal unevenness and variation in
diameter. The decrease of fibre diameter will increase the number of fibres in a cross section
of a given yarn and this will lead to better yarn evenness.
Fibre fineness has great influence on the properties of both yarns and fabrics. The evenness
of the yarn is improved by the use of fine fibres. In addition, fine fibres need less twist and
have less stiffness than coarser fibres. The increase in fibre surface due to a decrease in
fibre diameter contributes to a better cohesion of fibres to achieve the same strength with
less twist than coarser fibres. These characteristics also contribute to the hand feel of the
products developed from them.
1.10.3 Elastic Recovery and Elongation:
Elastic recovery is the ability of the material to try and return from elongation towards its
original length. If a fibre returns to its original length from a specified amount of
deformation (x), then it is said to have 100% elastic recovery at x-percent elongation.
Elastic recovery is always expressed as percentage. The elasticity or elastic recovery of a
fibre is determined by several aspects such as the type of load applied, how many times it
is held in the stretched position (cyclic loading) and the time duration of the application of
such loads. When a fibre is subjected to a force, it will stretch to a certain degree after some
initial resistance. The extent of such stretching is described as the elongation or extension.
It can be measured either as an elongation under certain load or an elongation reached under
which the fibre breaks. Elongation is also expressed as percentage.
1.10.4 Resilience
The ability of a fibre to absorb shock and recover from deformation and to be generally
resistant to abrasion forces is important to its end-use and wear characteristics. In consumer
use, fibres in fabrics are often placed under stress through compression, bending, and
twisting (torsion) forces under a variety of temperature and humidity conditions. If the
fibres within the fabric possess good elastic recovery properties from such deformative
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actions, the fibre has good resiliency and better overall appearance in end-use. For example,
cotton and wool show poor wrinkle recovery under hot moist conditions, whereas polyester
exhibits good recovery from deformation as a result of its high resiliency. Resistance of a
fibre to damage when mobile forces or stresses come in contact with fibre structures is
referred to as abrasion resistance. If a fibre is able to effectively absorb and dissipate these
forces without damage, the fibre will show good abrasion resistance. The toughness and
hardness of the fibre is related to its chemical and physical structure and morphology of the
fibre and will influence the abrasion of the fibre. A rigid, brittle fibre such as glass, which
is unable to dissipate the forces of abrasive action, results in fibre damage and breakage,
whereas a tough but more plastic fibre such as polyester shows better resistance to abrasion
forces. Finishes can affect fibre properties including resiliency and abrasion resistance.
Fibres tend to resist their deformation when different types of forces are applied on them.
This resistance to tensile forces, compression, flexing or torsion varies from fibre to fibre.
Some fibres have a natural tendency to return to their original condition on removal of any
of the above mentioned forces. This is an important property where, for instance, recovery
from creasing is required. Wool fibres are outstanding in this respect by virtue of their
natural characteristics, but cellulosic fibres need to be modified in such a manner so as to
greatly improve these properties. It has been ascertained that the resilience of a fibre is a
function of its molecular cohesion.
This springiness of a fibre or its mass resiliency is a highly desirable property in woollen
carpets. It is this quality that is responsible for wool fabrics to hold their shapes, drape
gracefully and do not wrinkle.
1.10.5 Flammability and other thermal stability
The thermal behaviour of fibres on heating has real significance and importance,
particularly with in the range of temperatures that are met normally in practical use. Fabrics
should be able to withstand the temperatures used in processing, drying, ironing without
undue deterioration. Flammability of fibre has also great importance during its use.
Generally, synthetic fibres are more flammable than the natural fibres.
1.10.6 Lustre
Lustre refers to the degree of light that is reflected from the surface of a fibre or the degree
of gloss or sheen that the fibre possesses. The inherent chemical and physical structure and
shape of the fibre can affect the relative lustre of the fibre. With natural fibres the lustre of
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the fibre is dependent on the morphological form that nature gives the fibre, although the
relative lustre can be changed by chemical and/or physical treatment of the fibre as found
in processes such as mercerization of cotton. Man-made fibres can vary in lustre from bright
to dull depending on the amount of delustrant added to the fibre. Delustrants such as
titanium dioxide tend to scatter and absorb 1ight, thereby making the fibre appear duller.
The desirability of lustre for a given fibre application will vary and is often dependent on
the intended end-use of the fibre in a fabric or garment form and on current fashion trends.
Lustre refers to gloss or shine that a fibre possess. It is the ability of the fibre’s reflectivity
of the incident light. It is actually the amount of light reflected by the fibre when light rays
are incident on it and it is determined the fibre’s natural brightness and dullness. The natural
fibres such as silk has a high lustre while the other natural fibre like cotton has a low lustre
when compared to silk fibre. Man-made fibres can be manufactured with controlled lustre
and can be made as bright, semi-dull and dull fibres.
1.10.7 Dye-ability
The fibres to be qualified as textile fibres should be capable of getting dyed. One of the
important auxiliary functions of textiles is their attractive appearances. To impart such
attractiveness, the textile fibres should be easily and readily dye-able so that they can have
colourful appearances. Moreover, such dyed textile materials should not lose their colour
value during the course of their regular use over a reasonable period of their lives.
1.10.8 Moisture Regain
Moisture Absorption and Desorption: Most fibres tend to absorb moisture (water vapour)
when in contact with the atmosphere. The amount of water absorbed by the textile fibre
will depend on the chemical and physical structure and properties of the fibre, as well as
the temperature and humidity of the surroundings. The percentage absorption of water
vapour by a fibre is often expressed as its moisture regain. The regain is determined by
weighing a dry fibre, then placing it in a room set to standard temperature and humidity (21
0 ± 10 C and 65% relative humidity [RH] are commonly used).Textile fibres generally tend
to have some contain amount of water as an internal part of their structure. This is because
of the humidity present in the nature / atmosphere. Fibres with good moisture regain and
moisture content will accept dyes and chemicals more readily than fibres with low regain.
A few of the textile fibres have very low regain and hence, it creates problems of static
electricity during processing. The relationship of fibre strength to moisture content is an
important consideration in the evaluation of fibre behaviour. Some fibres are stronger when
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wet than dry and some are weaker when wet than dry and some fibres show no change.
Therefore, it is important to understand that the maintenance of textile products are
influenced by the strength moisture content relationship. Fibres vary greatly in their regain,
with hydrophobic (water-repelling) fibres having regains near zero and hydrophilic (waterseeking) fibres 1ike cotton, rayon, and wool having regains as high as 15% at 21°C and
65% RH. The ability of fibres to absorb high regains of water affects the basic properties
of the fibre in end-use. Absorbent fibres are able to absorb large amounts of water before
they feel wet, an important factor where absorption of perspiration is necessary. Fibres with
high regains will be easier to process, finish, and dye in aqueous solutions, but will dry
more slowly. The low regain found for many man-made fibres makes them quick drying, a
distinct advantage in certain applications. Fibres with high regains are often desirable
because they provide a "breathable" fabric which can conduct moisture from the body to
the outside atmosphere readily, due to their favourable moisture absorption-desorption
properties. The tensile properties of fibres as well as their dimensional properties are known
to be affected by moisture.
1.10. 9 Commercial availability
All the essential and desirable properties of a fibre put together will be of good use only if
the said fibre is available in reasonably large quantities at fair price, when needed. The
accurate estimate of the different type of fibres available for the consumption and the source
of availability makes the supply of commercial fibres to establish themselves with
reasonable assurance of exactness. The utility of fibres are broadly categorized into two
different end uses- one is Apparel or Domestic use and the other is Industrial use. In order
to be used in each of these categories, the fibre has to meet some specific requirements.
The following are the details of the major properties desired for some of the regular textile
applications and end uses.
1.11 Apparel/Domestic Applications
Tenacity: 3 – 5-gram denier
Elongation at break: 10 – 35%
Recovery from elongation: 100% at strains up to 5%
Modulus of elasticity: 30 – 60-gram denier
Moisture absorbency: 2 – 5%
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Zero strength temperature (excessive creep and softening point): above 215°C
High abrasion resistance (varies with type fabric structure)
Dye-able
Low flammability
Insoluble with low swelling in water, in moderately strong acids and bases and
conventional organic solvents at room temperature to 100°c
Normal ease of care
1.12 Requirements for Industrial textile applications
Tenacity: 7 – 8 grams denier
Elongation at break: 8 – 15%
Modulus of elasticity: 80 grad denier or more conditioned, 50 gram denier wet
Zero strength temperature: 250° C or above
1.13 Classification of Textile Fibres:
Fibres for textiles can be classified by many systems. In 1960, the Textile Fibre Products
Identification Act became effective in USA. One of the basic ways to classify a textile fibre is
by its origin, and even today, this the most commonly employed method. Flow chart-1 gives a
general overview of fibre classification. Figures 1.8, 1.9 and 1.10 give a breakdown of textile
fibres by these groupings, and the Appendix compares the properties of some of the most
commonly used fibres. There are various types of fibres used in the textile industry, each having
their unique properties. These characteristics are largely dependent upon their origins. Natural
fibres are obtained from nature, where the source could be a plant, an animal, or a mineral.
Regarding plants, we obtain fibres from seeds (cotton, coir), from leaves (sisal), and from stems
(jute, flax, ramie, etc.).
1.13.1 Natural Fibres
Natural fibres are those that occur in fibre form in nature. Traditionally, natural fibre sources
are broken down into animal, plant, or mineral. Fibres from plant or vegetable sources are more
properly referred to as cellulose-based and can be further classified by plant source. They may
be separated from the plant stalk, stem, leaf, or seed. Fibres from animal sources are more
properly known as protein-based fibres. They are harvested from an animal or removed from a
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cocoon or web. Mineral fibres are those that are mined from the earth. Except for silk, all
natural cellulose- and protein-based fibres are obtained in short lengths and are called staple
fibres. Silk is a continuous filament fibre.
A class name for various genera of fibres (including filaments) of:
(1) Animal (i.e. Silk fibre, wool fibre)
(2) Mineral (i.e., asbestos fibre) or
(3) Vegetable origin (i.e., cotton. flex, jute and ramie fibre).
1.13.2 Man-made Fibres
Man-made fibres, such as nylon, polyester, and rayon, are produced by chemical reactions
controlled by engineers and technologists in sophisticated factories, rather than occurring
naturally. The term synthetic fibres is often used to designate man-made fibres; however, to
many people, this term has a negative connotation, meaning inauthentic, artificial, or fake.
TFPIA classifies man-made or manufactured fibres by generic names. Currently, TFPIAN
recognizes 26 generic groups of manmade fibres.
(1) Polymers synthesized from chemical compounds, e.g., polyethylene fibre, polyurethane
fibre, and polyvinyl fibres;
(2) Modified or transformed natural polymers, e.g., alginic and cellulose-based fibres such
as rayon fibre; and
(3) Minerals, e.g., glasses. The term manufactured usually refers to all chemically produced
fibres to distinguish them from the truly natural fibres such as cotton, wool, silk, flax,
etc.e.g: glass fibre
Classification of textile fibres can be done in the following ways:
1. Classification according to their nature and origin.
2. Classification according to botanical/zoological/chemical name.
3. Classification according to the ability to absorb water, i.e. moisture absorption.
4. Classification according to their thermo-plasticity.
5. Classification according to their end use. In this document, we will focus on the first
type only.
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Textile Fibres

Figure 1.8 Classification of Textile Fibres based on the source
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This classification has two major
subdivisions under each of the two
major divisions of Natural and manmade fibres. Under natural fibres,
there are animal and vegetable fibres.
Under manmade fibres, there are
artificial

and

synthetic

fibres.

Synthetic fibres have two divisions
namely the organic and inorganic

Figure 1.9 Classification of Textile Fibres based on the source

fibres.
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Figure 1.10 The Generic Classification of Textile Fibres based on chemical composition.
The right half of this picture which is green in colour represents the natural fibres and the
left half with red tint represents the manufactured fibres. The natural fibres have three
major chemical compositions namely the cellulosic, protein and mineral fibres. Under
cellulosic category, we have seed hair, leaf and bast fibres. The protein fibres have staple
and filament sub-divisions only whereas Asbestos is the only fibre under mineral category.
Under manufactured fibres, the major subdivisions are organic and inorganic fibres.
Under organic fibres, we again have two major subdivisions namely the synthetic
polymers and natural polymers.
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1. Classification according to their nature and origin:
Flow charts 1.11–1.17 show the various types of classifications of both natural and
manmade fibres currently being used normally in commercial textile applications. The
fibres are broadly classified as natural and manmade. Among the natural fibres three major
subgroupings are made as fibres of animal origin, vegetable origin and mineral origin. The
manmade fibres are further sub grouped into two major groups namely as regenerated fibres
and synthetic fibres.
Natural fibres are those fibres which are directly available from the natural sources, viz.
plants, animals, minerals, etc. The mineral fibres are also known as miscellaneous inorganic
fibres as per their chemical composition.
Manmade fibres are those fibres which are either fully developed and produced or
regenerated by man in chemical factories. The development and production of fibres in
chemical factories are done by understanding and studying the fibre and polymer chemistry.
In fact, the process of producing synthetic fibres is by imitating nature and its processes
and products. In the end of such trials and studies, such fibre production is done using some
natural resources and/or chemicals to produce fibres, artificially. Therefore, in their earlier
development stages of chemical or manmade fibre manufacturing, manmade fibres were
also called Artificial Fibres. This classification chart is given in Figure 1.11.

Figure 1.11 Classification of Textile Fibres
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Figure 1.12 Natural fibres from vegetable origin

Figure 1.13 Natural fibres from Animal origin

Figure 1.14 Non keratin type fibres from Animal origin
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Figure 1.15 Classification of Protein based (Keratin) Animal Hair fibres

Figure 1.16 Mineral (Asbestos) Fibres
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Figure 1.17 Classification of Textile Fibres based on the
source
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From the above classification charts, we can find that the natural fibres are those that naturally
occur in fibre form in nature. Traditionally, natural fibre sources are broken down into animal,
plant, or mineral based on their origins. Fibres from plant or vegetable sources are more
properly referred to as cellulose-based based on their chemical nature and can be further
classified depending on their plant sources. They may be termed based on their point of origins
such as from the plant stalk, stem, leaf, or seed. Fibres from animal sources are more properly
known as protein-based fibres based on their chemical composition. They are either harvested
from an animal by shearing or removed from a cocoon or web. Mineral fibres are those
inorganic fibres that are mined from the earth. Except for silk, all natural fibres (cellulose- and
protein-based fibres) can be obtained in short lengths only and hence, they are called staple
fibres. Silk is the only continuous filament fibre available from nature directly.
Natural fibres include protein based hair fibres such as wool from sheep and fibres from alpaca,
angora rabbits, cashmere and angora (mohair) goats. Non keratin type protein fibres such as
silk is obtained from insects (silkworms).Plant fibres such as cotton, flax and linen, nettle and
hemp are basically cellulosic fibres. The classification chart of the natural fibres is given in
Figure 1.17.
1.14 Cellulose-Based Fibres
Cellulose-based fibres consist of bast, leaf, seed-hair and fruit fibres. Bast fibres come from
the stem of the plant and include flax, hemp, jute, and ramie. Leaf fibres are stripped from the
leaves of the plant and include manila and sisal. Seed-hair fibres are collected from seeds or
seed cases and include cotton and kapok.
Cotton, obtained from the cotton plant, is the best-known seed fibre and is most-used natural
cellulosic fibre. It is also referred as the king of textile fibres. Cotton fibre is discussed in detail
in the latter part of this book.
Flax is a bast fibre of the stem of the flax plant and is used to make linen fabric. Flax plants are
cultivated and grown in such a way as to produce long, thin stems. After its full growth, the
plant is pulled from the ground for processing to get the flax fibres. The non-fibrous material
in the stem is rotted away in a process called “retting” to get the fibrous material of flax alone.
Once retting is completed, the fibrous mass is rinsed and dried. The fibre is separated from the
woody portion of the decomposed material by breaking and “scutching” (scraping) either
manually or by machines. “Hackling” refers to the combing of the scutched fibres to separate
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the long and short fibres. The fibres are then spun to produce linen thread using the mechanical
staple fibre spinning system.
Hemp is a coarse, durable bast fibre from the plant known as Cannabis sativa. It is processed
into a usable fibre in the same way as flax. It is used primarily for industrial and commercial
textiles in the form of cords, twines, and ropes.
Jute is a bast fibre obtained from the stem of plants in the genus Corchorus, processed in the
same way as flax. It widely used for industrial and commercial end uses such as sacking, burlap,
twine, and as a backing for tufted carpets.
Kapok is obtained from the seed pods of the Java kapok tree (Ceiba pentandra). The seed pod
is similar to the cotton boll; however, the dried fibres can be easily shaken off the seed. As a
buoyant fibre, kapok is used primarily in life jackets, as special stuffing for pillows, and in
some mattresses. It is not spun into yarn.
Manila is obtained from the leaf stalks of the abacá plant (Musa textilis). The fibres are
separated from the fleshy part of the leaf stalks. Manila is generally used in ropes and cordages.
Ramie is a bast fibre obtained from the stalk of the ramie plant (Boehmeria nivea), which is
also known as “China grass.” The plant is a perennial shrub that can be cut several times a year
once they are fully grown and matured. The cut plant’s stalks are peeled or retted to remove
the outer woody covering, revealing the fine fibres underneath. This process of degumming
removes pectins and waxes and is followed by bleaching, neutralizing, washing, and drying.
The fibre is similar to flax and is more brittle than flax. Ramie can be spun either alone or with
other fibres, especially cotton.
Sisal is obtained from the leaves of plant called Agave sisalana. The leaves are cut when the
plant is about four years old, and the fibres can be separated from the fleshy part of the leaf.
Sisal fibre has application in industrial uses and is most commonly used as a rug or carpet
backing.
1.15 Protein-Based Fibres
Protein-based fibres are from animal sources, and are most commonly the hairs of the various
animals. Animal-hair fibres are long-staple fibres, ranging in length from 2.5 to 10 inches or
more. Silk is a natural protein fibre extruded by the silk worm for the formation of its cocoon.
With its natural length of over 500 yards, it is classified as a filament fibre.
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Wool was introduced as a textile material in 80 AD in England. Wool-sheep were probably the
first animals domesticated by people in Europe. Cross-breeding sheep to increase the quantity
of hairy undercoat began in approximately AD 100. By AD 1400 the Spanish had developed
the merino sheep, whose fleece is the precursor of contemporary wool raw materials. Wool is
the name of the hair fibre sheared from sheep. Worsted and woollen are the systems or the
processes of converting the wool fibres to the respective types of yarns, viz. woollen yarn
(coarse and bulky), worsted yarn (fine and compact).The art of manufacturing fine quality
yarns and fabrics made out of wool was known to the people of Worstead – a village in
England. Now, the term worsted used in wool trade is an adapted form of the word Worstead.
Silk fibre was known to China in 2640 BC itself. The Chinese monopolized the art of
sericulture for over 3000 years. But, during the early period of Christian era the technique of
cultivation of the silk worm (or sericulture) gradually began to trickle out of China. Wool is a
fine hair fibre obtained from sheep. In labelling, the term “wool” also may be used to identify
fibres from other fleece animals, such as the Angora goat, Cashmere goat, camel, alpaca, llama,
and vicuña.
Sheep-wool fibre can be obtained in two ways. The first one is by shearing the living animal
and the second one is by pulling the fibres from the hide after slaughtering the sheep. Sheared
or clipped wool is superior in quality than the pulled wool. Sheep are usually sheared only once
a year. Lamb’s wool is the wool that is obtained from sheep which are under 8 months of age.
“Virgin wool” (or “new wool”) is the wool that comes from the first shearing of the animal and
is most highly prized. The term “virgin wool” can be also used to mean the wool that has never
previously been processed.
Alpaca is the long, fine hair fibre from the alpaca, which belongs to the camel family native to
South America. It is shorn from the animal once in every two years. The soft, fine undercoat is
used for the manufacture of fine textiles.
Angora is the long, fine hair fibre from the Angora rabbit. It is not to be confused with the hair
fibre of the Angora goat, which is known as mohair. Angora rabbits are raised domestically.
The fur is combed and clipped from the rabbit once in every three months. Camel hair comes
from the Bactrian camel. The fibre is shed, and about 5 pounds (2.7 kilograms) is produced per
camel. The under hairs are used in textiles, and the coarse outer guard hairs are used in paint
brushes and other non-apparel uses.
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Cashmere is the soft hair fibre obtained from the cashmere (Kashmir) goat. The fibre can be
harvested by combing the animal. A single goat produces only about 4 ounces (114 grams) of
fibre a year. Cashmere is considered as a luxury fibre.
Llama hair fibres are shorn from the animal once a year. They are similar to alpaca fibres, but
weaker.
Mohair is the long, straight, fine hair fibre obtained from the Angora goat. The fibre is usually
sheared from the animal twice a year.
Vicuña is the hair fibre obtained from a small non-domesticated llama-like animal about the
size of a dog. The animal lives at elevations above 16,000 feet in South America and has been
listed as endangered species since 1969. Vicuña is the softest of all the fleece fibres.
Silk fibre is a natural protein secreted by the larvae of several moth species and is a natural
filament. The larvae use these filaments to construct a cocoon around themselves, from which
the silk is extracted by a process called reeling. Twin filaments of the protein fibroin are
secreted and are bound together as a single strand with the protein gum sericin. During
processing, the sericin gum is removed, leaving the fibroin protein by the process called
degumming. The degummed silk is soft and lustrous. Cultivated or cultured silk is produced in
very controlled conditions of environment and diet. Tussah or wild silk is harvested from the
wild silk worms found in the natural sources. Silk is a natural protein fibre. Silk culture,
according to oldest Chinese literature, began when a Chinese empress observed the life of
silkworms and studied their features. Based on this observation, Chinese experts began to breed
them for the filaments which were used to produce the expensive silk cloth for the empress.
The Chinese silk industry spread over the years throughout China and brought China an
extensive income – to the extent that any one revealing the secret of silk production became
punishable by death. For 300 years, therefore, the secret was known only to Chinese experts.
During that time, China was the only producer of silk in the world and sold it through Persian
and Egyptian trading agents at the price of gold.
Natural fibres are still establishing their commercial status by virtue of some special and
superior characteristic properties which are not available with manmade fibres. Therefore,
cotton fibre is still considered as ‘King of fibres, with silk being the queen’. Cotton wear is
well known for its coolness in the hot weather; silk is always recognized for its beauty and
elegance. Wool is worn for its resilience and warmth in the cold climates; jute is widely for in
storing and transporting goods because of its cheapness and durability.
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Manmade fibres can be broadly classified into organic fibres (consisting of regenerated fibres
and synthetic fibres) and miscellaneous inorganic fibres.
1.16 Man-made Fibres:
A class name for various fibres (including filaments) synthetically produced from fibreforming substances which usually refer to all chemically produced fibres to distinguish them
from truly natural fibres such as cotton, wool, silk, flax, etc. Man-made fibre can be classified
into three classes:
a. Those made using natural polymers.
b. Those made from synthetic polymers.
c. Those made from inorganic materials.
In the production of manmade fibres, basically there are two types of fibres that are
manufactured in factories. The first type of manmade fibres are produced using the naturally
available fibre forming polymers such as cellulose. In this case, the fibre forming polymers are
provided by nature as in the case of viscose rayon where cellulose is the fibre forming polymer.
Actually during the production process the fibre forming polymer is dissolved in a solvent and
the same is regenerated as fibres in a coagulating bath. In the practical sense, these fibres are
called semi-synthetic fibres. If the manmade fibres are obtained using the naturally available
fibre forming polymers, then they are termed as regenerated manmade fibres. In the second
type, they are manufactured by synthesizing various chemicals obtained from the petroleum
products or coal, then they are called synthetic manmade fibres. The synthetic fibres which are
produced by chemical synthesis are also known as chemical fibres. Figure 1.15 shows the
details of the fibres made using the natural polymers and the figure 1.16 shows the broad
classification of man-made fibres.
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Figure 1.18 Regenerated Man-made Fibres

Figure 1.19 Broad classification of Man-made Fibres
1.17 Synthetic Fibres:
Another group of man-made fibres is the synthetic fibres. Synthetic fibres are made of polymers
that do not occur naturally. They are produced entirely in the chemical plant or laboratory,
almost always from by-products of petroleum. Fibres produced from these polymers include
nylon, polyesters, acrylics, the polyurethanes, etc. The classification of synthetic fibres is given
in Figure 1.20.
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Figure 1.20 Classification of Synthetic Fibres
Manmade fibres, such as nylon, polyester, and rayon, are produced by chemical reactions
controlled by people in factories, rather than occurring naturally. The term synthetic fibres is
often used to designate manmade fibres; however, to many people, this term has a negative
connotation, meaning inauthentic, artificial, or fake. TFPIA classifies manmade or
manufactured fibres by generic names. Currently, TFPIA recognizes 26 generic groups of
manmade fibres. Three conditions must be met before a new generic group is established:
• The chemical composition must be radically different from those on the list, and that chemical
constitution must produce significantly different physical properties.
• A new proposed classification must have importance to the majority of consumers and not
just to a small group of professionals.
• The fibre must be in active commercial development. Manmade fibres are identified as being
made from a natural polymer base, made from a synthetic polymer base, or mineral- or
specialty-based.
Man-made fibres are made in two main forms: continuous filaments which are used for
weaving, knitting or carpet production; and staple fibres, discontinuous lengths of fibre which
can be spun into yarn or incorporated in unspun uses such as fillings or nonwovens.
Natural-Polymer-Based Fibres
Natural-polymer-based fibres include cellulose-based, protein-based, alginate, rubber, and
starch fibres. Cellulose-based fibres include rayon, acetate, triacetate, and lyocell.
Synthetic-Polymer-Based Fibres
Synthetic-polymer-based fibres are those made from chemical polymers not found in nature.
These fibres are mainly insoluble and are not chemically reactive. The most common synthetic
polymer-based fibres are acrylics, aramids, modacrylics, nylon, olefins, polyester, and
spandex.
Manmade Mineral-Based and Specialty Fibres
Manmade mineral-based and specialty fibres include special-use fibres such as glass fibres and
metallic fibres. Man-made fibres account for 68% of all fibres produced worldwide, and for
82% in Europe, including Turkey. Their principal end-uses are in clothing, carpets, household
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textiles and a wide range of technical products such as tyres, conveyor belts, fillings for
sleeping bags and cold-weather clothing, filters for improving the quality of air and water in
the environment, fire-resistant materials, reinforcement in composites used for advanced
aircraft production, and much else. Fibres are precisely engineered to give the right
combination of qualities required for the end-use application: appearance, handle, strength,
durability, stretch, stability, warmth, protection, easy care, breathability, moisture absorption
and value for money, for example. In many cases, they are used in blends with natural fibres
such as cotton and wool.
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Chapter 2 Natural Cellulosic Fibres
2.1 Introduction
Natural fibres have been used to make textiles since prehistoric times and are still used today.
Nowadays, natural fibres including animal (protein) fibres and vegetable (cellulose) fibres
account for almost 50% of the textile fibres produced annually in the world. Vegetable fibre is
basically extracted from plants. Cellulose is the main chemical content of the vegetable fibres;
therefore, vegetable fibres are usually referred to as plant fibres or natural cellulosic fibres. The
categories of natural cellulose fibre include:
• Seed fibres (such as cotton, kapok, milkweed, etc.)
• Bast fibres (such as flax, ramie, jute, kenaf, hemp, etc.)
• Leaf fibres (such as sisal, pineapple, abaca, etc.) and
• Nut husk fibre (such as coir).
In addition to cotton, the most commonly used natural vegetable fibres include flax, ramie,
jute, kenaf, and sisal. Nowadays, more and more new natural fibres, especially vegetable fibre
sources, are being exploited, for example, kapok, pineapple, and apocynum. Cellulose is a
fibrous material of plant Origin and the basis of all natural and man-made cellulosic fibres. The
natural cellulosic fibres include cotton, flax, hemp, jute, and ramie. The major man-made
cellulosic fibre is rayon, a fibre produced by regeneration of dissolved forms of cellulose. The
cellulose acetates are organic esters of cellulose and will be discussed in Chapter 4.
Chemically, cellulose is a linear polymer, or long chain molecule, combining several 1000
anhydroglucose units. Although glucose, being a simple sugar, is readily soluble in water,
cellulose is insoluble due to its huge macromolecule size. Cellulose is a carbohydrate,
composed of carbon (44.4%), hydrogen (6.2%), and oxygen (49.4%). The cellulose molecule
is made up of two basic units of cello-biose as shown in Figure 2.1. Cellulose is a
polysaccharide (polymeric sugar) made up of repeating 1, 4-8-anhydroglucose units connected
to each other by 8-ether linkages. Cello-biose is formed by two combined glucose units; many
cello-biose units combine to form cellulose. The number of repeating units (known as the
degree of polymerization) in cellulosic fibres can vary from less than 1000 to as many as
18,000, depending on the fibre source. Cellulose is, a hemiacetal and hydrolyzes in dilute acid
solutions to form glucose, a simple sugar. The predominant reactive groups within cellulose
are the primary and secondary hydroxyl functional groups. Each repeating anhydroglucose unit
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contains one primary and two secondary hydroxyl functional groups which are capable of
undergoing characteristic chemical reactions of hydroxyl groups. The primary hydroxyls are
more accessible and reactive than secondary hydroxyls; nevertheless, both types enter into
many of the chemical reactions characteristic of cellulose.

Figure 2.1 The chemical structure of cellulose (Courtesy: Textile Fibers, Dyes, Finishes, And
Processes, A Concise Guide published by Noyes Publications, USA)
The long 1inear chains of cellulose permit the hydroxyl functional groups on each
anhydroglucose unit to interact with hydroxyl groups on adjacent chains through hydrogen
bonding and van der Waal s forces. These strong intermolecular forces between chains, coupled
with the high linearity of the cellulose molecule, account for the crystalline nature of cellulosic
fibres. It is believed that a gradual transition from alternating areas of greater molecular
alignment or crystallinity to more disordered or amorphous areas occurs in cellulose. The
number, size, and arrangement of crystalline regions within celluloses determine the ultimate
properties of a particular fibre. The United Nations and the Food and Agriculture Organization
of the United Nations (FAO) declared the year 2009 as the International Year of Natural Fibres.
Their main objectives were: to raise the profile of natural fibres, to stimulate demand for them
by promoting the efficiency and sustainability of the natural fibre industries and to encourage
appropriate policy responses from the various governments to the problems faced by these
industries. Natural fibres have played an important role in human society since approximately
7000 BC. Natural fibres are those that are readily available in nature. Cotton, wool, silk, jute
are some of the major natural fibres which have commendable commercial importance in the
textile world. Of late, natural fibres are facing stiff competition in the global fibre market
following the continued of manmade fibres in the global textile market even though, natural
fibres are healthy, sustainable and comfort-providing to mankind. Textile fibres have been
found to be used to make cloth for the last 4000 or 5000 years or so. Until the end of 19 th
century, when the first man-made (artificial) fibre was produced commercially, fibres were
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obtained from plants and animals. The fibres most commonly used were: flax, hemp, silk, wool
and cotton.
According to the historians, India was the first country to grow cotton and use cotton for
weaving fabrics. The use of cotton for making textiles was known to Indians from the time
immemorial.
Natural fibres are completely biodegradable and their production does not generally cause
damages to the ecosystem. They usually grow in different climates and recycle carbon dioxide

2
(CO ). Several species of natural fibres, for example bast fibrous plants, can be used to solve
soil pollution by heavy metals, due to their ability to extract and absorb cadmium (Cd), lead
(Pb), copper (Cu) and zinc (Zn). The growing world population will cause increased demand
for and consumption of fibres. The current population explosion is alarming enough to have
necessitated a search for alternative textile resources to natural fibres. Most natural fibres are
obtained from lingo-cellulosic fibrous plants such as flax, jute, hemp, kenaf, sisal, ramie, abaca,
curaua, coir, cabuya, pineapple and bamboo. Natural fibres are generally appreciated and used
for their most important properties such as air permeability, hygroscopicity, their ability to
release moisture, the fact that they do not release any harmful substances or cause allergic
reactions (resulting from a higher level of histamine in human blood), and by their biodegradability and lower flammability in comparison to man-made fibres.
It has been argued among the Historians that flax is the oldest of all the fibres used by mankind.
Flax samples, given by the British National Museum of Antiques for testing at the Institute of
Natural Fibres in Poznan (Poland), were taken from Çatal Hüyük (Turkey) and Kerma (Nubia,
Sudan) and proved to be flax from 6500 years BC and 2000 years BC, respectively. It is widely
known that linen cloths for mummy were more than 5000 years old has been found in Egyptian
tombs. It is fascinating to note and observe that this fibre is so fine that it has lasted until the
present day.
2.2 Cotton
Cotton is the most important of the natural cellulosic fibres. It still accounts for about 50% of
the total fibre production of the world, although man-made fibres have made significant inroads
into cotton's share during the last three decades. Cotton fibres grow in the seed hair pod boll)
of cotton plants grown and cultivated in warm climates. Cotton has many essential and
desirable fibre properties making it as the major fibre for textile applications all over the world.
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It uniquely combines strength with good absorbency, for example, making it a comfortable and
durable apparel fabric. Mankind first learnt to utilize cotton more than 5000 years BC ago in
India and the Middle East. Its use spread to Europe via the Greeks after the invasion of India
by Alexander the Great. Modern cotton manufacture began in England in the eighteenth
century and rapidly spread to the United States, resulting in a huge increase in production and
international trade. It was not until the emergence of man-made fibres in the twentieth century
that cotton was displaced as the most important textile fibre. It is still the most widely used
natural textile fibre with over 25.2 million tons produced annually. Consumption of cotton is
still growing at a rate of 2% per annum. The English word cotton is derived from the Arabic
word ‘katan’, the name that was originally given to flax. Cotton is one of the most important
natural textile fibre crops, both from the agricultural and manufacturing sectors’ points of view.
It is the biggest source of clothing as well as being used to produce apparel, home furnishings,
and industrial products. The main countries producing cotton in the world are China, United
States, India, Pakistan, Uzbekistan, Turkey, and Brazil, which together account for over 80%
of the world’s cotton production.
There are many varieties of cotton, and each variety has different characteristics both in
planting and processing performance.
Cotton fibre is actually the seed hair of plants of the genus Gossypium. It is the purest form of
cellulose available in nature. After flowering, an elongated capsule (boll) is formed on the
cotton plant in which the cotton fibres grow. Once the fibres have completed their full growth
cycle, the boll bursts and fibres emerge out from the boll. A cotton boll contains about 30 seeds.
Each seed contains around 2000–7000 seed hairs (cotton fibres). Depending on the cotton plant
type and growing conditions, the colour of the fibre is usually ranges from creamy white to
yellowish. Majority of the cotton fibre is composed of cellulose.About10% of the weight of the
raw fibre consists of waxes, protein, pectate and minerals.
The fibre lengths of different kinds of cotton fibre vary from 22 to 50 mm, and the diameter
ranges from 18 to 25 μm. The higher quality fibres are known as long staple fibres or extralong staple cotton. As of now, there are four main commercial species of cotton from the genus
Gossypium:
Name of the species
G. arboretum

Geographical Location Percentage Production (Global)
Middle and Far East

05
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G. herbaceum

Middle and Far East

05

• G. hirsutum

America

80

• G. barbadense

America and Egypt

10

Among these species, long and extra-long fibre varieties are from the species of G. barbadense
cotton. The first two Asiatic cotton varieties are of short staple length. The cotton plant grows
best in subtropical countries which have warm, humid climates. The best conditions for cotton
cultivation are between 47°N and 35°S. The cotton plant requires 6–7 months of warm weather.
More than 80 countries of the world cultivate cotton. Cotton is cultivated as a cash crop in
North and South America, the Middle East, Africa, India, China and Australia. In Europe it is
cultivated in Mediterranean countries such as Greece and Bulgaria. Recently cotton cultivation
has shifted to more environmentally friendly techniques such as organically produced cotton.
The market for organic cotton was estimated to be more than US$49 billion in 2017. The top
organic cotton growing countries are: Turkey, India, China, Syria, Peru, the United States,
Uganda, Tanzania, Israel and Pakistan. There has also been a greater emphasis on naturally
coloured cotton which does not require dyeing. This is developed by the techniques of both
traditional breeding and genetic engineering. Naturally coloured cotton has pigmented fibres
with the colours as a part of the lumen. Exposure to sunlight tends to deepen the colour
(flavonoids are the major contributors to the colour). Generally naturally coloured cotton is
finer, shorter and weaker. A wide range of colours can be produced from green and brown
cotton.
Cotton fibre is classified into three basic commercial groups, based on its fibre length and its
appearance.
1. Top quality fibres are the ones with a staple length of between 30 and 65 mm. Staple cottons
are the well-known cotton types such as Egyptian and Sea Island are included in this group.
2. Fibres with a staple length of between 20 and 30 mm. These medium length fibres are the
most common form of cotton and include the American upland variety.
3. Fibres with a staple length of less than 20 mm from coarse, lower grade cotton, which
includes many Asiatic and Indian fibres.
The colour of cotton fibre varies from almost pure white to a dirty grey. However, the standard
cotton grades classify colour as white, light spotted, spotted, tinged, yellow stained, and light
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grey. High quality cotton is usually very light or almost white. The highest quality cotton
varieties have the longest fibres which are simultaneously thin (fine) and very resistant to
tearing (strong). Such fibres are characterized by good resilience and elasticity which makes
them easy to spin. They produce fine, strong cotton yarns suitable for the production of highquality goods (especially garments). Long staple cotton represents 3–5% of the world’s
production and are used for delicate fabrics with specific weight of <100 g/m2 in the production
of high-quality shirts and blouses, the best quality bed linen and underwear, etc. The typical
fibre parameters of long staple cotton are:
• Staple length: between 30 and 65 mm,
• Micronaire: 2.8–4.5,
• Strength: 33–45 g/Tex pound force per square inch (PSI).
Such cotton typically comes from Egypt and the USA.
Medium staple cotton (about 85% of the world production and processing) is suitable for the
production of medium thick fabrics with specific weight 100–250 g/m2 appropriate for the
production of bed linen, table cloths, good quality denim jeans cloth as well as underwear. The
fibre parameters of Medium cotton are as follow:
• Staple length: between 20 and 30 mm,
• Micronaire: 3.5 – 4.8,
• Strength: 25–33 g/Tex (PSI).
Medium staple cotton is mostly produced in Central Asia (Uzbekistan, Tajikistan, Kazakhstan,
and Turkmenistan), West Africa (Chad, Mali, Ivory Coast, and Burkina Faso), Europe (Greece,
Spain), the Middle East (Turkey, Syria), the USA, Brazil and Pakistan.
Short staple cottons are the cheapest cotton varieties with short, rigid fibres. They are used for
the production of thick yarns of lower quality. Short staple cotton is very much suitable
especially for the production thick fabrics with specific weight >250 g/m2, for example, for
denim, drill, flannel for work clothes, upholstery, carpets, etc. The typical fibre parameters are:
• Staple length: less than 20 mm,
• Micronaire: 4.5 – 6,
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• Strength: 14–18 g/Tex (PSI).
Such lower quality cotton varieties come from Central Asia (Uzbekistan, Tajikistan,
Kazakhstan, and Turkmenistan), the USA and India. Figure 2.2 gives the details of the top ten
countries cotton production in 2018.

Figure 2.2 Top ten countries’ Cotton Production in 2018 (Courtesy Google images)
Cotton is a natural fibre (vegetable fibre-seed hair) obtained from the seed of the cotton plant.
Chemically, cotton is a polysaccharide or polymeric sugar that is represented by the chemical
formula (C6H10O5) n. For most apparel and home-textiles end uses, cotton fibre is particularly
well suited because of its combination of strength, durability, and comfort properties. Cotton
also has good thermal resistance, which enables it to undergo the dyeing and finishing
processes in textile-mill and consumer care. Cotton is a soft, fluffy staple fibre that grows in a
boll, or protective capsule, around the seeds of cotton plants of the genus Gossypium in the
family of Malvaceae. The fibre is almost pure cellulose. Under natural conditions, the cotton
bolls will tend to increase the dispersion of the seeds.
The plant is a shrub native to tropical and subtropical regions around the world, including the
Americas, Africa, and India. The greatest diversity of wild cotton species is found in Mexico,
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followed by Australia and Africa. Cotton was independently domesticated in the Old and New
Worlds.
Current estimates for world production are about 25 million tonnes or 110 million bales
annually, accounting for 2.5% of the world's arable land. China is the world's largest producer
of cotton, but most of this is used domestically. The United States has been the largest exporter
for many years. In the United States, cotton is usually measured in bales, which measure
approximately 0.48 cubic metres (17 cubic feet) and weigh 226.8 kilograms (500 pounds).
2.2.1 Growing and Harvesting
Cotton is grown as an annual crop for commercial purposes. Cotton is a warm-weather plant
cultivated in both hemispheres of the world, mostly in North and South America, Asia, Africa,
and India (in tropical latitudes).The total period from planting to harvesting is usually 5–7
months. Planting time for cotton varies with the location, i.e. from February to June in the
Northern Hemisphere. It is interesting to note that the time of planting in the Northern
Hemisphere is the harvest time in the Southern Hemisphere.
The cotton plant is a warm-season woody perennial shrub and is grown as an annual field crop.
Because the plants can be grown in various environments, cotton farmers can choose from
many varieties of cotton that are bred to be productive in various environmental and cultural
conditions. After the cotton seeds are planted and the plants begin to grow and develop, they
have to be protected from insects, diseases and weeds.
After the plant flowers, the cotton fibres (lint) develop on the seed in the boll in three distinct
stages. In the “elongation” stage (first) (0 to 27 days), the fibre cell develops a thin, expandable
primary wall surrounding a large vacuole, and the cell elongates dramatically. During the
“thickening” stage (Second) (15 to 55 days), the living protoplast shrinks, while a secondary
wall composed almost entirely of cellulose is deposited inside the primary wall. By the
“maturation” stage (third), the secondary wall fills most of the fibre cell volume, leaving a
small central cavity (known as the lumen) containing the cytoplasm and the vacuole. As the
boll opens, the fibre cells rapidly dry, collapse and die. As the tubular cells collapse, they
assume a flat, ribbon-like form with twists, called “convolutions.” The figure 2.3 shows the
stages of growth and cultivation cycle.
2.2.2 Ginning
After harvesting, the seed cotton (consisting of cotton fibre attached to cottonseed and foreign
matter) is transported to the ginning plant. Ginning is the separation of the fibres from the seed
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and foreign plant matter such as dirt, twigs, leaves, and parts of bolls. Cotton essentially has
no commercial value or use until the fibre is separated from the cottonseed and foreign matter
at the gin. Ginning operations, which are regarded as part of the harvest rather than the textile
process, normally include:
• conditioning (to adjust moisture content)
• Seed–fibre separation.
• cleaning (to remove foreign plant matter) and
• Packaging.
There are two kinds of ginning: saw ginning and roller ginning. In saw gin, the saw-teeth
removes seed and short fibre efficiently with a high production rate, but causes greater damage
to the fibres. In roller ginning, rollers gently separate the fibres from the seeds with less damage
to the fibres, but the short fibres and foreign matter are not removed as efficiently reducing
productivity. Usually, only the long–staple and high-quality cotton are ginned by roller gin
where it is important to prevent fibre damage. Most cottons, like Upland cotton, are ginned on
saw gin.
The long lint fibres are removed at the cotton gin and then packed into large bales and
transferred to spinning mills for further processing (spinning). The seed with about 8% short
linter remaining is used for seed oil after the short linter fibres are removed by the delintering
process, producing fibres of different lengths.
The principal function of a cotton gin is to convert the farmers’ harvested seed cotton into
saleable commodities, i.e., fibre and seed. Thus, ginning is the bridge between cotton
production and cotton textile manufacturing. To satisfactorily convert today’s mechanically
harvested cotton into saleable commodities, gins have to dry and clean the seed cotton, separate
the fibres from the seed, further clean the fibres and place the fibres into an acceptable package
for commerce. Cottonseed are sold to dairies for feed, to oil mills for production of many
valuable products, or saved for planting next year’s crop. The fibres are the more valuable
product, however, and the design and operation of cotton gins are oriented toward fibre
production. In essence, the modern cotton gin (Figure 2.4) enhances the value of the cotton by
separating the fibres from the seed and by removing objectionable non-fibre matter, while
preserving as nearly as possible the inherent qualities of the fibre.
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Figure 2.3 Cotton growth cycle stages (Courtesy Google images)
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The module of cotton is opened and cotton is moved with an air stream into the gin, first passing
through a boll trap that removes green (unopened) bolls and rocks. The airline cleaner takes
out fine trash and sand (for stripper harvested cotton). The separator removes the cotton from
the air stream, dropping it into the feed control, which regulates the flow of cotton into the
ginning stream. The tower dryers dry the cotton, if it is wet or harvested before the plant was
completely dry. The inclined cleaners (or cylinder cleaners) are a type of cleaner that removes
fine trash.
The CBS (combination burr and stick) machine in a stripper cotton gin removes sticks and
burrs. In a picker cotton gin, a stick machine, at this location, removes sticks and green leaf.
The cotton then goes through a second dryer, another inclined cleaner, and a second stick
machine (in a stripper gin). Another separator takes cotton out of the conveying air stream
and drops it into a conveyor distributor. The distributor delivers cotton to each of several
extractor-feeders, which feed the gin stands uniformly and at a controlled rate. The gin stand
is the heart of the ginning process where the fibres are removed from the seed (Figure 2.5).
Most gins are equipped with two lint cleaners that remove small trash that remains in the lint
after ginning. These cleaners are equipped with bypasses to regulate the amount of cleaning
required. The fibre then goes into a gin press where it is compressed into a 480-pound bale
suitable for commercial trading.

Figure 2.4 The schematic machinery layout of a ginning line
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Ginning Machine
After picking, the cotton fibre has to be separated from the seeds, a process carried out
mechanically by the cotton gin. There are two forms of this machine in general use, known as
the saw gin and the roller gin. The saw gin is used mainly for short and medium length cotton,
and the roller gin is often preferred for longer fibres, although the short Asiatic types of India
and Pakistan are roller ginned. Roller ginning is a slower and more costly process than saw
ginning. Seed cotton is fed from the top of the saw ginning machine. A series of ribs are closely
spaced (less than the size of the seed) with a saw blade between each rib. The seed cotton falls
down on the turning saws and the fibre is pulled between the ribs by the saw teeth, doffed off
by a brush, and carried away by an air stream. The seed, which cannot pass between the saw
and the ribs, fall down another chute, and are conveyed away.

Figure 2.5 The schematic diagram of the cross-section of a saw gin.
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2.2.3 Structure of Cotton
Each cotton fibre is a single complete cell that develops in the surface layer of the cottonseed.
Cotton fibres are composed of a cuticle, a primary wall, a secondary wall, and a central core or
lumen (Figure 2.6(b)).

Figure 2.6 Structure of cotton fibre and Figure 2.7 Microscopic views of cotton fibre
The cuticle is the ‘very outside’ or ‘skin’ of the cotton fibre. It is composed of a waxy layer
(cotton wax). The lumen is a hollow canal running the length of the fibre, which provides the
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nutrients while the plant is growing. Depending on the maturity of the fibre, the dimensions of
the lumen vary enormously. Mature fibres will have a thick layer of cellulose in the secondary
wall that results in a very small lumen, whereas an immature fibre has a very thin wall structure
and a large lumen. The longitudinal view of cotton fibre appears as a ribbon-like structure with
twists at regular intervals along its length (Figure 2.7 (b)). The twists, also called convolutions,
give cotton an uneven fibre surface that increases interfibre friction and enables fine cotton
yarns of adequate strength to be spun. The convolutions differentiate cotton fibres from all
other forms of seed hair fibres and are partially responsible for many of cotton’s unique
characteristics. Cotton is soft, absorbent, strong, and machine-washable. Its absorbency comes
from the fibre surface (which has a strong affinity for water), the fibre core microstructure
(which resembles millions of tiny sponge-like tubes), and the hydroxyl (–OH) groups in its
molecules. The width of cotton fibre is fairly uniform, varying between 12 and 20 μm wide.
Both the structure and composition of the cellulose and noncellulosics depend on the cotton
variety and growing conditions. Cotton is very nearly pure cellulose. As many as 10,000
repeating anhydroglucose units are found in the polymeric cellulosic chains of cotton. Studies
have shown that all of the hydroxyl hydrogens in cotton are hydrogen bonded. These hydrogen
bonds will hold several adjacent cellulose chains in close alignment to form crystalline areas
called microfibrils. These microfibrils in turn align themselves with each other to form larger
crystalline units called fibrils, which are visible under the electron microscope. In cotton the
fibrils are laid down in a spiral fashion within the fibre. Modern fibre theory suggests that each
cellulose molecule is present within two or more crystalline regions of cellulose will be held
together. Between the crystalline regions in cotton, amorphous unordered regions are found.
Voids, spaces, and irregularities in structure will occur in these amorphous areas, whereas the
cellulose chains in crystalline regions will be tightly packed. Penetration of dyestuffs and
chemicals occurs more readily in these amorphous regions. Approximately 70% of the cotton
fibre is crystalline. Individual cotton fibres are ribbon like structures of somewhat irregular
diameter with periodic twists or convolutions along the length of the fibre. These characteristic
convolutions, as well as the cross-sectional shape of cotton are caused by collapse of the mature
fibre on drying.
The cross-section of cotton fibre is generally referred to as being kidney-shaped (Figure 2.6(a),
Figure 2.7(a)), and some are elliptical. Mercerization (a process using caustic soda and tension)
can cause the fibre to swell, straighten, and become more cylindrical, promoting lustre,
dyeability, and increased strength. Mercerized cotton is almost round in cross-section and more
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lustrous than untreated fibres. The degree of crystallite orientation, the microstructural
parameter obtained by X-ray diffraction, is directly related to the bundle strength. In general,
fibres with more highly oriented crystallinity are stronger and more rigid. Usually, the
crystallinity of cotton ranges from 60% to 70%.
Three basic areas exist within the cross section of a cotton fibre. The primary outer wall or
cuticle of cotton is a protective tough shell for the fibre, while the secondary wall beneath the
outer shell makes up the bulk of the fibre. The fibrils within the secondary wall are packed
alongside each other aligned as spiral s running the length of the fibre. The lumen in the center
of the fibre is a narrow canal-like structure running the length of the fibre. The lumen carries
nutrients to the fibre during growth, but on maturity the fibre dries and the lumen collapses.
Cotton fibres have a multi-layered structure that has been studied in depth and detail. The
structure of the primary cell wall of the cotton fibre, and particularly the outer surface layer
(termed as the cuticle), has a major influence on fibre properties, processing and use. The fine
structure of cotton fibre exhibits a fibrillar structure which consists of a primary wall, a
secondary wall and a lumen. The typical components of the fine structure of the fibres are
shown in Figures 2.6 and 2.7.
Most of the non-cellulosic materials are always present in the outer layers of cotton fibre. When
viewed through a microscope a cotton fibre looks like a twisted ribbon or a collapsed and
twisted tube. These twists are known as convolutions: there are about 60 convolutions per
centimetre of the cotton fibre. The convolutions give cotton an uneven fibre surface, which
increases inter-fibre friction and thus enables fine cotton yarns of adequate strength to be spun.
The cross-section of a cotton fibre is often described as being kidney-shaped. Figure 2.6 (b)
shows schematic structure of fine structure image of cotton with different layers of deposition.
Figure 2.8 shows the appearance of cotton fibre under the microscope (SEM). (a) Cotton fibre
looking like a twisted ribbon; (b) the cotton fibre’s cross section is referred to as being kidneyshaped; (c) cotton fibre looking like a collapsed and twisted tube and (d) bundle of cotton fibres.
The outermost layer, the cuticle is like a thin film of mostly fats and waxes. The waxy layer
surface with some smooth grooves. The waxy layer forms a thin sheet over the primary wall
that forms grooves on the cotton surface. The primary wall comprises non-cellulosic materials
and amorphous cellulose in which the fibrils are arranged in a criss-cross pattern. Owing to the
non- orientation of cellulose and non-cellulosic materials, the primary wall surface is
unorganized and open. This gives flexibility to the primary wall, which is required during cell
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growth. The basic ingredients are hemicelluloses, pectins, proteins and ions. The secondary
wall, in which only crystalline cellulose is present, is highly ordered and has a compact
structure with the cellulose fibrils lying parallel to one another.

Figure 2.8 SEM images of cotton fibre
2.2.4 Chemical Composition of Cotton and its Chemical Properties
Raw cotton fibre, after ginning and mechanical cleaning, contains approximately 90% or more
cellulose (Table 2.1) and non-cellulosics.
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The non-cellulosic constituents of the fibre are located principally in the cuticle, the primary
cell wall, and in the lumen. Cotton fibres that have a high ratio of surface area to linear density
generally exhibit a higher non-cellulosic content. The non-cellulosic constituents include
proteins, amino acids, other nitrogen-containing compounds, wax, pectic substances, organic
acids, sugars, inorganic salts, and a very small amount of pigments.
Variations in these constituents arise due to differences in fibre maturity, variety of cotton, and
environmental conditions (soil, climate, farming practices, etc.). After treatments to remove
the naturally occurring non-cellulosic materials, the cellulose content of the fibre is over 99%.
Cotton is hydrolyzed by hot dilute or cold concentrated acids to form hydrocellulose but is not
affected by dilute acids near room temperature. Cotton has excellent resistance to alkalies.
Concentrated alkali solutions swell cotton, but the fibre is not damaged. The swelling of cotton
by concentrated sodium hydroxide solution is used to chemically finish cotton by a technique
called mercerization. In aqueous alkali, the cotton swells to form a more circular cross section
and at the same time loses convolutions. If the cotton is held fast during swelling to prevent
shrinkage, the cellulose fibres deform to give a fibre of smoother surface. After washing to
remove alkali, followed by drying, the cotton fibre retain s a more cylindrical shape and circular
cross section.
Although little chemical difference exists between mercerized and unmercerized cotton,
mercerization does give a more reactive fibre with a higher regain and better dyeability. Dilute
solutions of oxidizing and reducing agents have little effect on cotton; however, appreciable
attack by concentrated solutions of hydrogen peroxide, sodium chlorite, and sodium
hypochlorite is found.
Most insects do not attack cotton; however, silverfish will attack cotton in the presence of
starch. A major problem with cotton results from fungi and bacteria being able to grow on
cotton. Mildews feed on hot moist cotton fibres, causing rotting and weakening of the fibres.
Characteristic odour and pigment staining of the cotton occurs when mildews attack. Additives
capable of protecting cotton are available and commercially applied to cotton fabrics used
outdoors. These materials are often metal salts of organic compounds which are capable of
inhibiting growth of mildews and similar organisms.
Cotton is only slowly attacked by sunlight, since cellulose lacks for the most part groups which
absorb ultraviolet light between 300 and 400 nm. Over long periods sunlight degrades cotton,
causing it to lose strength and to turn yellow. Certain vat dyes tend to accelerate the rate of
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cotton photo degradation through a sensitization reaction called "phototendering." Although
cotton has excellent heat resistance, degradation due to oxidation becomes noticeable when
cotton is heated in the air at I50°C for long periods. Spontaneous ignition and burning of cotton
occurs at 390°C. At low humidities in the absence of heat and light, cotton will not deteriorate
over long periods of storage.
2.2.5 Physical Properties of Cotton
High-quality cotton lint can produce high-quality yarn, fabric, and therefore high-quality endproducts. High-quality cotton lint has a number of physical properties, some of which are
measurable, whereas others are not. High-quality lint also implies the absence of certain
harmful substances. The properties of cotton lint that are important and measurable include the
following:
• Staple length
• Uniformity of fibre length
• Short fibre content (the percentage of short fibre)
• Fibre strength
• Fineness
• Maturity
• Elasticity (or elongation) and
• For some cottons, colour.
The properties of cotton lint that are not measurable include the following items:
• Style
• Silkiness and
• lustre.
These are the main properties considered when cotton is classified or graded, and also affect
the subsequent processing and quality of end-products. High-quality cotton is also
characterized by low trash content. Cotton with a high trash content needs more drastic action
during processing to clean the fibres, which may damage it, decreasing the quality of endproducts. The high crystallinity and associated forces between chains in cotton result in a
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moderately strong fibre having a tenacity of 2-5 g/d (18-45g/Tex). The hydrophilic (waterattracting) nature of cotton and the effect of absorbed water on the hydrogen bonding within
cotton cause the tensile strength of cotton to change significantly with changes in moisture
content. As a result, wet cotton is about 20% stronger than dry cotton. Cotton breaks at
elongations of less than 10%, and the elastic recovery of cotton is only 75% after only 2%
elongation. Cotton is a relatively stiff fibre; however, wetting of the fibre with water plasticizes
the cellulose structure, and the cotton becomes more pliable and soft. The resi1iency of dry and
wet cotton is poor, and many finishes have been developed to improve the wrinkle recovery
characteristics of cotton. Cotton is one of the more dense fibres and has a specific gravity of
1.54. The hydroxyl groups of cotton possess great affinity for water, and the moisture regain
of cotton is 7%-9% under standard conditions. At 100% relative humidity, cotton has 25%30% moisture absorbency. The heat conductivity of cotton is high, and cotton fabrics feel cool
to the touch. Cotton has excellent heat characteristics, and its physical properties are unchanged
by heating at 120°C for moderate periods. The electrical resistivity of cotton is low at moderate
relative humidities, and the fibre has low static electricity build-up characteristics.
Cotton is not dissolved by common organic solvents. Cotton is swollen slightly by water
because of its hydrophilic nature, but it is soluble only in solvents capable of breaking down
the associative forces within the crystalline areas of cotton. Aqueous cuprammonium
hydroxide and cupriethylenediamine are such solvents.
The basic parameters of cotton fibre, on which the technological suitability and the price of the
particular cotton lot depend, are:
• Staple length,
• colour grade,
• Fibre strength,
• Fibre thickness,
• Micronaire value: an indication of fibre-specific surface, determined by fibre fineness and
maturity,
• Leaf grade.
Cotton, as a natural cellulose fibre, has a lot of characteristics such as:
Comfortable soft hand
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Good absorbency
Colour retention
Prints well
Easy to handle and sew
Machine-washable
Dry-cleanable
Good strength
Drapes well

2.2.6 Properties of cotton
Specific weight

1.54

Tenacity 3.0 - 4.9 g/d whereas cotton is up to 20% stronger when wet
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Elasticity relatively low
Absorbency

7-8% at standard conditions

Birefringence 0.046
Dielectric constant

3.9 - 7.5

Resistivity order of 10^9 ohm/cm^3
Micronaire2.0 - 6.5 (upland cotton)
Denier 0.7 - 2.3 (upland cotton)
Length 0.9 - 1.2 inches (upland cotton)
Diameter 9.77 - 27.26
Fiction coefficient 0.25 (for raw cotton, strongly changes when wet or treated)
Thermal properties

Decomposition at 300°F

2.3 Measuring cotton quality
Government bodies such as the US Department of Agriculture (USDA) has set standards for
instrument type, calibration and accuracy with regard to cotton testing. Maximum allowable
tolerances for accuracy and precision are listed in Table 2.3. Bodies such as USDA also set
standards for testing conditions.
Table 2.3 Maximum allowable tolerances for accuracy and precision of cotton testing
instruments
Fibre property
Length (inch)

Accuracy
±0.018

Precision
±0.012

Uniformity (%)

±1.200

±0.800

Strength (g/tex)

±1.500

±1.000

Micronaire (units)

±0.150

±0.100

Colour (Rd) (units)

±1.000

±0.700

Colour (+b) (units)

±0.500

±0.300

Trash (% area)

±0.100

±0.040
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According to USDA, the testing laboratory and the cotton conditioning area must have an
atmosphere maintained as follows: temperature 21±0.6°C, RH 65% ± 2%. For testing purposes,
a cotton sample must be taken from opposite sides of a cotton bale. Each portion should be
approximately 300 mm long and 150 mm wide and should have approximately the same mass.
The total sample submitted for testing should weigh approximately 225 g, and be identified
with an identification tag (coupon) rolled between the sides giving the bale number. Cotton
samples must be brought to a moisture content that is at equilibrium with the approved
atmospheric conditions before testing: moisture content between 6.75% and 8.25% (dry mass
basis) prior to instrument testing. Cotton samples can be conditioned passively or actively, not
covered by sacks, wrappers or any bother coverings, and conditioning takes usually 48 h. The
International Cotton Advisory Committee (ICAC), which represents cotton producers around
the world, set up a task force in 2003 on the Commercial Standardization of Instrument Testing
of Cotton (CSIRC). This has seven key objectives:
1. Define specifications for cotton trading.
2. Define international test rules.
3. Implement test rules.
4. Certify test centres.
5. Define calibration standards.
6. Specify commercial control limits for trading.
7. Establish uniform arbitration procedures.
The CSIRC process is designed to ensure greater uniformity in testing procedures and results.
High volume instrument (HVI) systems use techniques such as near infrared spectroscopy.
They can accurately measure length, strength, micronaire, length uniformity index, colour Rd,
colour +b and trash content. HVI fibre testing systems provide accurate information on how
fibre properties will affect yarn and ultimately fabric quality. The focus is on predicting how
the fibre will perform in subsequent processing and in the final product. As an example the
Rothschild MC-CT RO 2005 Mini Card can measure fibre cohesion and drawing force in staple
fibres. The H2SD High Speed Cotton Stickiness Detector (CIRAD, France) can assess the
presence of sticky cotton of sample in less than 30 s. Zweigle’s F 460-stick-Slip Friction Tester
measures gliding properties (drafting behaviour). SDL’s Quickspin system allows a rapid
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determination of raw material characteristics and thus yarn quality. The Zellweger Intelligin
system optimizes the ginning process by continuous on-line measurement of fibre moisture,
trash level and colour grade. HVI systems are also used to monitor yarn quality. The Uster
HVC Spectrum system includes automated sampling, maturity index measurement and
moisture sensor. The Uster Yarn Tester 4 SH measures diameter, shape, yarn structure, dust
and trash content, evenness, imperfections and hairiness. The OASYS (Optical Assessment
System through Yarn Simulation) system optically scans yarns independently of mass
distribution and transmits the yarn profile to OASYS software, which simulates woven or
knitted fabrics according to the users’ specifications.
2.4 Naturally Coloured Cotton
Naturally coloured cotton is naturally pigmented fibre, and found in shades of red, green, and
several shades of brown, as well as the yellowish, off-white colour typical of modern
commercial cotton fibres. The natural colour is due to the plant’s inherent genetic properties.
Shades of coloured cotton vary over seasons and geographic location due to climate and soil
variations.
Cotton (Gossypium) pertains to a flowering plant grown from seed. There are 39 different wild
species of cotton currently. New world species G. hirsutum and G. barbadense and old world
species G. arboretum and G. herbaceum are the most popular cultivated types which have
commercial importance. All 39 species are unlike in leaf shape, leaf colour, flower, seed, lint,
lint colour and length. The lint colour might be white to off-white, different shades of brown
(light brown to chocolate and mahogany red) and green (bright or emerald green which quickly
fades to a greenish rusty brown). The cotton fibre plant which grows in natural colours along
the cultivation is known as naturally coloured cotton and their colour are obtained without the
aid of synthetic or natural dyes. The new awareness on the environment protection has been
driving the production of the naturally coloured cotton in many different shades such as green,
tannin, yellow, brown, pink etc. Many incorrectly used chemicals in dyeing stages may damage
human health. Ecologically friendly naturally coloured cotton fibres eliminate the dyeing stage
in industrial production. Hence the cloth production costs are lowered by leaving out these
stages, decreasing water and energy expenditure and the waste quantity to be treated.
Furthermore those colourants used for the cloths are very often carcinogenic and harmful to
human health.
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Naturally coloured cotton’s (NACOC) origin is South and Central America where it has been
cultivated for about 200 years. Native peoples in the former American lands have used these
wild cottons for weaving and hand spinning for centuries. It was also reported that Mochica
Indians have been growing naturally coloured cottons of myriad hues for over the last two
millenniums on the northern coast of Peru. There are some records that when the first Spaniards
first crossed the Peruvian desert in 1531 they were so surprised to see the extensive fields of
coloured cotton growing.
NACOC fabrics had been collected as the first items of tributes and sold or shipped to Spanish
court. Those Indian Textiles were woven on European looms as the most technical
sophisticated textile products at the end of 15th century. However, low yields as well as the
short fibre length which made them harder to be spun or woven led to some delays for the
commercial textile production [9]. In 1982 an entomologist Sally Fox the first breeder in
Wickenburg Arizona reintroduced the naturally coloured cotton fibres which eliminated the
need for dyeing. The coloured fibres were developed by hybridization to be long enough for
the successful spinning. The achievement in breeding machine spinnable naturally coloured
cotton led her register a natural coloured cotton trademark; Fox Fibre® which included the
natural colours of green, coyote, brown, Buffalo brown and Palo Verde green. In 1984
Raymond Bird also started experimental trials for improving the red, green and brown cotton
quality. Finally, in 1990, the Bird brothers and C. Harvey Campbell who is a famous
agronomist and cotton breeder in California came together and formed BC Cotton Inc. to work
with naturally coloured cottons. Organic production of naturally coloured cotton has also been
realized among some of the other countries of the world. There were some ongoing projects
related to naturally colour organic cotton in India, Israel and the USA. However, restricted
colour choices for the consumers with low quality fibre have been the major problems.
Although some countries especially Brazil, Peru and China go on producing naturally coloured
organic cotton, the ratio of organic certificated group is very low. The origin of the brown and
green cottons available today on the cotton market is varieties of species G. hirsutum. Seeds of
the cottons are available in seed banks all over the world. Colour pigmentation occurs after the
opening of the cotton ball. Colour of cotton fibre is the results of presence of pigments, which
are intermingled with cellulose. This property is a genetically inherited characteristic. Coloured
cottons may be in different shades of green and brown. After the cotton bolls open, the colours
are developed under the sun. Firstly, the cotton fibre is white and after one week, it turns into
its original colour in compliance with its genotypic constitution. The shades of the naturally
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coloured cotton may differ in accordance with the season of the year and the location because
of the climate and soil type. It is useful to emphasize that naturally coloured cottons have
shorter staple length, weaker in staple strength and finer in the diameter when compared with
the regular upland cotton. Lower fibre yields have resulted in low usage of colour linted cotton
varieties in commercial textile applications. However, environmental concerns and desire of
the awaked consumers triggered the interest of using naturally coloured cotton in textile and
apparel sector. It was reported that fabrics made from naturally coloured cottons are sensitive
to most of the chemicals such as oxidants, reductans, metallic ions, acids and alkali.
Additionally, high temperatures in the wet processes and the sunlight radiation in daily use are
thought to result in irreversible colour change of naturally coloured cottons. Scouring is one of
the vital processes for NACOC which changes the original colour of the fibre. In some studies,
it has been declared that scouring treatment changes the original colour of NACOC into even
a deeper and darker colour owing to inner pigments moving outwards.
Conventional dyeing process for cotton fibres is water, energy and time consuming process
leading to dye effluent which may contribute to environmental problems unless treated in a
controlled manner. On the other hand, naturally coloured cotton fibre does not need any dyeing
or colouration process due to its inherited colour characteristics which then resulted in nonusage of synthetic dyes and multiple washing cycles after dyeing process leading to energy,
water and time savings with more sustainable future for the world. Producing the textile
products by using the naturally coloured cotton fibres as the raw materials can be considered
as a good way of reducing the environmental pollution. Today there are some efforts in
Campina Grande, Paraiba and Brazil where the Coopnatural (Textile Cooperative) purchase
the naturally coloured cotton produced by small producers in the region. The naturally coloured
cotton fibres are converted into yarns and fabrics. The families and some associations produce
handmade clothes for the “Natural Fashion Brand” by using organic and naturally coloured
cotton. Although genetically modified seeds affect the cotton production around the world,
many groups and indigenous cultures go on fighting for sustainable naturally-coloured cottons
through seed saving and nurturing their ancient cultivars. Naturally brown coloured organic
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cotton fibre (Gossypium hirsutum L.), its yarn and its single jersey knitted fabric are shown in
Fig. 2.10
Figure. 2.9 Naturally brown coloured organic cotton fibre (Gossypium hirsutum L.), its yarn
and its single jersey knitted fabric
Increasing consumer demands and environmental concerns resulted with more requirements
for sustainable textile materials. The complex nature of the textile products’ life cycle has many
potential environmental impacts in the context of sustainability approach. Cotton fibre is still
the most preferred strategic raw material of textile materials among the world. However it is
necessary to lower the chemical residues during the period between cotton cultivation to the
cotton end-products in a sustainable production manner. Naturally coloured organic cotton
fibres have been a promising alternative for their inherent colour characteristics which provide
more environmentally friendly textile processing with low water, chemical and energy use.
Although naturally coloured cotton possesses the similar structure with white cotton, it differs
from its pigmentation existence at the centre of the lumen. Furthermore, the naturally coloured
cotton fibres are known to be disease and pests resistant which makes them highly tolerant to
the organic cultivation methods. The different shades of green and brown are the most common
available colours of naturally coloured cottons which are believed to be depending on the
dominant genetic factors, tannin-suberin and other non-cellulosic materials as well as on the
environmental factors. Another amazing feature about the naturally coloured cotton is the flame
resistance performance with high limited oxygen index owing to the presence of heavy metals
in their structure. Additionally, the natural pigments of naturally coloured cottons provide good
sun protection properties with high UPF values.
As revealed in the early literature studies, the naturally coloured organic cotton fibres can easily
be utilized for the production of yarns leading to woven and knitted fabrics or also for
nonwoven production. However, when compared with the white cotton fibre types, the shorter
fibre lengths with low quality lead to restrictions on the naturally coloured cottons to be widely
used commercially among the world. Cotton breeders should be encouraged for continuing
their efforts to expand the number of naturally coloured cotton colours and to improve fibre
quality and yield by crossing with other genotypes in order to make selections. Naturally
coloured organic cotton fibres are generally used in handicrafts, t-shirts, blankets, jackets, knit
wears, sweaters, socks, towels, shirts, underwear, intimate apparels and other clothing articles,
home decorations and furnishings.
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In the near future, with the increased awareness and ecological production style, the cultivation,
production and consumption of naturally coloured organic cotton fibres are expected to
increase due to their natural, sustainable, renewable, biodegradable, eco-friendly nature.
Therefore, consumers may expect more encounters with the naturally coloured organic cotton
fibres in their textile products which fulfil and satisfy their lives from many different angles
leading to more sustainable world.
2.5 Organic Cotton
Organic cotton refers to naturally cultivated cotton without the use of any synthetic agricultural
chemicals such as fertilizers or pesticides or transgenic technology. It was first planted in the
1980s as an attempt to secure sustainable, ecological, and biodynamic agriculture. Organic
cotton promotes and enhances biodiversity and biological cycles and so is beneficial to human
health and the environment. Therefore, even though the properties of organic cotton fibre are
not as good as regular cotton fibre worldwide production of organic cotton is growing rapidly.
There has been some research to study the properties of organic and regular cotton and the fibre
and yarn produced from them. Organic agriculture is a production management system which
enhances biodiversity as well as soil biological activity. This production is based on the
applications of maintaining and enhancing the ecological harmony. Organic cotton is
developed utilizing techniques and materials that have a low ecological effect. Intended to
diminish the utilization of harmful pesticides and composts normally utilized as a part of
regular cotton creation, this approach additionally renews soil richness and look after
biodiversity, instead of stripping the earth of these characteristics “Organic Cotton” fibre can
be defined as “more sustainable” than the conventional cotton” fibre which is an
environmentally preferable product. Cotton developed without the utilization of any artificial
compound chemicals such as pesticides, plant development controllers, defoliants and manures
is viewed as ‘organic’ cotton. Though, chemicals considered natural can be utilized as a part
of the manufacturing of organic cotton and natural composts. Bacillus thuringiensis (Bt), a
naturally found soil bacterium, can be utilized as a characteristic bug spray in organic farming.
Bt is the bacterium that creates the insect poisons that researchers use to produce genes for bug
safe biotech cottons. Biotech cottons, containing Bt qualities, are not permitted to be utilized
for the generation of organic cotton—the general reason being that the procedure is not natural.
Current production practices in conventional and organic cotton are similar in some aspects
and not in other aspects regarding the operations. In the condition that all conventional methods
are followed, it is ineligible to certificate the crop as organic cotton. It is certain that organic
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cotton production does not consume most synthetically compounded chemicals (fertilizers,
insecticides, herbicides, growth regulators and defoliants) which are suggested for only
conventional cotton production. Both organic and conventional cotton productions are
followed with crop rotation. The crop rotation reduces the weed problem which may be caused
from organic production conditions. Synthetically compounded Conventional cotton
production chemicals (fertilizers, insecticides, herbicides, growth regulators and defoliants
etc.) should not be used in the field for at least three years before organic cotton production can
begin. Hand picking is the most used method among the world which does not differ between
organic and conventional cotton harvesting. If it is succeeded to remove the fibre from the
cotton boll instead of the whole boll and other contaminants from the workers and the field,
hand picking may result with the cleaner cotton. Green leaves should be removed before
harvesting since low leaf drop slows the harvest and also leads to an increment in ginning costs.
Hence, it is recommended not to wait and harvest as soon as possible after the bolls have
opened. The production of cotton utilizing organic cultivating strategies looks to keep up soil
quality and to utilize materials and practices that upgrade the environmental balance of normal
frameworks and coordinate the parts of the cultivating framework into a biological entirety.
There are a few rules that describe ensured organic cultivating: biodiversity, reconciliation,
maintainability, regular plant nourishment, and managing natural pest. Figure 2.11 shows the
various aspects of organic cotton cultivation.

78

Figure 2.10 The various aspects of organic cotton cultivation (Courtesy: Google images)
Organic cotton cultivation has not highly extended to the most of the countries as it was
expected. There are some reasons for this situation. Since 1990, nineteen countries began to
produce organic cotton however the most of them had to stop organic cotton production due to
economical limitations. Organic Trade Association took the responsibility for determining the
main problems about the organic cotton production. However, the results were not satisfying
because of the growers being un-reluctant to share the information about the organic cotton.
ICAC’s survey emphasized main problems including the cost of production of organic cotton
versus that of conventional cotton and the price premium on organic cotton. The fibre council
declared that weed management without using herbicide, defoliation and insect control are the
main problems for organic control producers. Defoliation problems were frequently
encountered with as a serious problem when the organic cotton was picked by the machines.
Some varieties may not perform well and reach the expected yield level without synthetic
fertilizers and insecticides even under optimum conditions. The Table 2.4 gives the difference
between organic cotton and conventional cotton.
Table 2.4 Comparison between organic cotton and conventional cotton
Organic cotton

Conventional cotton

Genetically modified organisms are
not involved in production process

Genetically modified organisms are
actively involved

Organic manures, natural pesticides
and insecticides are used

Chemical fertilizers and pesticides are

invariablycrop rotation can be practised
Multiple

Only one crop culturing is done

Seed treatment is not necessary

Seed treatment with insecticides and
pesticides is done prior culturing

used
Detoxification of soil and land occur Land detoxification does not occur

Eco-friendly and does not cause any harm to
living creatures
Protects biodiversity

Results in adverse health issues
due to over application of toxic
chemicals
Ecological balance is disturbed

Organic cotton demonstrates extraordinary advantages at different levels of the esteem chain.
Figure 2.11 show the benefits of organic cotton. Ranchers, merchants, retailers and purchasers
all advantage from the financial, social and natural points of interest of natural cotton ventures.
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2.5.1 Disadvantages of Organic Cotton
Organic cotton is more costly to create—outcome because of a six-year ponder in the USA
demonstrated natural cotton generation costs at around half higher than those of customary
cotton. Organic cotton generally has bring down yields, which requires more land to create a
similar amount of cotton and can have bring down evaluations, which influences financial
aspects; and it requires altogether more work to deliver. For instance, the developing of organic
cotton for the most part requires numerous specialists with tools to execute weeds, which
expands work and generation costs. It likewise can require more vitality than traditional cotton
creation due to increase in culturing. Contrasts in cotton creation systems ought to be
considered while surveying the maintainability of organic cotton versus traditional cotton.

Figure 2.11 Benefits of organic cotton
2.6 Bt Cotton
Currently, in addition to the conventional breeding methods, research is underway to produce
new hybrid varieties and modern biotechnology (recombinant DNA technology) is being used
to produce biotech or transgenic cottons, which enhance production flexibility. Some countries,
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such as China, Australia, India, South Africa, and United States, already allow biotech cotton
to be grown. More and more countries are considering approving the cultivation of biotech
cotton.
Bt cotton is genetically modified cotton crop that expresses an insecticidal protein whose gene
has been derived from a soil bacterium called Bacillus thuringiensis, commonly referred as Bt.
Many subspecies of B.thuringiensis are found in soils and are in general known to be toxic to
various genera of insects but safe to other living organisms. Bt was first discovered by a
Japanese scientist Ishiwata in the year 1901.Bt has been used as an insecticide for control of
stored grain pests since 1938 in France and from 1961 as a registered pesticide in the USA and
later in many other countries including India as sprays in cotton IPM programs to control
insects. Bt toxins thus have several decades of proven selective toxicity to insect pests and with
established safety record to non-target animals. Currently there are 67 recognized subspecies
of B. thuringiensis most of which produce spores and insecticidal proteins. All Bt cotton plants
contain one or more foreign genes derived from the soil-dwelling bacterium, Bacillus
thuringiensis; thus, they are transgenic plants. The insertion of the genes from B. thuringiensis
causes cotton plant cells to produce crystal insecticidal proteins, often referred to as
Cryproteins. These insecticidal proteins are effective in killing some of the most injurious
caterpillar pests of cotton, such as the larvae of tobacco budworms and bollworms. This new
technology for managing insect pests was approved for commercialization in the United States
by the U.S. Environmental Protection Agency (EPA) in October 1995 and is now available
from several seed companies in this country, as well as in many other cotton-growing countries
around the world.
Biotechnologists created Bt cotton by inserting selected exotic DNA, from a Bt bacterium, into
the cotton plant’s own DNA. DNA is the genetic material that controls expression of a plant’s
or an animal’s traits. Following the insertion of modified Bt DNA into the cotton plant’s DNA,
seed companies moved the Cry-protein trait into high-performance cotton varieties by
traditional plant breeding methods. Agronomic qualities for yield, harvestability, fibre quality,
and other important characteristics were preserved at the same time the Cry-protein gene was
added to commercial varieties.
The three primary components of the genetic package inserted into cotton DNA include:
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2.6.1 Protein gene.
The Bt gene, modified for improved expression in cotton, enables the cotton plant to produce
Cry-protein. The first varieties of Bt cotton produced in the United States contained one Cryprotein gene—Cry1Ac. Other varieties contain a “stacked” gene complex, for example— one
gene for insect control (Cry1Ac) and one gene to protect the cotton from application of the
herbicide glyphosate. Future cotton varieties may include these genes, other genes that allow
the plant to produce different Cry-proteins, or insecticidal proteins from sources other than Bt.
There are many possible combinations for crop improvement traits.
2.6.2 Promoter.
A promoter is a DNA segment that controls the amount of Cry-protein produced and the plant
parts where it is pr1oduced. Some promoters limit protein production to specific parts of the
plant, such as leaves, green tissue, or pollen. Others, including those used in Bt cotton and
certain Bt corn varieties, cause the plant to produce Cry-protein throughout the plant. Promoters
can also be used to turn on and turn off protein production. Current varieties of Bt cotton
produce some Bt protein throughout the growing season.
2.6.3 Genetic marker.
A genetic marker allows researchers to identify successful insertion of a gene into the plant’s
DNA. It also assists plant breeders in identifying and developing new cotton lines with the Bt
gene. A common marker is an herbicide tolerance gene linked to the Bt gene. Following a
transformation attempt to place the Bt and marker gene into the plant’s DNA, plants are treated
with herbicide. Plants that were successfully transformed have the Bt gene and the herbicide
resistance gene and will survive herbicide treatment; plants without the marker gene, and hence
without the linked Bt gene, will be killed by the herbicide.
This genetic package—a Bt gene plus a promoter and marker—can be inserted into cotton plant
DNA through a variety of plant transformation techniques. Transformed plants may be affected
by the genetic package, as well as the location of the new genes in the plant DNA. The insertion
site may affect Bt protein production and other plant functions as well. So biotechnology
companies carefully scrutinize each transformation to ensure adequate production of Bt protein
and to limit possible negative effects on agronomic `traits.
The B.thuringiensis strains produce three types of insecticidal toxins, crystal (Cry) toxins,
cytolytic (Cyt) toxins and vegetatively expressed insecticidal proteins (vip). These toxins are
highly specific to certain insect species. Thus far until September 2012, a total of 229 cry toxins
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(Cry1Aa to Cry72Aa), 11 cyt toxins (cyt1Aa to cyt3Aa) and 102 vip toxins (vip1Aa1 to
vip4Aa1) have been discovered. A total number of 342 Bt toxin genes are available for research
to develop insect resistant GM crops.
The Bt gene cry1Ac was used to develop the first Bt-cotton variety. The gene was transferred
into the genome of cotton explants (tissue pieces) using a bacterium called Agrobacterium
tumefasciens. The transformed cells were developed into a full GM plant now called Bt-cotton.
In general, Cry1Ac toxins are highly specific to insects at species level, and are not known to
cause any harm to non-target species such as fish, birds, farm animals and human beings.
Currently, Cry1Ac, Cry2Ab and Cry1C have been approved for commercial cultivation in
India. Bt cotton hybrids available in India are derived from technologies developed by
Monsanto (Cry1Ac and Cry1Ac + Cry2Ab), Metahelix (Cry1C), Chinese Academy of
Agricultural Sciences through Nath seeds (modified Cry1Ac called as fusion gene) and JK
seeds (Cry1Ac). Dow Agro-sciences are conducting field trials with Cry1Ac + Cry1F and
Bayer is introducing Cry1Ab + Cry2Ae. There were 1128 Bt-cotton hybrids in 2012, developed
by 40 seed companies, available in the Indian markets.
The insect-disease-causing organism Bacillus thuringiensis (Bt) is a naturally occurring soil
borne bacterium found worldwide. A unique feature is its production of crystal-like proteins
that selectively kill specific groups of insects and other organisms. When the insect eats these
Cryproteins, its own digestive enzymes activate the toxic form of the protein. Cryproteins bind
to specific receptors on the intestinal walls and rupture midgut cells. Susceptible insects stop
feeding within a few hours after taking their first bite, and, if they have eaten enough toxin, die
within 2 or 3 days. Different Bt strains produce different Cryproteins, and there are hundreds
of known strains. Scientists have identified more than 60 types of Cry-proteins that affect a
wide variety of insects. Most Cry-proteins are active against specific groups of insects often
create other problems, such as higher populations of beet armyworms and cotton aphids and an
increased pesticide load in the environment. Frequent exposure of insect pests to insecticides
results in the development of insecticide resistance, which reduces the overall effectiveness of
available insecticides, increases crop losses, and leads to higher pest control costs and lower
farm profits. The severity of tobacco budworm and bollworm infestations and resistance to
synthetic insecticides vary across the Cotton Belt, both between and within the states. Because
of this variation and the price of the technology, not all areas of the Cotton Belt are able to
economically justify the use of Bt cotton. However, where insect infestations are severe, Bt
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cotton offers a new management tool for producers, helps ensure against yield loss in the
presence of heavy infestations of insecticide-resistant tobacco budworms, and aids in reducing
bollworm damage.
2.7 Cotton Applications in Textiles
The properties of cotton fibre are such that it serves as nature's utility fibre. Cotton has excellent
hand, and the drapability of cotton fabrics is quite acceptable. Fabrics of cotton are of sat is
factory appearance and have a low luster unless mercerized or resin finished. The superior
absorbency of cotton, coupled with its ability to desorb moisture, makes it a very comfortable
fibre to wear. This absorbency permits cotton to be used in applications where moisture
absorption is important, such as in sheets and towels. Mildewing of cotton under hot moist
conditions and its slowness of drying are undesirable properties associated with its high affinity
for water.
The cotton fibre has sufficient strength in the dry and wet states to make it suitab1e for most
consumer textile applications. The increased strength of cotton on wetting adds to its long
useful life. Cotton wears wel1 without undue abrasion, and pills do not tend to form as it wears.
Cotton's low resiliency and poor recovery from deformation means that it wrink1es easily in
both the dry and wet states and exhibits inferior crease retention. Starching of cotton improves
these properties, but the effect is only temporary, and it is necessary to renew this finish after
each laundering.
The resistance of cotton to common household chemicals, sunlight, and heat makes it durable
in most textile applications. Cotton can be dyed successfully by a wide variety of dyes, and the
colour fastness of properly dyed cotton is satisfactory.
Fabrics of cotton are maintained with a moderate degree of care. Cotton fabrics launder readily,
and its wet strength and alkali resistance mean that cotton is resistant to repeated washings.
Stresses which occur during the spinning and weaving process will cause cotton fabrics to
undergo relaxation shrinkage during initial launderings. Relaxation shrinkage can be controlled
through resin stabilization or through the well-known compression shrinkage process called
Sanforization.
Cotton can be drip dried or tumbled dry, but in both cases the dry cotton will be severely
wrinkled, and ironing will be necessary. Cotton can be ironed safely at temperatures as high as
205 °C. Cotton, as well as all cellulosic fibres, is highly flammable and continues to burn after
removal from a flame. After extinguishing of the flame the cotton will continue to glow and
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oxidize by a smouldering process called afterglow. The Limiting Oxygen Index (LO!) of cotton
is 18. A number of topical treatments have been developed to lower the flammability of cot ton
and other cellulosics.
The undesirable properties of cotton can be corrected to varying degrees through treatment of
the fibre with special finishes; however, the abrasion resistance of cotton is adversely affected.
As a result, blends of cotton with the stronger man-made fibres have become important.
Although man-made fibres have made inroads into applications previously reserved for cotton,
cotton continues to be the major textile fibre due to its great versatility, availability, and cost.
The versatility of cotton has made it one of the most valuable and widely used of all textile
fibres. Cotton yarn is inherently strong because the convolutions create friction within the
fabric, preventing the fibres from slipping. Wet cotton fabric is stronger than dry cotton fabric,
therefore cotton can withstand repeated washings and is ideal for household goods and
garments that need to be washed regularly.
Like other celluloses cotton cellulose is not unduly affected by moderate heat so that cotton
fabrics can be ironed with a hot iron without damage. Cotton fibres are able to absorb
appreciable amounts of moisture and then evaporate it readily to the air which adds to the
comfort of cotton garments. There are literally thousands of uses (about 100 major uses) for
cotton in textile items, ranging from nappies to the most fashionable dresses, coats, and jackets.
The uses cotton textiles can be classified into three main categories: apparel, home furnishings,
and industrial.
1. Apparel market: Due to cotton’s comfort and easy laundering, trousers and shirts,
especially for leisure wear, account for the greatest use of cotton, followed by
underwear. Jeans and denim fabrics utilize more cotton than any other single clothing
item.
2. Home furnishings: The absorbency of cotton makes it an excellent material for
household fabrics such as sheets and towels. Towels and flannels account for the largest
amount of cotton used in home furnishings, followed by sheets and pillowcases.
3. Industrial products: The uses of cotton in industrial products are as diverse as tarpaulins,
book bindings, and zipper tapes. Cotton products are also used to clean up agrochemical
spills and oil spills. Some of the major industrial markets for cotton are medical supplies
and industrial threads.
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2.8 Bast Fibres
Bast fibre, or skin fibre, is regarded as one of the major natural vegetable fibre resources in the
world and plays an important role in the textile industry. Such fibre is extracted from the
phloem, or bast, surrounding the stem of certain plants (mainly di-cotyledonal plants). Most of
the important bast fibres are obtained from plants cultivated in agriculture, for instance flax,
ramie, jute, kenaf, and hemp. The fibres valuable as textile fibres are located in the phloem.
Therefore, it is necessary to separate the fibres from the xylem and sometimes also from
epidermis. The chemical components of main bast materials are shown in Table 2.5. The bast
fibres form bundles or strands that act as hawsers in the fibrous layer lying beneath the bark of
dicotyledonous plants. They help to hold the plant erect. These fibres are constructed of long
thick-walled cells which overlap one another; they are cemented together by non-cellulosic
materials to form continuous strands that may run the entire length of the plant stem. The
strands of bast fibres are normally released from the cellular and woody tissue of the stem by
a process of natural decomposition called retting (controlled rotting). Often, the strands are
used commercially without separating the individual fibres one from another. On a tonnage
basis jute is the most important of all the bast fibres; the world output of jute is greater than
that of all the other bast fibres combined. But most of the world's jute is made into sacking and
baggage cloths.
Normally, bast fibres are thick and boast high-tensile strength. Therefore, they are usually
processed for use in coarse textiles such as ropes, carpet yarn, traditional carpets, geotextile,
and hessian or burlap sacks. In addition, they can be used in composite technology industries
manufacturing nonwoven mats and carpets, and composite boards such as furniture materials
and car-door panels, for example.

2.8.1 Flax
Flax is a bast fibre used to manufacture linen textiles. It is derived from the stem of the annual
plant, Linum usitatissimum, which grows in many temperate and subtropical areas of the world.
The flax plant grows as high as 4 feet tall, and flax fibres are found below the plant surface
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held in place by woody material and cellular matter. The flax fibres are freed from the plant by
a fermentation process called retting. Chemical retting using acids and bases has been
employed with some success; however, such processes tend to be more expensive than natural
fermentation techniques.
The fibres are then removed from the plant through breaking of the woody core, removal of
the woody material (scutching), and combing (hack1ing). The resulting fibres are ready for
spinning and are 12-15 inches (30-38 cm) in length. The production of flax is roughly one
seventh that of jute. But, flax is the fibre from which we make linen; it is on this basis the most
important of the bast textile fibres.
Flax (also known as common flax or linseed), with the binomial name Linum usitatissimum
is a member of the genus Linum in the family Linaceae, which has been grown throughout the
world for millennia is the source of products for existing, high-value markets in the textile,
composites, paper/pulp and industrial/nutritional oil sectors. It is a food and fibre crop that is
grown in cooler regions of the world. Originally cultivated in Mesopotamia, the use of flax has
been documented as far back as 3000 BC. In addition to referring to the plant itself, the word
“flax” may refer to the unspun fibres of the flax plant. Flax fibre is extracted from the bast or
skin of the stem of the flax plant. Flax fibre is soft, lustrous and flexible, bundles of fibre have
the appearance of blonde hair, hence the description “flaxen”. It is stronger
than cotton fibre but less elastic. Flax is the source of industrial fibres and as currently
processed, results in long line and short fibres Flax fibre comes from the stem of an annual
plant Linum usitatissimum, which grows in many temperate and sub-tropical regions of the
world. In the inner bark of this plant there are long, slender, thick-walled cells of which the
fibre strands are composed. From the Mediterranean region, flax-growing spread over Europe.
Centuries before the beginning of the Christian era, Phoenician traders were bringing Egyptian
linen to Britain. Roman legions carried the Mediterranean textile skills, including the crafts of
spinning and weaving flax, to every corner of their empire.
During the seventeenth century, linen manufacture became established as a domestic industry
in many countries of Western Europe. Flax from Germany was the raw material for a
flourishing linen industry that grew in the Low Countries. Linen manufacture spread from
Western Europe into England, Scotland and Ireland, stimulated by the flow of French and
Flemish weavers who were driven from their homes by religious persecution.
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Until the seventeenth century only small amounts of flax were grown in England. Competition
from wool had stifled the linen industry. The arrival of linen workers from France and the Low
Countries created a demand for flax that was met by importation of the fibre, largely from
Russia. As a source of linseed oil, the flax plant is grown extensively in Canada, U.S.A. and
Argentina, but the output of fibre from these countries is relatively insignificant. Soviet Russia
grows flax for both fibre and oil. Grown for fibre, the flax plant is an annual that reaches 90 120cm (3 - 4 ft). It has a single slender stem that is devoid of side branches other than those
which bear the flowers. When the plants have flowered and the seeds are beginning to ripen,
the crop is pulled up by the roots (by hand or by mechanical pullers). About one-quarter of the
stem consists of fibre.
The industrially important flax fibres are placed as fibre bundles in the outer surface of the
plant stem as shown in Figure 2.13. The bundles (technical fibres) are between 60 and 140 cm
long and their diameter ranges from 40 to 80 µm. The flax stem contains 20-50 bundles in their
cross section. Each bundle consists of 10-40 spindle shaped single (elementary) fibres of 1-12
cm length and 15-30 µm diameter.

2.12 A schematic comparison of a single flax fibre and the cross section of a flax stem
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Figure 2.13 Composition of flax and its stem
2.8.2 Flax Threshing:
Threshing is the process of removing the seeds from the rest of the plant. As noted above in
the Mechanical section, the threshing could be done in the field by a machine, or in another
process, a description of which follows: The process is divided into two parts:
1. The first part is intended for the farmer, or flax grower, to bring the flax into a fit state
for general or common purposes. This is performed by three machines: one for
threshing out the seed, one for breaking and separating the straw (stem) from the fibre,
and one for further separating the broken straw and matter from the fibre. In some cases
the farmers thrash out the seed in their own mill and therefore, in such cases, the first
machine will be unnecessary.
2. The second part of the process is intended for the manufacturer to bring the flax into a
state for the very finest purposes, such as lace, cambric, damask, and very fine linen.
This second part is performed by the refining machine only. The threshing process
would be conducted as follows:
1. Take the flax in small bundles, as it comes from the field or stack, and holding it in the
left hand, put the seed end between the threshing machine and the bed or block against

89

which the machine is to strike; then take the handle of the machine in the right hand,
and move the machine backward and forward, to strike on the flax, until the seed is all
threshed out.
2. Take the flax in small handfuls in the left hand, spread it flat between the third and little
finger, with the seed end downwards, and the root-end above, as near the hand as
possible.
3. Put the handful between the beater of the breaking machine and beat it gently till the
three or four inches, which have been under the operation of the machine, appear to be
soft.
4. Remove the flax a little higher in the hand, so as to let the soft part of the flax rest upon
the little finger, and continue to beat it till all is soft, and the wood is separated from the
fibre, keeping the left hand close to the block and the flax as flat upon the block as
possible.
5. The other end of the flax is then to be turned, and the end which has been beaten is to
be wrapped round the little finger, the root end flat, and beaten in the machine till the
wood is separated, exactly in the same way as the other end was beaten.
2.8.3 Retting
The flax fibres are held together in the stems by woody matter and cellular tissue, and 'retting'
is a fermentation process that frees the fibres from these materials. Retting may be carried out
in one of several ways:
2.8.3.1 Dam-Retting. The flax plants after pulling are tied up in sheaves or 'beets' and
immersed for about ten days in water in special dams or ponds dug in the ground. This is an
obsolete method and no longer practised except in Egypt.
2.8.3.2 Dew Retting. The crop is spread on the ground after pulling and left for several weeks.
Wetting by dew and rain encourages fermentation by moulds to take place. Dew-retting tends
to yield a dark-coloured fibre. It may be used in regions where water is in short supply; it is
commonly practised in the U.S.S.R. and France. This is the method by which some 85% of the
West European crop is retted. It is far less labour intensive than water-retting and therefore less
expensive.
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2.8.3.3 Tank-Retting. After harvesting, the seed bolls are stripped from the stems by
reciprocating metal combs. The de-seeded straw, tied in bundles, is packed into concrete tanks
which are filled with water and artificially heated to about 30°C. Retting is completed in about
three days. Some of the best and most uniform fibre is produced by this process. Almost all of
the flax from the Courtrai district of Belgium is tank-retted. The highest quality of straw may
be double-retted, i.e. the partly retted straw is removed from the tank, dried, and then given a
further period of retting.
Flax is brought in from a large area to be retted centrally in this way. The advantage of this
form of retting lies in the fact that conditions can be controlled and the process can be carried
out at any time of the year. In the Belgian method the straw is usually given a preliminary
steeping treatment.
Flax used to be retted in the River Lys in Courtrai by immersing the straw in wooden crates,
but retting in the Lys is no longer permitted in Belgium.
2.8.3.4 Chemical Retting. Retting can also be carried out by treating the flax straw with
chemical solutions. Such reagents as caustic soda. sodium carbonate, soaps and dilute mineral
acids have been employed with some success. In general, chemical retting of the straw proved
to be a more costly process than biological retting and the fibre produced was no better. More
recently, attention has been turned towards the chemical treatment of fibre extracted in the
green state from unretted straw. With developments in chemical plant for the processing of
fibre, this method becomes an economic possibility. A third alternative is to prepare the
unretted fibre into rove, and boil or bleach the rove before spinning. During the last war, many
thousands of tonnes of green fibre were spun from boiled rove in this way.
'Cottonization' of flax is a form of chemical retting which is carried to the point where the flax
is separated into very fine strands. The flax can then be spun on cotton-spinning machinery.
This was carried out in Germany and other Continental countries during the war.
2.8.4 Breaking and Scutching
The next stage in fibre-production is 'breaking'. The straw is passed between fluted rollers in a
breaking machine, so that the woody core is broken into fragments without damaging the fibres
running through the stems. The broken straw is then subjected to the process known as
'scutching', which separates the unwanted woody matter from the fibre. This is done by beating
the straw with blunt wooden or metal blades on a scutching machine. The woody matter is
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removed as shive, which is usually burnt as fuel, leaving the flax in the form of long strands
formed of bundles of individual fibres adhering to one another.
2.8.5 Hackling
After scutching the fibres are usually combed or 'hackled' by drawing them through sets of
pins, each successive set being finer than the previous one. The coarse bundles of fibre are, in
this way, separated into finer bundles, and the fibres are also arranged parallel to one another.
The long fine fibres are known as line: the shorter fibres or tow are spun into yarns of lower
quality.
Flax fibre strands in the scutched state vary in length from a few centimetres (tow fibre) to as
much as 1 metre (line). A good fibre averages 45 - 60cm (8 - 24 in). By the time the fibre
reaches the spinning stage is has been broken down in length. Even the fibres in line yarn may
be shorter than 30 - 38cm (12 -15 in). Commercial flax is in the form of bundles of individual
fibre cells held together by a natural binding material. Scutching and hackling tend to break up
the coarse bundles of fibre as they exist in the bast, but do not separate the fibre strands into
their individual fibre cells.
Flax is usually coloured yellowish-white, but the shade of the raw fibre varies considerably
depending upon the conditions under which it has been retted. Dew-retted fibre is generally
grey. Flax is usually soft and has a lustrous appearance. The lustre improves as the flax is
cleaned, wax and other materials being removed. The highest quality flaxes come from
Belgium, Northern France and the Netherlands. Russian flaxes are generally weaker but are
remarkable for their fineness of fibre.
2.8.6 Fine Structure and Appearance
Strands of commercial flax may consist of many individual fibre cells; they vary in length from
6 - 65mm (V* - 2Vi in) with a mean diameter of about 0.02mm (l/1200th in). Seen under the
microscope, the fibre cells show up as long transparent, cylindrical tubes which may be smooth
or striated lengthwise. They do not have the convolutions which are characteristic of cotton.
The width of the fibre may vary several times along its length. There are swellings or 'nodes'
at many points, and the fibres show characteristic cross-markings. The fibre cell has a lumen
or canal running through the centre; the lumen is narrow but clearly defined and regular in
width. It disappears towards the end of the fibre, which tapers to a point. The composition of
flax includes cellulose, and gums, such as hemicellulose, pectins, lignin, and waxes; the precise
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makeup varying according to the variety and maturity of the flax, the cellulose is around 60–
70%, and the lignin is roughly 3–5% as shown in Table 2.5.
Commercial flax consists of bundles of individual fibres held together by gum. The length of
fibre bundles ranges from 200 to 1000 mm. Line fibre is usually longer than 300 mm, whereas
the tow fibre is shorter. The bundle fibres are composed of single cells, from 15 mm to 80 mm,
averagely in 25–30 mm long end to end. As shown in Figure 2.6, the longitudinal view under
the microscope shows that flax fibre, unlike cotton, has no convolutions, but longitudinal lines
or striations, with protuberances, called nodes, spaced irregularly along the length.

Figure 2.14 Microscopic view of flax fibre. (a) Longitudinal view, (b) cross-sectional view.
Figure 2.14 gives the microscopic views of the flax fibre. A cross-sectional view reveals that
the individual fibres are polygonal in shape with a thick, fleshy wall surrounding a central
hollow core, or lumen. The mean diameter of an individual fibre is 15–20 μm. However, the
lumen in mature fibres is not as pronounced as that in cotton. The fibre ranges in colour from
creamy white to yellowish brown to grey. Residual wax from the flax stem helps to give linen
its lustrous appearance.
The cell walls of the flax fibre are thick and polygonal in cross-section. Immature flax fibres
are more oval in cross-section, and the cell walls are thinner. The lumen is relatively much
larger than in the mature fibre. Because of its short single cell, flax is usually used for textile
processing in bundle fibres (several single cells bonded together by gums); therefore, flax
bundle fibre is longer (usually 300–700 mm) and coarser (200–500 metric count) than cotton.
Flax fibre is stronger, more rigid, and has a lower elasticity than cotton, partially because of
the high content of gums (such as lignin). Like cotton, wet flax is also stronger than dry; the
linen cloth has low elasticity and resilience and therefore tends to wrinkle. Also, like cotton, if
stored in highly humid conditions, flax is subject to mildew, although to a lesser extent. Flax

93

has greater resistance to insect attack than cotton because of the greater level of gum in the
fibre.

2.8.7 Structural Properties
Flax is nearly pure cellulose and therefore exhibits many properties similar to cotton. Strands
of individual flax fibres may consist of many individual fibber cells--fibrils held together by a
natural cellulosic adhesive material. The molecular chains in flax are extremely long, and the
average molecular weight of molecules in flax is 3 million. There are swellings or nodes
periodically along the fibre which show up as characteristic cross markings. The cell walls of
flax are thick, and the fibre cross section is polygonal with a large lumen in the centre.
2.8.8 Physical Properties
Flax is a strong fibre, and the average tenacity of dry flax is 2-7 g/d (18-63 g/Tex); wet flax is
2.5-9 g/d (23-81 g/Tex). Like cotton, the wet flax fibre is about 20% stronger than the dry fibre.
Flax has a low elongation at break (about 3%); however, the fibre is fairly elastic at very low
elongations. Flax has a higher regain than cotton, and a 12% regain is observed at standard
conditions. Flax possesses good heat conductivity and is cool to the touch. The heat and
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electrical properties of flax are similar to those of cotton, and flax possesses solubility
characteristics identical to cotton.
Flax is a highly rigid fibre, and it tends to crease on bending due to its poor resiliency. The
specific gravity of flax is 1.54, the same as cotton. Flax is a dull fibre, but more lustrous 1inen
fabrics can be obtained by pounding the linen with wooden hammers (beetling). Linen fabrics
have good dimensional stability unless stresses have been introduced during the weaving
process.
2.8.9 Chemical Properties
The chemical properties of flax are similar to those of cotton. Flax has good resistance to acids,
bases, and chemical bleaches. Flax is resistant to insects and microorganisms, and only under
severe moist warm conditions will it be attacked by mildews. Flax is only slowly degraded by
sunlight, and it decomposes at temperatures similar to that observed for cotton.
2.8.10 End-Use Properties
Flax finds only 1imited use in modern textiles. The methods used to produce flax involve
extensive labour and cost; thus flax usage is reserved for special luxury applications. The
strength of flax makes it superior to cotton in certain applications. Flax is resistant to abrasion,
but like cotton suffers from lack of crease retention and poor wrinkle recovery. Linen fabric's
superior absorbency, coupled with its cool crisp hand, contributes to its desirability as a prestige
fibre. The thermal properties and chemical resistance of flax make it suitable for many
consumer applications. Linen can be laundered repeatedly without deterioration and ironed
safely at temperatures as high as 220°C. Flax is very flammable. Flax is used in prestige items
including handkerchiefs, towels, tablecloths, sheets, and certain garments.
In the past flax was in demand where extra strength and resistance to moisture were important.
However, such flax products as sail and tent canvas, fishing lines and bookbinders' threads
have now been replaced largely by synthetic substitutes. Leather-working thread, sewing thread
and suture thread are still produced from flax. The fine household linen trade has declined
greatly, but developments in blending with synthetics to give linen 'easy care' properties has
ensured a long-term future for flax products. The use of union cloth (cotton and flax blended
at the weaving stage) for furnishing fabrics is also established.
Waste flax fibre is made into high-grade banknote, writing and cigarette papers. The ability of
flax to absorb water rapidly is particularly useful in the towel trade. Linen glass-cloths will
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remove all traces of moisture from a glass without leaving any particles of fluff behind. The
molecular structure of the flax fibre makes linen an excellent conductor of heat; linen sheets
are cool and linen garments are comfortable in hot weather.
Linen is often calendared or pounded in the roll by wooden hammers ('beetling') for as long as
thirty-six hours. These treatments close up the fabric and bring out the beautiful finish that is
characteristic of good linen. Linen becomes stronger when it is wet, and will withstand repeated
washings without deterioration. It is ideal for anything that has to put up with really hard wear.
The long life of linen fabrics was exemplified when Tutankhamen's tomb was opened in 1922.
Linen curtains, which had been there since about 1250 B.C., were still intact.
Long line fibre is used in manufacturing high value linen apparel, while short staple fibre has
historically been the waste from long line fibre and used for lower value products. The best
grades are used for linen fabrics such as damasks, lace and sheeting. Coarser grades are used
for
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for canvas and webbing equipment. Flax fibre is a raw material used in the high-quality paper
industry for the use of printed bank note sand rolling paper for cigarettes and tea bags. Flax
mills for spinning flaxen yarn were invented by John Kendrew and Thomas Port house
of Darlington in 1787. New methods of processing flax and the rising price of cotton have led
to renewed interest in the use of flax as an industrial fibre. Flax, one of the bast types of natural
fibres with a good mechanical performance, has been widely used to produce composites.
Contrary to artificial fibres, flax fibres are not continuous fibres but they have a composite like
hierarchically organized structure. Their macroscopic properties emerge from their micro and
nano-structural level.
2.9 Jute
Jute is one of the most affordable natural fibres and is second only to cotton in the amount
produced and its variety of uses. India and Bangladesh are the biggest producers of jute in the
world. Jute is a cellulosic fibre under the category of bast fibres and is known as the golden
fibre. Among the natural fibres, jute ranks second to cotton in terms of production. Its
cultivation is almost as old as human civilization. The jute plant (Corchorus) is a herbaceous
annual. Jute is an annual crop taking about 120 days (April/May-July/August) to grow Jute is
an annual herbaceous dicotyledonous plant that grows to a height of 1.5–4.5 m. The stems are
about 1–2 cm in diameter with few branches. In India and Bangladesh, the plants are commonly
harvested with a hand sickle. It thrives in tropical lowland areas with humidity of 60% to 90%.
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Jute is a rain-fed crop with little need for fertilizer or pesticides. Yields are about 2 tonnes of
dry jute fibre per hectare. Jute is one of the most affordable natural fibres. It is mainly cultivated
in South and South East Asia. Jute was first used as an industrial packaging material,
substituting flax and hemp grown in Europe. Jute is extracted from the bark of the white jute
plant (Corchorus capsularis) and to a lesser extent from tossa jute (C. olitorius). It is a natural
fibre with golden and silky shine and hence called the golden fibre. The colour of the stem,
petiole, leaf and pod varies in different forms. Jute fibre is obtained from the bast or phloem
layer of the stem. The two species differ in the quality of fibre they yield. Fibres of C. olitorius
are frequently softer, stronger and more lustrous than those of C. capsularis . Jute fibre comes
from a herbaceous annual plant which grows as high as 20 feet. The fibres are extracted from
the plant stalk in a manner similar to flax. Jute tends to be brown in color due to about 20%
lignin present in the fibre, but it does have a silk like luster. The individual cells of jute are very
short, being about 0.1 inch (.25 cm) long, and the fibre cross section has five or six sides. Jute
is not as strong or as durable as flax or hemp. Jute fibres are stiff, but it does have an unusually
high moisture regain. Jute's low cost, moderate strength, and availability make it an important
fibre for use in sacks, bags, and packing materials. Fabrics made of jute are called burlap.
Jute is long, soft and shiny, with a length of 1 to 4 m and a diameter of from 17 to 20 microns.
Jute fibres are composed primarily of the plant materials cellulose (major component of plant
fibre) and lignin (major components of wood fibre). The fibres can be extracted by either
biological or chemical retting processes. Given the expense of using chemicals to strip the fibre
from the stem biological processes are more widely practices. Biological retting can be done
by either by stack, steep and ribbon processes which involve different techniques of bundling
jute stems together and soaking in water to help separate the fibres from the stem before
stripping. After the retting process, stripping begins. In the stripping process, non-fibrous
matter is scraped off, leaving the fibres to be pulled out from within the stem.
Jute fibre is 100% bio-degradable and recyclable and thus environmentally friendly. A hectare
of jute plants consumes about 15 tonnes of carbon dioxide and releases 11 tonnes of oxygen.
Cultivating jute in crop rotations enriches the fertility of the soil for the next crop. Jute also
does not generate toxic gases when burnt.
After harvesting and defoliation of plants in the fields for 3–4 days, the jute stems are retted in
water and the fibre is extracted. The traditional method is to ret the jute stems for about 15–18
days and extract the fibre manually after retting. During retting bacteria break down the soft
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tissues around the fibre bundles and the fibres. Retting is complete when the bark separates out
easily from the core. The end-point of retting is a critical stage that largely determines the
quality of the fibre. It is difficult to extract the fibre if the plants are taken from the water too
early. On the other hand, the fibre is weakened if retting is continued for too long. Before
extraction, the farmers make frequent checks to determine the end-point of retting. Correct
retting is essentially the first step in the production of good quality jute fibre. Conventionally,
all the operations of retting followed by extraction of the fibres are done manually even today.
An alternative to this traditional retting method is to ret the outer ribbons without the woody
stick. This is called ribbon retting and widely practised in China. Different retting techniques,
ribboners/fibre decorticating machines/decorticators have been developed by different R&D
organizations in Bangladesh and India. The ribbons, the outer skins of the stem, are extracted
mechanically or manually by these machines. There are also other methods of retting, chemical,
enzymatic/microbiological, etc., suggested by different scientists/researchers. After retting,
plants are taken out of water and the fibre is traditionally extracted by hand.
The washing process consists of holding the extracted fibre bundle by the butt end and jerking
it through the water. Clean water is used for washing. The entire dirt, gum, extraneous plant
materials and retting residues are removed thoroughly. The washed fibre is spread over a
bamboo perch or bar for thorough sun drying for 4–7 days before storage. Drying on bare
ground is to be discouraged, because it affects quality of fibre by contamination with dirt, sand,
dust particles, etc.
The main parameters of fibre quality include colour, lustre, strength, texture, length and
presence or absence of root cuttings, the hardy reeds basal portion of fibre, etc. The outcome
of desired attributes or undesired defects is dependent on various factors such as cultivation
practices, diseases and pests, and retting. Agronomic manipulation in terms of balanced
fertilizer, maintenance of desired plant population and yield, adoption of a new cropping
system approach, integrated pest management and improvement of retting facility are
suggested for quality improvement of jute.
Jute fibre is a multicellular fibre. In the jute plant the fibre is formed as a cylindrical sheath
made up of single fibres (ultimate cell) joined together in such a way as to form a threedimensional network from top to bottom of the stem. The commercial fibres, in the form of
fibre bundles of 1.5–3 m long, called reed, are held together as a unit by the mesh or network
structure of the fibre elements and represents only a very small proportion (4–6%) of the whole
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plant. The micro structure of jute fibre is given in Figure 2.15. The longitudinal and cross
sectional views of jute fibre are given Figure 2.16
Figure 2.15 Microstructure of jute fibre

Figure 2.16 (a) Longitudinal and (b) cross-section of jute.
Commercial jute ranges from pale cream to golden yellow and from light brown to dirty grey
in colour. It possesses a natural silky shine. Jute is a relatively coarse, stiff, inelastic and
somewhat rigid fibre that has slightly higher moisture regains (12–13%) than cotton (7–8%).
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Good frictional property, tenacity, very high modulus and low breaking elongation make jute
an ideal packaging material.
The use of jute is limited to coarse fabrics, because the length/diameter ratio of jute fi laments
is only 100–120, which is much below the minimum of 1000 required for fi ne spinning quality.
Jute fibre is hygroscopic and wetted fi laments may swell up to 23% in diameter. Other than
being of agro-origin (and hence renewable) and biodegradable (and hence environmentally
friendly), the major advantageous features of jute are its high strength and initial modulus,
moderate moisture regain, good dyeability using different dyes, good heat and sound insulation
properties and low cost. However, the major disadvantages of jute are its coarseness, stiffness,
low wet strength, moderate wash shrinkage, harsh feel, hairiness and high fibre shedding,
photo-yellowing, and poor crease recovery.
Table 2.6 Properties of jute fibre
Property

Jute

Ultimate cell length, L (mm)

0.8–6.0

Ultimate cell breadth, B (mm)

10–25 μm

Length/breadth (L/B) ratio

110

Fineness (denier)

15–35

Tenacity (gm/denier)

3–5

Specific gravity (gm/cc)

1.48

Coefficient of static friction

0.45–0.54

Refractive index

1.577

Specific heat (Cal/g/o C)

0.324

Thermal conductivity (cal/s/cm.o C/.cm2)

0.91 X 10-4

Thermal conductivity (M watt/m.kelvin)

427.3

Heat of combustion (Jules/g)
Ignition temperature (o C)

17.5
193

Elongation at break (%)

1.0–1.8

Density (gm/cc)

1.46

Degree of crystallinity (X-ray)

55–60 %
7–90

Angle of orientation (X-ray)

100

Initial modulus

17–30 N/tex

Flexural rigidity (dynes.cm)

3.0–5.0

Moisture regain (%) at 65 % R.H.

12.5

Moisture regain (%) at 100 % R.H.

36

Diameter swelling (%) at 100 % RH

20–22

(Source: Textile Engineering Department, IIT, Delhi & Indian Jute Industries’ Research
Association, Kolkata)
Jute is a versatile fibre. During the Industrial Revolution, jute yarn largely replaced flax and
hemp fibres in sackcloth. Today, sacking still makes up the bulk of manufactured jute products.
A key feature of jute is its ability to be used either independently or blended with a range of
other fibres and materials. While jute is being replaced by synthetic materials in many of these
uses, some take advantage of jute's biodegradable nature, where synthetics would be
unsuitable. Examples of such uses include containers for planting young trees, geotextiles for
soil and erosion control where application is designed to break down after sometime and no
removal required.
Advantages of jute include good insulating and antistatic properties, as well as having low
thermal conductivity and moderate moisture retention.
The major manufactured products from jute fibre are: Yarn and twine, sacking, hessian, carpet
backing cloth and as well as for other textile blends. It has high tensile strength, low
extensibility, and ensures better breathability of fabrics. The fibres are woven into curtains,
chair coverings, carpets and area rugs and are also often blended with other fibres, both
synthetic and natural. The finest threads can be separated out and made into imitation silk. Jute
can also be blended with wool. By treating jute with caustic soda, crimp, softness, pliability,
and appearance is improved, aiding in its ability to be spun with wool.
2.10 Ramie
Ramie is one of the oldest fibre crops, having been used for at least 6000 years. Ramie fibre is
one of the strongest and longest natural fine textile fibres in the world. It is a bast fibre derived
from the bast layer of the stem, that is, phloem of the vegetative stalks of the plants. This dicot,
angiosperm, semi-perennial shrubs of the Nettle family Urticaceae is a native of the Far East
and probably originated in the mountain valleys of south-western China.
Ramie fibre, also known as China grass, grass linen or Chinese silk, was exported by China to
the Western world at the beginning of the eighteenth century. However, it was not until 1930

101

that ramie textile production was established on a commercial basis in Western Europe.
Commercial ramie production in Brazil first began in the 1930s with production peaking in
1971. In Japan and the Philippines concentrated efforts were made to produce ramie during the
Second World War. With the establishment of sizeable ramie acreages in south Florida,
commercial scale processing equipment was developed and operated successfully from 1946
to 1955. Ramie’s popularity actually increased in the mid-1980s with the fashion emphasis on
natural fibres. Ramie is a bast fibre often referred to as china grass. Ramie fibre is removed
from the plan t by peeling or removing the bark and soaking the fibres in water, followed by
scraping. The fibre must be further degummed by treatment in base before spinning. Ramie is
a white fibre with excellent strength and luster. The fibre is stiff and fairly coarse. The cells of
the fibre are very long, and the cross section irregular in shape. Ramie is useful in industrial
applications and is being used in furnishings where rough, irregular fabrics are desired.
Ramie is a perennial plant belonging to the genus Boehmeria under Urticaceae or Nettle family
of the order Urticales and class Magnoliopsida. There are about 100 species under the genus
Boehmeria. Boehmeria nivea L. Gaud., commonly known as ‘white ramie’ and B. utilis
generally referred to as B. nivea var. t enacissema and also known as ‘green ramie’ are the two
major species of ramie fibre. This green ramie is probably a hybrid of white ramie. The true
ramie or China Grass also called ‘white ramie’ is the Chinese cultivated plant. The second type,
the ‘green ramie’ or rhea is believed to have originated in the Malay Peninsula. The two
varieties differ in their habitat: whereas B. nivea grows best in temperate and sub-tropical
regions, green ramie occurs in tropical regions. Green ramie or B. utilis is said to give higher
fibre yield and stronger fibre than B. nivea, although the fibre quality is not so good in regards
to its fineness and colour. Ramie, being a perennial plant, is normally harvested two to three
times a year but under favourable growing conditions it can be harvested up to six times per
year.
Ramie plants produce a large number of unbranched stems from underground rhizomes and
have a crop life of 6–20 years. Thus harvesting of ramie can be done intermittently for up to
20 years. Ramie should be harvested just before flowering or soon after flowering starts. The
time of harvesting is important for getting the best fibre and also to obtain maximum fibre yield
from the plants. Stems are harvested by either cutting just above the lateral roots or bending
the stem.
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The extraction of ramie fibre occurs in three stages. First the cortex or bark is removed just
after harvesting while the plants are still fresh, by hand or machine. This process is called
decortication. Present-day decortication is vastly mechanized. Second, the cortex is scraped to
remove most of the outer bark, the parenchyma in the bast layer and some gums and pectins.
Finally, the residual cortex material is washed, dried and degummed to obtain the spinnable
fibre.
Degumming, the next step, is the process of removal of gum from the decorticated fibre. About
20–30% of natural adhered gums, holding the fibres in dense strands, are removed so as to
make the fibres suitable for spinning and weaving. Degumming may be done by different
methods, namely chemical method, microbial method, etc. Ramie fibre generally is graded
according to length, colour and cleanliness. Top grades usually are washed and sometimes
brushed.
Ramie is a multicellular bast fibre, by and large cellulosic in nature, having very little lignin
and hemicellulose (Table 4.1). The inter-cellular binding constituents present in significant
amounts are natural gums and pectinous matters. The cells of ramie fibre may be as long as
40–45 cm, cylindrical in nature and characterized by thick walls and narrow, curved lumens.
The surface of the cell is marked by distinct ridges.

Figure 2.17 (a) Longitudinal and (b) cross-section of ramie
Properly degummed ramie fibre is the longest and the strongest of all vegetable fibres. It is
lustrous, possesses high tensile strength, is extremely absorbent, gains strength appreciably
when wet, and is highly resistant to bacteria, mildew, insect attack and rot. Ramie absorbs
moisture and gives it up quickly with almost no shrinking and stretching. Thus ramie has very
good comfort properties and is suitable for summer clothes. Very low elasticity, low abrasion
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resistance, lack of resiliency, stiffness and brittleness, necessary degumming process and high
cost are some of the weak points of ramie.
Ramie resists action of chemicals better than most of the other natural fibres do. Its dye
absorption is efficient and fast and has considerable resistance to microbial attack. Ramie has
been used as a precious material for very fine upper cloth including high grade Kimono cloth,
especially in Japan. The Korean traditional costume, Hanbok – made of ramie – is renowned
for its fineness. Fabrics of ramie are lightweight and silky, similar in appearance to linen and
suitable for a wide range of garments and home textiles. Coarse ramie fibres are generally used
for making twines and threads, for which its strength and lack of stretch make it most suitable.
Because of its high wet strength, quick dryability and considerable resistance to bacterial
action, it is very useful for making fishing nets. Ramie is used in many diverse applications
like suiting, shirting, sheeting, dress materials, table cloths, napkins, towels, handkerchiefs, fi
ne furniture upholstery, draperies, mosquito netting, gas mantles, industrial sewing thread,
packing materials, fishing nets, fi re hose, belting, canvas, marine shaft packing, knitting yarns,
hat braids, filter cloths, etc.
Since ramie has low elasticity and resilience, it is usually blended with other textile fibres like
cotton, wool, etc. It increases the lustre and strength of cotton blends and reduces shrinkage in
wool blends. It is also blended with silk.
Shorter fibres and waste, called noils, blended with cotton/stapled rayon are used for making
low-grade fabrics like dish towels. The noils are also used in the manufacture of high-grade
specialty papers such as cigarette paper, bank note/currency paper, etc. For the 2010 Prius,
Toyota will begin using a new range of plant-derived eco-friendly bio-plastics made from
cellulose in wood or grass, instead of petroleum. One of the two principal crops to be used is
ramie.
2.11 Hemp
Hemp (C. sativa) is a tall, slender annual, with a vigorous growth habit, of the Cannabaceae
family. Fibre production from hemp (Cannabis sativa) has been conducted over many
centuries, for end uses from textiles, ropes and sails, to matrices for industrial products in the
modern age. It has been cultivated and utilised in a diversity of countries in many parts of the
world, in both the northern and southern hemisphere. In many parts of Asia, the fibre hemp has
been in use since prehistoric times. Ancient records describe the use of hemp in China in 2800
B.C. During the early Christian era, production of hemp spread to the countries of
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Mediterranean Europe, and since then the fibre has come into widespread use throughout the
world. The name ‘hemp’ is a term most commonly used in connection with the Cannabis sativa
plant, its components (seeds, stems, leaves) and any products (foods, fibres or biomass)
extracted and manufactured from them. The term is also used as a name applied to a large
number of other fibre bearing plants and their products, such as Sisal hemp ( Agave rigida ) or
Manilla hemp ( Musa textalis ), but these plants and fibres are neither related nor associated
with C. sativa . The widely accepted common usage of the singular term ‘hemp’ in the English
language as a description of a plant or product, for example hemp crop or hemp fibre, is in
reference to the plant source C. sativa.
Hemp is a bast fibre harvested from the hemp plant and processed in a manner similar to flax.
It is a coarser fibre than flax, darker in colour and difficult to bleach. The fibre is strong and
durable, and the strands of hemp fibre may reach six feet or longer. Individual hemp cells are
1/2-1 inch (1.2-2.5 cm) in length, and the fibre cross section is polygonal. The fibre is very stiff
and contains considerable 1ignin. Although fine fabrics can be produced from select hemps,
hemp is used mainly in coarse fabrics, including sack material, canvas, ropes, and twines. Like
flax, hemp is a bast fibre. It comes from the plant Cannabis sativa, an annual of the family
Moraceae, which grows to a height of 3m (10ft) or more. The hemp plant is now cultivated in
almost every European country, and in many parts of Asia. Important producing countries
include the Soviet Union, Yugoslavia, Romania and Hungary. Hemp is well adapted to be
grown in many regions of the world, including most temperate, tropical and sub-tropical zones.
Hemp crop growth has been found to peak at an average daily temperature of approximately
14°C, but growth occurs over a wide range of 5.6–27.5°C (Duke, 1982). Importantly, the crop
is not very frost tolerant.
The hemp plant is harvested and processed in a manner similar to that used for flax. Fibre is
freed from woody matter by dew-retting or water-retting, followed by breaking and scotching.
The fibre is softened by pounding it mechanically or by hand. Hemp can be separated from the
straw by a mechanical process more easily than in the case of flax. 'Green' hemp is now
produced commercially in this way. When hemp is grown for the production of long fibres,
similar to long flax fibre, the crop is harvested when the staminate plants have finished
flowering but before the seed has ripened, also known as technical maturity. After the stems
have been cut they are laid on the ground in windrows for field retting, and to maximise the
recovery of long fibres during stem breaking and fibre breaking the hemp stems are maintained
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in parallel alignment. Such a system is very similar to the process used to harvest flax for linen
production, except that the plants are cut rather than pulled.
Hemp is a coarser fibre than flax; it is dark in colour and difficult to bleach. The fibre is strong
and durable, and is used very largely for making string, cord and rope. Some Italian hemps are
produced with great care; they are light in colour and have an attractive lustre similar to that of
flax.
Strands of hemp fibre may be 2m (6 ft) in length. The individual cells are, on average, 13 26mm (V2 - 1 in) long. They are cylindrical in shape, with joints, cracks, swellings and other
irregularities on the surface. Figure 2.18 gives the microscopic views of the hemp fibre
Like flax, the cells of hemp fibre are thick-walled; they are polygonal in cross-section. The
central canal or lumen is broader than that of flax, however, and the ends of the cells are blunt.

Figure 2.18 Microscopic views of hemp fibre. (a) Longitudinal view, (b) cross-sectional view.
The hemp fibre is more lignified than flax, and is consequently stiffer. The quality and quantity
of hemp fibres yielded from a crop is very strongly determined by the degree of retting that the
fibre has undergone. The retting process involves the removal and breaking down of the
‘gummy’ substances, particularly pectins, which bind the fibres together in bundles and to the
plant core. The retting process can be undertaken chemically or biologically. In the case of the
latter retting is achieved with the action of colonising enzymes or the action of specialised
enzymes secreted from colonising fungi and bacteria. Retting is of critical importance to the
extraction and separation of fibres from the core of hemp stems, as it significantly affects the
yield and quality of fibre achieved after the subsequent processing of the straw. In practice
hemp stems may be retted in several methods:
• field, dew retted,
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• Water retted,
• Enzyme retted,
• Chemical retted.
The chosen method will primarily be determined by location and the requirements of the target
end use. The retting of hemp stems in the field is achieved by the application of moisture (rain
and dew), warm temperatures, high relative humidity and still air in diurnal episodes. The stems
are judged to be sufficiently well retted by examining the colour of the stems for an even dark
grey colour throughout and/or by manual handling to examine the ease and cleanliness with
which the woody core and fibres separate. During the field retting process microorganisms
attack the hemp stems and break down the cementations that bind together the ultimate fibres
in bundles. The microorganisms will secrete enzymes that will degrade pectins from the outer
middle lamella lignified inner middle lamella; proteins from the protoplasm of plant cells,
starches, fats and waxes, and tannins. It is the most widely practised method of retting hemp
and it is the source of most hemp fibre produced in Europe and the UK. Critical to the success
of field retting is the presence of satisfactory temperatures and moisture, and so it can only be
conducted in suitable geographical areas.
A major advantage of field retting is its agricultural efficiency and low cost, as the technique
does not require the crop to be moved from the field in which it was grown, and it can be fully
mechanised to minimise labour input. Additionally, the technique is low input in comparison
to water and chemical retting as it requires nothing more than the mechanical field operations.
The major disadvantages of field retting hemp arise from a comparative lack of control on the
process by the hemp grower. The retting can be variable both within and between crops as a
result of fluctuating weather and climate patterns, and crop variation. Subsequently the fibre
extracted is often variable in fineness, length, strength and colour within a sample in
comparison to chemical and water retted hemp fibre. Other drawbacks of this method include
the occupation of land until the retting is complete, which may impact on the planting of a
subsequent crop, and the fact that hemp fibre extracted from dew retted crops tends to be dusty
such that it can pose a health risk to operators during subsequent processing.
During its long history, hemp has been used for almost every form of textile material. It has
been made into fine fabrics by skilful spinning and weaving of carefully produced fibre, notably
in Italy where a hemp fabric similar to linen is made. Nowadays, hemp is used mainly for
coarse fabrics such as sacking and canvas, and for making ropes and twines. Hemp can be
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'cottonized' by a process similar to that used for flax, so that the individual fibres are freed.
Cottonized hemp does not spin easily alone, but it gives useful yarns when mixed with cotton
(up to 50 per cent hemp).In modern times, hemp has been used for industrial purposes including
paper, textiles, biodegradable plastics, construction, health food, fuel, and medical purposes
with modest commercial success, as well as for clothing and household goods.
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Chapter 3 Natural Protein Fibres
3.1 Introduction
The protein fibres are formed by natural animal sources through condensation of a-amino acids
to form repeating polyamide units with various substituents on the a-carbon atom. The
sequence and type of amino acids making up the individual protein chains contribute to the
overall properties of the resultant fibre. Two major classes of natural protein fibres exist and
include keratin (hair or fur) and secreted (insect) fibres. In general, the keratin fibres are
proteins highly cross-linked by disulphide bonds from cystine residues in the protein chain,
whereas secreted fibres tend to have no crosslinks and a more limited array of less complex
amino acids. The keratin fibres tend to have helical portions periodically within protein
sequence, whereas the secreted fibre protein chains are arranged in a linear pleated sheet
structure with hydrogen bonding between amide groups on adjacent protein chains. Keratin
fibres are extremely complex in structure and include a cortical cell matrix surrounded by a
cuticle sheath laid on the surface as overlapping scales. The cell matrix of some coarser hair
fibres may contain a centre cavity or medulla. The keratin fibres are round in cross section with
an irregular crimp along the longitudinal fibre axis which results in a bulky texturized fibre.
Secreted fibres are much less complex in morphology and often have irregular cross sections.
Other fibrous protein materials include azlon fibres, spun from dissolved proteins, and a graft
protein-acrylonitrile matrix fibre.
In general, protein fibres are fibres of moderate strength, resiliency, and elasticity. They have
excellent moisture absorbency and transport characteristics. They do not build up static charge.
While they have fair acid resistance, they are readily attacked by bases and oxidizing agents.
They tend to yellow in sun I light due to oxidative attack. They are highly comfortable fibres
under most environmental conditions and possess excellent aesthetic qualities.
3.2 Wool
Wool is a natural highly crimped protein hair fibre derived from sheep. The fineness and the
structure and properties of the wool will depend on the variety of sheep from which it was
derived. Major varieties of wool come from Merino, Lincoln, Leicester, Sussex, Cheviot, and
other breeds of sheep. Worsted wool fabrics are made from highly twisted yarns of long and
finer wool fibres, whereas woolen fabrics are made from less twisted yarns of coarser wool
fibres.
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Animal fibres make up a very short per cent of the total weight of textile fibres produced
annually which is even in single digit. Quantitatively, therefore, they represent a very small
part of the world's fibre resources. But, animal fibres play a crucial and very important role in
the international textile trade than their limited production indicates. They are all of very good
textile fibres with each and every fibre having specific and unique properties which ensure it
to get a position of special significance as a textile fibre.
Common qualities of protein fibres are:
• moderate strength, resiliency, and elasticity
• excellent moisture absorbency
• anti-static
• fairly resistant to acids, but readily attacked by bases and oxidizing agents
• tendency of yellowing in sunlight
• comfortable under most environmental conditions
• excellent aesthetic qualities
Wool is a protein fibre chiefly composed of keratin. It is a natural, highly crimped protein hair
fibre derived from different breeds of sheep such as Merino, Lincoln, and Sussex, amongst
others. Worsted fabrics are made from highly twisted yarns of long fine wool fibres usually
blended with polyester fibre whereas woollen fabrics are made from less twisted yarns of
coarser wool fibres.
The fibre is made up of overlapping cuticle scales and an inner cortex and is slightly elliptical,
unlike other animal fibres. Both the cortex and the cuticle influence the wool fibre’s properties,
as does the breed of sheep from which it originates. The particular fibre characteristic of
specific breeds can be exploited by processing the fibre into appropriate end products. In
general terms, wool varies from the super fine Merino producing a fibre similar to cashmere,
very high lustre English breeds producing mohair-like fibre, to coarse hairy wools similar to
the guard coat of some goats.
The fibrous covering of the sheep is known as wool and is the most important of all the animal
fibres. It is also well known that that sheep farming is by far the most important economic
activity in almost all parts of the world. Wool is the fibrous material from the fur of the sheep
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and is always put into good use for both the mankind and the domestic economy. Wool
constitutes more than 90 per cent of the total world production of animal fibres.
Even though wool plays such a dominant and critical role in the animal fibre industry, there is
a number of other animal fibres which are of considerable commercial significance and
importance. In the textile industry, it is customary to describe all the animal-covering (fur)
fibres other than wool as hair fibres. The term wool is restricted specifically and particularly to
the hair or fur covering of the sheep only. This terminology can lead to some misunderstanding,
as these two terms 'hair' and 'wool' are often used to differentiate between the two types of
fibres coming from the covering of animals. As per the commercial nomenclature, the long and
coarse fibres forming the outer coat are called hair, whereas the short, fine fibres of the
undercoat are called wool. It is therefore advisable and worthwhile to use the term wool by the
name of the animal when it refers to anything other than sheep's wool.
All the Hair fibres are all related to wool in their chemical structure as all of them are made up
of a protein called keratin. However, they are all different from wool, and from each other, by
virtue of their physical characteristics; they are of different lengths and fineness’s, and have
different cross-sectional shapes and internal structures. Most of the hair fibres are used in highquality applications of the textile trade. Others have specialized non-textile uses; for example
horse-hair, is used as a filling or padding material, brushes are made using camel/ pig hairs.
Felt making is done using rabbit’s hair.
It is a known fact that vegetable fibres were probably the first materials to be used for making
textiles (by spinning and weaving into cloth). However, undoubtedly animal fibres were
actually the earliest form of clothing used by the primitive man in the form of skins and furs.
In the course of their regular usage, he must have understood that the hairs from the sheepskin
could be cut-off and spun into a yarn by the insertion of twist and the resultant yarns could be
woven into cloth. Nobody known exactly the stage at which this has happened.
Great Britain, always comes first into the story of wool as the significant and important
producer of wool as the raw material which was widely exported to other countries for their
manufacture into cloth. The wild sheep with small black faces and long horns supplied the wool
for the Britain appear to be the indigenous natives of Britain. These sheep carried both the
undercoat of short and fine wool together with a long and hairy outer coat.
The first guild of weavers was established in Bristol and Exeter Tweed at around 10th century.
The British king Henry I built up the woollen industry at the mouth of the city named Tweed.
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This city is even popular and famous even today for the characteristic heavy woollen cloths
that were being produced and they are still called by the city name where from they are
produced even now. By the thirteenth century, another famous name Worstead had become
very much familiar in the British wool industry. This was the name of the town of Worstead
near Norwich - whence came the fine wool cloth we now popularly know as 'worsted'. But with
the passage of time, the centre of the wool trade had moved to Flanders, the northern region of
Belgium; The Flemish weaving craftsmen were acknowledged as the best experts in the arts of
both wool weaving and finishing. It was proudly said that 'all Europe is clothed with English
wool bought in Flanders'. Raw wool was being shipped from England to Flanders, made up
into woollen and worsted cloth and then reshipped to England for their retail sale. In the middle
of the thirteenth century, King Edward III - at the suggestion of his wife Philippa, a Netherlands
lady had invited the skilled Flemish weavers to come and settle in Britain. Many of these expert
craftsmen obliged and established their trade in the Norwich area. From that time onwards, the
British wool trade developed and eventually became the leader in the international wool
industry - a position it still successfully holds even today.
Throughout the nineteenth century, Yorkshire in England gradually became well-established
as the centre of the world's wool trade, while other areas in Britain providing tweeds and other
special weaves. Thus, Great Britain became Industrial Britain, with the help of the prosperity
that steam had brought and then it even became the greatest textile manufacturing centre of the
world.
As the demand for wool as raw material grew stronger and heavier, manufacturers started
recovering wool from rags and old clothes. Fibres from these sources were reused, recycled
and respun and once gain woven into cloth that was cheap enough to cloth poorer classes.
Because of this new found affordability, the demand for wool increased still more. Raw
materials were imported from the colonies and dominions of the British Empire into the busy
factories of Britain, to be converted into manufactured goods for the markets spread all over
the world.
Humans have been using, washing, weaving, and wearing wool since time immemorial.
Currently, there are more than 10,000 sheep breeds in different parts of the world. The breeds
such as Merino or Rambouillet for example produce some of the finest wools used mainly for
the apparel manufacture. Breeds like Romney or Scottish Blackface are known to produce
coarse wools that can be used generally for interiors such as carpets. The breed of Merino sheep
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originated in Spain. In 1789 King Charles IV of Spain gave six Merino sheep as a royal gift to
the then Dutch government. During the course of the time, these sheep eventually found their
way to South Africa, and then were sold to a British army officer, politician, and entrepreneur
by name John Macarthur, who took them to Australia. Today, Australia produces the vast
majority of the finest and the best Merino wool used for the manufacture of luxury fashion and
suiting all around the world. Argentina, New Zealand, South Africa, the United States and
Uruguay are also leading producers of the fine quality Merino wool used in apparel
manufacture. As wool is a very versatile fibre, it goes far beyond the fashion. It is also widely
used to produce carpets, other interior textiles such as bedding, upholstery and insulation, and
other protective garments worn by firefighters and soldiers. Each wool fibre grows pointing
outwards from the sheep’s skin as its base. Just like human hair, wool also continues to grow,
even after it has been cut shorn. As the wool grows naturally it forms into groups of fibres
called staples. Wool fibres grow with a distinct wave like pattern, called crimp, which gives
wool its springiness or elasticity. Approximately, wool grows at about six millimetres per
month on an average. But this growth varies with the breed of the sheep, the nutrition given
and the environment where the sheep are grown. As of 2017 around 1.1 billion sheep of the
world produced just over 2 million tons of raw wool for the consumption of home and clothing
textiles. Wool fibre currently accounts for 1.1% of the world’s total global fibre market.
Today’s fashion’s modern consumers are very much attracted to wool. The world’s leading
fashion designer’s leading label platform Not Just A Label pointed out that since 2008, wool
has registered a consistent 50 per cent increase in annual sales from £180million to more than
£270million. These figures clearly reflect the increasing demand for the fibre that looks good,
feels good, is good for the people who wear it and is good for the planet where it grows. Wool
is made up of a protein called keratin. This is the same protein substance as human hair is made.
Just Like human hair, wool grows readily on sheep and thus is a renewable resource: the sheep
are shorn usually once in every year and then more wool starts to grow after shearing as usual.
Wool is biodegradable as it’s a protein. When wool is buried in soil and is given the required
levels of oxygen and moisture, it gets degraded. Researchers found that wool fibre also
biodegrades in both fresh and salt water, unlike most of synthetic fibres which disintegrate into
micro-fragments and accumulate in landfill and our water. On the other hand, because of the
unique chemical structure of keratin and wool’s tough, water- repellent outer membrane, clean
and dry wool fibres do not readily degrade. This special property allows wool products to be
resilient and long-lasting in normal conditions of regular use. Wool’s morphologically smart
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structure has evolved along with sheep breeding to produce an active fibre that naturally wicks
moisture, resists odour, and reacts to changes in the body’s temperature so that you stay
comfortable in all temperatures. Wool is a natural animal fibre grown year-round, around the
globe, on a blend of water, air, sunshine and grass. The ecological credentials of the wool as a
textile fibre are well established and enhanced by its long service life and suitability to be
recycled. Whether it is for fashion apparel, athletic wear, interiors or technical textiles, by
choosing wool, one is choosing well in all senses of the word.
3.2.1 Shearing
Wool shearing usually takes place only once a year and most woolgrowers invariably employ
specialist shearing teams, who travel from farm to farm shearing the sheep of the various farms
as their profession for a living. Although this process varies by country, using Australia as an
example, a shearing team usually has two or more shearers, one or two wool handlers and a
wool classer. Shearers do the work in such a way to remove the fleece – the main wool covering
the sheep’s body – in one large piece. After the belly, leg and face wool have been removed
and collected by the wool handler, the body of the fleece comes off as one piece from the sheep.
As soon as the fleece has been shorn, the Wool handler gathers up the fleece and puts it across
a large table. The woolhandlers “skirt” the fleece, removing the lower-quality edges of the
fleece which are kept separate from the main fleece wool. The remaining fleece is rolled as a
single piece and given to the wool classer. The wool classer is the one who sorts the wool into
five main categories namely— fleeces, necks, pieces, bellies and locks. Fleeces are also sorted
into lines (groups) according to their micron which the measure of the fibres’ diameter. The
classed wool is then placed in nylon bags and compressed in the wool press to make the bales.
All the bales are sealed and marked with the details of the brand that identifies the woolgrower,
the classer and the type (breed and category) and quality of wool inside. Not all wool is the
same as it is bound to have the variations in sheep breed and the breeding conditions it varies
in colour, quality (fibre diameter in micron) and staple length. Fibre diameter and the staple
length are the most important measurements that determine the grade and hence the use of
wool.
Diameter of the wool (which is mostly circular in cross section) is measured in microns and
fibre length is always measured and recorded in millimetres. Based on the fibre parameter of
micron wool can be divided into three main groups namely: fine, medium and broad. Table 3.1
gives the details of different grades of wool.
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Table 3.1 Different Grades of wool, its microns and its uses
Micron (µ) /Grade
Use
14.5 µ and finer – Extra fine Next-to-skin base layers & garments such as shawls,
14.6-16.5 µ – Ultrafine
16.6-18.5
18.5-20.5 µ
µ –– Superfine
Fine

scarves, hats, babywear, gloves, underclothing

Next to-skin apparel and high-quality fashion;
high-quality, soft-handling fabrics & knitting yarns (NB:
Merino sheep produce the finest wool, which is used
for high-quality, soft fabrics and yarns by leading
fashion designers)

20.6-22.5 µ – Medium
22.6-25 µ – Broad

A variety of woven apparel cloths, knitting yarns and
furnishings such as thicker sweaters, socks, blankets, rugs
(NB: Many different sheep breeds produce broader wools
and often they are dual-purpose breeds used to produce
both meat and wool)

26-35 µ - Coarse

Carpets, rugs, upholstery, insulation

3.2.2 Testing
After the wool is shorn, the wool bales are shipped to a warehouse. At the warehouse, the wool
bales received from a single property are grouped into sale lots of similar quality. Samples are
taken from all the bales in the same lot and the core tested for the most important processing
characteristics such as fibre diameter (micron), vegetable matter, staple fibre strength and fibre
length and the potential yield. A pre-sale certificate is prepared and issued that lists all these
results from the testing and it stays with the sale lot right through to till the completion of its
processing.
3.2.3 Sale
Most of the world’s wool is sold in the market by auction. Wool auctions generally take place
once in every week. Here, the price per kilo of the wool is determined based on the market
demand, quality and volume on offer. Once sold, the wool begins its long journey to becoming
fabric. There are several steps in this pipeline and are described in depth and details below.
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3.2.4 First Stage Processing
Washing – Scouring – Carbonising: The wool is first cleaned, removing grease (lanolin),
vegetable matter (sticks, grass), and dirt (sand, soil). The process of carbonising involves
treating the wool with diluted sulphuric acid and placing in a very hot oven; the acid attaches
to the vegetable matter and in the drying oven this becomes dry and brittle. The wool is then
passed through rollers which crush the dry vegetable matter, leaving only clean wool behind.
Carding – Combing: These processes prepare the wool for spinning. Carding removes fibrous
tangles by passing the clean wool over sets of short wire teeth to open, straighten, and separate
the fibres into a uniform mass. The resultant output is a continuous untwisted strand of fibres
called a sliver. Carded wool fibres are generally used for producing the woollen yarn. Combing
separates out the short fibres of the wool through long metal teeth or tines. These fibres become
aligned and parallel to each other. Wool fibres that are too short, noils, are removed by this
combing process. The result of this process is a long rope of wool which can be referred to as
a sliver. The sliver will be shaped into a ball and this is known as wool top. This type of
preparation is generally used in preparation for making a worsted yarn.
3.2.5 Woollen and Worsted Processing
Wool is a very versatile natural fibre, and can be made into a wide range of woven or knitted
fabrics. Depending on the fibre length and fibre diameter (fineness) of a fleece, it can be
processed through either the woollen or worsted processing system. The worsted processing
system of wool uses the highest/best quality fleeces to produce very fine yarns, which can be
woven to make extremely smooth and lightweight fabrics. Worsted-spun woven fabrics are
always used by fine tailors around the world for clothes such as business suits, trousers and
skirts.
Worsted-spun knitted fabrics are super-soft, incredibly versatile knits that are used for baby
clothes, underwear, t-shirts and sportswear, leggings, dresses and other light-weight knitwear.
The woollen processing system
Woollen-spun woven fabrics are thicker, heavier, often wind-proof and resistant to rain. One
will see these used in coats and jackets. Woollen-spun knitted fabrics are very bulkier than
worsted-spun knitted fabrics. They are used for items such as jumpers/sweaters, scarves and
socks. The various steps of the processes involved from fleece to fabric is given in the form of
process flow chart given here below:

116

All materials of animal and vegetable origin have some degree of biodegradability, which
means that they are capable of being decomposed by the action of naturally occurring living
organisms, such as fungi and bacteria. Wool is composed of the natural protein keratin, the
same kind of protein that is in our human hair. When wool is disposed of, the action of
microorganisms will naturally and eventually break down the keratin with enzymes and release
valuable nutrients back into the earth. Essential elements such as nitrogen, sulphur and
magnesium will be made available to be taken up by growing plants, completing the natural
cycle. Thus, wool will naturally decompose in soil in a matter of months or years in warm,
moist conditions or when buried in soil.

3.1 The Process of flow chart of wool processing from fleece to fabric
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While research has shown that processing treatments such as dyeing and antis-shrink treatment
can result in the wool taking slightly longer time to biodegrade, this is a short-term effect,
typically not persisting beyond eight weeks. Due to the unique chemical structure of keratin
and the wool fibre’s tough, water-repellent outer membrane, clean and dry wool fibres do not
readily and easily degrade. That’s reason why under normal, everyday living conditions, wool
products are resilient and long-lasting. Therefore, CHOOSE WELL, CHOOSE WOOL. Wool
fibres does not add to landfill or microfibre pollution. Natural fibres biodegrade naturally in a
relatively short period of time in soils and aquatic systems. In contrast, synthetic textiles can
be extremely slow to degrade and can disintegrate to the very small fragments known as
microplastics or microfibres. Microplastics are defined to be ranging in size between 1
nanometre and less than 5mm in diameter. These fragments accumulate in the world’s oceans,
lakes, rivers and other water systems, as well as landfill sites. The microplastic can often be
perceived by other living creatures as food, with negative consequences for these life forms
and the food chain. In the course of time, it can lead to death through starvation for these
creatures as stomachs get filled with plastic instead of food. Once in the food chain,
microplastics potentially also adversely affect human health. A single polyester fibre garment
can produce more than 1,900 fibres per wash.
Wool is perfect for receptive and suitable for innovative treatments.

Figure 3.2 Woollen and Worsted Yarns.
In a woollen yarn shown above (in A), the random arrangement of the fibres results in a bulky
yarn with a fuzzy surface. In a worsted yarn (shown in B), the fibres are lying more parallel,
and are more tightly twisted, producing a thinner yarn with a smoother surface.
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Figure 3.3 Worsted and woollen processing routes, products, byproducts and losses (%).
Source: Teasdale and Cottle (1991).
3.2.6 Structural Properties
Fibrous proteins have been commercially exploited for many years. Natural protein fibres are
formed by animal sources through condensation of α-amino acids to produce repeating
polyamide units with various substituents on the α-carbon atom. The amino acid content and
sequence in wool varies with variety of wool. The wool protein chains are joined periodically
through the disulphide cross-linked cystine, a diamino acid that is contained within two
adjacent chains. About 40% of the protein chains spiral upon themselves and internally
hydrogen bond to form a-helix. Near the periodic cysteine cross link s or at points where proline
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and other amino acids with bulky groups occur along the chain, the close packing of chains is
not possible and a less regular non-helical structure is observed. The cross-linked protein
structure packs and associates to form fibrils, which in turn make up the spindle shaped cortical
cells which constitute the cortex or interior of the fibre. The cortex is made up of highly and
less cross-linked ortho and para cortex positions. The cortex is surrounded by an outer sheath
of scale like layers or cuticle, which accounts for the scaled appearance running along the
surface of the fibre. The sequence and type of amino acids making up individual protein chains
contribute to the overall properties of the resultant fibre. The two major classes of natural
protein fibres are keratin (hair or fur) and secreted (insect) fibres, and of these two groups, the
most important members are wool (derived from sheep) and silk (excreted by various moth
larvae such as Bombyx mori), respectively. Wool is composed of an extremely complicated
protein called keratin, which is highly cross-linked by disulphide bonds from cystine amino
acid residues. By contrast, silk fibre is composed of much simpler secreted protein chains,
arranged in a linear pleated structure with hydrogen bonds between amide groups on adjacent
protein chains.
3.2.7 Structure of Wool
The structure of the proteins in wool differs between the various regions of the fibre. Some of
the proteins in the microfibrils are helical, like a spring, which gives wool its flexibility,
elasticity, resilience, and good wrinkle recovery properties. Other proteins, particularly in the
matrix that surrounds the micro fibrils have a more amorphous structure enabling wool to
absorb relatively large amounts of water without feeling wet (up to around 30% of the mass of
the dry fibre). The matrix proteins are also responsible for wool’s ability to absorb and retain
large amounts of dye. In addition to its chemical complexity, wool also has a very complex
physical structure, as shown schematically in Figure 3.1. The fibre is surrounded by cuticle
cells that overlap in one direction which consist of at least four layers:
• the epicuticle
• the A-layer of the exocuticle
• the B-layer of the exocuticle
• the endocuticle
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Figure 3.4 Fine Structure of wool
The cuticle surrounds a compacted mass of cortical cells in spindle form aligned with the fibre
axis, their fringed ends interdigitating with each other (Rogers, 1959). Both cuticle and cortical
cells are separated by the so-called cell membrane complex comprising internal lipids and
proteins. This cell membrane complex is the component between the cells that guarantees
strong intercellular bonding via proteins generally called desmosomes.
3.2. 8 Physical Properties
Wool fibre s possess low to moderate strength with tenacities of 1-2 g/ d (9-18 g/ Tex) dry and
0.8-1. 8 g/ d (7-16 g/ Tex) wet. Elongations at break vary from 25% to 40%dry and 25% to
60%wet. At 2% extension, wool shows 99%recovery, and even at 20%extension a recovery as
high as 65%is observed. Wool fibres have excellent resiliency and recover readily from
deformation except under high humidities. The stiffness of wool varies according to the source
and the diameter of the individual fibres. The moisture regain of wool is very high and varies
between 13% and 18% under standard conditions. At 100% RH, the regain approaches 40%.
Wool fibres have specific gravities of 1.28-1.32. Wool is insoluble in all solvents except those
capable of breaking the disulphide crosslinks, but it does tend to swell in polar solvents. Wool
is little affected by heat up to 150°C and is a good heat insulator due to its low heat conductivity
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and bulkiness, which permits air entrapment in wool textile structures. At moderate humidities,
wool does not build up significant static charge.
3.2.9 Chemical Properties
Wool is resistant to attack by acids but is extremely vulnerable to attack by weak bases even at
low dilutions. Wool is irreversibly damaged and coloured by dilute oxidizing bleaches such as
hypochlorite. Reducing agents cause reductive scission of disulphide bonds within the wool,
eventually causing the wool to dissolve. Under controlled conditions, reducing agents can be
used to partially reduce the wool and flat set or set permanent pleats in the wool. Unless
chemically treated, wool is susceptible to attack by several species of moths able to dissolve
and digest wool fibres.
Wool is quite resistant to attack by other biological agents such as mildew. Wool is attacked
by short wavelength (300-350 nm) ultraviolet light, causing slow degradation and yellowing.
On heating, wool degrades and yellows above 150 °C and chars at 300 °C.
3.2.10 End-Use Properties
Wool varieties include Merino, Lincoln, Leicester, Sussex, Cheviot, Ramboullett, and
Shetland, as well as many others. Wool is a fibre of high to moderate luster. Fabrics of wool
possess a soft to moderate hand and exhibit good drapability. Wool fibres are highly absorbent
and have excellent moisture transmission properties. The low to moderate strength of wool
fibres is compensated for by its good stretch and recovery properties. Wool is fairly abrasion
resistant and does not tend to form pills due to its low strength. It resists wrinkling except under
warm, moist conditions. Its crease retention is poor unless creases have been set using chemical
reducing agents.
Wool is attacked by alkalies and chlorine bleaches and is progressively yellowed by the short
ultraviolet wavelengths in sunlight. Wool dyes readily, and the dyed wools exhibit good
colourfastness. Owing to its felting action, wool cannot be laundered in hot water with
agitation, but it can be dry-cleaned or washed in warm water with a mild detergent if no
agitation is used. Due to its affinity for water, wool is slow drying. Wool may be ironed at 150
°C or below without steaming. Wool is a self-extinguishing fibre and burns very slowly even
in contact with a flame. It has a LOI of 25.
Wool is extensively used in textile applications where comfort and aesthetics are important. It
is used in men's and women's apparel, outer wear and cold weather clothing, suits, blankets,
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felts, and carpeting. It is often used in blends with cellulosic and man-made fibres. The major
properties of wool are:
Wool is a luxury fibre with an excellent feel and touch. It is soft and has natural hand feel. It is
wrinkle-resistant because of its natural resilience. It is light weight and durable in nature. It
absorbs moisture and retains its shape. It has a good drape and fall. Wool is known as a longlife fibre, as it is maintaining its moisture retention properties and flexibility for many years.
When wool is disposed of in soil, it biodegrades without harming the environment in any,
closing an optimum life-cycle and fertilising the land. The natural benefits of wool
Wool fibre is natural – renewable –resilient – stain-resistant – anti-wrinkle – flame-resistant
– odour-resistant – can help the users sleep better (and can also help babies sleep better)
A natural temperature regulator: wool can keep the wearer warm, and it can keep him/her also
cool. It is worn by soldiers, fire fighters, astronauts, athletes and mountain climbers all over
the world because of its unique properties. It is able to absorb up to 35% of its own weight in
water, which is more than cotton (24%), nylon (7%) and polyester (1%). Wearing wool when
you play sports can keep you cooler and drier by absorbing moisture from your skin as you
sweat. Easy to care for: wool garments can be easily “washed” by airing, or by hanging them
in a steamy bathroom. They will be fresh and ready to wear the following day Protective: wool
naturally absorbs the harmful UV rays from the sun.
Wool fibre is loved by the designers the world over for its elegance, handle and drape,
colourfastness, versatility (available in a wide range of choices of weaves, weights, and
textures), and ease (it doesn’t fray, it isn’t marked by pins, it responds to ironing and it doesn’t
crush with handling). A fundamental requirement of any of the sustainable products is its
capacity to limit the energy use in production. It is worthwhile to note that significantly less
energy is required in the production of wool products compared to man-made fibre products,
ensuring that carbon dioxide emissions are kept very low. Therefore, the increased use of wool,
can positively reduce the level of greenhouse gases in the atmosphere as it has a low carbon
impact. Today, the emphasis of wool fibre and textile marketing has switched from quantity to
quality. Product and process innovation has extended the appeal and applications of wool.
The development of softer, lighter-weight fabrics based on finer yarns and fibres, innovative
blends with other natural and manmade fibres and new finishing techniques has improved the
technical performance range and trans-`seasonal appeal of wool textiles. New developments
have extended the application of wool textiles to include a wider range of casual and sportswear
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items. Another area of technical development has been the so-called single-stage processing
enabling the production of fabric directly from scoured, dyed fibre in the form of felts or
nonwoven products. This has seen applications in several areas including, blankets, building
insulation, agro textiles, industrial felts, and performance sportswear. Figure 3.5 shows the
complete range of wool uses.

Figure 3.5 Wool usage in the world of textiles (Source: CSIRO)
3.3 Silk
Silk is a natural protein fibre excreted by the moth larva Bombyx mori, better known as the
common silkworm. Silk is a fine continuous monofilament fibre of high luster and strength and
is highly valued as a prestige fibre. Because of its high cost, it finds very 1imited use in textiles.
A minor amount of wild tussah silk is produced for specialty items. Attempts have been made
to commercialize silk from spiders over the years, but all ventures have met with failure.
Domestic and wild silks are essentially uncross linked and relatively simple in amino acid
composition compared to the keratin fibres. Liquid silk protein is extruded from two glands in
the head of the silkworm. The fibres emerge from a common exit tube or spinneret and harden

124

into a single strand by a protein gum called sericin. The completed silk cocoons are soaked in
hot water to loosen the sericin, and the silk filaments are unwound. After unwinding, the silk
filaments are washed in warm detergent solutions to remove the sericin. The fibroin silk fibres
are simpler in structure than keratin and are composed predominantly of glycine, alanine,
tyrosine, and serine. With no cystine present in the fibroin protein, little crosslinking is
observed between protein chains. The degree of polymerization of silk fibroin is uncertain,
with DPs of 300 to 3000+ having been measured in different solvents. In the absence of
crosslinks and with limited bulky side chains present in the amino acids, fibroin molecules
align themselves parallel to each other and hydrogen bond to form a highly crystal 1ine and
oriented "pleated-sheet" or "beta" structure. Silk fibres are smooth surfaced and translucent
with some irregularity in diameter along the fibre. The fibres are basically triangular in cross
section with rounded corners.
Silk has moderate electrical resistivity and tends to build up static charges. Silk is one of the
oldest fibres known to man. Silk is known as queen of textile and bio-steel because of its
strength. Silk is an animal protein fibre produced by certain insects to build their cocoons and
webs. Although many insects produce silk, only the filament produced by the mulberry silk
moth, Bombyx mori, and a few others in the same genus, is used by the commercial silk
industry. The silk produced by other insects, mainly spiders, is used in a small number of other
commercial capacities, for example weapon and telescope cross-hairs and other optical
instruments. Over the centuries, silk has always been a highly valued textile fibre. Its qualities
of strength, elasticity, softness, absorbency, affinity for dyes and adaptability to various forms
of twisting continue to satisfy various market demands. Despite facing keen competition from
man-made fibres, silk has maintained its supremacy in the production of luxury apparel and
specialized goods of the highest quality.
Silk has been used as a textile fibre for over 5000 years. Because of its high (tensile)
strength, lustre and ability to bind chemical dyes, silk is still considered a premier textile fibre
in the world today. Silk fibres from silkworms have been used in textiles for nearly 5000 years.
The primary reasons for this long-term success are the unique lustre, tactile properties,
durability and dyeability of silks. Silk fibres are remarkable materials displaying unusual
mechanical properties: strong, extensible, and mechanically compressible. Silk is rightly called
the queen of textiles for its lustre, sensuousness and glamour. Silk’s natural beauty and
properties of comfort in warm weather and warmth during colder months have made it useful
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in high-fashion clothing. Silk fibres have outstanding natural properties which rival the most
advanced synthetic polymers.
3.3.1 Silk industry
Silk production, including sericulture, is well known as a highly employment-oriented and low
capital intensity activity ideally suited to the conditions of a labour-abundant, agro-based
economy. Sericulture is both an art and science in terms of raising silkworms for silk
production. Silk as a textile fibre was first discovered by the Chinese empress Xi Ling Shi
around 2640 BC and its culture and weaving were guarded secrets for more than 2,500 years.
Silk was a profitable trade commodity in China. Traders from ancient Persia (now Iran) used
to bring richly coloured and fine textured silks from Chinese merchants through hazardous
routes interspersed with dangerous mountainous terrains, difficult passes, dry deserts and thick
forests. China is the largest producer of silk and the biggest consumer of raw silk and silk
fabrics in the world and India is the second largest producer of raw silk after China. An analysis
of trends in international silk production suggests that sericulture has better prospects for
growth in the developing countries rather than in the advanced countries. Silk production in
temperate countries like Japan, South Korea, Russian Federation, etc., is declining steadily not
only because of the high cost of labour and heavy industrialization in these countries, but also
due to climatic restrictions imposed on mulberry leaf availability that allows only two cocoon
crops per annum. Although silk is produced in more than 20 countries, the major producers are
in Asia and sericulture industries have also been established in Brazil, Bulgaria, Egypt and
Madagascar for their labour-intensive advantage.
3.3.2 Sericulture
A Chinese tale of the discovery of the silkworm’s silk was by an ancient empress as she was
drinking tea under tree, when a silk cocoon fell into her tea cup and the hot tea loosened the
long strand of silk. As she took it out of the tea cup, it started to wrap the silk thread around
her finger. When silk ran out, a larva appeared. She realized that it was this larva that produced
the silk filament. Based on this observation, she taught this to her subjects and soon it became
an agro-based industry in China. Sericulture is the silk producing agro-industry. Sericulture is
the rearing of silkworms for the production of raw silk. Although there are several commercial
species of silkworms, Bombyx mori is the most widely used. Sericulture is ideally suited for
improving the rural economy of the country, as it is practised as a subsidiary industry to
agriculture. Recent research has also shown that sericulture can be developed as a highly
rewarding agro-industry. The major activities of sericulture comprise food-plant cultivation to
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feed the silkworms which spin silk cocoons and reeling the cocoons for unwinding the silk
filament for value-added benefits such as processing and weaving. Sericulture can be divided
into the following divisions as:
1. Cultivation of mulberry: Agricultural Division: This includes the cultivation of host
plants. Larval stage of silk moth feed on these plants. Different plants require different
conditions for their growth. Thus, this division is actually the crucial step and is the
beginning step for the sericulture
2. Rearing of cocoon: Entomological Division: This is the most typical and time
consuming process. This required the complete knowledge of the life cycle of the
interested silk moth, along with its morphology and anatomy.
3. Reeling of cocoons: Technical Division: This involves the extraction and purification
of silk fibres from cocoon. This is the last step for sericulture. This is the energy
consuming and time consuming step. In this, only 30-40% cocoon (pupae) of the rearing
tray are allowed to complete their life-cycle, while rest are used for obtaining silk fibres.
This is the post-cocoon process. To produce, 1kg of silk, 5500-6000 cocoons are
needed.
The various stages of life cycle of the silk worm is depicted in Figure 3.6.

Figure 3.6 The pictorial representation of the life cycle of silkworm
Figure 3.7 (a) shows the four major phases of metamorphosis of the silk moth life cycle
showing the eggs, larva, pupa and moth and Figure 3.7 (b) shows the various stages of the
complete life cycle of a silkworm. There are five major types of silk of commercial importance,
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obtained from different species of silkworms which in turn feed on a number of food plants.
The details of the same are given in Table 3.1. Except mulberry, other varieties of silks are
generally termed non-mulberry silks. India has the unique distinction of producing all of these
commercial varieties of silk. Figure 3.3 shows the different types of silk moths
Table 3.1 Sericulture details of different types of silk
Silk Type

Silkworm

Host Plant

Distribution

Mulberry silk

Bombyx mori

Morus alba, M. Indica

Europe, China, USA, India

M. Serrata,M. Lattifolia
Tropical
silk

tasar Antheraea
mylitta

Terminalia
tomentosa, Tropical forest zone ranging
(asan or yen).T. Arjuna from Bihar Jharkhand to
(arjun), Shorea robusta Karnataka
(sal)

Temperate tasar A, proylei
silk
A. roylei

Quercus serrata(oak)

Sub Himalayan region and neastern India

Muga silk

Machilus bombycina

Brahmaputra valley

A.Assama

(som), itsaea polyantha (
soalu)
Eri or errandi silk Philosamia ricini Castor, Ricinus communis Assam and eastern parts of
India
(kesseru)

Figure 3.7 (a) Four major phases of
metamorphosis of silk worm (Bombyx mori)
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Figure 3.7 (b) The various stages of the complete life cycle of a silkworm.
3.3.3 Mulberry
The bulk of the commercial silk produced in the world comes from this variety and the silk is
referred to as mulberry silk. Mulberry silk comes from the silkworm, Bombyx mori L., which
feeds solely on the leaves of the mulberry plant. These silkworms are completely domesticated
and reared indoors. In India, the major mulberry silk producing states are Karnataka, Andhra
Pradesh, West Bengal, Tamil Nadu and Jammu & Kashmir which together account for 92% of
the country’s total mulberry raw silk production.
3.3.4 Tasar
Tasar (Tussah) is a copperish coloured, coarse silk mainly used for furnishings and interiors. It
is less lustrous than mulberry silk, but has its own feel and appeal. Tasar silk is generated by
the silkworm Antheraea mylitta which mainly thrive on the food-plants Asan and Arjun. The
silkworms are reared on the trees in the open. In India, tasar silk is mainly produced in the
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states of Jharkhand, Chattisgarh and Orissa, besides Maharashtra, West Bengal and Andhra
Pradesh. Tasar culture is the mainstay for many a tribal community in India.

Figure 3.8 Different types of silk moths
3.3.5 Silk Reeling
Silk reeling is the process of unwinding the silk filaments from the cocoons and the process by
which a number of cocoon baves are reeled together to produce a single thread. This is achieved
by unwinding filaments collectively from a group of cooked cocoons at one end in a warm
water bath and winding the resultant thread onto a fast moving reel. Raw silk reeling may be
classified by the direct reeling method on a standard sized reel, the indirect method of reeling
on small reels, and the transfer of reeled silk from small reels onto standard sized reels on a rereeling machine. The last technique is primarily applied in modern silk reeling processes.
Fifth Larva makes quick round movements of its head at the rate of 65 movements per minute
while spinning its cocoon. Larval stage consist of pair of silk glands, which are greatly
developed, about 4 times the body length and folded enormously in hind gut.
Silk glands = labial glands = homologous to salivary glands
Anteriorly, each gland opens into salivary duct. Both ducts unite and open at the apex of
spinneret. Silk gland composed of single layer of secretory cells bearing branched nuclei,
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internally lined by cuticle and externally by peritoneal membrane. Silk gland has 3 parts:
anterior silk gland (250 cells), middle silk gland (300 secretory cells) and posterior silk gland
(500 cells). The anterior part has no secretory function. The middle part secretes the sericin the
gum. The posterior part secretes fibroin the filament forming polymer. Figure 3.4 shows the
schematic representation of the silk glands of the silkworm.

Figure 3.9 The schematic representation of silk glands of the silkworm
60-70% fibroin (tough, elastic and insoluble protein of the silk) makes the core of the filaments
in the form of brins and 20-25% sericin (gelatinous (gummy), hot water soluble protein) holds
the brins together. The weight in grams of 9000 m long silk filament is called a “Denier”. The
size of a normal cocoon is 1.8 to 3 deniers. A single cocoon weight is approximately 1.8 to 2
grams and its shell (without enclosed pupa) is only 0.45 gm. About 2500 cocoons yield 0.45
kg of silk. Silk is highly valued because it possesses many excellent properties. Not only does
it look lustrous and feel luxurious, but it is also lightweight, resilient, and extremely strong—
one filament of silk is stronger than a comparable filament of steel! Although fabric
manufacturers have created less costly alternatives to silk, such as nylon and polyester, silk is
still in a class by itself.
The selection, conservation and cross-breeding of the eggs is the work of grainage stations. It
is important to select and to develop silkworm strains adapted to different conditions of climate,
humidity and so forth. There are basically two main ‘families’ of silkworms, bivoltine and
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multivoltine, that have their specific characteristics. Bivoltine silkworms are capable of two
generations per year, while multivoltine strains can produce several generations. These two
main groups have different properties that can be defined as follows:
3.3.5.1 Bivoltine strains:
– Produce large quantities of thread per cocoon, up to 1600 metres or more.
– Produce thread of good quality, even, lustrous and strong.
– Are highly vulnerable to disease.
– Require very strict rearing conditions in terms of hygiene and temperature- and humiditycontrol.
– Are much better suited to temperate than to sub-tropical or tropical climates.
3.3.5.2 Multivoltine strains:
– Are very hardy and resistant to disease.
– Will accept imperfect rearing conditions.
– Are well-suited to sub-tropical and tropical climates.
– Produce relatively low quantities (400–800 metres per cocoon).
– Produce a thread of fairly poor quality in terms of physical characteristics.
The obvious answer to overcoming the disadvantages and combining the advantages of the two
main branches of silkworm strains lies in crossbreeding, and this is carried out regularly in the
silk-producing countries. The best example is shown by India, where sericulture is practised
mainly in the south of the country, in the Bangalore/Mysore region. The climate and the rearing
conditions are not propitious to bivoltine strains but crossbreeds are frequently used to attempt
to produce more and better qualities of raw silk. The main difficulty at present is that the
genome of the silkworm is not yet fully known, so the attempts to combine the best
characteristics of the two strains are not very certain. However, this situation is due to change
in the very near future. Genetic research is developing rapidly and, as is discussed later, a
scientific breakthrough was achieved in January 2000 that now makes transgenesis of the
silkworm a practical reality. This means that once the Bombyx mori genome has been fully
plotted it will be possible to endow the bi-voltine silkworm with the best qualities of its multi-
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voltine cousin, to make it less vulnerable to disease, for example, and at the same time make
the tough multi-voltine varieties produce larger and better qualities of raw silk filament.
3.3.6 Reeling and yarn production
Before the cocoons are dried, they are carefully sorted to eliminate those which are unfit for
reeling because they are stained, deformed, double or otherwise inadequate. These cocoons are
not totally discarded and can be used at least partly for producing silk waste, used for the
production of spun-silk yarns, and subsequently for some by-products. In some Asian countries
the chrysalis is sold to restaurants as a delicacy. The first operation in the reeling process
consists of softening the gum (sericin) which binds the thread together because the cocoons are
at this stage too dry and too hard to reel. This operation, known as ‘cooking’, consists of passing
the dry cocoons through a series of wet processes designed to soften the sericin bond. The
sericin is not removed at this point because its protective qualities are needed throughout the
initial industrial processes of throwing and weaving.
Reeling, like every other operation in the silk process, was once done entirely by hand and in
some countries still it is done by hand. In Thailand, a major part of raw silk production is handreeled, and this gives Thai silk its coarse, irregular and rustic appearance and feel, which are
very highly prized by the market. In India, part of the cocoon production is reeled on simple
domestic reeling machines known as charkha or on improved versions called cottage-basins.
The yarn produced by these simple devices is well-suited to handloom weaving, which remains
the mainstay of Indian fabric production. Figure 3.5 shows the process flow chart of silk reeling
operations.
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Figure 3.5 Process flow chart of silk reeling operations
However, if raw silk yarn is required for processing on sophisticated, high-speed textile
machines, the necessary quality can only be obtained through using very good multi-end or
automatic reeling machines. The ‘cooked’ cocoons are brushed with a stiff rotating brush to
find the end of the continuous filament which forms the cocoon. During this process a certain
amount of silk waste is produced and set aside for future use in spinning. (It is pertinent to note
that in English ‘reeling’ is used for the production of continuous filament, and ‘spinning’ for
the processing of short fibres.)
Reeling is a critical operation in achieving good quality silk yarn. One of the chief
characteristics of a good quality yarn, of any fibre, is its evenness. However, since silk is a
natural and not a synthetic fibre a certain degree of irregularity of diameter is inevitable. Thus,
the natural unevenness of a silk filament can be attenuated by the quality of the reeling, in
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which the filaments of several cocoons are combined into one yarn. The filaments from the
cocoons are reeled together using the adhesive properties of the sericin to bind them together.
As the filaments are fed through a yarn guide on the reeling machine they cross each other in
a phase known as croisure (traverse). The croisure (shown in Figure 3.4) squeezes out the
excess water and gives the filaments a very slight twist to ensure their cohesion.
The single filament of one cocoon weighs about 2 deniers. (The silk trade continues to use the
denier as a system of weight, one denier being the weight in grams of 9000 metres of yarn.)
Consequently, in order to achieve the thickness (denier) of yarn required, several cocoons are
reeled together.
This quality of a silk yarn depends, in the case of semi-automatic reeling, on the skill of the
reeler. Seven, eight or ten cocoons are being reeled together to produce a yarn of 13/15, 17/19
or 20/22 denier. Obviously, each cocoon does not contain exactly the same length of filament
as the others, so the reeler has to be constantly alert to finding a cocoon which is exhausted,
injecting a new cocoon into the basin and joining it up with the others so as to maintain the
same diameter of yarn. If the reeler is not vigilant enough, the diameter of the yarn will go, for
instance, from eight filaments to seven or six and then back to eight, thus creating an irregular
yarn which will cause problems at later stages of processing, particularly during weaving.
Today, raw silk is often reeled on automatic reeling machines that have been developed,
particularly in Japan, to improve the quality of raw silk and at the same time save on labour
costs. A set of electronic sensors permanently measures the diameter of the yarn and detects
any variations. As soon as one cocoon is exhausted, the machine will automatically stop the
reeling in that particular basin and inject a new cocoon and then resume the reeling process so
as to maintain the evenness of the yarn. Although an operative is still necessary to join up the
new filament, one operative can look after several basins at a time, thus making for a
considerable saving in labour.
During the reeling process, the silk is reeled first of all onto small reels then re-reeled onto
larger reels. This double operation is designed to enable the yarn to dry and to avoid the
formation of gum spots, where the sericin has accumulated on the still wet yarn. After rereeling, the raw silk is packaged into hanks, or skeins as they are called in the silk industry.
The skeins are twisted into their characteristic torsaded shape and made up into bales of 60
kilogrammes. A flow chart representing the stages in the manufacture of silk fabric is shown
in Figure 3.10
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Figure 3.9 The schematic arrangement of a croisure
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Figure 3.10 The process flow chart showing the various stages of silk manufacture
Table 3.2 is showing the global silk production details for the recent years.
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Table 3.2 Global Silk Production (in Metric Tonnes)

From the above table, it can be seen that India is the second largest producer of silk in the world
and is next to China. Sericulture is a difficult job. It involves long hours and it is subject to the
vagaries of the climate and of the overall market for cocoons. As soon as silk farmers and their
children have the chance of earning a better and more reliable livelihood from other agricultural
products they will abandon their cocoon production. There is a question mark over the future
of world raw silk production and it concerns the major producer, China. The standard of living
of the Chinese people is rising rapidly. The Chinese farmer is increasingly independent in the
choice of crops he wants to produce, so if he cannot earn as much from cocoon production as
he can from food crops or raising pigs he will switch away from sericulture. Silk is produced
in the majority of China’s provinces. The province with the largest production is Sichuan. The
provinces with a reputation for producing the best qualities, i.e. the higher grades of raw silk
that are exported to Europe and Japan, are Zhejiang and Jiangsu. These two provinces, situated
in the orbit of Shanghai, are precisely those that are industrialising the most quickly.
About 80% of the silk produced in the country is of mulberry silk, majority of which is
produced in the three southern States of Karnataka, Andhra Pradesh and Tamil Nadu followed
by West Bengal and Jammu & Kashmir. Mulberry sericulture is practised since time
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immemorial in the North Eastern Region (NER).The tropical Tasar silk is produced largely in
the central India covering the tribal areas of Jharkhand, Chhattisgarh, Bihar, Madhya Pradesh,
Maharashtra, Uttar Pradesh, Andhra Pradesh, Orissa, etc. Oak Tasar is produced in Manipur,
Mizoram, Nagaland, Uttarakhand, Jammu & Kashmir, etc. Eri is grown in Assam and the
adjacent north-eastern states, Bihar, West Bengal and Odisha.

Figure 3.11 The Sericulture Map of India
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Silk reeling is the process by which a number of cocoon baves are reeled together to produce a
single thread. This is achieved by unwinding filaments collectively from a group of cooked
cocoons at one end in a warm water bath and winding the resultant thread onto a fast moving
reel. Raw silk reeling may be classified by direct reeling method on a standard sized reel,
indirect method of reeling on small reels, and the transfer of reeled silk from small reels onto
standard sized reels on a re-reeling machine. The last technique is primarily applied in modern
silk reeling processes.
There are many types of silk reeling machines in use. The major structural features of the
Sitting Type Reeling Machine, the Multi-ends Reeling Machine and the Automatic Reeling
Machine are shown in Table 20.
3.3.6.1.

Hand spinning wheel

This primitive spinning apparatus is operated by two hands – one to drive the wheel and the
other to feed in cocoons. One end of the reeling thread is wound onto each wheel, while
cocoons are boiled in a separate pot.
3.3.6.2.

Charka type reeling machine

The Charka type is still in use in India. This machine is operated with separate work motions
in reel driving and cocoon feeding to reeling ends by two men per machine. Each machine has
3 ends or more to a reel, which is the same size as the large wheel of the Re-reeling machine
in order to save the re-reeling process (direct reeling method).
3.3.6.3.

Sitting type reeling machine

There are two kinds of sitting type reeling machines, foot operated and motor-driven. The
motor-driven reeling machine is not equipped with the stop motion attachment. There are
obstacles to the production of good quality raw silk as the raw silk thread is wound too rapidly
to maintain good quality control.
3.3.6.4.

Multi-ends reeling machine

This machine eliminates the disadvantages of the Sitting type reeling machine by increasing
the number of reeling thread ends per basin and reducing the reeling speed. The operator must
stand when running this machine as the number of reeling threads per basin increases by
twenty-fold. This is also called a "Standing type reeling machine". Reeling efficiency is
unchanged. Quality is better due to reduced speed.
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The Multi-ends reeling machine is composed of driving part, groping ends, picking ends,
standby bath, reeling part, jetboute, stop motion, traverse guider, small reels, steam heating
pipes and clutches.
The cooked cocoons contained in the tubs are carried into the groping ends portion of the
reeling machine. From there, cocoons are moved into the picking ends apparatus. After
correctly processing, the cocoons go to the standby bath for cocoon feeding. They are picked
up by the reeler and fed to the reeling thread. During this step a number of cocoons will be
dropped thus reducing the ratio of reeling cocoons per thread. The normal speed of cocoon
feeding by a skilled reeler is around 16 times per minute. The reeling thread passes through the
jetboute, silk button, first guider, second guider, third guider, fourth guider, traverse guider, in
that order and then is wound onto the small reels.
The cocoons dropped during the reeling process are gathered and reprocessed starting from the
groping end section. The croissure of reeling thread is made between second guider and third
guider, and the length of croissure is not for twisting of thread but for cohesion of thread by
rubbing of composed filament. Typically, one set of Multi-ends reeling machines consists of
ten basins with each basin having twenty ends or reels.
Basin: The basin is rectangular with well-rounded corners and edges. It is only 10 to 12 cm
deep. It is commonly made of dark coloured porcelain. The basin is subdivided into sections,
each intended for a specific job such as brushing, end gathering of baves, stocks in reserve and
waste collection.
Reels: The reels of the Multi-ends reeling machine have a circumference of 75 cm. The frame
of the reel is made of light metal or plastic. The reels are fitted into reel carriers and driven by
a transmission shaft by connecting gears.
Traverse guider: To ensure narrow and long web on the hank of the reel, a cam type traverse
assembly has been fixed. This will make a convex surface in the hank, which is wound on the
reel. The centre part of the hank is higher than the two axis.
Thread button: Porcelain button thread-guiders are used for removing any dirt adhering to the
thread passing through the tiny aperture in the button.
3.3.6.5.

Automatic reeling machine
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In raw silk production, the continuing increase of labour costs has mandated automation.
Around 1950, the Automatic reeling machine, which controls the number of reeling cocoons
per thread, was invented. Shortly thereafter, it was replaced by a second Automatic reeling
machine, which could automatically control the size of the reeling thread.
Table 3.3. Comparisons of structural features of various reeling machines
Sitting

Kinds of machine

type Multi-ends

Automatic

reeling (m/c)

reeling (m/c) reeling (m/c)

No. of reeling ends per basin

4 (2 to 8)

20 (10 to 40) 20

End-groping apparatus

Hand-driven

Semi-

Automatic

automatic
End-picking apparatus

Hand-driven

Hand-driven

Automatic

Cocoon supplying apparatus

None

None

Equipped

End-feeding apparatus

None

Equipped

Equipped

(hand

(machine

feeding)

feeding)

Stop motion

None

Equipped

Equipped

Traverse guider

Equipped

Equipped

Equipped

Temperature of reeling bath

65-80 C

30-45 C

30-45 C

50-80

120-200

Reeling

velocity

(meter

per 180-250

minute)

The Automatic reeling machine mechanizes the processes of groping ends, picking ends;
cocoon feeding to reeling thread and separation of dropped end cocoons during the reeling
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process. The efficiency of the Automatic reeling machine compares favourable with the manual
Multi-ends reeling machine.
The Automatic reeling machine though built to replace manual reeling, still requires manpower
for problems with the reeling thread, which must be corrected by hand. A moderate amount of
cooked cocoons are carried to the newly cooked cocoon feeder and then removed into the
groping end part .The end groped cocoons go to the picking end part and the correctly picked
end cocoons are dispensed to the cocoon supplying basket which continuously rotates around
the reeling basin on an endless chain belt. Usually, the reeling method is classified into the
fixed cocoon feeding system and moving cocoon-feeding system.
In the case of the fixed cocoon feeding system, the correctly picked end cocoons in the rotating
cocoon baskets are poured into the arranging basin and here the picked end of each cocoon is
hung on the end holding reel. When the size detector of the reeling thread indicates the feeding
of cocoons, the picked end cocoons on standby are fed to the reeling thread by a feeding spoon.
The reeling thread fed by picked end cocoons passes through the jetboute, silk button, first
guider, second guider, third guider, fourth guider, denier indicator, fifth guider and traverser,
and then it is finally wound onto small reels. The end dropped cocoons are placed into the
cocoon flowing tunnel by the remover plate. They are carried into the pupa separating drum.
However, more reelable cocoons are poured into the end groping part by the conveyor belt and
reels-finished cocoons are placed into the dropped-pupa case for parchment layer cocoons.
In the case of the moving cocoon feeding systems, the correctly picked end cocoons are
contained in the moving cocoon basket equipped with cocoon feeding apparatus. They are fed
by the feeding fork of the cocoon basket, which move simultaneously around the reeling basin.
The denier indicator of the reeling thread indicates the feeding motion of the cocoon. After
cocoon feeding, the reeling path of the moving cocoon feeding system is the same as that of
the fixed cocoon feeding system.
Generally, one set of the Automatic reeling machines has 400 ends, while one basin has 20
ends. The operating efficiency of the Automatic reeling machine is easily affected by cocoon
qualities, drying and cooking machinery and quality of reeling water.
3.3.7 Types of Thrown Yarn
There are a number of different types of thrown yarn, which are described by the manufacturer
as follows:
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3.3.7.1 Tram. This is a lightly-twisted thread formed by twisting two or three strands of silk
together. Low twist tram will have only two or three twists to the inch (2.5cm); high-twist tram
may have 12-20 twists to the inch (2.5cm). Tram is moderately strong; it is soft and has a full
handle. Tram yarns are used as weft in woven fabrics.
3.3.7.2 Organzine. This is a very strong yarn made from high-quality silk. Two or more strands
are each twisted and the compound thread then twisted in the opposite direction, from about 930 turns to the inch (2.5cm). Organzine is used mainly as warp in a woven fabric.
3.3.7.3 Crepe. These are yarns with a very high twist, as many as 30-70 to the inch (2.5cm).
They are used for crepe fabrics and chiffon, and for knitting to hosiery.
3.3.7.4 Grenadine. This is a tightly-twisted yarn, in which two or three twisted strands are
combined and twisted in the opposite direction. It is twisted more tightly than organzine.
Grenadine yarns have extra good weaving qualities and a delustred appearance. They are used
for high-quality silk hose.
3.3.7.5 Compenzine. This yarn is made from two tightly twisted yarns and one untwisted yarn.
When these are twisted together, about five turns to the inch (2.5cm), the untwisted yarn
crinkles up, giving the 'knobbly' appearance characteristic of crepe threads.
3.3.7.6 Sewing silks. These are tightly-twisted strong yarns. They are made by twisting two or
three silk strands together and then combining several of the resulting threads by twisting in
the opposite direction.
3.3.8 Structure and Properties
Fine Structure and Appearance: The raw silk strand from which a cocoon is built consists of
two fine filaments cemented together by sericin gum. Seen under the microscope, raw silk has
a rough and irregular surface, and it is marked by lumps, folds and cracks in the sericin layer.
Often, the twin filaments of silk are separated for considerable distances, each with its own
coating of sericin. Seen in cross-section, the strand of cocoon silk is of irregular shape. It is
roughly oval with average diam. of 0.178mm (0.007 in). The individual filaments (brins) can
be distinguished inside the sericin coating. They are triangular in cross-section, with rounded
angles. Usually, the filaments lie with one flat side of each facing the other. The degummed
filaments are smooth-surfaced and semi-transparent. The diameter fluctuates from place to
place, averaging0.0127mm (0.0005 in). The filaments become thinner towards the inside of the
cocoon.
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In the raw state, silk varies in colour from cream to yellow. Most of this colour lies in the
sericin gum, and is lost when the filaments are degummed. The silky sheen develops after
degumming.
3.3.9 Physical Properties
Silk fibres are strong with moderate degrees of recovery from deformation. Silk has a dry
tenacity of 3-6 g/d (27-54 g/Tex) and a wet tenacity of 2.5-5 g/d (23-45 g/Tex). Silk exhibits a
recovery of 90% from 2% elongation and of 30%-35% from 20% elongation. Silk fibres are
moderately stiff and exhibit good to excellent resiliency and recovery from deformation,
depending on temperature and humidity conditions. Silk has a specific gravity of 1.25-1.30 and
a moisture regain of 11% under standard conditions. Silk is soluble in hydrogen bond breaking
solvents such as aqueous lithium bromide, phosphoric acid, and cuprammonium solutions. It
exhibits good heat insulating properties and is little affected by heat up to 150°C. Figure shows
both the cross sectional and longitudinal views of silk fibres.

Figure 3.12 Cross-sectional (a) and longitudinal (b) views of silk fibres (courtesy of Dr Jinsong
Shen, TEAM Research Group, De Montfort University, Leicester, UK).
3.3.10 Chemical Properties
Silk is slowly attacked by acids but is damaged readily by basic solutions. Strong oxidizing
agents such as hypochlorite rapidly discolour and dissolve silk, whereas reducing agents have
little effect except under extreme conditions. Silk is resistant to attack by biological agents but
yellows and loses strength rapidly in sunlight. Silk is often weighted with tin and other metal
salts. These salts make silk even more sensitive to 1ight-induced oxidative attack. Silk
undergoes charring and oxidative
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3.3.11 Silk in Use
For thousands of years, silk has reigned as the queen of fibres. It is expensive, tedious to
produce and subject to all the hazards inevitable in an industry whose assembly line is a living
thing. Yet until a few years ago, silk has been unchallenged in its position as the most desirable
of all textile fibres. The combination of properties that has made this possible is all the more
amazing in that the fibre is manufactured by the larva of an insignificant moth. Silk combines
a high strength and flexibility with good moisture absorption, softness and warmth, excellent
wearability and a luxurious appearance.
Silk is so versatile that it is woven and knitted into a wide variety of fabrics; it provides all
manner of materials from the sheerest chiffon to the richest of heavy pile velvets. Silk is cool
and comfortable in underwear or summer clothes; it is hard-wearing and easy to clean in dresses
and sturdy suitings. The smooth-surfaced filaments from which silk fabrics are made do not
hold on to dirt.
Laundering
Despite its resistance to wear, silk is a delicate fabric. The filament of silk is fine and easily
torn. It can be damaged by chemical action, and must be washed with care. Human perspiration
can degrade the fibroin of silk, and silk garments should be washed regularly. Silk should be
laundered with soap flakes or a mild detergent, rinsed thoroughly in soft water, dried gently
and ironed while damp. Wild silk fabrics should be ironed dry. The plasticity of silk is made
use of in finishes where pressure is applied to the fabric. The soft, warm filaments are pressed
out of their normal shape, and fabrics can be given special glazed effects. If carelessly ironed,
silk garments may acquire an undesired glaze in this way; the iron should be used at moderate
heat, and a pressing cloth put between the iron and the silk. This will prevent distortion of the
plastic silk filaments.
Creped garments should be dried after gently stretching to their original shape. Ironing should
be done on the wrong side of the fabric, with a blanket as support. Weighted silks are often
affected drastically by washing or dry cleaning. This may be caused by removal of the metallic
salts from the fibre. The effect can be restored to some extent by dipping the fabric in a dilute
solution of gum arabic.
Weighting
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Silk is so costly that it is rarely made up into heavy fabrics of pure fibre. Many techniques have
been devised for increasing the density of silk by artificial means; the weighting of silk with
metallic salts such as tin chloride, for example, has long been in use, though not now to the
same extent as before. Degummed silk is steeped in a solution of tin chloride, and the silk
filaments absorb some of the salt. After washing, the silk is steeped in a solution of sodium
phosphate. This double steeping process is repeated several times, after which the silk is soaked
in a bath of sodium silicate solution. The quantity of metallic salt absorbed by the silk in this
way is adjusted over a wide range. A moderately weighted silk will contain 25-50 per cent of
salt. A crepe-de-Chine is normally weighted with 25-45 per cent of salt; satin may contain 50
per cent and georgette 30 per cent. Heavily weighted tie fabrics will contain as much as 60 per
cent of absorbed material.
In general, weighted silk fabrics are not as strong as those made from pure silk. They have a
fuller handle which is often preferred for certain applications. Heavily weighted fabrics are
more sensitive to the effects of light and air, and deteriorate rapidly under certain
circumstances. Perspiration, for example, will attack weighted silk and make it rot; loaded silk
garments should not be used as underwear.
3.3.12 End-Use Properties
Silk possesses a combined set of aesthetic properties that make it useful for high-fashion luxury
textile goods. Silk has a high luster and is translucent. Silk fabrics have pleasing appearance
and drapability, and a characteristically pleasing crisp hand. Silk is highly moisture absorbent
and has good to excellent resistance to wrinkling. It is a moderately strong fibre with moderate
recovery properties. It exhibits fair abrasion resistance and good resistance to pilling. Silk is
sensitive to chlorine bleaches and to alkalies and is easily damaged by sunlight. The fibre may
be dyed with a wide variety of dyes to give dyed fibres with high colourfastness. Silk may be
laundered under mild, non-alkaline conditions and dry cleans readily. Because of its high
affinity for water, it dries slowly but may be dried or ironed safely up to 150°C. Silk burns
slowly and self-extinguishes when removed from a flame. Silk is used extensively in luxury
fabrics and apparel and home furnishings, and in accessories such as scarfs.
3.4 Other Specialty Hair Fibres
There are many important specialty hair fibres having wool-like characteristics that are
commercially valuable because combined with wool, they produce fabrics with interesting
properties. Although these specialty hair fibres have similar properties to wool, they have some
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distinctive features too, like Mohair or Angora goat fibres where the epidermal scales are only
faintly visible, making the fibre more lustrous and durable. It is widely used in men’s clothing,
often in combination with wool and silk.
3.4.1 Cashmere Fibres
The cashmere goat (Capra hircus laniger) and its fibre takes its name from Kashmir, which
straddles the India–Pakistan frontier in the western Himalayas. At present little fibre is obtained
from that area and cashmere is now principally produced in northern China, Mongolia, Tibet
and Afghanistan. Smaller quantities are also produced in the Central Asian Republics, Iran,
Australia and New Zealand. Cashmere is a rare, natural fibre renowned for its softness. As a
luxury fibre, cashmere commands some of the highest prices in the world of textiles. Only
Vicuna and Musk Ox – neither of which is available in anything approaching commercial
quantities – achieve a higher price than cashmere. The rarity, the geographical remoteness of
cashmere production, the dependence on manual skills in the early stages of processing, and
the fibre’s association with exotic peoples following a traditional, rural way of life, add to the
attraction of cashmere fibre in highly industrialized western markets.

3.13 Cashmere goat fibres, courtesy of Shirley Technologies, BTTG, Shirley House, Towers
2000 Business Park, Wilmslow Road, Didsbury, Manchester M20 2RB.
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Figure 3.13 gives the cross sectional and longitudinal views of cashmere fibre. Cashmere is
one of the alternative (and lesser used) spellings of Kashmir, a region in the western Himalayas
that bridges India and Pakistan. This wild and mountainous area gave its name to the fine, soft
goat’s wool, or down, which first came to the West in the form of intricately woven cashmere
shawls. In fact, the fibre came from Tibet where it was gathered by herdsmen from their goats
during the animals’ spring moult; however, it was named after Kashmir, as it was there that it
was spun, woven, and sold as a finished item. Today in Kashmir and Tibet, where the fibre is
still produced and processed by hand, it is known locally as Pashmina.
3.4.2 Camel Hair Fibres
Camel hair, like cashmere, comprises relatively coarse outer hair and inner down fibre. The
under down produced by animals living in the hottest desert climates tends to be coarser and
sparser than from those living in a more temperate climate. The best-quality fibre is found in
Inner Mongolia and Mongolia. The fine down fibre varies from 19 to 24 μm – about 2 μm
coarser than Iranian cashmere – and varies between 2.5 and 12.5 cm in length. This fibre is the
result of many years of selective breeding. The outer hair of the camel is coarse and can be up
to 37.5 cm in length with a diameter of 20–120 μm. The average weight of the adult female
under hair is 3.5 kg, whereas that of the male is double this amount. Also, like cashmere, only
the soft under wool or down hair is used to produce yarn. The moulting process takes place
over a 6–8-week period starting in late spring, the camel losing first the neck hair, then the
mane, and finally the body hair. The hair covering the humps is not shorn since the animals
would be more susceptible to disease in the summer months without it. The hair is obtained by
a number of methods: combing, shearing, and simply by collecting clumps of hair shed
naturally during the moulting season. Varying from reddish to light brown, the hair is sorted
according to shade and age of the animal. Baby camel hair, which has an average diameter of
about 19 μm and a length of 2.5–12.5 cm, is the finest and softest.
3.4.3 Mohair Fibres
Mohair, the lustrous fleece of the Angora goat, is one of the most important specialty animal
fibres even though it represents less than 0.02% of total world fibre production. Mohair is a
very beautiful, luxurious, and incredibly durable fibre. It is one of the warmest and most
versatile natural fibres known. Angora goats took their name from Ankara an ancient Turkish
city where they originated. Although the goats were farmed for their fibre from early times, it
was not until the sixteenth century that export of the goats was permitted. The first exports
were limited to France and Spain before spreading to many countries, reaching the Americas
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in 1849 and Australia in early 1900s. South Africa currently produces more than 60% of the
total world production of mohair, whereas Australian production totals approximately 250,000
kg. The total global production is 5 million kg per year. Mohair is a protein fibre. It has a
smooth, overlapping, cuticular scale pattern on the surface that imparts lustre and has low
felting capacity. This smooth scale is different to the wool fibre scale and consequently is not
‘itchy’. Mohair grows rapidly at about 2 cm per month and is generally shorn from the animals
twice a year. The fibres range from 23 μm in mean diameter at the first shearing to as much as
38 μm in older animals. This range of diameter makes the fibre incredibly versatile with a wide
range of uses. Mohair from young goats (kid mohair) is used in knitwear, from intermediate
age it is used to make suits, and the stronger ‘fine hair’ types are used to make coats and rugs.
The mohair fleece of the Angora goat is white, smooth, and lustrous, and has a high tensile
strength. Although mohair (like wool) consists of the protein keratin, it nevertheless differs
from wool in certain respects. The cross-section of wool is slightly elliptical, whereas the very
fine mohair fibre is round. The scales are larger than wool and lie flatter, making a smoother
fibre surface. The resultant increased reflection of light gives mohair its characteristic lustre.
The value of a fleece is determined by fibre diameter, lustre, softness, lack of kemps, and clean
yield. Kemps are short, heavily medullated, coarse fibres. Kemp fibres contain air spaces
(medulla) that reduce dye absorption and appear much lighter in colour in a finished cloth than
other fibres. Although in certain end uses kemp can be used to create a special effect, in mohair,
kemp is undesirable as it can cause serious problems in spinning and dyeing. Kemp can be
controlled or reduced by genetic selection. The presence of any foreign material in the fleece
also affects the quality of the final product and will have to be removed before processing,
adding to the cost of manufacture.
Grading is primarily related to fibre diameter, and the goat’s age is probably the most important
determinant in the quality and quantity of mohair produced. Fleece production increases from
birth and peaks at approximately 3 or 4 years of age. The average peak production in South
Africa is about 4–5 kg a year for females and 5–6 kg for males. Over the goat’s lifespan, the
fibre diameter increases from an average of 24 μm for kids up to 46 μm for strong adults. Kids
normally produce fibre with a diameter of 24–28 μm at their first shearing, approximately 29–
30 at 1 year, 31–34 at 18 months, and from 36 to 46 μm as adults. Staple length shows little
change with age and grows at an average rate of 20–25 mm/month. The first three shearings
produce the most sought-after fibre, and subsequently the fibre becomes coarser. Kid mohair
fetches the highest price but only represents 16% of the clip.
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3.5 Applications of Natural Protein Fibres
Wool, a fibre that has evolved over thousands of years to insulate and protect sheep, is the most
complex and versatile of all textile fibres. It can be used to make products as diverse as cloth
for billiard tables to the finest woven and knitted fabrics. The insulating and moisture absorbing
properties of the fibre make fine wool products extremely comfortable to wear. The chemical
composition of wool enables it to be easily dyed to shades ranging from pastels to full, rich
colours. It is indeed justified to call wool ‘Nature’s Wonder Fibre’. In future, market trends
may favour a shift back to wool products. This includes the prospect of a general fashion swing
back towards smarter, more tailored apparel at work. In addition, apparel and furnishing
markets are expanding quickly in developing nations due to their higher economic and
population growth rates. The growing middle-class consumers in these nations, especially in
China, are looking for higher-grade products. There are two areas in which the use of silk could
be developed more than it is today. The first area is in blends. Silk blends easily with other
fibres, especially with other natural fibres. Silk–wool, silk– cashmere, silk–cotton, silk–linen
blends are easier to dye than blends of silk and synthetic fibres. In addition, these blends are
mutually enhancing. Silk benefits from the specific qualities of the other fibre it is blended
with, whereas the addition of silk adds prestige and value to the blend. Although blends are
already used frequently in clothing fabrics, their use could be developed and diversified, both
by developing new fabrics based on fibre/fibre (intimate) blends of silk with wool, linen,
cotton, or polyester and by the use of yarn/yarn blends.
Mohair is used to manufacture many products, including knitting yarn for hand or machine
knitwear, lightweight suits, fabric for stoles, scarves and warm blankets, and durable upholstery
velours. It is often blended with wool for top-quality blankets where the mohair content makes
the fabric warmer, and at the same time lighter. Mohair is a lustrous fibre with a silky, luxurious
appearance, but it is also very hard wearing. One of the advantages of this fibre is its
tremendous versatility. It can be used both for clothing and furnishing and, within these, its end
uses are wide ranging. Individual fibres are strong and make a finished fabric that is noncrushable, soil resistant, and does not pill. Mohair has an affinity for dyes and is able to absorb
them completely and indelibly. It provides warmth during the winter months but also makes a
cool suiting fabric for the humidity of summer, hence its popularity in East Asia, particularly
Japan. About 12% of total mohair production goes into furnishing fabrics, such as upholstery
velours and moquettes. Such fabrics are often used for upholstery, particularly in prestige
locations, including the first class areas of ships such as the QE2 because, although expensive,
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the fabric is extremely hard wearing and easy to clean while creating a feeling of quality. One
of the challenges facing the mohair industry – particularly the knitting sector – is that the fibre
has been imitated by much cheaper acrylic yarns, developed to have similar properties, and
described as ‘mohair-like’. These products are seen to have done genuine mohair a disservice,
adulterating its high-quality image.
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Chapter 4 Regenerated Cellulosic Fibres
4.1 Introduction
Regenerated cellulose fibre is a type of manufactured or man-made fibre that uses cellulose
(mainly from wood or plant fibres) as a raw material. Regenerated cellulose fibre was the first
man-made fibre applied in the textile and apparel industry and in the early days of its
development, during the 1850s, had the popular name “artificial silk” as manufacturers hoped
to produce an artificial fibre to replace silk . Rayon, which is one of the oldest manufactured
fibres, is a regenerated cellulose fibre with a wide spectrum of properties. Historically, rayon
faced a strong challenge from the major synthetic fibres like nylon, polyester and acrylics,
which came much later, but in spite of this competition it has retained its place as a major
textile fibre. The most important consideration in favour of rayon are that the essential raw
material for its production, namely cellulose, is abundantly available and a renewable source.
Moreover, its high hygroscopicity and easy dyeability are additional assets. Furthermore, rayon
fibres can be produced with a wide range of properties, particularly mechanical properties, so
far unmatched by any other fibre, natural or manufactured.
In 1924, the generic name Rayon was adopted by the U.S. Department of Commerce and
various industrial associations to label regenerated cellulose fibre. “Ray-” (ray of light) implied
fibre brightness and “-on” represented the fibres cotton-like structure. Regenerated cellulose
fibre has a smooth and lustrous appearance much like silk (although it is chemically completely
different), and the excellent water absorption ability of cotton. Fabrics made of regenerated
cellulose fibre are soft and display high drapability, leading them to be widely used for apparels
such as blouses, jackets, skirts, slacks, lining, and suits. Due to the development of new
synthetic fibres, however, the market share of regenerated cellulose fibre has been shrinking.
In the early 1980s, global production of regenerated cellulosic fibre reached its peak (about
2.96 million metric tons), and has been in decline ever since. Currently, world production of
regenerated cellulose fibre is about 3 million metric tons per year, accounting for
approximately 5% of global man-made fibre production. World consumption of rayon fibre is
illustrated in Figure 4.1. China is the largest rayon fibre manufacturer, producing 66% of the
world’s supply. These are cellulosic fibres that have been made by chemically changing the
natural material. Man-made cellulosic fibres can be classed according to the process used to
convert the raw cellulose into a spinnable solution. This classification chart is given in Figure
4.2
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Figure 4.1 World Production of Viscose fibres

Figure 4.2 Regenerated Fibres classification Chart
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The classification of these different regenerated cellulose fibres is based on fibre production
method. There are four major types of regenerated cellulose or cellulose-derived fibre:


Viscose



Cupro



Acetate



Lyocell

Viscose rayon fibre is produced by making alkali cellulose and reacting it with carbon
disulphide to form cellulose xanthate. Viscose rayon is the dominant regenerated cellulose fibre
accounting for more than 93% of the regenerated-cellulose and cellulose-derived fibre market.
Cupro rayon fibre is produced by dissolving cellulose into cuprammonium solution and then
wet spinning to regenerate cellulose. Because this process needs to use high-price cotton
cellulose and copper salts, cuprammonium rayon is not competitive with viscose rayon and
ceased commercial development after World War I. Today, only a few manufacturers (such as
Asahi in Japan and Bemberg in Germany) still produce cuprammonium rayon to supply a niche
market for artificial silk and medical filter materials. Cupro rayon fibre will not be discussed
further in this chapter.
Acetate is a cellulose-derived fibre rather than a regenerated cellulose fibre. It is produced by
acetylating cellulose using acetic anhydride liquid with a sulphuric acid catalyst. The resulting
cellulose acetate is dissolved in acetone and spun into fibre through a dry spinning process.
The application of cellulose acetate fibre is limited to cigarette filters only and it accounts for
about 2% of the total market for cellulose fibre (Banks, 2011).
Lyocell rayon fibre is produced by directly dissolving cellulose into the solvent Nmethylmorpholine- N-oxide (NMMO). Lyocell rayon is a new generation of regenerated
cellulose fibre with environmentally friendly processing and improved fibre properties. Current
production of lyocell fibre however is still limited, at less than 5% of the rayon fibre market.
The production of regenerated cellulose fibre includes two essential steps:
• Dissolution of the raw cellulose using either chemical or physical methods, and
• Regeneration of cellulose through a spinning process (wet spinning, dry spinning, or dry-jet/
wet-spinning).
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This production approach causes no change in molecular content (Figure 4.2), although the
dissolving- precipitating process does result in some changes in polymeric molecular structure
after re-crystallization compared to raw cellulose. These changes manifest in cellulose
crystallinity, crystal orientation, and crystallite size and benefit the fibre properties in terms of
strength, absorbency, dimensional uniformity, drapability, dyeability, and apparel tailorability.
4.2 Viscose Rayon
4.2.1 The History of Viscose Rayon
According to the U.S. Federal Trade Commission (FTC) regarding generic names and
definitions for manufactured fibres, rayon is defined as:
“A manufactured fibre composed of regenerated cellulose, as well as manufactured fibres
composed of regenerated cellulose in which substituents have replaced not more than 15
percent of the hydrogens of the hydroxyl groups”.
Viscose rayon fibre is regenerated cellulose fibre produced using the viscose technology and
was originally patented by the British chemists Charles Cross, Edward Bevan, and Clayton
Beadle in 1892 (Andrew, 2001). They discovered that cellulose xanthate could be formed by
using raw cellulose from wood or cotton via reaction with an alkali and carbon disulphide. The
resulting cellulose xanthate solution could also be precipitated in an ammonium sulphate
solution and changed back to cellulose after neutralization using dilute sulphuric acid. The
spinning method for producing viscose fibre was developed by Charles Henry Stearn in
cooperation with Charles Cross in 1898, and was successfully commercialized in 1904 when
Samuel Courtauld & Co. Ltd in England acquired the viscose process patents. The first U.S.
manufacturer, the American Viscose Company, was registered in 1910. The most important
events in the further development of the viscose process were [1]: colour pigmentation (1926),
production of cut staple fibre (1934), tyre reinforcement yam (1935), improved tyre yam
(1956), crimped fibre (1957), high wet-modulus fibre (1965) and hollow fibre (1976).
4.2.2 Viscose Rayon Production
Rayon fibre is made from pure cellulose, often derived from wood pulp. For spinning purposes,
the wood pulp needs to be dissolved into a solution via a conversion that takes place in two
steps (Figure 4.3):
1. Caustic soda is mixed with wood pulp to make alkali cellulose, and
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2. Carbon disulphide is added to react with the alkali cellulose to form sodium cellulose
xanthate.
The chemistry of the viscose process consists of first forcing the cellulose I chains apart in both
amorphous and crystalline areas by swelling with hydrates of sodium hydroxide, xanthating
some of the hydroxyl groups so that the derivative may be soluble in water or dilute sodium
hydroxide, and then reversing the process in spinning by removing the solvent water, sodium
ions and xanthate groups, so that the cellulose hydroxyl groups may draw the chains together
first through van der Waals forces and then through hydrogen bonding to obtain a cellulose II
network . A number of important chemical and physical processes start simultaneously when
the liquid viscose enters the spinning bath. These are:
1. Coagulation of liquid filament to xanthate gel filament;
2. Neutralization and acidification of the gel filament;
3. Deswelling of the gel filament;
4. Dexanthation of the gel filament.
The resulting sodium cellulose xanthate is then dissolved in a weak caustic soda solution to
form a spinning solution called viscose. Using a wet spinning process (Figure 4.4), the viscose
solution is extruded through a spinnerette into a sulphuric bath (H2SO4). After neutralization
in the sulphuric bath, the cellulose from the viscose is regenerated into a continuous fibre (tow)
drawn through the first and second drawing units for stretching.
Between these two drawing areas is a tow washing step that removes carbon disulphide. The
second drawing unit feeds the washed tow into a cutter to cut the tow fibre into staple (shorter)
fibre with a fibre length between 1 and 6 in (25–152 mm). The rayon staple fibre is then laid
on a wash belt to pass through a series of washing steps that include a hot water wash to remove
residual acid; a sulphide wash to wash out residues from the desulfurizing bath such as
sulphides; a bleaching bath; and finally, a hot water wash.
After washing, the rayon staple fibre is dried, opened, and sent to a bale press for baling. Rayon
filament fibre can also be wound directly onto a bobbin if the cutting step is skipped. In today’s
viscose rayon market, however, 85% of rayon fibre production is staple fibre. Rayon staple
fibre is commonly used for blending with natural fibres or synthetic fibres to make blended
yarns. Fabrics made of rayon blended yarns are highly desirable for a wide range of apparel
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applications. To enhance the spinnability of viscose rayon blended yarns, viscose rayon staple
fibre is often crimped before cutting.
The speed, interaction, and permitted extent of these mechanisms determine the plasticity,
stretchability and orientability of the gel filament. The rates of the above four mechanisms
determine the morphological order and the rates can be varied to obtain a wide spectrum of sub
microscopic order ranging from highly amorphous to highly crystalline. Thus, although the
chemistry of the viscose rayon process is basically simple, the succession of chemical reactions
is quite complex and the way in which this complicated sequence is carried out determines the
fine structural parameters of the rayon fibre and, hence, their physical properties.
With changes to the viscose reaction conditions and control parameters, viscose fibre properties
vary. This results in the production of modified viscose rayon fibres, among which high-wetmodulus (HWM) viscose and high-tenacity viscose are the two most important. To produce
HWM viscose fibre, aging in cellulose alkalization and ripening in xanthation is no longer
required and chemical concentrations are reduced, so that cellulose coagulation speed is
reduced, allowing more time for fibre stretching. For the production of high-tenacity viscose
fibre, cellulose regeneration speed needs to be reduced by increasing zinc sulphate
concentrations in the spin bath. HWM viscose fibre has two commonly used brand names:
“Modal” and “Polynosic.”

Figure 4.3 Schematic of viscose production
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Figure 4.4 Detailed schematic flow chart of viscose production
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4.2.3 Viscose Fibre Appearance
Viscose rayon fibre used in the textile and apparel industries can be staple fibre or multifilament
fibre. Figure 4.5 a shows a typical fibre shape for a commercial viscose rayon fibre product
with a 1.5-denier fineness and 1.5-in (38 mm) length. The cross-section resembles a distorted
circle with a serrated contour and the fibre surface is smooth but striated longitudinally, as
shown in Figure 4.5 b. The luster of viscose rayon fibre can be bright, semi-dull, or dull.
Commonly used fineness of viscose rayon fibre is in the range of 1.5–15 denier. Viscose rayon
microfibre (fineness less than 1 denier) is also available for production of microfibre fabrics.

Figure 4.5 Viscose rayon fibre (a) Cross sectional view (b) Longitudinal view
The majority of viscose rayons have serrated and irregular cross sections due to the skin effect.
The viscose rayon fibre is long and straight unless the fibre has been crimped, and striations
due to the irregular cross section will run the length of the fibre. If the fibre has been delustered
or spun dyed during fibre formation, particles of pigment will appear in the fibre. Normal
viscose fibres will generally consist of 25%30% crystalline areas within the fibre, and the
average degree of polymerization of glucose units in the cellulose chains will be 200-700. The
crystallites in viscose rayon are somewhat smaller than those found in cotton. Higher tenacity
rayons and high-wet-modulus rayons tend to be more crystalline, and higher degrees of
polymerization are found. The cross sections of these rayons tend to be more nearly round. The
degree of crystallinity of high-wet-modulus rayons can reach 55%.
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4.2.4 Physical Properties
Since rayons are essentially pure cellulose, they would be expected to have physical properties
similar to cellulosic fibres of natural origin. Differences in properties would be expected to
depend on the degree of polymerization, crystallinity, and orientation within the fibre. The dry
and wet tenacities of the rayons vary over a wide range dependent on the Cellulosic Fibres
degree of polymerization and crystallinity with tenacities of 2 to 6 g/d (18 to 54 g/Tex) dry and
1 to 4 g/d (9 to 36 g/Tex) wet. For the more crystalline and oriented rayons, the drop in tenacity
observed on wetting of the fibre is lower; however, none of the rayons exhibit higher wet
strength than dry strength, as found with cotton. The great loss in strength of wet regular
tenacity rayon makes it subject to damage during laundering.
The percentage elongation at break varies from 10 to 30% dry and 15 to 40% wet. The recovery
at 2% elongation ranges from 70 to 100%. In general, the rayons have significantly higher
elongations at break than observed for cotton. As the degree of crystallinity and orientation of
the rayon increases, the elongation at break is lower. Rayons generally have somewhat better
elastic properties at low elongations than is found for cotton.
The rayons possess greater luster than cotton, and often delusterants are added to rayon prior
to spinning to give a more subdued fibre. Since the rayons are 1ess crysta11ine and oriented
than cotton, they tend to swell more in water and undergo greater elongation under tension in
both the wet and dry states. During weaving and wet finishing considerable stresses can be
introduced into many rayon fabrics, and relaxation of these stresses will be necessary before a
dimensionally stable fabric is obtained. Owing in part to the more extensive networks of
amorphous regions found in rayons, the moisture regain of rayon is significantly higher than
that of cotton. The regains of rayons under standard conditions range from 11% to 13%. The
lower crystallinity and degree of polymerization of rayons also affect the way water acts on the
fibres. Rayons as a consequence are swollen to varying degrees due to increased susceptibility
to water penetration. During wetting rayon may increase up to 5% in length and swell up to
double its volume. The heat conductivity and electrical properties are the same as those found
for cotton. Rayon is cool to the touch, and static charges do not build up in the fibre at
humidities greater than 30%. Although rayon swells in water, it is not attacked by common
organic solvents. It does dissolve in cuprammonium solutions. The rayons are moderately stiff
fibres with poor resiliency and wrinkle recovery properties. As in the case of cotton, resin
treatments will effectively increase the resiliency of rayon. Often such treatments will tend to
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be more effective on rayon than on cotton due to the greater accessibility of the interior of
rayon to the resin. The specific gravities of viscose and cuprammonium rayons are the same as
cotton and vary between 1.50 and 1.54. Only saponified cellulose acetate has a markedly
different specific gravity (1.30).
4.2.5 Chemical Properties
The chemical properties of the rayons are essentially the same as those found for cotton. Cold
dilute or concentrated base does not significantly attack rayon, but hot dilute acids will attack
rayon at a rate faster than found for cotton. Although generally resistant to oxidizing bleaches,
rayon is significantly attacked by hydrogen peroxide in high concentrations. Although
silverfish are known to attack rayon, microorganisms which cause mildew do not readily attack
rayon, except under more severe hot and moist conditions. Prolonged exposure of rayon to
sunlight causes degradation of the cellulose chains and loss of strength of the fibres. The rayons
are not thermoplastic, and they, like cotton, decompose below their melting point. Regulartenacity rayon begins to decompose and lose strength at 150aC for prolonged periods and
decomposes rapidly at 190°-210°C. High-tenacity rayons tend to decompose at slight1y higher
temperatures.
4.2.6 End-Use Properties
Rayon fibres found in consumer goods are known by numerous trade names. Regular- and
high-tenacity viscose rayons are marketed as rayon or with names like Zantrel, Avril, Enkaire,
and Fibro. Cuprammonium rayon and saponified cellulose acetate are no longer in production
in the U.S. Regu1ar- and medium-tenacity viscose rayons are among the least expensive of the
man-made fibres, whereas high-strength, cuprammonium, and saponified cellulose acetate
rayons are more expensive due to the greater care and additional steps necessary in manufacture
of these fibres. Although the properties of rayons are very nearly those of cotton, a greater
range of properties exist within the various types of rayons available. Being an inexpensive
fibre, rayon plays a role similar to that of cotton; however, rayon differs from cotton in that it
can be modified to some degree during manufacture and is not as subject to world economic
and climatic conditions.
The dry strength of regu1a r- tenacity viscose and cuprammonium rayons are lower than that
found for cotton, whereas high-tenacity viscose, po1ynosic, and saponified cellulose acetate
rayons are significantly stronger than cotton. All rayons lose strength when wet and are more
susceptible to damage while wet. The abrasion resistance of rayon is fair, and abrasion of rayon
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fabrics becomes noticeable after repeated usage and launderings. The rayons are resistant to
pill formation. Rayon fabrics wrinkle easily and without chemical treatment show poor crease
recovery and crease retention. Durable press and wash-and-wear finishes tend to cause less
degradation of rayon than found with cotton. Rayon possesses excellent moisture absorbency
characteristics, but the weaker rayons swell and deform somewhat in the presence of moisture.
The hand of lower- strength viscose rayons is only fair, whereas the hand of cuprammonium
and high-wet-modulus rayons is crisp and more desirable. Fabrics of rayon are generally
comfortable to wear and are of acceptable appearance. The rayons are resistant to common
household solvents and to light and heat except under extreme conditions or prolonged
exposures. Rayons can be dyed readily by a wide variety of dyes, and the colourfastness of
dyed rayons is satisfactory. Rayons are moderately resistant to deterioration by repeated
laundering, and a moderate degree of care is necessary for maintenance of rayon fabrics. The
lower-strength rayons exhibit poor dimensional stability during laundering. Rayons are
affected significantly by detergents or other laundry additives. Greater care must be taken when
ironing rayon fabrics than would be necessary with cotton. Viscose and cuprammonium rayons
may be safely ironed at 176° (, while saponified cellulose acetate can be ironed at 190° (. The
rayons possess poor flammability characteristics and ignite readily on contact with a flame, as
is the case for natural cellulosics. The versatility of rayons, coupled with their lower price,
makes them suitable for many textile applications. Rayon is used in clothing and home
furnishings. Disposable nonwoven garments and products of rayon have been introduced to the
consumer in recent years. The stronger rayons have been used in tire cord for several decades
but have lost a significant portion of this important market in recent years. Rayon has been
used more and more in blends with synthetic fibres, since rayon undergoes less degradation
than cotton with durable press and wash-and-wear finishes.
4.3 Acetate and Triacetate
The cellulose esters triacetate and acetate (secondary acetate) are the two major fibres of this
type. The production of acetate fibres resulted from an attempt to find a new outlet for cellulose
acetate used as aircraft "dope" in World War 1. By 1921, the first acetate fibres were being
produced. Although small quantities of cellulose triacetate fibres were produced before World
War I, it was not until after 1954 that cellulose triacetate fibres were produced commercially
in large quantities. The Federal Trade Commission defines the acetate fibres as manufactured
fibres in which the fibre-forming substance is cellulose acetate.
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Triacetate fibres are those cellulose fibres in which more than 92% of the hydroxyl groups are
acetylated. The term secondary acetate has been used in the past in reference to the acetates
being less than 92% acetylated. In recent years, these fibres have simply gone by the
designation acetate. Although triacetate and acetate are very similar structurally, this slight
difference in degree of esterification provides significant differences in properties for these
fibres.
Cellulose acetate fibre is another type of manufactured fibre related to cellulose. It is no longer
considered a regenerated cellulose fibre because the polymer formula to form acetate fibre is
acetate (cellulose ester) instead of cellulose. The method for producing cellulose acetate was
discovered by Paul Schützenberger in 1865, while trying to dissolve cotton in acetic anhydride
liquid. When this solution was poured in water, white flakes called triacetate were precipitated.
However, this invention did not directly lead to progress in acetate fibre spinning until the
method of converting triacetate into secondary acetate (diacetate) was discovered by George
Miles in 1904. This invention solved the problem of directly dissolving triacetate for fibre
spinning. The first commercial production of acetate filament was undertaken by the British
Cellulose Co. Ltd at Spondon, England, in 1921. One year later, Camille Dreyfus (one of the
British Cellulose Co. Ltd owners) launched acetate fibre production in the United States.
Acetate fibre is currently rarely employed in the textile and apparel markets. There are two
types of acetate fibre: • regular acetate also called secondary acetate or diacetate and triacetate.
These two fibre types are produced with two different fibre spinning approaches. Making
triacetate is a common starting point for the manufacture of acetate fibre. Raw cellulose (wood
pulp or cotton lint) is purified and mixed with acetic acid and acetic anhydride liquid for
acetylation. Sulphuric acid is added as a catalyst to accelerate the acetylating reaction. Upon
completion of the acetylation, cellulose triacetate is formed as a thick gelatinous solution. To
make triacetate fibre, the triacetate solution is poured into water to precipitate triacetate flakes.
After washing and drying, the triacetate flakes are dissolved in methylene chloride to form the
spinning dope. Triacetate fibre is produced by extruding the dope through the spinnerette into
a chamber of heated air. To make regular acetate, the acetylated cellulose (triacetate) needs to
be hydrolysed by adding water to be precipitated as triacetate flakes. Diluted access acetic acid
(95% concentrations) triggers an acid hydrolysis with a ripening time of 20 h. During the
hydrolysis, triacetate is converted to diacetate as one-sixth of the acetate groups (CH3COO–)
are replaced by hydroxyl groups (–OH). Following the hydrolysis, of diacetate flakes is
precipitated by adding excess water. To produce spinning dope, washed and dried diacetate
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flakes are dissolved in acetone. The same dry spinning method as used for the triacetate fibre
production is applied to make regular acetate fibre. The schematic diagram is given in Figure
4.6. The fibre formation process and fibre cross-section is given in Figure 4.7

Figure 4.6 The schematic diagram of acetate rayon production

Figure 4.7 Fibre formation process and fibre cross section
The cross-sectional shape of regular acetate and triacetate fibres resembles that of viscose fibre
with irregular lobed contours. There are also some longitudinal striations on the surface of
regular acetate and triacetate fibres. The luster of regular acetate and triacetate fibres can be
controlled to yield bright, dull, and semi-dull versions. Both acetate fibres have a volume
density of 1.32 g/cm3, lighter than the viscose fibre density. The strength of regular acetate
fibre is between 1.2 and 1.4 g/denier (dry) and 0.9–1.0 g/ denier (wet). For triacetate fibre, dry
tenacity is 1.1–1.4 g/denier and wet tenacity is 0.8–1.0 g/denier. Dry break elongation is the
same for both regular acetate and triacetate, ranging from 25% to 35%. Wet break elongation
is 35–45% for regular acetate and 30–40% for triacetate. Regular acetate fibre has a moderate
ability to absorb water with a standard moisture regain of 6.5% (close to that of cotton). In
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contrast, standard moisture regain for triacetate fibre is within 3.2–3.5% (close to that of nylon).
Both regular acetate and triacetate fibres provide a good dimensional stability with some stretch
and resistance to shrink. In terms of wrinkle resistance, triacetate performs slightly better.
Acetates and triacetates are relatively inexpensive and have certain properties which are
desirable in selected end-use applications. Acetate is marketed under trade names such as
Airloft, Estrom, and Loftura, while triacetate fibres bear the trade names Tricel and Arnel. Both
acetate and triacetate are weak fibres having low tenacities, and they cannot be used in
applications where high strength is required unless they are blended with other fibres. The high
elongations at break found for acetate and triacetate help compensate for these fibres' low
strengths to some extent, and the fibres exhibit good recoveries at low extensions. The abrasion
resistance of acetate and triacetate is poor, and these fibres cannot be used in applications
requiring high resistance to rubbing and abrasion; however, the resistance of these fibres to
pilling is excellent.
While acetate and triacetate are moderately absorbent, their absorbencies cannot compare with
the pure cellulosic fibres. The hand of acetate fabrics is somewhat softer and more pliable than
triacetate, which possesses a crisp firm hand. Fabrics of both fibres possess excellent draping
characteristics. Fabrics of acetate and triacetate have a pleasing appearance and a high degree
of luster, but the luster of these fabrics can be modified through addition of delusterants. Both
acetate and triacetate are susceptible to attack by a number of household chemicals. Acetate
and triacetate are attacked by strong acids and bases and by oxidizing bleaches. Acetate has
only fair sunlight resistance, whereas the sunlight resistance of triacetate is superior. Both fibres
have good heat resistance below their melting points. Acetate and triacetate cannot be dyed by
dyes used for cellulosic fibres. These fibres can be satisfactorily dyed with disperse dyes at
moderate to high temperatures to give even, bright shades. The laundry colourfastness of
triacetate is excellent; however, dyed acetate fabrics generally have moderate to poor
colourfastness.
The acetate fibres generally require a certain degree of care in laundering, although they exhibit
greater wrinkle recovery on drying than cellulosic fibres. Both acetate and triacetate fabrics do
not shrink or lose their shape readily during laundering and can be laundered satisfactorily
under mild laundry conditions. Both acetate and triacetate may be satisfactorily dry cleaned in
Stoddard solvents, but certain other solvents must be avoided due to fibre solubility.
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Acetate and triacetate dry quickly and may be tumble dried or drip dried. During tumble drying
of these materials it is essential that the dryer be cool during the final tumbling. Both acetate
and triacetate can be safely ironed, but direct contact of the fabric with the iron is not
recommended. Acetate must be ironed at a lower temperature than triacetate, and the maximum
safe ironing temperature for these fabrics is 175 °C and 200°C, respectively. The flammability
characteristics of these fibres are similar to those of the cellulosic fibres, and they have LOIs
of 18.
Acetate is used in dresses, blouses, foundation garments, lingerie, garment linings, some
household furnishings, and certain specialty fabrics. Triacetate is used in sportswear, tricot
fabrics, and in garments where pleats and pleat retention is important, as well as in certain
specialty fabrics.
4.4 Lyocell Rayon
4.4.1 The History of Lyocell Rayon
Lyocell fibre (U.S. brand name Tencel) is another type of regenerated cellulose fibre made
from wood pulp. The method to produce cellulose solution is totally different from that of
viscose rayon fibre, however. The Federal Trade Commission defines lyocell as a cellulose
fibre that is precipitated from an organic solution in which no substitution of the hydroxyl
groups takes place and no chemical intermediates are formed. Lyocell fibre is classified as a
subcategory of rayon. Driven by environmental concerns, researchers have sought new
methods for the preparation of cellulose solutions. NMMO was discovered to be a solvent
which can directly dissolve cellulose pulp. This invention appeared first in a patent describing
a basic process of dissolving cellulose by using the NMMO solvent. Work on dissolution of
different compounds including cellulose in NMMO was reported by D. L. Johnson of Eastman
Kodak Inc., in the United States, during 1966–1968. In the following 10 years from 1969 to
1979, another U.S. company, American Enka, explored the spinning of regenerated cellulose
fibre using the NMMO cellulose solution but failed to commercialize the process. Eventually,
an R&D team led by Pat White of Courtaulds in the United Kingdom developed a successful
engineering approach for cellulose solution spinning. In 1982, Courtaulds built the first small
pilot plant capable of making up to 100 kg per week of lyocell fibre in Coventry, England. In
1984, the production capacity of this pilot line was increased to 1 ton/week. A 25 ton/week
semi-commercial production line went into operation in 1988 at Grimsby, England. In 1992,
in Mobile Alabama, in the United States, Courtauds reached its full commercial production
capacity of producing this new regenerated fibre with the trade name “TENCEL®.”
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Another major European company engaged in the production of lyocell fibre is Lenzing AG in
Austria. Traditionally specializing in the manufacture of viscose rayon fibre, Lenzing
established a pilot plant to start making lyocell fibre in 1990. Lenzing’s full-scale production
plant at Heiligenkreuz came into operation in 1997, with an annual capacity of 12,000 metric
tons of lyocell staple fibre called Lenzing Lyocell®. In 2004, Lenzing completed an acquisition
of the TENCEL ® Group (one plant in Mobile, Alabama, and another in Grimsby). Today,
Lenzing is the world’s largest lyocell fibre manufacturer, capable of supplying about 130,000
metric tons of lyocell fibre for the global rayon market each year.
4.4.2 Lyocell Rayon Production
The production of lyocell rayon fibre includes all steps indicated in Figure 4.8. Raw cellulose
(wood pulp) is mixed with the NMMO solvent and dissolved in NMMO by heating. The
formed cellulose solution is called “dope.” A solvent spinning technique (also called dry-jet
and wet-spun) is used to press the dope through a spinnerette into a spin bath where regenerated
cellulose fibre precipitates as the NMMO solvent is dissolved in the spin bath. The formed
cellulose fibre is further processed by water washing, lubricant finishing, drying, and static
removing. At this stage, lyocell filament fibre is produced.

Figure 4.8 Steps involved in Lyocell Production

To produce lyocell staple fibre, the regenerated cellulose fibre is crimped and cut to a certain
staple length for press and packing. During the production of the Lenzing Lyocell® staple fibre,
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the fibre cutting is done before the washing and finishing steps. The NMMO solvent from the
washing unit is recycled through the solvent recovery system where the dilute NMMO solvent
is concentrated and then pumped into a mixing tank for dissolving new pulp. In comparison
with the method of viscose rayon production, the lyocell fibre spinning process is an
environmentally friendly green technology that eliminates toxic chemical use and chemical
reactions, and substantially reduces air and water emissions.
Lyocell fibre has a close to circular cross-section (Figure 4.9 a). Its longitudinal surface is very
smooth and cylindrical without any striation (Figure 4.9 b). Lyocell rayon fibre is different
from viscose rayon in fibre shape and appearance, and this differentiation allows lyocell rayon
fabrics to exhibit better fabric feel and drape. Lyocell fibre is similar to viscose rayon fibre in
many physical aspects, but exhibits enhanced properties in terms of softness, drapability,
dimensional stability, dye uptake, and colourfastness. Moisture regain of lyocell fibre is around
11%, slightly lower than that of viscose rayon. This is mainly because the lyocell spinning
process produces a higher cellulose crystallinity.

Figure 4.8 Lyocell appearance a) Cross-sectional view b) Longitudinal view
Using the lyocell spinning technology, the regenerated cellulose fibre can be produced with a
higher dry and wet tensile strength. Referring to Table 4.1, the dry tenacity value of lyocell
fibre is larger than that of viscose and HWM rayon fibres, and almost equivalent to that of
polyester fibre. Lyocell fibre is also capable of keeping 85% of its dry tenacity in the wet
condition. It is the only regenerated cellulose fibre with a wet tensile strength exceeding the
cotton wet strength. Table 4.1 lists the comparison of the lyocell and viscose processes
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Table 4.1 Comparison of the Lyocell and Viscose Processes

Compared to viscose rayon fibre, lyocell fibre has a significantly reduced elongation the value
of which is slightly above that of HWM rayon fibre. Because of a high degree of cellulose
crystallinity and crystal orientation, lyocell fibre features a fibrillar structure with microfibrils
aligned parallel to the fibre axis. This allows lyocell fibre to easily develop a fibrillated surface
under mechanical abrasion.
4.5 Cuprammonium Rayon:
Cuprammonium rayon is produced by solution of cellulosic material in cuprammonium
hydroxide solution at low temperature under nitrogen, followed by extrusion of the solution
through a spinneret into water and then sulphuric acid to decompose the cuprammonium
complex and regenerate the cellulose. Cuprammonium rayon is more silk like than any of the
other celluloses, but the cost of production is correspondingly higher. Cuprammonium rayon
has a smooth surface, and no markings or striations are found on the fibre (Figure 3-5). The
fibre cross section is nearly round.
4.6 Applications
Viscose rayon fibre is used for a wide range of apparel applications. Blouses, skirts, dresses,
and shirts are often made of pure viscose staple fibre for excellent drapability and
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comfortability. Viscose rayon fibre is also blended with wool, polyester, or acrylic for suits,
jackets, and blazers for the purpose of enhancing appearance and moisture permeability.
Viscose rayon filament fibre is often used for making linings with a silky surface.
Although viscose rayon fibre brings unique features of drapability, softness, and moisture
absorption to both formal and casual apparel products, it can also have some drawbacks. These
include easy stretching with poor elastic recovery, low abrasion resistance, wet shrinkage, and
low wrinkle resistance. To eliminate the potential of developing these problems, evaluation of
the following fabric properties is critical during garment design and make up.
1. Tensile and shear properties. Extensibility of viscose/lyocell rayon fibre fabrics is an
influential parameter for the development of excessive wet shrinkage or a slack appearance for
apparel products. The maximum extension of viscose rayon fabrics under a certain load should
be controlled. Lining fabrics made of viscose rayon filament usually have a very low shear
rigidity. This may easily result in difficult fabric spread or inaccurate pattern cut in apparel
manufacture. So the shear rigidity of viscose lining fabrics also needs monitoring for the
purpose of fabric purchase control.
2. Abrasion resistance. Apparel fabrics made of viscose or lyocell rayon fibre tend to develop
micro-fibril surfaces (known as fibrillation) after frequent wearing and laundering. Where this
fibrillated appearance is not aesthetically required, evaluation of the abrasion resistance for
these fabrics is needed to control a threshold level for fibrillation.
3. Wrinkle resistance. Rayon apparel fabrics are also prone to develop a wrinkled appearance
after laundering. The wrinkle resistance of rayon fabrics should be evaluated and a minimum
value specified for the fabric.
4. Dimensional stability. Because of wet shrinkage, rayon apparel fabrics can cause garment
dimensional changes after laundering. Control of fabric dimensional stability is critical to
ensure the production of high-quality garments. A maximum shrinkage should be defined in
the fabric material specifications.
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Chapter 5 Synthetic Textile Fibres
5.1 Introduction
Synthetic fibres are defined by the International Organization for Standardization (ISO) as
fibres manufactured from polymers built up from chemical elements or compounds, in contrast
to fibres made from naturally occurring fibre-forming polymers. The definition excludes fibres
made from regenerated cellulose, such as viscose rayon and cuprammonium rayon, and from
cellulose esters, such as secondary cellulose acetate and cellulose triacetate. These fibres
manufactured from cellulose became established commercially many years before the first
synthetic fibres were discovered and developed. The mid-nineteenth century witnessed the
evolution of chemically synthesized fibres with enhanced performance compared to natural
fibres. The first entirely synthetic fibres became widely available in the early twentieth century.
In 1940, DuPont introduced the synthetic fibre nylon, invented by Wallace Carothers. John
Whinfield and James Dickson patented polyethylene terephthalate (PET) polyester, based on
the early research work of Wallace Carothers. Whinfield and Dickson, along with inventors
Birtwhistle and Ritchie, created the first polyester fibre called Terylene in 1941. Today it is
estimated that the world’s total textile fibre production is about 70.5 million metric tons of
which 40.3 million metric tons are synthetic fibres, as per ‘The Fibre Year 2010’ published by
Oerlikon Textiles, Germany (Engelhard, 2010). Polyamides (nylons), polyolefin (polyethylene
and polypropylene), acrylic and polyesters constitute 98% of synthetic fibre production, and
are used in almost every field of fibre and textile applications. Polyesters are now the main type
of synthetic fibres produced (60%) and consumed worldwide (24 million metric tons).
Synthetic fibres have the following advantages:


These fibres are strong and durable.



They are able to retain crease, for a longer duration. They do not wrinkle easily.



They are resistant to most chemicals.



They are resistant to insects, fungi and rot.



They have low moisture absorbency, and hence are easy to dry.



They do not shrink when washed.

This chapter covers preparation, processes, fibre structure, important properties and
applications of polyamides, polyesters and aramid fibres.
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5.2 Classification of Synthetic Fibres
The classification of textile fibres into natural and man-made types based on fibre source and
manufacture is shown in Figure 5.1. Man-made fibres can be classified into organic and
inorganic types based on the composition of the fibres. Organic man-made fibres are further
categorized into regenerated and synthetic fibres. Regenerated fibres are manufactured using
raw materials available in nature. Typical examples of regenerated man-made fibres include
viscose rayon, cellulose acetate, cellulose triacetate, cuprammonium rayon and lyocell fibres.
Synthetic fibres are made from chemically synthesized polymers. Amongst the most wellknown are polyester, acrylic and polyamide fibres, which have a wide variety of applications
in fashion and apparel sectors.

Figure 5.1 Classification of Textile Fibres
5.3 Polyamide Fibres
Polyamides were the first synthetic polymer developed through research by Wallace Carothers
at DuPont. Nylon was the first synthetic fibre to go into full-scale production and the only one
to do so prior to World War II. The development arose from the work of Wallace Carothers for
DuPont at Wilmington in the USA starting in 1928.1 by 1935 the first nylon 6, 6 polymers had
been prepared and pilot plant production started in 1938. The following year, the first plant for
nylon fibres went into production and the first stockings went on sale in October 1939.2 The
first production in the UK was under licence from DuPont by British Nylon Spinners, a
company jointly formed by Courtaulds and ICI, and started in 1941.3 Most production during
World War II was devoted to military uses, particularly for parachute fabrics. Only in 1946 did
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the fibre start to be available for domestic uses. A parallel development occurred in Germany
starting in 1931, leading to nylon 6 rather than 6, 6. Some coarse monofilaments were produced
in 1939 with small-scale production of continuous filament in 1940 and larger-scale production
a year later. Subsequent to the war, full-scale production in Germany did not resume until
1950.4 Nylon, the first synthetic polymer introduced to the market, was immediately
successful; it is documented that four million pairs of nylon stockings were sold within the first
few hours of sale in May 1940. During World War II, nylon fabrics were used by the military
for waterproof tents and lightweight parachutes amongst other things. The word ‘nylon’ was
introduced to signify the fineness of the filament. A pound of nylon could be converted to a
length equivalent to the distance between London (‘lon’) and New York (‘ny’). ‘Nylon’ then
became the generic word representing polyamide polymers. There are two types of polyamides,
which can be represented as nylon XY and nylon Z. In nylon XY, X refers to the number of
carbon atoms in the diamine monomer and Y represents the number of carbon atoms in the
diacid monomer. In nylon Z, the Z refers to the number of carbon atoms in the monomer. Nylon
6 (nylon Z type) and nylon 66 (nylon XY type) are the two most manufactured polyamides,
which are commonly used in a wide range of applications from apparels, ropes, carpets, tyre
cords to innumerable technical textile applications. There are several other nylons such as
nylon 46, nylon 610, nylon 612, nylon 10 and nylon 12, which are used for specialized
applications. One such application is the use of nylon 610 monofilament for bristles and
brushes. Nylon 46 has a superior ability to retain mechanical properties even at elevated
temperatures of up to 220 °C, and thus finds applications in the automobile, electronics and
electrical sectors.
In 1950 the total world production of synthetic fibres was only 69 000 tonnes, and almost all
of this was nylon. Over the next 20 years production of polyester, acrylic and polypropylene
fibres started, and the volume produced increased to 4.8 × 106 tonnes. Nylon remained the
most important synthetic fibre in volume terms. In 1970 nylon accounted for 40 % of the total
synthetic fibre production with just under 2 × 106 tonnes. The applications also expanded from
the initial hosiery market to reinforcement of rubber in tyres and belts, and to carpets, often in
blends with wool.

The polyamide fibres include the nylons and the aramid fibres. Both fibre types are formed
from polymers of long-chain polyamides. In nylon fibres less than 85 % of the polyamide
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units are attached directly to two aromatic rings, whereas in aramid fibres more than 85%
of the amide groups are directly attached to aromatic rings. The nylons generally are
tough, strong, durable fibres useful in a wide range of textile applications. The fully
aromatic aramid fibres have high temperature resistance, exceptionally high strength, and
dimensional stability.

The number of carbon atoms in each monomer or co-monomer unit

is commonly designated for the nylons. Therefore the nylon with six carbon atoms in the
repeating un it wou1d be nylon 6 and the nylon with six carbons in each of the monomer
units would be nylon 6,6. The triumphal march of man-made fibres was unstoppable. With
the production of fibres as successful as Acrylic, Polyamide, Polyester, Elastane and Viscose,
new opportunities were opened up for everyone, affecting the quality, as well as the enjoyment
of life. Today, the world of clothing, sports and leisure, as well as that of technology, medicine
and interior design, would be unthinkable without man-made fibres.
5.3.1 Production of Nylon
5.3.1.1 Nylon 66
Nylon XY is synthesized from a diacid and a diamine. For nylon 66, hexamethylene diamine
(H) and adipic acid (A) are reacted to form hexamethylene diadipate (H-A) salt. These two
components are reacted in methanol at high temperature to obtain the salt that precipitates from
the methanol solution. The H-A salt is dissolved in water at a concentration of 60%. The
solution is then heated to around 250 °C for poly-condensation and production of nylon 66.
The chemical reaction involved in the process is illustrated in Figure 5.2.

Figure 5.2 Chemical Reaction involved in Nylon 6, 6 manufacture
5.3.1.2 Nylon 6
Nylon 6 is produced from caprolactam. A catalyst is required to convert a small amount of
caprolactam to ε-aminocaproic acid, which in turn aids the polymerization process. Water is
usually used as a catalyst to control the polymerization reaction at temperatures between 225
and 285 °C. The chemical reaction involved in the production process of nylon 6 is given in
Figure 5.3.
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Figure 5.3 Chemical reaction involved in the production of nylon 6.

Figure 5.4 Flow sheet of manufacturing process nylon
5.3.1.2 Nylon 6 and Nylon 6, 6
Nylon 6 and Nylon 6, 6 are very similar in properties and structure and therefore
wi11 be described together. The major structura1 difference is due to the placement of the
amide groups in a continuous head-to-head arrangement in nylon 6, whereas in nylon 6,6 the
amide groups reverse direction each

time in a head-to-tail arrangement due

to the
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differences in the monomers and polymerization techniques used . Figure 5.4 shows the
process flow sheet for the manufacture of nylon.
Nylon 6, 6 was developed in the United States, whereas nylon 6 was developed in Europe and
more recently Japan. These nylon polymers form strong, tough, and durable fibres useful in a
wide variety of textile applications. The major differences in the fibres are that nylon 6, 6 dyes
lighter, has a higher melting point, and a slightly harsher hand than nylon 6. The polyamide
fibres most often used in utility textiles are polyamide 6 and polyamide 6.6. Polyamide 6 is
produced by applying the polymerisation process, polyamide 6.6 by the poly-condensation
process. Both are spun with the melt spinning process.
5.3.2 Chemical Structures
Nylon fibres are made up of linear macromolecules whose structural units are linked by the –
NH–CO– group. Consequently the term polyamide is frequently used. However, in nylons the
structural units are essentially aliphatic and, by definition, less than 85 % of the amide linkages
may be attached to two aromatic rings. In practice, in almost all examples of nylons none of
the amide links are attached to two aromatic rings. If 85 % or more of the amide linkages are
attached to two aromatic rings, then the fibres are still polyamides but fall into a different
generic group. These fibres are the aramids and their production processes and properties differ
markedly from those of the nylons. They will not be discussed further in this chapter.
Nylon polymers can be formed in many ways. The four most important for industrial polymers
are:
1. the condensation of diamines with diacids;
2. the self-condensation of amino acids;
3. the hydrolytic polymerisation of lactams, which involves partial hydrolysis of the lactam to
an amino acid; and
4. the anhydrous addition polymerisation of lactams.
The polyamide polymers nylon 6 and nylon 66 are produced with a number average molecular
weight in the range of 18,000–20,000. The polymer is then subjected to melt spinning and
drawing operations to manufacture nylon filaments, as shown in Figure 5.5 and 5.6 a and b.
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Figure 5.5 Schematic arrangement of melt spinning of nylon
The hopper feeder melts the nylon polymer chips and feeds them to the melt extruder. The
extrusion temperature for nylon 6 is around 260 °C and for nylon 66 is around 280 °C. The
molten polymer then passes through the extruder and is continuously pumped at a uniform
pressure through the spinneret to form fine filaments. These filaments are subjected to a
drawing process to improve the fibre properties such as tensile strength and stiffness.
5.3.3 Structure and Properties of Nylon Fibres
Although both nylon 6 and 66 contain the same chemical groups in the same proportion, there
exists a subtle difference in the arrangement of the molecules. These differences result in
slightly lower crystallinity values for nylon 6 compared to nylon 66. Both nylons are semicrystalline. The morphological structure of high-strength nylon consists of microfibrilar and
inter-microfibrilar regions, as represented by Figure 5.7. The microfibrilar regions consist of
crystalline and amorphous regions, whereas the inter-microfibrilar regions are formed of
oriented molecular chains. The schematic diagram of polyamide fibre production is shown in
Figure 5.6 a
5.3.4 Structural Properties
Nylon 6 is produced by ring-opening chain growth polymerization of caprolactam in the
presence of water vapour and an acid catalyst at the melt. After removal of water and acid, the
nylon 6 is melt spun at 250°C260° C into fibres. Nylon 6, 6 is prepared by step growth
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Figure 5.6a Schematic arrangement of production of nylon
polymerization of hexamethylene diamine and adipic acid. After drying, the nylon 6, 6 is melt
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spun at 280°C-290°C into fibres. Both nylon 6 and 6, 6 are drawn to mechanically orient the
fibres following spinning.

Figure 5.6b Schematic arrangement of production of nylon

Figure 5.7 Microstructure of highly drawn polyamide fibres
The degree of polymerization (DP) of nylon 6 and 6, 6 molecules varies from 100 to 250 units.
The polyamide molecular chains lay parallel to one another in a "pleated sheet" structure
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similar to silk protein with strong hydrogen bonding between amide linkages on adjacent
molecular chains. The degree of crystallinity of the nylon will depend on the degree of
orientation given to the fibre during drawing. Nylon fibres are usually rod like with a smooth
surface or trilobal in cross section. Multilobal (star) cross sections and other complex cross
sections are also found. Side-by-side bicomponent fibres with a round cross section are also
formed. Following orientation and heating, these bicomponent fibres form small helical crimps
along the fibre to give a texturized fibre useful in many applications including women's hosiery.
Cantrece nylon is such a fibre. Also, sheath-core nylons with differing melting characteristics
are formed for use as self-binding fibres for nonwovens.
5.3.5 Physical Properties
Nylon 6 and 6, 6 fibres are strong, with a dry tenacity of 4-9 g/d (36-81 g/Tex) and a wet
tenacity of 2.5-8 g/d (23-72 g/Tex). These nylons have elongations at break of 15%-50% dry,
which increase somewhat on wetting. Recovery from stretch deformation is very good, with
99% recovery from elongations up to 10%. The nylons are stiff fibres with excellent resiliency
and recovery from bending deformation. They are of low density, with a specific gravity of
1.14. They are moderately hydrophilic with a moisture regain of 4%-5% under standard
conditions and a regain of 9% at 100% relative humidity. Nylon 6 and 6, 6 are soluble in
hydrogen bond breaking solvents such as phenols, 90% formic acid, and benzyl alcohol. They
have moderate heat conductivity properties and are unaffected by heating below 150°C. The
nylons have a high resistivity and readily build up static charge. Figure 5.8 shows the transverse
and longitudinal cross-sections of bright nylon 6,6 fibres.

Figure 5.8 Transverse and longitudinal cross-sections of bright nylon 6,6 fibres.
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Nylons have a density of 1.14 g/cc. They are hygroscopic, but the high crystallinity of the fibre
limits the moisture regain of nylons to 4%. Nylon fibres typically have a glass transition
temperature (Tg) of 40–55 °C dependent on the moisture levels. The melting range of nylon 6
is 215–230 °C, while for nylon 66 it is between 250 and 265 °C and these differences result in
a higher temperature stability of nylon 66 as compared to nylon 6.
5.3.6 Chemical Properties
The nylons are fairly resistant to chemical attack. They are attacked by acids, bases, and
reducing and oxidizing agents only under extreme conditions. They are unaffected by
biological agents, but at elevated temperatures or in the presence of sunlight they will undergo
oxidative degradation with yellowing and loss of strength.
Nylon fibres exhibit the following properties:
• Excellent tensile strength
• Good elastic recovery
• Low initial modulus
• Excellent abrasion resistance
• High work of rupture energy needed to break the fibre
• Excellent resistance to most chemicals
A typical stress–strain curve of nylon is shown in Figure 5.8. The tensile behaviour of polyester
and aramid (Kevlar) fibres is also included for comparison. Initially nylon is quite extensible,
followed by a yield point and a sigmoid type of deformation, as shown in the stress–strain
curve. Compared with polyester fibres, nylons show similar strength values but are more
extensible. Further, nylons have large extensions to break (about 25%) combined with
relatively high strength (0.5 N/tex) and thus result in high work of rupture (energy needed to
break the fibre).
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Figure 5.9 Stress Strain curves of Synthetic fibres
5.3.7 End-Use Properties
Nylon 6 and 6, 6 are marketed under several trade names. In fact, nylon was originally used as
a trade name for DuPont polyamide fibre, but as a result of common usage the term nylon came
to be the generic term for these polyamide fibres. Common trade names for these nylons include
Anso, Antron, Cadon, Cantrece, Cordura, Caprolan, DuPont nylon, and Enkalure. Nylon 6 and
6, 6 are extremely strong fibres with excellent recovery and resiliency properties. Nylon fabrics
have a fair hand, with nylon 6 having a somewhat softer hand than nylon 6, 6. Nylon fabrics
have high luster unless delustered. They have moderate to excellent draping properties
depending on the denier of the fibre. Unless bleached and dyed, nylons have a slightly yellow
colour. The nylons are wrinkle resistant and have good crease resistance if heat set. The fibre
is tough and has good abrasion resistance. In fact, nylon is reported to abrade other fibres in a
fibre blend. The fibre has good resistance to household chemicals but exhibits poor resistance
to attack by sunlight unless treated with antioxidants.
The fibres have excellent dyeability with excellent colourfastness properties. Nylon 6 is
somewhat deeper dyeing than nylon 6, 6. The fibre has good laundering and dry cleaning
properties but tends to scavenge dyes bleeding from other fibres. The fibres have moderate
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moisture uptakes and dry readily at temperatures up to 150°C. Nylon 6 can be safely ironed up
to 140°C, whereas nylon 6, 6 can be safely ironed up to 180°C. The nylons are less flammable
than cellulosics, with an LOI of 20. They melt and drip and tend to self-extinguish on burning.
Nylons are extensively used in hosiery, lingerie, underwear, sweaters, and other knitted goods.
They have been used extensively in light and sheer apparel articles such as windbreakers.
Nylons are used in home furnishings and industrial applications including carpets, upholstery,
tie cord, para-chutes, sails, ropes, thread, and outdoor wear.
5.3.8 Applications
Nylon fibres are widely used in both the apparel and industrial sectors. Lightweight and sheer
garments are produced from nylon 6 and nylon 66, where extensibility, high strength and good
abrasion resistance are of particular importance.
Nylon fabrics made from 15 denier monofilaments are used for hosiery products. Nylon fabrics
also have excellent shape retention due to good elastic recovery behaviour. Setting in steam
allows dimensional stability, as required for permanent pleating.
Fabrics made from fine nylon filament are extensively used for dress materials. Faux fur fabrics
made from nylon are also popular due to their recovery behaviour and long life. Wool is
blended with nylon to improve its durability, and this is particularly important when the
application is for manufacture of outerwear or floor coverings.
In technical textiles, nylon fibres are widely used for a number of the following applications:
• In carpet fibres, because of resilience and excellent aberration resistance.
• Parachute fabrics, safety belts in cars, hoses and lightweight canvas for luggage are
exclusively made from nylon filaments.
• Polyurethane-coated nylon fabrics are used for making hot air balloons.
• Multi-filament nylon yarns find extensive tyre cord applications for reinforcing rubber tyres.
The twisted multi-strand tyre cords offer flex fatigue and a high surface area for easier bonding
with latex. Critical application tyres for trucks and airplanes are made from nylon tyre cords.
• Nylon ropes and cordages have strength, durability and resistance to water.
• Fishing nets are mostly made from nylon twine due to excellent elastic recovery and high wet
strength.
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• Sailcloth made from nylon allows optimal deformation due to wind and recovery on reduction
of wind speed. • Other applications include ribbons for printers, bolting cloths, sutures and
toothbrush bristles.
5.4 Aramid Fibres
‘Aramid’ is short for aromatic polyamide. These fibres belong to the same polyamide class as
nylons, as shown in Figure 5.9. Aramid fibres are formed by the poly-condensation
polymerization reaction of aromatic diamines and aromatic diacid chlorides.
Aramids are strong synthetic fibres characterized by excellent resistance to heat, chemicals and
abrasion. They are the preferred fibres for protective clothing applications such as chemical
protection, thermal protection, fire-proofing applications and ballistic protection. The aramid
fibres can be classified as follows:
1. Meta-aramids (poly meta-phenylene isophthalamide): Meta-aramids have benzene rings
connected by amide linkage (CO–NH) in the next nearest 1, 3 positions. They are resistant to
temperature, abrasion and most chemicals, and their tensile properties are comparable to those
of high-performance polyester and nylon fibres.
2. Para-aramid (poly para-phenylene terephthalamide): Para-aramids have benzene rings
connected by amide linkage (CO–NH) in the opposite 1, 4 positions. They are a highly oriented
type of synthetic fibre, having high strength and excellent abrasion and chemical resistance.
5.4.1 Production of Aramid Fibres
5.4.1.1 Meta-aramid
Meta-aramid is synthesized by a poly-condensation reaction between m-phenylene diamine
and isophthaloyl dichloride in an n-methyl pyrrolidone solvent. The reaction is shown in Figure
5.10.
5.4.1.2 Para-aramid
Para-aramids are also synthesized by a poly-condensation reaction between p-phenylene
diamine with terephthaloyl dichloride in an n-methyl pyrrolidone solvent. The reaction is
shown in Figure 5.11. Meta-aramid fibres are produced from a solution spinning process, which
is also known as wet spinning (see Figure 5.12). The meta-aramid polymer is dissolved in
100% sulphuric acid to form aramid dope. This polymeric dope is forced through the spinneret
immersed in a spin bath containing water to obtain fibres. Sulphuric acid solvent in the dope is
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removed in the water bath and the fibres formed are drawn, dried and heat-set. Para-aramid
fibres are made by the dry-jet, wet-spinning method (see Figure 5.13). The para-aramid
polymer is immersed in 100% sulphuric acid (solvent) to form a liquid crystalline state and
kept only partially liquid, which keeps the polymer chains together. The polymeric dope is
forced through the spinneret at 100 °C. The fibre becomes highly oriented in the air gap before
entering the spin bath containing water. Sulphuric acid solvent in the dope is removed in the
water bath and the fibres formed are heat-set to obtain highly oriented fibres.

5.4.2 Structure and Properties of Aramid Fibres
The chemical constitution of both meta- and para-aramid fibres are similar but the amide
linkage in the aromatic benzene ring is different, as shown in Figure 5.14. Meta-aramids are
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semi-crystalline fibres with a partially oriented and partially crystalline structure similar to
polyester and nylon. The presence of amide linkage in the meta-aramid polymer restricts
complete extension of the molecular chain, hence high orientation and high crystallinity is not
obtained in the meta-aramid fibres.
For para-aramids, the presence of the amide linkage in the polymeric chain favours extended
chain configuration assisting liquid crystal formation. Thus the resulting structure of the paraaramid fibre consists of fully extended chains, packed together with a very high degree of
crystallinity and very high orientation, as shown in Figure 5.15. Due to the difference in the
degree of crystallinity, the fibre density of para-aramid fibre is 1.44 g/cc, while for meta-aramid
fibre it is 1.38 g/cc.

The key properties of aramid fibres are as follows:
• They are very strong.
• They have excellent resistance to heat, abrasion and chemicals.
• They are electrically nonconductive.
• They do not melt but commence to degrade beyond 500 °C.
• Meta-aramids (brands Nomex, Tenjinconex, New star, X-fiper, Kermel) in particular have a
tensile strength of about 0.5 N/tex, comparable to high-strength synthetic fibres of nylon and
polyester.
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• The uniqueness of meta-aramid fibres is in their ability to withstand tensile stress, abrasion
and chemical resistance during exposure to flames and high temperatures of up to 400 °C.
• The moisture regain of meta-aramid fibres is 5% and extension to break is 15%.
Para-aramids display high tensile strength and high modulus behaviour. The latter describes
the tendency of a material to deform elastically when force is applied. Para-aramid fibres are
available in low-modulus, high-modulus and very-high-modulus varieties. Low-modulus paraaramid fibres (Kevlar 29) usually have a tensile strength of 2 N/tex, a modulus of 490 N/tex
and 3.6% elongation to break. The high modulus para-aramid fibres (Kevlar 49, Twaron, and
Technora) have a tensile strength of 2.1 N/tex with a modulus of 780 N/tex and 2.8% elongation
to break. Very-high-modulus para-aramid fibres (Kevlar 149) display similar tensile strength
but the modulus is 1000 N/tex with a 2% elongation at break.
Moisture regain of para-aramid fibre ranges from 1.2% for very-high-modulus fibre to 7% for
low-modulus fibres. Para-aramids have better abrasion resistance than meta-aramids and also
the meta-aramid fibres tend to fibrillate and wear more easily during abrasion.
5.4.3 Structural Properties
Aramids are formed through step growth polymerization of aromatic diacid chlorides with
aromatic diamines in a polar aprotic solvent such as dimethylformamide (DMF) to a DP of
100-250. The meta- and para-substituted benzene dicarboxylic acid chlorides and diamines are
characteristically used for aramid fibres presently in production, but other fully aromatic ring
systems are possible future sources of aramid polymers for fibres:
The resultant aramid polymers are spun in suspension through a spinneret into hot air (dry
spinning) or a coagulating of both (wet spinning) to form the fibres, followed by fibre stretching
and orientation. The aromatic units along aramid polyamide chains confer stiffness to the
polymeric chains and limit their flexibility and mobility. Hydrogen bonding between amide
groups on adjacent chains and extremely strong van der Waals interactions between aromatic
rings planar to adjacent aromatic rings provide a tightly- packed, strongly held molecular
structure and account for the strength and thermal stability of the aramids. The aramids are
usually spun in round or dumbbell cross section.
5.4.4 Physical Properties
The aramids are the strongest of the man-made fibres, with the strength depending on the
polymer structure, spinning method used, and the degree of orientation of the fibre. Dry
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tenacities of 4-22 g/d (36-198 g/Tex) are found for the aramids, and wet tenacities of 3-18 g/d
(27-162 g/Tex) have been recorded. The elongation at break of the fibres decreases with
increasing tenacity over a range of 3%-30%dry and wet. Recovery from low elongations of 5%
or less is 98%-100%. The fibres are stiff, with excellent resiliency and recovery from bending
deformation. The specific gravities of these fibres vary from 1.38 to 1.44. The aramids have a
moisture regain comparable to the other polyamide fibres and are in the 3.5%-7% range. The
fibres are swollen and dissolved in polar aprotic solvents or strong acids. The aramids have
high heat and electrical resistivities, have excellent insulative capabilities, and are unaffected
by heat up to 250°C.
5.4.5 Chemical Properties
The aramids are extremely resistant to chemical or biological attack. Only under extreme
conditions and at elevated temperatures will concentrated acids or strong oxidizing agents
attack aramids. Aramid fibres undergo initial oxidative attack in sunlight, causing discoloration
and slight strength loss, but further exposure has little additional effect.
The aramids also act as effective screens to high-energy nuclear radiation due to their ability
to trap and stabilize radical and ionic species induced by radiation. The aramids undergo
oxidative degradation on prolonged heating above 370°C.
5.4.6 End-Use Properties
Common trade names for aramid fibres include Nomex and Kevlar (DuPont). Aramid fibres
are extremely strong and heat resistant. Fabrics from the aramids have a high luster with a fair
hand and adequate draping properties. The fibres are light yellow unless bleached and exhibit
moderate moisture absorption characteristics. The fibres recover readily from stretching and
bending deformation and are extremely abrasion resistant.
They do tend to pill due to the high strength of the fibre. The aramids are extremely resistant
to attack by household chemicals and exhibit good resistance to sunlight. The fibres are difficult
to dye except by special dyeing techniques with disperse dyes. Dyed aramids are reasonably
colourfast.
They have good launderability and dry-cleanability and are moderately easy to dry. The fibres
are extremely heat stable and can be ironed up to 300°C. The fibres are of low flammability
and self-extinguish on removal from a flame. They have an LOI of 30. Aramid fibres are used
in fabric applications where high strength and low flammability are important, including
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protective clothing, electrical insulation, filtration fabrics, specialized military applications,
and tire cord.
5.4.7 Applications
Meta-aramid fibre, due to its excellent heat resistance, flame-proof properties, chemical
resistance, electrical non-conductance and abrasion resistance, is established for applications
involving protective apparel, specifically for fire-proof, cut-proof and abrasion-resistant
clothing for automobile drivers. Meta-aramid fibres are also used for electrical insulation
purposes.
Para-aramids, due to their high tenacity, excellent heat resistance and abrasion resistance
properties, are the preferred fibres for ballistic protection wear such as bullet-proof armour
vests and helmets. Para-aramids have extensive applications as fibre reinforcement for
composite materials and can be used in technical textile applications such as automobile clutch
plates, brake linings, aircraft parts, boat hulls and sporting goods. They are also extensively
used for ropes, cables, optical cable systems, sail cloths, high-temperature filtration fabrics,
drumheads and speaker diaphragms.
5.5 Polyester Fibres
Poly (ethylene terephthalate), or PET, is the most outstanding member of the family of
polyester fibres. Polyester is defined by the International Standards Organisation (ISO) as 'a
polymer comprising synthetic linear macromolecules having in the chain at least 85% (by
mass) of an ester of a diol and terephthalic acid ‘The term ‘polyester’ is applied to polymers
containing ester groups in their main polymeric chain. Polyesters are derived from a polycondensation reaction between dicarboxylic acids and diols. Polyesters can be broadly
classified into two types:
1. Thermoplastic polyesters, which consist of fibre-forming, film-forming and engineering
application polymers such as PET.
2. Thermoset polyesters, which are basically unsaturated polyester resins (liquid form) that
upon curing form highly cross-linked structures (solid). They are widely used as a matrix for
preparation of fibre-reinforced composite materials to bind the fibrous structure together.
The thermoplastic polyester PET is the most widely used synthetic polymer. Although many
variants of polyesters are available, PET is very important for textiles and other commercial
sectors. PET polyester is also used for the manufacture of plastic bottles, films, canoes, liquid
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crystal displays (LCD) and high-quality laminations. The major advantage of PET polyester is
its recyclability. Polyester fibres are the second largest type of fibres produced and consumed
worldwide, second only to the cotton fibre.
5.5.1 Production of Pet Polyester
PET is commercially manufactured using two methods. One is called dimethyl terephthalate
(DMT) method and the other one is the Terephthalic acid (PTA) method
5.5.1.1 DMT method
This method involves use of DMT, reacted with mono ethylene glycol (MEG) in the presence
of a catalyst, typically a metal oxide, at 150–200 °C to obtain the monomer diethylene glycol
terephthalate (DGT). DGT then undergoes poly-condensation polymerization in the presence
of a catalyst, usually a metal acetate, at a temperature between 265 and 285 °C and pressure of
1 mm Hg to produce PET polymer. The chemical reaction involved in the process is shown in
Figure 5.16.
5.5.1.2 PTA method
In this method, terephthalic acid is reacted with ethylene glycol in the presence of metal oxides
as catalysts, and at a temperature of 250–290 °C to obtain the monomer BHET. The DGT
undergoes polycondensation polymerization to produce PET polymer. The chemical reactions
involved in the process are shown in Figure 5.17.
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Figure 5.18 Polyester Manufacturing Flow chart
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5.5.2 Pet Fibre Formation
Fibre-grade polyester polymers are formed in chips and fed into the fibre melt spinning process,
as illustrated in Figure 5.18. The hopper feeder melts the polymer, which then feeds into the
melt extruder. The extrusion temperature is usually kept at around 280–290 °C. The filaments
are subjected to a drawing process to improve fibre properties such as tensile strength and
stiffness. Depending on the end use, the polyester fibres are either retained in the filament form
or converted into short staple fibre form.
5.5.3 Structure and Properties of Polyester Fibre
The chemical structure of PET polyester is given in Figure 5.19. The molecular weight of the
PET repeat unit is 192. The morphological structure of polyester fibres is similar to polyamide
fibres, as both are polymeric fibres formed by a melt spinning and drawing process.

Figure 5.19 Chemical structure of Polyester
The polyester fibres are composed of a partially oriented and partially crystalline structure (see
Figure 5.20) similar to that of polyamide fibres. Typically the degree of crystallinity of drawn
polyester fibre is 55%. The glass transition temperature of polyester fibres is about 70 °C and
the melting point is in the range of 255–270 °C. The density of the polyester fibre is 1.39 g/cc.

Figure 5.20 Molecular Fibre Structure of Polyester Fibre
Properties of polyester fibres include the following:
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• Polyester fibres are hydrophobic and have a low moisture regain value of 0.4%. Due to its
hydrophobicity, the polyester fibres are water repellent and quick drying.
• Polyester fibres display excellent tensile strength.
• Resistance to stretching.
• Have negligible shrinkage.
• Are wrinkle resistant.
• Have excellent abrasion resistance.
• Easy care.
• Resistance to chemicals.
• Resistant to mildews.
Figure 5.8 displays the stress–strain behaviour of polyester fibres. The tenacity of polyester
fibres is 0.4–0.5 N/tex with 15–25% elongation at break. The
5.6 Polyethylene Terephthalate
Polyethylene terephthalate polyester is the leading man-made fibre in production volume and
owes its popularity to its versatility alone or as a blended fibre in textile structures. When the
term "polyester" is used, it refers to this generic type. It is used extensively in woven and knitted
apparel, home furnishings, and industrial applications. Modification of the molecular structure
of the fibre through texturizing and or chemical finishing extends its usefulness in various
applications. Polyester is expected to surpass cotton as the major commodity fibre in the future.
5.6.1 Structural Properties
Polyethylene terephthalate is formed through step growth polymerization of terephthalic acid
or dimethyl terephthalate with ethylene glycol at 250°-300°C in the presence of a catalyst to a
DP of 100-250:
The resultant polymer is isolated by cooling and solidification and dried. Polyester fibres are
melt spun from the copolymer at 250°-300°C, followed by fibre orientation and stretching. The
polyester molecular chains are fairly stiff and rigid due to the presence of periodic phenylene
groups along the chain. The polyester molecules within the fibre tend to pack tightly and are
held together by van der Waals forces. The polyesters are highly crystalline unless co-
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monomers are introduced to disrupt the regularity of the molecular chains. Polyester fibres are
usually smooth and rod like with round or tri-lobal cross sections.
5.6.2 Physical Properties
Polyester from polyethylene terephthalate is an extremely strong fibre with a tenacity of 3-9
g/d (27-81 g/Tex). The elongation at break of the fibre varies from 15% to 50% depending on
the degree of orientation and nature of crystalline structure within the fibre. The fibre shows
moderate (80%-95%) recovery from low elongations (2%-10%). The fibre is relatively stiff
and possesses excellent resiliency and recovery from bending deformation. The fibre has a
specific gravity of 1.38. The fibre is quite hydrophobic, with a moisture regain of 0.1%-0.4%
under standard conditions and 1.0% at 21°C and 100%RH. It is swollen or dissolved by
phenols, chloroacetic acid, or certain chlorinated hydrocarbons at elevated temperatures. The
fibre exhibits moderate heat conductivity and has high resistivity, leading to extensive static
charge build-up. On heating, the fibre softens in the 210°-250°C range with fibre shrinkage and
melts at 250°-255°C.
5.6.3 Chemical Properties
Polyethylene terephthalate polyester is highly resistant to chemical attack by acid, bases,
oxidizing, or reducing agents and is only attacked by hot concentrated acids and bases. The
fibre is not attacked by biological agents. On exposure to sunlight, the fibre slowly undergoes
oxidative attack without colour change with an accompanying slow loss in strength. The fibre
melts at about 250°C with only limited decomposition.
5.6.4 End-Use Properties
Common trade names for polyethylene terephthalate polyester are Monsanto, Dacron, Encron,
Kadel IV, Polar Guard, Trevira, Fortrel, and Vycron. This polyester is an inexpensive fibre
with a unique set of desirable properties which have made it useful in a wide range of end-use
applications. It has adequate aesthetic properties and bright translucent appearance unless a
delusterant has been added to the fibre. The hand of the fibre is somewhat stiff unless the fibre
has been texturized or modified, and fabrics from polyester exhibit moderate draping qualities.
The fibre is hydrophobic and non-absorbent without chemical modification. This lack of
absorbency limits the comfort of polyester fabrics.
Polyester possesses good strength and durability characteristics but exhibits moderate to poor
recovery from stretching. It has excellent wrinkle resistance and recovery from wrinkling and
bending deformation.
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Polyester shows only fair pilling and snag resistance in most textile constructions. Heat setting
of polyester fabrics provides dimensional stabilization to the structure, and creases can be set
in polyester by heat due to its thermoplastic nature. It has excellent resistance to most household
chemicals and is resistant to sunlight-induced oxidative damage, particularly behind window
glass.
Due to its hydrophobicity and high crystallinity, polyester is difficult to dye, and special dyes
and dyeing techniques must be used. When dyed, polyester generally exhibits excellent fastness
properties. Polyester has good laundering and dry-cleaning characteristics but is reported to
retain oily soil unless treated with appropriate soil release agents. Owing to its low regain,
polyester dries readily and can be safely ironed or dried at temperatures up to 160°C. It is a
moderately flammable fibre that burns on contact with a flame but melts and drips and shrinks
away from the flame. It has a LOI 21. Polyester is used extensively as a staple and filament
fibre in apparel and as a staple fibre in blends with cellulosic fibres for apparel of all types.
Polyester is also used extensively in home furnishings and as fibrefill for pillows, sleeping
bags, etc. Polyester is used in threads, rope, and tire cord and in sails and nets as well as other
industrial fabrics.
5.7 Applications
With its excellent tensile behaviour, resistance to stretch, anti-shrinkage and easy-care
properties, polyester fibres tend to be used in a very large number of applications both in
apparel and industrial sectors.
Polyester is the preferred fibre in the blending mix for cotton and wool. Apart from apparel
applications, polyesters are used in home furnishings such as curtains, carpets, draperies,
sheets, covers and upholsteries. Polyesters have wide applications in technical textiles in such
products as tyre cords, belts, ropes, nets, hoses, sails and automobile upholstery, and as fibrefills for various products such as cushions and furniture, to name a few.
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Chapter 6 Synthetic Textile Fibres
6.1 Introduction
This chapter concerns three very important, but very different types of synthetic fibres:
polyolefin, acrylic and elastomeric fibres. One aspect they have in common, however, is that
each type of fibre embraces a wide range of constituent polymers.
A polymer consists of very large molecules constructed from many smaller structural units
called monomers, chemically bonded together. According to Textile Terms and Definitions
(11th edition), a polyolefin fibre is a manufactured fibre in which the fibre-forming substance
is any long-chain synthetic polymer composed of at least 85% by mass of ethene (ethylene),
propene (propylene) or other olefin units.
By far the most prominent polyolefin fibre used commercially is polypropylene (PP), although
polyethylene fibre also has important commercial applications. Some other types of polyolefin
fibres are also produced, with limited commercial application.
Fibres attracting some commercial interest have been produced from copolymeric polyolefins,
such as ethene–propene and ethene–propene–butene copolymers. Significant among these are
elastomeric polyolefin fibres named ‘Lastol’ by the Federal Trade Commission in the United
States and manufactured by the Dow Chemical Company as XLA fibres. These fibres have
been used as minor components of a wide variety of stretch wool garments, denims, leisure
shirts, swimwear and intimate apparel. It is notable too that the elastomeric fibres can be spun
with an outer sheath of cotton fibre to give the appearance and feel of cotton.
With acrylic fibres, the constituent polymer chains must contain at least 85% of cyanoethane
(acrylonitrile) groups. The remaining 15% consists of other groupings that assist fibre
processing and confer several useful properties to the fibres. Elastomeric fibres embrace a wide
range of constituent polymers: elastane, elastodiene, elastomultiester and polyolefins.
For each of the three types of fibre a considerable range of structures, and hence properties,
can be produced at the molecular, and other, levels. For example, on a larger scale, the
arrangements of the polymer chains within each fibre are significant, in that they strongly
influence the fibre’s mechanical properties, such as its strength and elasticity. The appearance
of the fibre should also be considered, such as the size and shape of the fibre cross-section,
hollow fibres and crimp (the waviness of the fibre).
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The aspects of molecular architecture and fibre construction are critical in determining the
physical and mechanical properties of the fibres. In turn, these aspects determine the
commercial applications available for each type of fibre.
6.2 Polypropylene (Pp) Fibres
PP fibre in many ways can be considered the ‘workhorse’ amongst synthetic fibres. Despite its
low cost, its key properties include its high strength, high toughness and good resistance to
chemical attack. Consequently it finds a wide range of applications – from sacking and large
industrial bags to high-tech medical applications. A major drawback, however, is that PP fibre
(in common with all polyolefin fibres) cannot be dyed unless the fibre is modified with suitable
additives.
The commercial impact of PP fibre began in the 1960s, when it started to replace jute for carpet
backings and bast fibre for rope. By 2009, the total annual world production of PP in textiles
was well over 5 million tonnes, compared with 32 million and 3.3 million tonnes for polyester
and polyamide fibre, respectively (Anonymous, 2010a). PP accounts for well over 90% of
polyolefin fibre production.
6.2.1 Production of Polypropylene (Pp)
PP is produced by the polymerisation of propene (propylene), itself produced as a by-product
in the cracking of oil and from the fractionation of natural gas. Natural gas is a mixture of
individual component gases, and fractionation involves their separation and isolation. Propene
is generally polymerised by a process devised by Giulio Natta in 1954, following on from a
similar process for producing polyethylene, invented by Karl Ziegler the previous year. The
process involves special catalysts, the so-called Ziegler–Natta catalysts, which contain a
mixture of a titanium chloride (or sometimes a vanadium chloride) and an organometallic
compound of aluminium and a hydrocarbon. More recently, alternative catalysts, called
metallocenes, have been developed. These catalysts, often based on the element zirconium, are
more active and more specific than Ziegler–Natta catalysts, and provide better control of the
structure of the PP chains produced. As a result, the filaments processed from metallocene PPs
contain superior mechanical properties.
However, metallocene catalysts are much more expensive than Ziegler–Natta catalysts.
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6.2.2 Fibre Manufacture
PP fibres are produced by melt extrusion of PP granules (melt extrusion is discussed in Chapter
10), and a number of different melt extrusion processes are used. The choice depends on the
type of fibre required and the application for which the fibre is destined. There are different
processes for producing multifilament yarns, monofilament yarns, staple, tape and nonwovens. Each of these is discussed briefly as follows.
Multifilament yarns of PP are produced in several forms: partially oriented (POY) yarns, fully
oriented (FOY) yarns or bulked continuous filament (BCF). The POY process is low cost. It
also allows for greater flexibility in subsequent processing such as drawing (stretching of the
filaments), twisting and texturing. POY yarns are generally produced with linear densities of
40–200 dtex, with 0.5–4.0 dtex for the linear density of each constituent filament. An important
feature of the POY process is the long length of the cooling unit through which the filaments
pass after melt extrusion from the spinneret. The length of the cooling unit can be up to 10 m
in order to ensure that, at the high production speeds used, the individual filaments are
sufficiently cooled before being wound together as multifilament yarn. Winding speeds are in
the range 2000–3000 m/min. The POY yarns are then processed further by drawing and
possibly also by twisting and texturing.
With the production of FOY yarn, spinning and drawing form consecutive parts of a
continuous process. The FOY process is highly versatile, and depending on the control settings
used and the grade of PP, yarns with a wide range of different mechanical properties can be
produced. Final winding speeds are up to 5000 m/min. Both high-strength yarns, of linear
density 5–10 dtex per filament for technical fabrics, and standard yarns, of linear density 1–2
dtex per filament, for more traditional applications can be produced by the FOY process. FOY
yarns are generally stronger than yarns produced by the POY process, even after POY yarns
have been drawn. The BCF (bulked continuous filament) process combines spinning, drawing
and texturing in one process. The speed of filament production is 1500–4000 m/min. It
resembles the FOY process, excepting that the filaments are textured after drawing.
6.2.3 Types of Yarns
Monofilament yarns: PP monofilaments possess linear densities of >100 dtex and are much
coarser than multifilaments. Monofilaments produced by the methods used to produce
multifilaments tend to curl and are thus rendered unsuitable for many applications. Instead, PP
monofilaments are usually formed at lower speeds and extruded into water for more efficient
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cooling. After leaving the spinneret, the monofilament travels through <5 cm air before it enters
a water bath. Subsequent drawing may involve as many as three stages at elevated
temperatures, typically 80–90 °C. PP monofilaments are produced for high strength in
applications such as belts and ropes, and in hawsers (cables) used for mooring and towing
ships.
Staple fibres: Staple fibres can be produced by two processes: either a two-stage discontinuous
process or a single-stage compact continuous process. The two-stage process is adopted for
very fine, high-quality staple fibre (∼0.5 dtex per fibre), and the spinning speed is typically
∼2000 m/min. The spun filaments produced from the first stage move onto the second stage,
which comprises drawing, crimping and cutting into staple fibres of the required length. An
alternative to cutting is converting, in which a sliver of parallel fibres is formed. These fibres
are then used for worsted spinning, discussed in Chapter 9. A disadvantage of the two-stage
process is the large amount of space needed to accommodate all the equipment required. In
particular, the cooling zone is very long. A real advantage, however, is that each stage can be
operated independently under its own optimum conditions.
The single-stage compact process combines all the production stages and is now considered
more economical for small quantities for staple fibre. Although the spinning speeds are low
(100–300 m/min), productivity is gained from the use of spinnerets with up to 100,000 holes,
arranged in a grid structure.
The filaments produced from the spinning stage are combined into a tow, which is fed
continuously into a drawing unit. The fibres produced possess a minimum linear density of 1–
3 dtex, and are used for carpet yarns and non-woven products.
Non-wovens: PP non-wovens can be produced by a multistage process that incorporates the
production of staple fibres. More often, a single-stage operation is utilised which integrates
filament production and the formation of a non-woven fabric. The web comprising the fabric
is usually held together by thermal bonding, because of the low melting point of PP fibres
(160–165 °C). A thermally bonded non-woven fabric is composed of fibres containing heatsensitive material, such as PP, bonded by the application of heat.
There are two important versions of the single-stage process: the spun-bond process and the
melt blown process. In the spun-bond process, the non-woven fabric produced consists of a
web of randomly distributed, thermally bonded filaments. Spun-bonded PP webs are noted for
their
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strength. In the melt-blown process, PP is extruded through numerous small spinneret holes
situated close to one another. Just below the spinneret holes, a stream of molten polymer is
caught in a current of hot air moving at high speed, and as a result is broken up into a network
of very fine entangled fibres.
These fibres are immediately deposited onto a moving conveyor belt. Although they are weaker
than spun-bonded webs, melt-blown non-wovens possess textures that render them suitable for
applications where filtration or absorption is important.
Production lines combining both processes are used for the formation of SMS (spun-bonded,
melt blown, spun-bonded) multilayer fabrics, which combine the desirable properties of spunbonded and melt-blown materials. The external spun-bonded layers provide good mechanical
properties, whilst the internal melt-blown web provides good filtration and absorption. SMS
fabrics are used extensively in disposable hygiene and medical products.
Tapes: PP is quite often processed into tapes. Tapes are used predominantly for household
products such as carpets and technical textile products, such as sacks, industrial bags and
tarpaulins. PP tapes have also been used in sunhats, handbags and beach shoes.
There are two main methods for producing tapes. In the more common method, a film of PP is
extruded, and then cooled in a water bath or on rollers. The film is then stretched in one
direction to about 10 times its original length, when it is cut with knives into tapes.
Alternatively, if stretched sufficiently, the film starts to split of its own accord. In the alternative
method, each tape is melt extruded separately through an individual slit-shaped orifice. This
process is considerably more expensive, and is generally restricted to tapes for specialist uses,
such as medical applications.
6.2.4 Spin Finishes
As with the processing of other synthetic fibres, PP filaments are treated with a spin finish to
protect the filament surfaces and to dissipate any static electricity generated during processing.
Static electricity can cause ballooning in multifilament yarns and may also distort or rupture
the yarn during processing. In addition, it may cause electric shocks when the processing
equipment is touched. Static electricity may also build up on the finished garment and cause it
to cling to the body or to another garment. It can be discharged when the wearer touches an
electrically conducting material, usually metal. The wearer may, as a consequence, experience
discomfort. An additional function of a spin finish is the reduction of friction during fibre
processing, a function that assumes increasing importance as fibre production speeds rise. The
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heat generated by friction can cause softening or even melting of the fibres. The spin finish
may contain an antimicrobial agent to kill or inhibit micro-organisms, although PP fibres are
themselves quite resistant to micro-organisms.
PP fibres are highly hydrophobic: they very effectively repel water. To take account of this
property, special wetting agents also have to be included in the formulation of the finish. In
addition, some components of the spin finishes, commonly used in the processing of other
synthetic fibres, cannot be applied to PP fibres because they migrate into the fibres and cause
swelling. A spin finish contains a complex mixture of chemical components and is often
applied as an emulsion.
6.2.5 Additives
Additives are used to assist the processing of PP fibres and to achieve the fibre properties
required. They are either present in the PP granules supplied to the fibre producer or are
incorporated into the PP melt before it is extruded. Additives have a number of roles. Some
additives act as heat stabilisers, to prevent thermal degradation of the polymer chains during
fibre processing. Others act as stabilisers against light, and especially ultra-violet radiation,
during the end-use of the fibres, or as flame retardants, to prevent ignition of the fibres.
Antistatic additives are also likely to be present. Since commercially produced PP fibres
contain a variety of additives with a number of functions, care must be taken that the
effectiveness of one additive is not compromised by another one. In some cases, however, there
may be synergistic effects, in which the presence of one additive actually assists the function
of another. Furthermore, all the additives must be able to withstand the fibre-processing
conditions, the processes involved in the conversion of the fibre to the finished article, as well
as the end-use of the article during its lifetime. Specific additive packages are under
development, and must be rigorously assessed against undesirable effects, both during fabric
manufacture and end-use.
6.2.6 Fibre Structure
The structure of a fibre can be considered on a number of levels. At the molecular level, the
structure of the individual polymer chains is important. On a larger scale, the arrangements of
these chains within the fibre are also significant. The appearance of the fibre is another factor,
including fibre size and cross-section. The chemical structure of PP is given in Table 6.1. PP
chains can adopt several molecular configurations, which are shown schematically in Figure
6.1. In stretched-out projections of isotactic PP chains, all the methyl, –CH3, side-groups,
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projecting from the main chain, are situated uniformly on the same side of the chain. In practice,
however, the chains are not stretched out but generally adopt a three dimensional helical
formation, as illustrated in Figure 6.2. The isotactic form is the one used in commercial PP
fibres, as the highly regular structure confers superior mechanical properties. In syndiotactic
PP, the methyl groups alternate between the two sides of each chain (Figure 6.1). The chains
in this case also adopt a helical formation. In atactic PP, the methyl groups are arranged
randomly on the two sides of the chain. The arrangements of the chains within a fibre may be
complex and are strongly influenced by the fibre-processing conditions.

At the simplest level, a fibre consists of crystalline regions, in which polymer chain segments
are arranged into well-defined lattice structures; and amorphous regions, which consist of
random interpenetrating polymer chains, as shown in Figure 6.3. An individual polymer chain
may form part of more than one crystalline region, thus providing continuity along the length
of the fibre. However, this concept is in practice too simplified, as several intermediate degrees
of chain organisation are also likely to be present .Three distinct crystalline forms of PP are
known: α, β and γ. The α form is the most stable, and also the most important in the context of
PP fibres. The α structure contains both left-handed and right-handed helical forms, and each
individual helix lies for the most part next to helices of opposite handedness. A para-crystalline
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form is also known, in which there is some degree of chain order along the length of the fibre,
but not at right angles to it.

Although many PP fibres are extruded with a circular cross-section, the filaments produced
possess a waxy feel, which may not be desirable. However, it can be reduced, or even virtually
eliminated, in filaments with some types of non-circular cross-sections, including triangular,
multilobal and cross-shaped, as illustrated in Figure 6.4. Hollow filaments are also
commercially produced. Melt extrusion of such filaments requires more complex profiles for
the spinneret holes. Other properties influenced by the cross-sectional profile include bulkiness,
effectiveness in providing heat insulation, resilience and extent of soiling. For example, fibres
with more exotic cross-sectional shapes often pack more loosely than those with circular crosssections. Fibre bulk is then increased, and insulation is improved.
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6.2.7 Fibre Properties
In common with other synthetic fibres, the properties of PP fibres are influenced by a number
of factors:
• The grade of PP used in the formation of the fibre
• Fibre-processing conditions
• The additives present
PP fibres, for the most part, are highly resistant to chemical attack by acids, alkalis and most
organic liquids. The fibres are swollen by some organic liquids at elevated temperatures and
may even dissolve in them if the temperature is high enough. The fibres are also susceptible to
the action of strong oxidants, such as hydrogen peroxide, which can reduce fibre strength and
cause discolouration. In addition, PP fibres are weakened by ultra-violet radiation so that
commercial PP fibres contain light stabilisers. The fibres are not degraded by micro-organisms.
6.2.8 Applications
PP fibres have a wide range of applications. One reason for this is that, for a fibre that is so
inexpensive to produce, its technological performance is remarkably good. Moreover, the
production of PP fibres is comparatively straightforward. However, because PP fibres cannot
be readily dyed, their application in clothing is much more limited.
PP fibres are, however, finding a number of applications in sportswear and active wear, such
as walking socks, cycle shorts, swimwear, diving suits and lightweight wear for climbers.
Because PP fibres possess almost no moisture absorbency yet transport water very easily, sweat
generated from the body is not absorbed but transported away to an absorbent outer layer. PP
garments therefore feel very comfortable next to the skin. In addition, good thermal insulation
is retained, as the fibres do not become wet.
6.3 Other Polyolefin Fibres
Although several other polyolefins have been considered for textile applications, only
polyethylene enjoys any real commercial interest in fibre form. The polymer is produced by
the polymerisation of ethene (ethylene), principally by the Ziegler–Natta process described in
Section 6.2.1. Most commercial polyethylene fibres are gel spun, although there are a few
applications for melt spun fibres, such as artificial grass for sports fields. In gel spinning,
polyethylene filaments are formed in a gel state, containing a solvent such as tetralin or paraffin
oil (kerosene). The filaments are then drawn before the solvent is removed. This process gives
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rise to exceptionally strong fibres. The chemical structure of polyethylene is shown in Figure
6.1. The polymer chains tend to adopt a zig-zag formation, as shown schematically in Figure
6.5. As with PP chains, the polymer chains adopt various degrees of organisation – from
crystalline through to amorphous. In contrast to PP chains however, there are no side-groups
projecting from the main chain structure so that polyethylene chains can pack together more
closely.
Some properties of gel-spun polyethylene fibres are shown in Table 6.2. It can be seen that
their strength (as measured by fibre tenacity) far exceeds that of melt spun PP fibres. By
contrast, they are also far less extensible than PP fibres.
Gel-spun polyethylene fibres are used extensively for protective clothing. Not only does the
clothing provide protection, it is also very light to wear because of the low density of
polyethylene. The fibres possess high cut and puncture resistance and therefore clothing made
from them provides good protection against knife attacks. They are also used in cut-resistant
gloves, chain-saw protective wear and fencing suits. Gel-spun polyethylene fibres are also
widely used for ballistic protection, such as the vests and helmets used by police and military
personnel. Figure 6.6 shows an example.
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6.3.1 Polyethylene and Polypropylene
Polyolefin fibres are those fibres produced from polymers formed by chain growth
polymerization of olefins (alkenes) and which contain greater than 85% polymerized ethylene,
propylene, or other olefin units. In general, 1inear high-density stereo-regular polyethylene and
polypropylene are used in textile applications, with polypropylene predominating due to its
superior temperature stabi1ity. These fibres have good strength and toughness, have good
abrasion resistance, and are inexpensive. The fibres are difficult to dye and have relatively low
melting points, but they are effectively used in a wide variety of textile applications.
6.3.2 Structural Properties
Linear polyethylene and polypropylene are polymerized from their corresponding monomers
to a DP of 1000-3000 using complex metal (Ziegler Natta) catalysts at 40°-100°C and at
moderate pressures. Using this initiation technique, branching of the polyolefin due to free
radical chain transfer is avoided and a 1inear unbranched structure is formed. With
polypropylene, catalyst systems are selected that will lead to regular isotactic placement
(>90%) of the optically active methyl-substituted carbon on the backbone to give a structure
capable of high crystallinity:
The resultant polymers are dried, compounded with appropriate additives, melt spun into fibres,
and drawn to orient. The highly linear chains of these polyolefins can closely pack and associate
with adjacent chains through van der Waals interactions and possess crystallinities in the
45%60% range, the surface of these fibres is usually smooth, and the fibre cross section is
round. Also, polyolefin films can be split (fibrillated) using knife edges to form flat ribbon like
fibres with a rectangular cross section.
6.3.3 Physical Properties
Polypropylene and polyethylene are strong fibres with good elongation and recovery
properties. The tenacity of fibres varies from 3.5 to 8 g/d (31-81 g/Tex), with an elongation at
break of 0%-30%. The fibres recover well from stress, with 95% recovery at 10% elongation.
The fibres are moderately stiff and have moderate resiliency on bending. Moisture does not
affect these properties, since polyolefins are hydrophobic and have a moisture regain of 0%.
The polyethylene fibres have specific gravities of 0.95-0.96 and polypropylene specific
gravities of 0.90-0.91. As a consequence these fibres float on water and are the lightest of the
major fibres in commerce.
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The fibres are unaffected by solvents at room temperature and are swollen by aromatic and
chlorinated hydrocarbons only at elevated temperatures. They exhibit excellent heat and
electric insulation characteristics and are extensively used in these applications. The fibres are
heat sensitive. Polyethylene softens at 130°C and melts at 150°C, while polypropylene softens
at about 150°C and melts at about 170°C.
6.3.4 Chemical Properties
The polyolefins are extremely inert and resistant to chemical attack. They are unaffected by
chemical and biological agents under normal conditions. They are sensitive to oxidative attack
in the presence of sunlight due to formation of chromophoric keto groups along the
hydrocarbon chain.
These groups act as photosensitizers for further decomposition. The fibre only slowly
undergoes oxidative decomposition at its melting point.
6.3.5 End-Use Properties
Common trade names for polyolefin fibres include Herculon, Marvess, and Vectra. Polyolefins
are lustrous white translucent fibres with good draping qualities and a characteristic slightly
waxy hand. They have excellent abrasion resistance and exhibit fair wrinkle resistance. They
are essentially non-absorbent, but reportedly exhibit wicking action with water. The polyolefins
are strong, tough fibres which are chemically inert and resistant to oxidative attack except that
induced by sunlight. Stabilizing chemicals must be incorporated into the fibres to lower their
susceptibility to such light-induced attack. The polyolefins have high affinity for oil-borne
stains, which are difficult to remove on laundering. The fibres are dry-cleanable with normal
dry-cleaning solvents if the temperature is kept below SO °C. Since the fibre s have no affinity
for water, they dry readily, but care must be taken to keep the drying temperature below 70 °C
for polyethylene and 120°C for polypropylene to prevent heat-induced thermoplastic shrinkage
and deformation. The fibres are flammable, burn with a black sooty flame, and tend to melt
and draw away from the flame.
The polyolefins--particularly polypropylene--have found a number of applications particularly
in home furnishing s and industrial fabrics. Uses include indoor-outdoor carpeting, carpet
backing, upholstery fabrics, seat covers, webbing for chairs, nonwoven s , laundry bags, hosiery
and knitwear (particularly as a blended fibre), fishnet, rope, filters, and industrial fabrics.
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6.4 Acrylic Fibres
Acrylic fibres have been produced on a commercial scale for over 50 years. At the height of its
popularity, the fibre was used extensively for knitted clothing, such as jumpers and socks. An
acrylic jumper is shown in Figure 6.7. Acrylic fibre was also used for blankets, and as a
component in carpet facings. It resembles wool in terms of bulkiness and handle, but also
possesses superior resistance to many chemical compounds and to micro-organisms. The
acrylic fibres include acrylic, modacrylic, and other vinyl fibres containing cyanide groups as
side chains. Among the major acrylic fibres used in commerce, acrylonitrile is the comonomer
containing a cyanide group. Acrylic fibres are formed from copolymers containing greater than
85% acrylonitrile monomer units, whereas modacrylic fibres contain 35%-85% acrylonitrile
units. Lastrile fibres contain 10%-50% acrylonitrile units copolymerized with vinylidene
chloride monomer, whereas nytril fibres are made from copolymers containing at least 85%
vinylidene dinitrile units. In general, these fibres possess a warm bulky hand, good resiliency
and wrinkle resistance, and overall favourable aesthetic properties. Global production of acrylic
fibres peaked in the 1980s. Since then they have tended to become commercially less attractive
in the clothing and household sectors. This decline is partly attributable to a trend by consumers
towards textiles fabricated from natural fibres, and partly to commercial developments, such
as microfibres, in polyamide and polyester fibres. Nevertheless, acrylic fibres are still important
in a variety of industrial applications. In 2009, the total production of acrylic fibres in textiles
was just under 2 million tonnes.
Acrylic fibres are formed from wet or dry spinning of copolymers containing at least 85%
acrylonitrile units. After texturizing, acrylic fibres have a light bulky wool-like hand and
overall wool-like aesthetics. The fibres are resilient and possess excellent acid resistance and
sunlight resistance. Acrylics have been used extensively in applications formerly reserved for
wool or other keratin fibres.
6.4.1 Production of Acrylic Fibres
Pure polyacrylonitrile is produced from the polymerisation of acrylonitrile (cyanoethene), the
structure of which is shown in Table 6.3. In its pure form, polyacrylonitrile is chiefly used as a
precursor for the manufacture of carbon fibres. For the production of suitable fibre for other
applications, notably clothing and household products, other monomers are incorporated into
the acrylic polymer chains. Common amongst these so-called co-monomers are methyl
acrylate, methyl methacrylate and vinyl acetate. One of their functions is to yield a more open
fibre structure to enable easier fibre processing. Furthermore, ionic co-monomers may be added
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in order to provide further sites for the uptake of dyes to facilitate dyeing to deep shades. A
halogen-containing comonomer, such as vinyl bromide, may also be incorporated to confer
good flame resistance.
A number of techniques are available for polymerising acrylonitrile and its co-monomers.
Solution polymerisation and aqueous dispersion polymerisation are common commercial
approaches. Solution polymerisation is attractive, in that there is no need for the polymer to be
isolated prior to fibre formation. Solvents commonly used are dimethyl formamide, dimethyl
sulfoxide and aqueous sodium thiocyanate solution (45–55% by weight). However, there are
some disadvantages with solution polymerisation. Polymers of high molar mass are difficult to
achieve. Unreacted monomers that are not volatile are difficult to remove, and some monomers,
such as vinyl acetate, are not readily incorporated because of their low reaction rates. The most
widely used commercial process is aqueous dispersion polymerisation in which the polymer
chains become insoluble in water as they grow, and the polymer is precipitated forming a
slurry.
6.4.2 Fibre Manufacture
Unlike polyolefin fibres, acrylic fibres cannot be melt spun because the polymer tends to
decompose below its melting point. Instead, the polymer is dissolved in a suitable solvent and
fibres are formed by means of solution spinning. The solvent used is, to some extent,
determined by the nature of the co-monomers in the polymer chains. Common solvents are
aqueous sodium thiocyanate solution, dimethyl acetamide and dimethyl formamide. Most
acrylic fibres are produced by wet spinning into a coagulation bath. Some are produced by dry
spinning, nearly always as solutions in dimethyl formamide, whereby the solvent is removed
from the fibres by evaporation.
Acrylic filaments produced by wet spinning are highly porous and are therefore passed over
heated rollers in order to induce drawing. As the filaments dry, so the voids creating the porous
structure collapse. The fibres are then washed to remove solvent, drawn, dried and relaxed in
steam or hot water. Relaxation is a particularly important stage for stabilising the fibres, as the
fibres can shrink by as much as 40% in length. Moreover, without relaxation, whilst the fibres
may possess adequate strength, their extensibility and abrasion resistance are low, and they
easily fibrillate. Fibrillation is the splitting of a fibre or tape into a network of smaller
interconnected fibres. Finally, crimp is imparted to the fibres, to promote bulkiness, and they
are then most usually converted into staple fibres.
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6.4.3 Fibre Structure
Because the predominant monomer unit in acrylic polymers is formed from acrylonitrile, there
is scope for hydrogen bonding between adjacent polymer chains, as shown in Figure 6.8.
Another factor governing acrylic fibre structure is the repulsion between the nitrile, –CN,
groups of adjacent chains – or even between groups in the same chain. In a manner similar to
PP chains (Section 6.2.6), isotactic, syndiotactic and atactic configurations of acrylic polymer
chains are possible. However, in contrast to PP fibres, it is difficult to influence the type of
structure that develops during the synthesis of the chains. The repulsion between nitrile groups
also influences chain configuration, such that each chain tends to be twisted into an irregular
helical structure. Unlike many synthetic polymer fibres, such as polyamide, polyester and PP,
separate crystalline and amorphous regions within acrylic fibres are not clearly identified.
However, there is good evidence for the existence of two phases in acrylic fibres. Overall, the
structure of acrylic fibres is particularly complex. A wide variety of fibre cross-sectional shapes
can be formed, as illustrated in Figure 6.6. In the case of acrylic fibres produced by wet
spinning, the shape is strongly influenced by the shape of the spinneret holes and the conditions
in the coagulation bath. Kidney-bean cross-sections are common (Figure 6.6(b)). With dry
spinning, dog-bone shaped cross-sections (Figure 6.6(c)) can occur, even after spinning
through spinneret holes of circular shape.

6.4.4 Structural Properties
Acrylic fibres are made up of copolymers containing at least 85% acrylonitrile units in
combination with one or more co-monomers including methyl methacrylate, vinyl acetate, or
vinyl pyridine:
The copolymer is formed through free radical emulsion polymerization. After precipitation the
copolymer is dried and dissolved in an appropriate organic solvent and wet or dry spun. The
degree of polymerization of the copolymers used for fibre formation varies from 150 to 200
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units. Pure polyacrylonitrile will form satisfactory fibres. Owing to the extensive tight packing
of adjacent molecular chains and the high crystallinity of the fibre, co-monomers must be
introduced to lower the regularity and crystallinity of the polymer chains to make the fibre
more dyeable. Extensive hydrogen bonding occurs between a-hydrogens and the
electronegative nitrile groups on adjacent polymer chains, and strong van der Waals
interactions further contribute to the packing of the acrylic chains. The periodic co-monomer
units interfere with this packing and therefore decrease the overall crystallinity of acrylic fibres.
Acrylic fibres are usually smooth with round or dog-bone cross sections. Many bicomponent
acrylic fibres are produced in order to provide a bulky texturized structure on drawing.
6.4.5 Physical Properties
Acrylic fibres are fibres of moderate strength and elongations at break. The tenacity of acrylic
fibres varies from 2 to 4 g/d (18-36 g/Tex). On wetting, the tenacity drops to 1.5-3 g/d (13-27
g/Tex). The elongation at break varies from 20% to 50% for the various acrylic fibres. At 2%
elongation the recovery of the fibre is 99%; however, at 5% elongation the recovery is only
50%-95%. The fibre is moderately stiff and has excellent resiliency and recovery from bending
deformation. The fibres have low specific gravities of 1.16-1.18 and low moisture regains of
1.0%- 2.5% under standard temperature and humidity conditions. The fibre is soluble in polar
aprotic solvents such as N, N-dimethylformamide. The fibre exhibits good heat and electrical
insulation properties. Acrylic fibres do build up moderate static charge and soften at 190°250°C.
6.4.6 Chemical Properties
Acrylic fibres exhibit good chemical resistance. Acrylic fibres possess good resistance to most
types of chemical attack. The fibres are only attacked by concentrated acids and are slowly
attacked and hydrolyzed by weak bases. They withstand acids and weak alkalis, although
strong alkalis will rapidly degrade them at elevated temperatures. They are also resistant to
oxidants. Most organic liquids are incapable of swelling acrylic fibres, the chief exceptions
being dimethyl formamide, dimethyl acetamide and dimethyl sulfoxide. Some of these liquids
are used as solvents in the formation of acrylic polymer and for spinning acrylic fibres.
Acrylics are unaffected by oxidizing and reducing agents except for hypochlorite solutions at
elevated temperatures. Acrylic fibres are unaffected by biological agents and sunlight. On
heating above 200°C, acrylic fibres soften and undergo oxidative attack by a complex
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mechanism with formation of condensed unsaturated chromophoric (coloured) groups in the
fibre.
Acrylic fibres readily withstand temperatures of 150 °C, although they may become slightly
discoloured. The fibres also possess good resistance to ultra-violet radiation and to microorganisms.
6.4.7 End-Use Properties
Common trade names for acrylic fibres include Acrilan, Creslan, Orlon, Sayelle, and Zefran.
Since the acrylic fibres are usually texturized, they have a bulky wool-like hand and possess a
moderate degree of luster. The fibres are of moderate strength but exhibit poor recovery from
elongation.
They possess fair abrasion and pilling resistance. The fibre has good wrinkle resistance and
crease retention if properly heat set. The fibre possesses good resistance to household
chemicals and sunlight and is moderately resistant to heat-induced oxidation and discoloration.
The fibre undergoes laundering and dry-cleaning very well and may be dried readily due to its
low affinity for moisture. The fibre may be ironed safely up to 150°C. Owing to the
introduction of co-monomer, acrylic fibres are generally dyeable and give fast colours with a
wide range of dyes including acid, basic, or disperse dyes. The co-monomer present determines
the type of dye(s) that may be effectively used. The acrylic fibres are moderately flammable
with a LOI of 18. The fibres burn with melting and continue to burn on withdrawal from the
flame. On extinguishing, the fibre leaves a hard black bead. Acrylic fibres have found a wide
spectrum of use where soft, warm, wool-like characteristics are desired. Such uses would
include sweaters, skirts, dresses, suits, outerwear and knitted wear, blankets, socks, carpets,
drapes, upholstery, and pile fabrics. As noted in Section 6.4, acrylic fibres have lost something
of their prominence in clothing and household furnishings. Nevertheless, they are still
important in a number of more technical applications. They are used extensively in outdoor
fabrics, where good stability against light and weather and resistance to mould are essential.
Such fabrics include awnings, retractable car tops and boat covers. A number of specialised
acrylic fibres have been developed for the sportswear market over recent years.
6.5 Modacrylic
Modacrylic fibres are formed from copolymers consisting of 35%-85% acrylonitrile and a
suitable vinyl co-monomer or co-monomers such as vinyl chloride, vinylidene chloride, vinyl
acetate, vinyl pyrollidone, or methyl acrylate. The modacrylics generally resemble acrylics and
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have a warm pleasing hand and good drapability, resiliency and wrinkle resistance. They are
more heat sensitive but more flame resistant than acrylics and have generally been used in
specialty applications. Modacrylic fibre exhibits a more thermoplastic character than the
related acrylic fibres. Modacrylic fibres contain at least 35%, but not more than 85% by mass,
of acrylonitrile. Although a wide variety of modacrylic fibres are possible under this
classification, they are in practice notable for their substantial flame-retardant properties. These
properties are attributable to the nature of the co-monomers in the modacrylic polymer chains.
Examples of these co-monomers are vinyl bromide, vinyl chloride and vinylidene chloride.
Modacrylic fibres can be processed by wet spinning in a manner broadly similar to that used
for producing acrylic fibres. Like acrylic fibres, they require heat stabilisation after spinning
and are usually cut into staple. The number of modacrylic fibres in the market today is quite
small. They find use as specialist fibres for applications where flame-retardant properties are
essential. In blends with other fibres, they are used in carpets. They also find extensive
application in aircraft seating, protective clothing, children’s nightwear, dolls’ hair and other
products where non-flammability is critical.
6.5.1 Structural Properties
Modacrylic fibres are wet or dry spun from copolymers of acrylonitrile (35%-85%) and an
appropriate co-monomer or co-monomers:
The copolymer is formed through free radical chain growth emulsion or solution
polymerization to a DP of 150-500. The copolymer is isolated and dissolved in acetone or a
similar low-boiling-point solvent and wet or dry spun to a fibre of round, dog-bone, crescent,
or polylobal cross section. The oriented fibre possesses a low crystallinity due to the irregularity
and heterogeneity of the copolymer structure. Limited hydrogen bonding and van der Waals
interactions are possible due to the limited regularity of adjacent polymer chains.
6.5.2 Physical Properties
The modacrylic fibre is of moderate strength with a dry tenacity of 1.5-3 g/d (14-27 g/Tex) and
a slightly reduced wet tenacity of 1-2.5 g/d (9-23 g/Tex). The fibre has a high elongation at
break of 25%-45% and excellent recovery (95%-100%) from low degrees of stretching «5%).
The fibres possess excellent resiliency and moderate stiffness and have specific gravities of
1.30-1.37. Modacrylic fibres exhibit a wide range of moisture regains, from 0.4%to 4%,
depending on the nature and composition of co-monomers making up the copolymer.
Modacrylic fibres are soluble in ketone solvents such as acetone and in aprotic polar solvents
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including N, N-dimethylformamide. The fibres are good heat and electrical insulators but tend
to build up static charge. The fibres soften in the 135°-160° range with accompanying heat
shrinkage.
In view of the many variants of acrylic fibres, it is difficult to provide representative values for
their physical and mechanical properties. These properties also reflect the fact that acrylic
fibres are most commonly produced as staple (length, 2.5–150 mm), which is converted to yarn
by the methods used for natural fibres.
6.5.3 Chemical Properties
The modacrylic fibres exhibit excellent resistance to chemical agents. They exhibit good
stability to light and biological agents. Modacrylic fibres melt at 190°-210°C with slight
decomposition. SEF modacrylic fibres possess somewhat greater heat stability than the other
modacrylics.
6.5.4 End-Use Properties
Modacrylic fibre trade names include Elura, SEF, Verel, and Zefran. Production of Dynel
modacrylic fibres was discontinued in 1975. Modacrylics possess warm wool-like aesthetics
and a generally bright luster. The fibre exhibits fair pilling and abrasion resistance. It has good
wrinkle resistance and crease retention if the fibre has been properly heat set. The fibre has
moderate strength and good recovery from low elongations. Modacrylics are resistant to attack
by household chemicals and have excellent sunlight resistance. The laundry and dry-cleaning
characteristics of the fibre are good if the temperature is held at moderate levels. The fibres are
more difficult to dye with acid and/or basic dyes than acrylics.
They have better affinity for disperse dyes and give dyeings of good colourfastness. Owing to
the low moisture regain of modacrylics, they dry readily, but the drying temperature must be
kept low «100°C) to prevent damage and shrinkage. Consequently, modacrylics must be ironed
below 135°C.
Modacrylic fibres are flame retardant and self-extinguishing on removal from a flame, with a
LOI of 27. Modacrylic fibres are used in a number of special products including deep pile
carpets, fleece and fur fabrics, blankets, scatter rugs, wigs and hair pieces , stuffed toys, and
more recently children's sleepwear.
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6.6 Other Acrylics
Nytril fibres are made up of polymers containing at least 85% vinylidene dinitrile units, which
appear at least every other unit in the polymer chain. The co-monomer used in Nytril synthesis
is vinyl acetate. The two monomers are polymerized in benzene using peroxide catalyst. The
polymer is precipitated, washed, and dissolved in N, N-dimethylformamide and then passed
through a spinneret into an aqueous coagulating bath to form Nytril fibres. The properties of
the Nytril fibre are similar to the other acrylic fibres. The fibre possesses moderate tensile,
regain, and thermal properties. The fibre is chemical and sunlight resistant but is as flammable
as cellulosic fibres. Darvan Nytril fibres were produced in the U.S. until 1961.
Lastrile
Lastrile fibres are fibres formed from copolymers of acrylonitrile and a diene such as butadiene
and contain 10%-50% acrylonitrile units. Lastrile fibres have not been commercially produced.
The major proportion of butadiene within the copolymer suggests that the fibre would have
extensive elastomeric character.
6.7 Elastomeric Fibres
Elastomeric fibres are those fibres that possess extremely high elongations (400%-8001) at
break and that recover fully and rapidly from high elongations up to their breaking point.
Elastomeric fibres are made up of molecular chain networks that contain highly amorphous
areas joined together by crosslinks. On elongation, these amorphous areas become more
oriented and more crystalline in nature. Elongation continues until the crosslinks in the
structure limit further molecular movement. If additional force is placed on the elastomeric
fibres at this point, molecular scission occurs, causing a reduction in properties and ultimate
breaking of the fibre. Elastomeric fibres include the cross-linked natural and synthetic rubbers,
spandex fibres (segmented polyurethanes), anidex fibres (cross-linked polyacrylates) and the
side-by-side biconstituent fibre of nylon and spandex (Monvelle). The fibres are all used in
specialized applications where high elasticity is necessary within the textile structure.
Clothing that stretches with the human body, supports it and conforms to it, almost certainly
contains elastomeric fibres. Elastomers are polymers possessing high extensibility, with rapid
and substantially complete recovery. At one time, fibres made from rubber were the
predominant type of elastomeric fibre, but these have largely been superseded and elastomers
are produced from several different polymeric types. By far the most important in commercial
terms are elastanes, which contain 85% or more by mass of segmented polyurethane.
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Polyurethanes are polymers containing urethane groups, –NH–CO–O–, along the length of
each constituent chain. These fibres are known for possessing up to 99% elastic recovery. They
also possess high extensibility (up to 500%), the actual value of which is determined by the
composition of the elastane polymeric chains and the method used to produce them. In Europe,
these fibres are often known as Lycra fibres (though other brands such as Roica and Dorlastan
also exist), and in the United States they are known as Spandex. Other types of elastomeric
fibres include:
• Elastodiene fibres
• Elastomultiester fibres
• A few types of polyolefin fibres
These are commercially less important than elastane fibres, however, and are not discussed
further.
6.7.1 Elastane Fibres
The polymeric chains comprising elastane fibres each consist of alternate blocks of ‘hard’ and
‘soft’ segments, as shown schematically in Figure 6.7. The soft segments comprise either
polyethers or polyesters. Polyether elastane fibres are more resistant to detergents and mildew,
whereas polyester elastane fibres are more resistant to oxidation (e.g. by ultra-violet radiation)
and the absorption of oils, such as suntan oils.
In the relaxed state, the soft segment structures are loosely arranged, but when the fibre is
extended, the segments unwind and become more aligned with the fibre axis (Figure 6.7). On
release of the tension, the segments revert to their original state. The hard segments, by contrast,
contain rigid aromatic structures throughout. Each hard segment can interact with hard
segments in adjacent polymeric chains, chiefly through hydrogen bonding. A strong network
is, therefore, provided throughout the elastomeric fibre and slippage between adjacent chains
is inhibited. Hard and soft segments in each chain are joined to one another through urethane
linkages.
The balance between the proportion of soft and hard segments is important for determining the
properties of the fibre. If the interaction between polymeric chains is too great, then the fibre
will not achieve a sufficient degree of stretch. If the interaction is too small, the chains will slip
relative to one another and the fibre will not recover properly after being stretched. Judicious
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control of the structure and length of each segment and of the ratio of hard to soft segments can
however provide good control of the mechanical properties obtained.
6.7.2 Fibre Manufacture
Elastane fibres can be spun in several ways:
• Solution dry spinning
• Solution wet spinning
• Melt spinning
All of these methods are described in Chapter 10. The commonest method is dry spinning. The
solvent used is either dimethyl formamide or dimethyl acetamide. The solid filaments formed
when the solvent evaporates are sticky and come together on touching. This property has the
advantage that yarn of required linear density can often be readily produced. Once the required
linear density is attained, yarns are treated with a finishing agent such as magnesium stearate
or polydimethyl siloxane, to prevent further yarn adhesion.
6.7.3 Fibre Structure
Elastane fibres possess either round or square cross-sections. Linear density may range from
20 to 6000 dtex, depending on the application for which the fibres are required. When adjacent
filaments come together during the spinning process, they are not joined along all of their
length.
Elastane filaments can be used in combination with yarns of other types of fibre. In some cases,
elastane filaments form the inner core of a covered yarn. In these covered yarns, the elastane
cores are each individually covered with yarn of another fibre type, as illustrated in Figure 6.11.
The elastane is then protected from agents that may degrade it such as oils and ultra-violet
radiation. The covering yarn also provides greater control of elastane filament extension.
6.7.4 Fibre Properties
They are quite weak in comparison to other textile fibres, but they possess good resistance to
chemical attack. They can, however, be damaged by extended exposure to chlorine. Elastane
fibres based on polyether are more resistant to chlorine and are therefore preferred for
swimwear. Elastane fibres are resistant to ultra-violet radiation and to micro-organisms.
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6.7.5 Applications
Elastane fibre is used in lightweight support hosiery (20–250 dtex), men’s hosiery (150–600
dtex) and swimwear and foundation garments (80–2500 dtex). Usually, only a small proportion
of elastane is present in a fabric (2–5%), to provide the elasticity required. In foundation
garments, however, as much as 45% elastane may be present. Covered elastane yarns are used
extensively in cotton and woollen garments, often at a level of 2–5%.

6.8 Spandex
Spandex fibres are elastomeric fibres that are >85% segmented polyurethane formed through
reaction of a diisocyanate with polyethers or polyesters and subsequent crosslinking of
polyurethane units. The spandex fibres resemble rubber in both stretch and recovery properties,
but are far superior to rubber in their resistance to sunlight, heat, abrasion, oxidation, oils, and
chemicals. They find the widest use of any of the elastomeric fibres.
6.8.1 Structural Properties
Spandex is a complex segmented block polymer requiring a complex series of reactions for
formation. Initially, low molecular weight polyethers and polyesters (oligomers) containing
reactive terminal hydroxyl and/or carboxyl groups are reacted with diisocyanates by step
growth polymerization to form a capped prepolymer. This polymer is melt spun or solvent spun
from N, N-dimethylformamide into a fibre; then the fibre is passed through a cosolvent
containing a reactive solvent such as water that reacts with the terminal isocyanite groups to
form urethane crosslinks.
The polyether or polyester segments in spandex are amorphous and in a state of random
disorder, while urethane groups segmenting the polyether or polyester segments can form
hydrogen bonds and undergo van der Waals interactions with urethane groups on adjacent

221

chains. Chain ends will be cross-linked or joined to other chains through urea groups. On
stretching, the amorphous segments of the molecular chains become more ordered up to the
limit set by the urea linkages. On relaxation, the fibre returns to its original, less ordered state.
Spandex fibres are long, opaque fibres available in many cross sections including round, lobed,
or irregular.
6.8.2 Physical Properties
Spandex fibres are weak but highly extensible fibres with tenacities of 0.5-2 g/ d (4. 5-18 g/ te
x) dry with slightly weaker wet tenacities, and elongations at break of 400%-700%. Spandex
exhibits nearly complete recovery from high elongations and is quite resilient. The fibres have
specific gravities of 1.2-1.4 and are somewhat denser than rubber fibres. Owing to the more
hydrophilic nature of spandex, its moisture regain varies between 0.3% and 1.3% under
standard conditions. Although spandex is swollen slowly by aromatic solvents, it is generally
unaffected by other solvents. Spandex is a heat insulating material and shows poor heat
conductivity. It softens between 150°C and 200 °C and melts between 230°C and 290° C. It
has moderate electrical resistivity and builds up some static charge under dry conditions.
6.8.3 Chemical Properties
Spandex fibres are much more stable to chemical attack than rubber. Spandex is attacked by
acids and bases only at higher concentrations and under more extreme reaction conditions.
Reducing agents do not attack spandex, but chlorine bleaches such as sodium hypochlorite
slowly attack and yellow the fibre. Spandex generally resists attack by organic solvents and
oils and is unaffected by biological agents. Sunlight causes slow yellowing and deterioration
of spandex, and heat causes slow deterioration at elevated temperatures.
6.8.4 End-Use Properties
Spandex is widely used and sold as an elastomeric fibre under that designation or under such
trade names as Cleerspan, Glospan, Lycra, or Numa. Spandex possesses excellent elastomeric
properties and acceptable aesthetics for use in constructions requiring such a fibre. Spandex is
dull, but luster may be improved with brighteners. Although it has low water absorbency,
spandex has good resistance to abrasion and wrinkling and may be heat set if desired. It has
good resistance to household chemicals other than bleach and is resistant to sunlight or heatinduced oxidation. It can be dyed relatively easily to reasonable degrees of colourfastness. It
stands up well to repeat laundering and dry-cleaning, and it dries readily without damage at
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moderate temperatures (less than 120°C). Spandex burns readily but melts and shrinks away
from the flame. Spandex can be used effectively in all elastomeric fibre applications.
6.9 Vinyl Fibres
Vinyl fibres are those man-made fibres spun from polymers or copolymers of substituted vinyl
monomers and include vinyon, vinal, vinyon-vinal matrix (polychlal), saran, and
polytetrafluoroethylene fibres. Acrylic, modacrylic and polyolefine-are also formed from vinyl
monomers, but because of their wide usage and particular properties they are usually
considered as separate classes of fibres. The vinyl fibres are generally specialty fibres due to
their unique properties and uses. All of these fibres have a polyethylene hydrocarbon backbone
with substituted functional groups that determine the basic physical and chemical properties of
the fibres.
6.9.1 Vinyon
Vinyon is defined as a fibres in which at least 85% of the polymerized monomer units are vinyl
chloride. Vinyon fibres have high chemical and water resistance, do not burn, but do melt at
relatively low temperatures and dissolve readily in many organic solvents, thereby limiting
their application.
6.9.2 Structural Properties
Vinyon is formed by emulsion polymerization of vinyl chloride or by copolymerization of vinyl
chloride with less than 15%vinyl acetate in the presence of free radical catalysts to a DP of
200-450: The polymer is precipitated and isolated by spray drying and then dissolved in
acetone; the polymer solution is dry spun to form the fibres. Comonomers such as viny1 3cetate
are added to reduce the crysta1linity of the drawn fibres and to increase the amorphous areas
within the fibres. Weak hydrogen bonding between chlorine and hydrogen on adjacent vinyon
chains would be expected with tight packing of the molecular chains in the absence of
comonomer.
6.9.3 Physical Properties
Vinyon fibres have a strength of 1-3 g/d (9-27 g/Tex) in both the wet and dry states; elongations
at break vary between 10% and 125%. At low elongations vinyon fibres recover completely
from deformation. Vinyon fibres are soft and exhibit good recovery from bending deformation.
The fibres has moderate density, with a specific gravity of 1.33-1.40. Vinyon is extremely
hydrophobic, having a moisture regain of 0.0%-0.1% under standard conditions. Vinyon is
readily dissolved in ketone and chlorinated hydrocarbon solvents and is swollen by aromatic
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solvents. The fibres is a poor heat and electrical conductor and possesses potential in insulation
applications. Unfortunately, the oriented fibres softens and shrinks at temperatures above 60 °
C, thereby limiting the applications in which it may be used.
6.9.4 Chemical Properties
Vinyon fibres is chemically inert and possesses chemical properties similar to polyolefin fibres.
Vinyon is only slowly attacked by ultraviolet rays in sunlight. Vinyon fibres melts with
decomposition at 135°-180°C, with vinyon containing comonomer having a lower
melting/decomposition temperature.
6.9.5 End-Use Properties
Vinyon as pure polyvinyl is marketed as PVC-Rhovyl, while vinyon HH is a copolymer. The
fibres is of low strength but has properties that make it useful in apparel where heat is not a
factor. It is difficult to dye. It may be laundered readily, but it is attacked by the conventional
dry-cleaning solvents. Since the fibres may not be heated above 60°C, it may be tumble dried
only at the lowest heat settings. The fibres is non-flammable and does not support flaming
combustion (LOI of 37). Vinyon finds its major use in industrial fabrics including filters, tarps,
and awnings, in protective clothing, and in upholstery for outdoor furnishings. It is also used
as a bonding fibres in heat bonded nonwovens and as tire cord in specialty tires.
6.10 Vinal
Vinal fibres are made from polymers containing at least 50% vinyl alcohol units and in which
at least 85% of the units are combined vinyl alcohol and acetal crosslink units. The fibres is
inexpensive, resembles cotton in properties, and is produced in Japan.
6.10.1 Structural Properties
Vinal fibres are formed from inexpensive starting materials through a complex process. Vinyl
acetate monomer is solution polymerized to polyvinyl acetate using free radical initiation
techniques. The polyvinyl acetate is hydrolyzed to polyvinyl alcohol in methanol under basic
conditions.
Aqueous polyvinyl alcohol solution is wet or dry spun followed by exposure to an aldehyde
such as formaldehyde or benzaldehyde and heat (240°C) to form acetal crosslinks between
chains to insolubilize the fibres.
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The polyvinyl alcohol chains are tightly packed except near the juncture of the acetal
crosslinks. Extensive hydrogen bonding between hydroxyl groups on adjacent chains occurs,
which contributes to its highly packed structure, and the fibres is about 50% crystalline:
The fibres surface is somewhat rough with lengthwise striations and possible periodic twists.
The fibres may be nearly round or U-shaped in cross section with a noticeable skin and core.
6.10.2 Physical Properties
Vinal fibres is moderately strong with a dry tenacity of 3-8.5 g/d (27-77 g/Tex) and possesses
a moderate extension at break of 10%-30%. On wetting the strength of the fibres decreases and
the elongation at break increases slightly. The fibres exhibits poor to moderate (75%-95%)
recovery from elongations as low as 2%. The fibres is moderately stiff, but does not recover
readily from dry or wet deformation. The fibres has a specific gravity of 1.26-1.30. Vinal fibres
has a moisture regain of 3.0%-5.0% under standard conditions, and is swollen and attacked by
aqueous phenol and formic acid solutions. The fibres is a moderate heat and electrical
conductor. On heating to 220°-230° the fibres undergoes 10% or more heat induced shrinkage.
6.10.3 Chemical Properties
Vinal is somewhat sensitive to acids and alkalies. It is attacked by hot dilute acids or
concentrated cold acid solutions with fibres shrinkage and is yellowed by strong aqueous
solutions of alkali. Oxidizing, reducing, and biological agents have little effect on vinal.
Sunlight causes vinal to slowly lose its strength with perceptible changes in colour. At 230 °250° vinal shrinks and softens with decomposition.
6.10.4 End-Use Properties:
Vinal resembles cotton and other cellulosics in end-use properties. Kuralon and Manryo are
the trade names under which vinal fibres are marketed. Vinal fibres has good strength and
excellent abrasion and pilling resistance.
Like cellulosics, vinal breaks at low elongations, exhibits poor recovery from small
deformations, and wrinkles readily unless treated with durable press resins of the type used for
cellulosics. Fabrics of vinal have a warm comfortable hand, are absorbent, and exhibit good
drapabi1ity. The fibres has a silk like appearance and luster. It has excellent sunlight resistance
and fair heat resistance. It dyes readily with dyes for cellulosics.
Its launderability and dry-cleanability are very good, and it dries more readily than cellulosics.
Vinal may be ironed dry up to 120°C, but undergoes severe deformation if ironed wet below
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120°C. Vinal burns readily like a cellulosic fibres and has a LOI of 20. Vinal is used in apparel
as well as industrial applications where an inexpensive fibres of moderate strength and
properties is desired. It is useful in fibres blends to increase comfort and aesthetic properties.
6.11 Vinyon-Vinal Matrix Fibres
In response to the need for a fibres of low flammability (LOI of 31) and low toxic gas formation
on burning, Kohjin company developed and marketed a vinyon-vinyl (50:50) matrix
(polychlal) fibres under the trade names Cordela and Cordelan. The fibres is believed to be
formed through grafting of vinyl chloride to polyvinyl alcohol followed by mixing of the
resultant copolymer with additional polyvinyl alcohol. The polymer mixture is wet spun,
oriented, and cross-linked with aldehydes. The fibres has a kidney-shaped cross section, and
no outer skin is evident. The fibres is moderately strong with a dry tenacity of about 3 g/d (27
g/Tex) and wet tenacity of 2.2 g/d (20 g/Tex). The elongation at break is 15%-20%wet or dry,
with poor recovery from even low elongations. It has a specific gravity of 1.32 and moisture
regain of 3.0%. Besides its low flammability, it has good chemical resistance except under
extreme conditions. The fibres is heat sensitive above 100 °C, but it may be dyed at lower
temperatures with a large range of dyes for cellulosic as well as man-made fibres. Vinyon vinyl
matrix fibres is used primarily in applications where low flammability in apparel is desired and
has been used extensively in children's sleepwear.
6.12 Saran
Saran is the generic name for fibres made from synthetic copolymers that are greater than 80%
vinylidene chloride. The fibres is formed through emulsion copolymerization of vinylidene
chloride with lesser amounts of vinyl chloride using a free radical catalyst, and the precipitated
copolymer is melt spun into the fibres:
The fibres is of moderate crystallinity and resembles vinyon in properties. The fibres has wet
and dry strength of 1-3 g/d (9-27 g/Tex), elongation at break of 15%-30%, and good recovery
from less than 10% elongation. The fibres has a specific gravity of 1.7 and has excellent
resiliency. It has essentially no affinity for water, but it is soluble or attacked by cyclic ethers,
ketones, and aromatic solvents. It is a good heat and electrical insulator, but it softens at 115°150°C and melts at 170°C. The fibres is chemically inert and only slowly affected by the
ultraviolet rays in sunlight. The fibres is of low flammability. Saran is marketed as saran or
under the trade name Rovana. The fibres has high resiliency and low water absorbency and is
chemically inert and used in applications where these qualities are desirable and where heat
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sensitivity is not a problem. The fibres is generally not used in apparel but rather in automobile
upholstery, outdoor fabrics, home furnishings, and industrial applications.
6.13 Polytetrafluoroethylene
Tetrafluoroethylene is better known by its trade name--Teflon--and is widely used in many
applications including specialty fibres. Polytetrafluoroethylene fibres is extremely
hydrophobic and chemically and thermally stable and is used in applications where such
stability and inertness is needed. Polytetrafluoroethylene fibres are produced through
polymerization of tetrafluoroethylene under conditions of high temperature and pressure using
peroxide catalysts. The polymer is spun as a dispersion to form a weak fibres which is then
heated at 385°C to fuse the individual fibres particles. The fibres must be bleached to give a
white fibres. The highly electronegative fluorine atoms in the fibres result in an extremely tight
packing of adjacent molecular chains tightly held by van der Waals forces and with a high
degree of crystallinity. The fibres are smooth with a round cross section.
The fibres has a tenacity of 1-2 g/d (9-18 g/Tex) and elongations at break vary from 15% to
30%. It is a soft flexible fibres of high density (specific gravity 2.1), and it is totally
hydrophobic. It is unaffected by solvents except for perfluorinated hydrocarbons above 300°C.
It is an excellent electrical and heat insulator and is not affected by heat up to 300°C. It is
chemically inert and may be used in numerous industrial end-use applications including
protective clothing. Its hydrophobicity has permitted is to be used to form breathable but water
repellent composite materials for textile usage, particularly in outdoor and rainwear.
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Chapter 7 Miscellaneous Man Made Fibres
7.1 Introduction
Textile fibres can be classified into natural fibres and man-made fibres, or alternatively into
organic and inorganic fibres. Most natural fibres such as cotton, silk and wool consist of
polymers of organic compounds. One exception is asbestos, which can be defined as a natural
inorganic fibre.
Most man-made fibres, including natural-polymer fibres such as rayon or acetate, and synthetic
polymer fibres such as polyesters and polyamides, are also composed of polymers of organic
compounds.
Carbon fibres, glass fibres, ceramic fibres and metallic fibres can be classified as non-polymer,
manmade, inorganic fibres, some of which are actually produced from organic polymer fibres,
i.e. carbon fibres from polyacrylonitrile fibres and silicon carbide fibres from polycarbosilane.
Some fibres included in this chapter, such as carbon fibres and glass fibres, can be regarded as
inorganic polymer fibres.
7.2 Carbon Fibres
Carbon fibres are composed almost entirely of carbon atoms. They are black in colour and have
diameters in the range of several micrometres. Carbon fibres possess extremely high tensile
modulus and strength and low density. They were originally developed as a reinforcement
phase in composite materials and typically used in carbon fibre-reinforced plastics (CFRP),
produced by combining carbon fibres and a polymer matrix (bulk) phase.
7.2.1 Manufacture
Carbon-based materials possess high thermal and chemical resistances. Graphite, for example,
does not change its state until heated to about 3650 °C at atmospheric pressure. This makes it
difficult to produce carbon fibres directly from the bulk carbon materials by melt or wet
spinning. Chemical vapour deposition (CVD) is one method to produce carbon fibres from
hydrocarbons such as ethylene, acetylene, benzene and toluene with the aid of catalyst particles
such as Fe, Co and Ni. In a reactor heated at 500–2200 °C, hydrocarbons are decomposed at
the surface of the catalyst particle and the resulting carbon atoms dissolve into the particles and
then deposit in the form of a fibre. The carbon fibres produced with this method, which are
called vapour-grown carbon fibres (VGCF), have diameters in the range from 15 to 150 nm.

228

Continuous carbon fibres with diameters in the range of several micrometers are usually
produced from organic compounds by first forming fibres and then heat-treating them. A hightemperature heat treatment in an inert (unreactive) atmosphere up to about 1500 °C is called
carbonization, with which carbon atoms form carbon layer stacks with relatively large disorder
(turbostratic structure). An additional high-temperature heat treatment in an inert atmosphere
above 1500 °C is called graphitization, in which graphite is formed.
It is difficult for any material to possess both spinnability for melt or wet spinning and the
ability to retain shape during carbonization. A heat treatment, called stabilization, may be
applied to the fibre before carbonization to develop chemical structures that do not suffer
combustion, extensive volatilization or melting during carbonization. Stabilization is usually
carried out in air at relatively low temperature and is usually a lengthy process. Not all organic
compounds are suitable precursors (starting materials) for carbon fibre. An appropriate
precursor needs to meet several requirements such as high yield of conversion to carbon fibre
(i.e. high process efficiency), the ability to keep fibre shape without causing volatilization or
fusion during carbonization and the ability to develop highly orientated carbon layers if highperformance carbon fibre is to be produced. Organic compounds used as carbon fibre
precursors include polyacrylonitrile (PAN), pitch, cellulose and phenolic resin.
Carbon fibre was originally used as the filament of incandescent lamps through a process of
thermal decomposition of bamboo and cotton by Thomas Edison and Joseph Swan. Afterword,
rayon-based carbon fibres have been developed for the aerospace industry. Today, the PANbased carbon fibres are seeing the largest demand. PAN-based carbon fibres are produced
through the following steps, with the changes in chemical structure during the process.
1. Wet spinning
2. Stretching at an elevated temperature
3. Stabilization at 200–300 °C
4. Carbonization at 1000–1500 °C
5. Optional graphitization at 2000–3000 °C
Wet spinning is used, as the decomposition of PAN on heating renders melt spinning difficult.
Stretching of PAN fibres before and during stabilization is important to develop the preferred
orientation of carbon layers in the final carbon fibre structure.
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Pitch-based high-performance carbon fibres are produced in the following ways.
1. Polymerization of pitch to mesophase pitch
2. Melt spinning
3. Stabilization at 200–350 °C
4. Carbonization at 1000–1500 °C
5. Graphitization at 2000–3000 °C
Pitches are a mixture of organic compounds composed of condensed benzene rings and alkyl
chains. The composition of a pitch varies depending on its source, for example, petroleum
asphalt or coal tar.

Upon heating to a temperature above 300 °C, pitch molecules polymerize, forming a liquid
crystal called mesophase pitch. In composite materials, interfacial bonding between the
reinforcement (fibre) phase and the matrix is critical to the transference of an external load
from the matrix to the reinforcement phase. Without sufficient interfacial bonding, the
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excellent fibre properties such as high modulus and high strength cannot be fully utilized. Asreceived carbon fibres show weak bonding to polymers, and this is improved by surface
treatment. The processes to fabricate carbon fibres into CFRP are diverse depending on a
number of factors, including:
• Whether the matrix is a thermoplastic or thermosetting resin.
• Whether the carbon fibre is continuous or staple.
• How the fibre is arranged.
There are two types of production processes, one of which uses a moulding material. The
moulding material is prepared by incorporating fibres within the resin. A prepreg is a moulding
material composed of a thin sheet of unidirectional or woven fibres impregnated with a
thermoplastic or thermosetting resin. A unidirectional fibre/thermosetting resin prepreg is
produced by passing an array of continuous fibres through a resin bath and a heat-treatment
chamber to cure the resin to B-stage. Curing refers to the hardening of the resin by promoting
chain extension and cross-linkage. B-stage is an intermediate stage of curing before a
continuous three-dimensional network structure is formed. The resin at B-stage shows light
stickiness at room temperature and fluidity on reheating. Prepregs using thermosetting resins
are usually stored under refrigeration conditions in order to suppress curing until ready to use.
To produce a finished product, prepregs are cut and laid up onto a mould surface by hand or
machine, and the resin is cured by heating under pressure for consolidation in an oven called
an autoclave. Sheet moulding compound (SMC) is a thin sheet of short fibres impregnated with
a thermosetting resin and used as the moulding material for compression moulding. In
compression moulding, the required amount of SMC is placed in a preheated mould cavity,
which is then closed and the resin is cured under pressure. Thermoplastic pellets containing
short fibres are used as the moulding material with injection moulding. With injection
moulding, the pellets are melted in a heated barrel, injected into the mould and cooled for
solidification.
Production methods for composite materials without using moulding materials include
pultrusion, filament winding and resin-transfer moulding. In pultrusion, fibres are pulled
through a thermosetting resin bath and a heated die with the desired cross-sectional shape and
the resin is cured. Composite materials in the form of round and square tubing, channel, I-beam
and rods are produced with this method. With filament winding, fibres are pulled through a
thermosetting resin bath and wound onto a mandrel. On the mandrel, fibres are laid down in a
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geometric pattern designed to most effectively utilize the tensile properties of the fibres. The
mandrel is removed after the resin is cured or it becomes a part of the structure. Cylindrical
structures and pressure vessels are produced with this method. Prepreg tapes can also be
processed with filament winding. In resin-transfer moulding, dry fibres are formed into a threedimensional structure called perform, which is placed into a mould cavity, filled with a lowviscosity liquid resin and then cured.
In summary, CFRP are produced through fibre spinning, stabilization, carbonization,
graphitization, impregnation with resin and arranging of the fibres into the desired pattern
followed by curing. This process is a very effective way to make use of the potential
performance of the material. Spinning and drawing not only effectively change the shape of
the material but simultaneously facilitate the development of a highly orientated structure.
Fibrous form is of particular importance in the stabilization of PAN fibres, where oxygen is
necessary for producing carbon fibres with a high yield. Fibrous form helps oxygen to diffuse
homogeneously to the inner portion of the material. The flexibility of fibres and adjustability
of fibre direction in the composite structure also provides a way to process a stiff and strong
material into the desired shape, and helps to control the anisotropy of the properties. Specially
designed fibre orientation angles allow a layered composite material to deform against stress
in a very different way from isotropic materials. Further, the fibre/matrix interface can be
controlled to promote toughening mechanisms such as crack arrest and deflection, interfacial
debonding and fibre pull-out.
7.2.2 Structure
Carbon atoms can form molecules with various configurations such as carbyne, fullerene,
nanotube, graphene, graphite, diamond and amorphous carbon. When graphite is viewed in
cross-section, graphene layers are shifted alternately in an A-B-A-B type stacking sequence as
shown in Figure 7.2. With stacking of this type, a three-dimensional lattice of a hexagonal type
is formed. Carbon layers developed in some types of carbon fibres resemble a grapheme layer,
but unlike graphene contain many defects. These imperfect carbon layers tend to stick toeach
other, but the stacking of the layers is largely disordered, as shown in Figure 7.2.
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Figure 7.2 Molecular arrangement of Graphite and Turbostratic carbon
This type of carbon layer stack is called turbostratic carbon. The interlayer spacing of
turbostratic carbon is larger than that of graphite and can be in the range of 0.35–0.38 nm.
Conversely, amorphous carbon in carbon fibres completely lacks any long-range order of
structure. The properties of graphite and turbostratic carbon are extremely anisotropic
(different in different directions). The high modulus and high strength properties of carbon
fibres rely on the orientation of the carbon layer stacks, which are nearly parallel to the fibre
axis. In addition to the orientation relative to the fibre axis, carbon layers show various
alignments in the cross-section perpendicular to the fibre axis such as circumferential, radial
and random alignment.
7.2.3 Properties
The properties of carbon fibres depend on such factors as fractions, sizes and orientation of
carbon layer stacks, amorphous regions and microvoids. In turn, these factors depend on such
elements as the type of precursor, heat-treatment temperature and the stretching of fibres during
heat treatment. The tensile modulus of PAN-based carbon fibres tends to increase with
increasing heat-treatment temperature. The tensile strength of PAN-based carbon fibres also
increases with increasing heat-treatment temperature up to about 1300–1500 °C, and then
decreases at higher temperatures.
The tensile strength, tensile strain at break, density, and coefficient of linear thermal expansion,
thermal conductivity and the electric conductivity are plotted against the tensile modulus for
commercially available PAN- and pitch-based carbon fibres of various types. Extremely highmodulus carbon fibres can be derived from pitch, whereas extremely high-strength carbon
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fibres can be derived from PAN. A high modulus and high strength in combination with a low
density are highly desirable in the aerospace and automotive industries.
The single-fibre tensile strength of carbon fibres has a broader distribution than those of
polymeric fibres. The scatter in strength is caused by the statistical nature of the flaws contained
in the fibre. Due to the statistical nature of the flaws, the average single-fibre tensile strength
of carbon fibres increases with decreasing fibre length, as shorter fibres have a lower
probability of having a flaw. When a carbon fibre in a unidirectional composite material is
loaded in tension it breaks at the flaw. The broken fibre does not support any tensile stress at
the broken end. The tensile stress in the broken fibre, however, increases over some distance
from the break and reaches the stress born by the unbroken fibres due to stress transfer at the
fibre/matrix interface. As a result, carbon fibres show a higher tensile strength in a composite
material than in a bundle without a matrix, although interfacial bonding that is too strong leads
to easy crack propagation and reduces tensile strength and toughness of the composite material.
The interfacial bonding strength, therefore, needs to be optimized. In the composite materials
known as hybrid fibre composite materials, carbon fibres are used in combination with other
fibres and a wider range of properties can be obtained. For example, by adding a small amount
of glass or Kevlar fibres in CFRP, the impact toughness can be enhanced.
Various theoretical models have been developed to predict the mechanical properties of
composite materials. A simple estimate derives the properties of composite materials via a
weighted average of the constituent properties. This gives a good estimate for the elastic
properties of continuous fibre-reinforced composite materials. In contrast, the estimate for the
strength of the composite materials derived in this manner can strongly deviate from the
measured values. This can be understood by considering an extreme case where the composite
material breaks due to the fracture of the matrix and debonding at the interface. In such a case,
the exact strength value of the fibre is not explicitly reflected in the strength of the composite
material. The ratio of the measured strength to the strength estimated is the utilization
efficiency of the fibre strength.
7.2.4 Applications
Carbon fibre-reinforced composites are used largely in those industries where their high
strength-to weight ratio can be exploited. These include:
• Aerospace industry
• The automotive industry
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• Turbine blades for wind-derived power generation
The ability to control the mechanical properties of the composites in any particular direction
also renders them attractive in areas where such variation (called anisotropy) is useful, for
example, with pressure vessels designed to contain gases at high pressure (and which thus exert
the force in the hoop direction twice as much as the force in the longitudinal direction of the
vessels).
7.3 Glass Fibres
Glass fibres are composed mainly of silica (SiO2), like window glasses, and have diameters in
the range of about 3–25 μm. Glass fibres are commonly used for reinforcement of polymers.
Glass wool is another type of glass fibre about 10–50 mm long and entangled in the bulky
cotton-like form, which is used for thermal and acoustical insulation. Glass fibres have a lower
production cost than carbon fibres, which is of advantage. Carbon fibres are black in colour,
highly anisotropic and electrically conductive, while glass fibres are transparent, isotropic and
electrical insulators.
7.3.1 Manufacture
Glass fibres are produced by melt spinning. Various raw materials are mixed and melted at a
temperature above 1300 °C (Nittobo Glass Fibre Note, 107). The molten glass is extruded
through many orifices and wound up on a drum. Glass fibres are supplied in various forms, as
shown below, and processed into composite materials.
• Filament: a fibre whose length is long enough so that it cannot be determined precisely.
• Strand: a bundle of the filaments.
• Roving: a group of several strands wound on a cylinder.
• Yarn: one or several strands twisted together.
• Cloth: a woven fabric of rovings and yarns.
• Chopped strand: short fibres produced by cutting continuous strand into lengths of about 3–
50 mm.
• Milled fibres: short fibres produced by grinding continuous strand into lengths of about 0.8–
3 mm.
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7.3.2 Structure
Glass, as an amorphous solid, lacks long-range order of structure as opposed to crystalline
structures. The glass transition temperature is the temperature at which discontinuous change
in thermal properties, like the thermal expansion coefficient, take place. When the glass
transition temperature is reached during the cooling process, viscosity significantly increases
so that the material becomes rigid. The glass implies the state of a material below the glass
transition temperature that possesses both the structure of a liquid and the rigidity of a solid.
Commercial glasses contain various oxides in addition to silica, which make network structure
more irregular.
7.3.3 Properties
Properties of glass vary widely with composition. The principal component of all glass fibres
is SiO2. A glass fibre of pure SiO2 shows superior properties such as high thermal and chemical
resistance, low thermal expansion and high transparency. It is, however, only used where its
special properties are required, such as for optical fibres, since a high-temperature
manufacturing process is costly. At present, glass fibres called E-glass are widely used for
reinforcement in polymers.
7.3.4 Applications
Glass fibres are used without matrix as filters and fibrous blankets for thermal and acoustical
insulation. Glass fibres are used as reinforcement of polymers in various fields such as
aerospace, automobile, marine, sporting and leisure goods, and construction and civil
engineering. One of the principal advantages of using glass fibres for reinforcement of
polymers is their high performance per cost ratio. An example of the application of glass fibres
in the form of membrane is the architectural membrane made of poly (tetrafluoroethylene)
(PTFE)-coated glass fibre for ceilings of stadiums and airports.
7.4 Metallic Fibres
Metallic materials consist of a single metallic element or combination of several such. These
materials have good electrical and thermal conductivities as well as a lustrous appearance. In
addition, metals are quite strong yet deformable. In general, metallic fibre (or metal fibre) is
defined as manufactured fibres made from any metal. A manufactured fibre composed of metal
and another material, such as polymer fibres coated with metal or metal fibres coated with
polymer, are also defined as metallic fibres. In this chapter, metallic fibres composed only of
metals will be dealt with.
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7.4.1 Manufacture
From the view of the fibre length, metallic fibres can be categorized as short fibres and long
fibres. Long fibres may be divided into relatively long discontinuous fibres and continuousfilament fibres. Depending on the required length of fibres, there are various ways to
manufacture metallic fibres. This is due to high processability of metals; metals can be cut,
deformed and melt-processed. Continuous metallic fibres can be produced by the drawing of
single metal wire or bundle of metal wires through a die. Fine fibres may break because the
stress evolved by squeezing the wire through a die exceeds the fibre strength. A bundle of long
or continuous fibres also can be produced by machining a roll of metal foil from the end of the
roll and winding up the produced fibres continuously.
The melt process can also be applied for producing either discontinuous or continuous metallic
fibres. Continuous metallic fibres can be produced at a low cost adopting the melt-spinning
process. Spinning conditions need to be adjusted carefully because a thin thread of molten
metal tends to break up into droplets because of the combination of its low viscosity and high
surface tension.
A unique “in-rotating-liquid-spinning process” was developed to produce continuous metallic
fibres stably utilizing the melt-spinning process. In this process, metal is heated in a melting
pot utilizing an induction heating coil. The melt jet of metal extruded from a quartz nozzle is
immediately quenched in the liquid coolant layer held in the groove of a rotating drum by
centrifugal force. The quenched fibre can be pulled out from the bottom of the groove utilizing
magnet rolls.
7.4.2 Basic Structure and Properties
Various metals such as tungsten, stainless steel, copper, brass, aluminium, titanium, etc., are
used as the material of metallic fibres and are produced in the forms of short fibre, continuous
fibre, single fibre, tow, felt, sheet, woven fabric, etc. Quenching of metals in melt processing
possibly leads to the development of fibres with a unique crystalline form or amorphous
structure, which may not appear in ordinary cooling conditions. Amorphous metals generally
show anti-corrosion properties and soft magnetic properties because of the absence of grain
boundaries.
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7.4.3 Applications
Application of metallic fibres correlates strongly with the manufacturing method, while most
of the applications are based on the characteristics of high strength, good heat resistance and
electrical conductivity of metallic fibres.
Short steel fibres with a diameter of around 100 μm produced by machining of solid metals
utilizing the inherent vibration of a single-point cutting tool are used for the reinforcement of
concrete and shielding of electromagnetic waves. The tungsten fibres produced by the drawing
of a single metal wire or bundle of metal wires through a die are used as the filament in a light
bulb. Wires of copper, gold, silver and aluminium are also produced by applying the drawing
method. In the case of piano wires, i.e. carbon steel fibres, production of fibres with a diameter
of less than 100 μm by the drawing method becomes costly; however, piano wires of 40 μm
diameter reach high strengths.
7.5 Ceramic Fibres
Ceramics are non-metallic inorganic materials consisting of metallic and non-metallic
elements. A wide range of materials composed of clay minerals, cement and glass are included
in this classification. Ceramic materials are often prepared through a burning or sintering
process. Therefore they are more resistant to high temperatures and harsh environments in
comparison to metals and organic materials. In addition, ceramics are good insulators for both
electricity and heat. Ceramic fibres are categorized into non-oxide fibres and oxide fibres.
Silicon carbide and alumina are the most commonly used non-oxide and oxide ceramic fibres,
respectively. Boron fibres and silicon fibres are normally classified as ceramic fibres even
though boron and silicon are the metalloid elements.
Short fibres, long fibres and continuous fibres of ceramics are available in the market.
Continuous ceramic fibres are produced mainly through either the melt-spinning or dryspinning processes.
7.5.1 Manufacture
The manufacturing processes of ceramic fibres can be divided into two types.
Direct formation of ceramic fibres can be achieved through various methods such as (1) the
melt spinning process, (2) deposition through cooling of the melt of ceramics, (3)
crystallization after sublimation and (4) deposition or growth from a seed crystal after a gas-
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phase chemical reaction. Melt-spinning technologies developed for the production of glass
fibres can be applied for the direct formation of ceramic fibres.
In the production of ceramic fibres through the two steps, i.e. fibre formation and
metamorphosis processes, green fibres can be prepared either by the melt-spinning or dryspinning processes. The metamorphosis of green fibres to develop ceramic fibres can be
accomplished by applying heat to induce thermal decomposition, oxidization decomposition,
chemical reaction, extraction and sintering. Thermal decomposition in inert gas to form crosslinked structure is utilized for the production of non-oxide fibres, whereas oxidization
decomposition is utilized for the production of oxide fibres.
7.5.2 Basic Structure and Properties
The mechanical properties of ceramic fibres can be characterized by their high tensile modulus,
high tensile strength and brittleness. Brittleness originates from its low elongation at break and
is sometimes considered a negative aspect of ceramic fibres. This fact also implies that the
tensile strength of ceramic fibres is governed by the defects existing mainly on the fibre surface.
In general, tensile strength and creep behaviour of ceramic fibres deteriorate only at extremely
high temperatures. In comparison with metals, ceramics have lower density, lower thermal
conductivity and better heat resistance. In addition, ceramics are chemically stable at elevated
temperatures. Accordingly, ceramic fibres are widely applied as reinforcing materials in
composites for use at high temperatures. Their low thermal conductivity leads to the use of
ceramic fibres as heat-resistant thermal insulators.
7.5.3 Applications
Ceramic fibres have a high heat resistance and are therefore attractive for use in areas where
this characteristic is important. For example, ceramic fibres are used in heat-resistant curtains
and cushions, and as the covering material for electrical wires. The fibres are also applied for
parts of gas turbines for power generation and in parts for spacecraft and aircraft. In the latter
case, heat resistance is of particular importance and is in fact a regulatory requirement for
certain components.
In this chapter fibres, we will also discuss some more fibres which do not logically "fit" under
other classifications are 1isted--novaloid, poly-M-phenylenedibenzimidazole and polyimide
fibres. These fibres were developed for specific industrial applications and do not find wide
use in consumer goods. For the present, it appears unlikely that new generic fibre types will be
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introduced in the marketplace unless they have distinguishing characteristics that make them
uniquely suited to particular applications. All of these fibres possess such properties.
7.6 Novaloid
The technology to produce Novoloid Phenolic Fibre was initially developed in the late 1960’s
and the commercial fibre production and development was done by Gunei Chemical Industry
Co. based in Japan. Novoloid, or Phenolic fibre, is a thermoset organic fibre produced from a
phenolic novolac resin. The precursor novolac resin is melt-spun in a solution of formaldehyde
and hydrochloric acid. The reaction occurs and fibres are formed and cured. Novoloid fibres
are composed of 76% carbon, 18% oxygen, & 6% hydrogen. Novoloid can be used a precursor
to carbon fibre.
Novaloid is the designation assigned by the FTC for a class of flame retardant fibres made from
cross-linked phenol-formaldehyde polymer. The fibres of this class in U.S. production are
called Kynol and are manufactured by American Kynol, Inc. Made from an organic formula
derived from three-dimensional cross-linked phenolic resin, Kynol (Registered Trademark)
exhibits unique properties that provide a distinct advantage in applications as diverse as electric
arc protection, gaskets, mechanical packing and friction paper. Over the years, Kynol
(Registered Trademark) has also replaced asbestos in various industrial applications and is used
as a precursor for carbon and activated carbon fibres materials. The fibre is golden yellow in
colour and possesses good physical and chemical properties. The fibre is thought to be formed
through spinning phenol-formaldehyde prepolymer, followed by heating the fibre in
formaldehyde vapour to crosslink the structure. The fibre has low crystallinity with a tenacity
of 1.5-2.5 g/d (14-23 g/Tex) and an elongation at break of about 35%. The fibre has a specific
gravity of 1.25 and a moisture regain of 4%-8%. It is inert to acids and organic solvents but is
more susceptible to attack by bases. The fibre is totally heat resistant up to 150°C. It is
inherently flame retardant and chars without melting on exposure to a flame. LOI of the fibre
is very high (36). This characteristic yellow fibre is dyeable with disperse and cationic dyes.
Novaloids are characteristically used in flame retardant protective clothing and in apparel and
home furnishings applications where low fibre flammability is desired.
When actually exposed to flames Kynol materials do not melt but gradually char until
completely carbonized, without losing their original fibre structure. The limited production of
combustible volatiles results in minimal additional contribution to combustion. The stable
surface char radiates heat away from the material, presents a minimum reactive surface to the
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flame, and retards further production of volatiles. The low shrinkage and absence of melting
allows the charred material to retain its integrity as a barrier to keep heat and oxygen away
from the interior of the fibre structure, and the low thermal conductivity of the uncharred
interior material further limits penetration of the heat. Finally, the water vapour and CO2
evolved as products of decomposition and combustion serve to carry heat away from the
material and provide an ablative type of cooling effect.
Kynol fibres and materials are highly flame resistant; in addition, they are excellent thermal
insulators. However, they are not high temperature materials in the usual sense of the term.
While a 290 g/m² woven fabric will withstand an oxyacetylene flame at 2500°C for 12 seconds
or more without breakthrough, the practical temperature limits for long-term applications are
150°C in air and 200 – 250°C in the absence of oxygen. At higher temperatures the materials
will undergo gradual loss of weight and strength over time.
Main applications of Kynol products:
Flame resistant safety products:
Fire blankets, flame barriers, drapes, smoke barriers, seat linings, protective curtains and
special carpets in: aircrafts, motorcars, ships, ferries, submarines, hotels, discos, theatres,
hospitals, etc. Cover (fire blocking layer) for mattresses and as filling in sleeping bags for navy,
army and civilian use. Fire extinguishing blankets.
Apparel: For welders, as linings in gloves, racing car drivers’ and pilots’ jackets, in firemen’s
and other rescue coats or suits; escape hoods for aircrafts and hotel visitors etc.
Thermal insulation, also against radiant heat: For air condition, ventilation ducts, in shoe soles
and for military vehicles, insulation of roofs and walls, also in a blend with rock wool.
Laser, spark and metal splash protection: Protective curtains, also for welding.
Chemical resistant products: Gland packings, gaskets, composites, garments, gloves,
reinforcement for phenolic resin in walls, flexible tanks; waste water applications.
Electrical applications: Flame-proof coatings, filler yarns and wrapping tapes in high
performance communication and power cables in energy plants, highway tunnels, high-rise
buildings, underground concourses and subways.
Other industrial uses: Brake bands, joints, clutch facings, disc brake pads, brake linings and as
reinforcement in other composites.
241

Kynol fibres and textiles are excellent precursors for activated carbon materials. These can be
used for example for the following applications: Kynol activated carbon products: Air
filtration, solvent recovery, radioactive iodine filtration, ozone elimination, medical and
military (NBC) applications, industrial safety, water treatment, ceramics and electrical and
electronic applications.
7.7 Poly-m-phenylenedibenzimidazole (PBI)
PBI was developed by the U.S. Air Force and Celanese as a flame retardant fibre for use in
aerospace applications. The fibre is spun from N, N dimethylacetamide followed by
derivatization with sulphuric acid to form a golden fibre. It has moderate strength (3 g/d or 27
g/Tex) and good elongation at break (30%), a moderate density (1.4 g/cm3), and a high
moisture regain (15%). Fabrics from the fibre possess good hand and drape and are stable to
attack by u1traviolet light. PBI does suffer from poor dyeability, however. In addition to its
low flammability, the fibre has a high degree of chemical and oxidation resistance, does not
show appreciable heat shrinkage up to 600°C and generates only small quantities of smoke and
toxic gases on ignition. In recent years, it has shown potential as a replacement for asbestos, as
a flue gas fi1ter material, and as an apparel fabric in specialized applications.
PBI, polybenzimidazole, is an organic fibre typically used to provide thermal stability for high
temperature applications. PBI fibre does not burn in air and will not melt or drip when exposed
to flame. PBI also retains its strength and flexibility after being exposed to flame. PBI is often
used in flame resistant fabric blends as it combines flame and thermal resistance with comfort
and durability. The fibre is ideal for high temperatures as it has no melting point.
7.8 Polyimide
Polyimide (abbreviated PI) is a polymer of imide monomers. Polyimides have been in mass
production since 1955. With their high heat-resistance, polyimides enjoy diverse applications
in end uses demanding rugged organic materials, e.g. high temperature fuel cells, displays, and
various military roles. An aromatic polyimide has been introduced by Upjohn Company for
use in flame retardant, high-temperature applications. The fibre is spun from the polymer by
wet or dry processing techniques using a polar organic solvent such as N, Ndimethylformamide to give a fibre with a round or dog-bone cross section. The highly coloured
fibre may be crimped at 325°C using fibre relaxation. The fibre has a tenacity of 2-3 g/d (1827 g/Tex) and a 28%-35% elongation at break. The fibre has a moisture regain of 2.0%-3.0%
and melts at about 600°C. Thermosetting polyimides are known for thermal stability, good
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chemical resistance, excellent mechanical properties, and characteristic orange/yellow colour.
Thermoset polyimides exhibit very low creep and high tensile strength. These properties are
maintained during continuous use to temperatures of up to 452°C and for short excursions, as
high as 704 °C. Polyimides are inherently resistant to flame combustion and do not usually
need to be mixed with flame retardants. Typical polyimide parts are not affected by commonly
used solvents and oils — including hydrocarbons, esters, ethers, alcohols and freons. They also
resist weak acids but are not recommended for use in environments that contain alkalis or
inorganic acids. It's a high temperature resistant and flame retardant fibre. The application is
similar to meta-aramid. But PI fibre has its own advantages. The long-term service temperature
is 260℃. The decomposition temperature is 560℃. The LOI is 38%, it means it's nonflammable fibre.
Polyimide fibre is applicable in many products, but it is used best in niche-applications with
extreme standards for the material:
1- FR Protective clothing: e.g. military flight clothing, flame resistant underwear, firefighter
uniform etc.
2- High temperature filtration and industrial insulation: e.g. dedusting filtration for cement
factories, steel or powder plants, air filtration for painting area operated at more than 300°C.
3- Composite material: taking advantage of insulation, flame retardance and high temperature
resistance, chopped fibre can be used as reinforced material.
UV resistant and radiation resistant. Far lower damage length under fire compared aramid fibre.
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Chapter 8 Special Fibres
8.1 High function fibre
Functional fibres are developed according to the ever growing needs of the mankind. The major
functions focussed and studied are health, comfort, and mental satisfaction as summarized in
Fig. 8.1.Japan is a frontrunner in high function fibre development, although in terms of total
output of synthetic fibre, it is ranked only fifth in the world. The main direction in the high
function fibre development is to utilize biomimetics, namely mimicking the high-order
structure of natural fibres such as cotton, wool, and silk. Scientific efforts have been focused
on enriching human life by pursuing high functions, aesthetic appreciation, and human
sensitivity. Such fibre is being applied, not only to clothing, but also to various other and
industrial applications. In this chapter, the various developments for high function fibres and
associated textiles are classified and summarized.

Figure 8.1 The detailed classification of various functions expected out of a functional fibre
Based on the order and nature of the functions to be accomplished by the functional fibres, the
functional fibres can be classified into four major categories as depicted in the Figure 8.2. From
the same, we can also understand and appreciate the progressive development of the different
types of functions of the functional fibres.
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Figure
8.2
Progressive
development
of different
types of fibre
functions

Figure 8.2 Different levels and types of functions
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8.1.1 Basic function fibre (the first order function)
The basic function of fibre is very much dependent on the basic shape of the fibre itself which
is long and thin. Thus, the basic function of the fibre is already present by the basic nature of
the fibre itself. It does not require any further functionalization, and hence, this function is
referred to as a first order function.
Mechanical functions: The typical examples of the basic mechanical functions are the tensile
strength of fibre, the pressure relaxation by bulkiness, the abrasion resistance and the
flexibility. These functions are inherently fulfilled by the molecular chain orientation and
crystallization of the fibre forming polymeric chains along the fibre axis.
Physical functions: The physical functions of a fibre includes the heat resistance, moisture
retention, the anti-electrostatic effect, and the transparency. The physical functions utilize the
physical fibre characteristics for responding to the external thermal, electric, and light stimuli.
Electrical Conductivity of a fibre is also considered to be a physical function of that fibre.
Nowadays, more and more attention is being given to static electricity, which damages
computers and contaminates pharmaceutical/food/IC production by collecting dust. Electro
conductive fibres were developed for carpets some twenty years ago in the United States by
introducing a metal coating on the textile fibres. However, this coating-type was found to be
not suitable for clothing and hence, now the carbon composite type is being produced by
blending highly conductive carbon fibres with polyester or nylon.
Chemical function: Chemical functions of natural fibres, such as high moisture absorbency,
provide a comfortable in-cloth climate for apparel. Those natural fibres which possess high
density functional groups on the fibre surface can readily absorb moisture.
Biological function: A weak anti-bacteria effect of silk and wool is a typical example of the
biological first order function. Figure 8.2 shows the flow chart of the development of the
function fibre towards higher order functions.
8.1.2 Higher function fibre (the second order function)
A new function can be added intentionally by utilizing the characteristic shape of fibre
according to the needs. Such second order function for clothing is mainly added by processing,
to achieve a comfortable in-cloth climate. However, the second order function for industrial
use is introduced into the polymer raw materials by molecular design and so that the fibres can
have the desired mechanical, physical, chemical, and biological functions of fibre.
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A second order mechanical function is closely related to the shape of fibre. Examples are suedetype artificial leather with ultra-fine napping and silk-like fibre with a triangular cross-section.
Biomimetics is a key concept in such function fibres, where the relatively organized structure
of biofibres is mimicked by precision spinning and processing.
A second order physical function is exemplified by a light-absorbing fibre, a moisture-retaining
fibre, an UV-cut fibre, or a far infrared radiating fibre. Those functions are incorporated into
fibre at the raw polymer stage. A second order chemical function fibre includes a hollow fibre
for artificial dialysis, a membrane fibre for selective permeation, or an active carbon fibre for
selective adsorption of toxic substances. Among these chemical function fibres, a hollow fibre
is widely applied for clothes as well as for other goods. A catalytic fibre is also available for
chemical reactions, where a catalyst is fixed onto fibre.
A second order biological function fibre is mainly developed for medical uses, such as
biocompatible fibres for artificial organs and cell-adhesion/ cell-supporting fibres for cell
cultivation. Biodegradable fibre and biomimetic anti-bacteria fibre from chitosan or hinokitiol
are also included in this category.
There are many examples of water treatments using fibre technologies. Here representative
water treatments using fibre technologies are given as examples of second order functional
fibres. Today, fibre technologies are applied to water treatments such as separation membranes.
Traditional water treatments have used activated dirt, coherent precipitation, and sand
percolation; however, new techniques are using filters and separation membranes. The new
techniques are applied to preparation of useful water, treatment of wastewater, and cleaning of
the environment.
High technology has led to fibres, such as percolation textile made of ultra-fine fibres, ionexchange fibre using fibre high functionality, hollow fibre membrane technology, dry-and-wet
film processes, many hole opening technology using wet film process, and aromatic
polyamides as reverse osmosis membrane compound. These have many application fields such
as large-scale fresh water preparation from sea water, medium scale of cleaning swimming
pool water and small-scale home water purification.
Kinds of separation membranes: Separation membranes are generally categorized by size with
the pore diameter determining the distribution achieved. These filters are made from textiles
using plane membranes with separation functionalized layers and hollow fibre membrane
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combined with hole-rich membrane. Separated matter and other water treating technologies are
compared in Fig. 8.3.
Decrease in filter hole size leads to microfiltration membrane (MF), ultrafiltration membrane
(UF), and reverse osmosis membranes (RO), but pressure required for filtration increases with
size decrease and operation costs increase. Therefore the appropriate membrane must be
selected according to the nature of the separation necessary.
8.1.3 Ultra-fine fibre membrane cloth, textile filter cloth
Ultra-fine fibres were developed as suede-touch artificial leather. Now a new function of the
fibre is its application as a filter cloth for cleaning dirty water.
Toray provides the filter cloth Toralome® using ultra-fine polyester fibre.
Requirements for the textile filter cloth are:


effective filtration of solid particles



stability in filtration speed



ease of peel of the cake



high resistance to tension force (shape stability)



chemical resistance.

High specification filtration systems require:


high strength



long-permanence



anti-choking



ability to filter particles with diameter less than a few micrometers.

The cleaned water is recycled possibly as fountains in public locations in towns. Fine filtration
membrane, hollow fibre membrane (microfiltration membrane).
Hollow fibre membrane is the membrane made from macaroni-shaped fibres whose surface
has many ultra-fine holes. When water passes on the outside of the fibre, impurity included in
the water is filtered and the filtered water comes inside the fibre. Thus the diameter of the hole
determines the effectiveness of the filtration.
Pore size in the fine filtration membrane is in the order of sub-micro meter. Thus it can filtrate
extremely small impurities such as cloud of water, red rust, and bacteria. On the other hand,
mineral ions in water such as calcium and magnesium pass through the filter, so the filtered
water remains tasty. This fine filtration membrane can be used as a home water purifier, which
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Figure 8.3 Different types of water filtration systems
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uses active carbon with the fine filtration membrane. The material of the hollow fibre
membrane is polyestersulphone (PSF) which has high strength and high heat resistance.
Ultra-fine filtration membrane
As with microfiltration membrane, the ultrafiltration membrane has ultrafine holes in the walls.
The pore size is 0.01 mm less than the size of germs and viruses. Industrial application began
with the filtration of germs from beer in 1968. It has been applied subsequently for small
particle filtration, purification of liquids, and now the cleaning of water. The material used for
the ultra-fine filtration membrane requires good longevity for use in the water supply system.
Therefore, high molecular weight polyacrylonitrile is used. A capsule packing a bundle of
hollow fibres called ‘Module’ is widely used in water supply systems, and used for cleaning
water associated with chemical products. Moreover drink water can be prepared by filtration
of industrial water.
Reverse osmosis membrane
A semi-permeable membrane allows water to pass but does not pass salts. When sea water is
treated, osmosis induces the sea water to move to the pure water side without the salts, so pure
water can be obtained from the sea water. This is reverse osmosis and the membrane used is
called the ‘reverse osmosis membrane (RO membrane)’.
Spiral type RO membrane, prepared by rolling the seat-shaped RO membrane into a swirlshape, has good dirt resistance and produces large quantities of pure water. This is the main
type of RO membrane for producing drinking water from well-water and sea water and the
preparation of ultra-fine clean water used for the semiconductor industry. Aromatic polyamide
and amides are used for the RO membranes.
8.1.4 Super high function fibre (the third order function)
A third order function fibre is defined as a super high function fibre designed to possess high
multidisciplinary functions. The third function emerged from an unexpected combination of
fibre science with electric/electromagnetic science, machinery/structural material engineering
or cell biology. The systematic hybridization leads to a multiplicity of effects and functions.
Thus super high function fibre can be regarded as a ‘multi-function fibre’ or ‘hybrid-function
fibre’. Organic optical fibre is an example of a super high function fibre in the non-clothing
field, which emerged by building into the fibre a gradation of refractive index in a radial
direction.
In practice, the function can be classified as multiple function, systematized function and
biomimetic function. For example, the multiple functions include the water-repellent/vapour
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permeable fabric (that repels water but allows vapour to permeate) and the high tenacity/lowmodulus elastic fibre (that does not stretch). A systematized function is represented by the heat
storage fibre (that absorbs light and converts it to heat) and the anti-bacteria/odour-killing fibre
(that suppresses bacterial growth and removes bad smells). Morphotex® (developed by Nissan
Motor, Teijin and Tanaka Kikinzoku) is a good example of a biomimetic fibre and is composed
of multi-layers of polyester and polyamide, and produces colour by the interference effect of
light like the Morpho found in the upper reaches of the Amazon in Brazil.
Biomimetic fibres include fibre whose structure is copied from the bioorganisms and whose
function mimics that of bioorganisms.
Toray developed a column to treat blood poisoning with endotoxin-absorbing fibre. Infection
by bacteria can cause blood poisoning, because endotoxin is produced by the bacteria. Fever,
a barrier to blood circulation and a drop in blood pressure can result. Even death can occur.
The number of patients suffering from blood poisoning is increasing year by year. In the United
States, the number of such patients is 430 000 per year. Blood poisoning is the main cause of
death in intensive care units. Endotoxin is also known as lipopolysaccharide. Blood poisoning
was once treated by blocking the action of endotoxin. Medicines which combine with
endotoxin were given to patients after successful animal trials. However, the medicines did not
act efficiently in human clinical trials. So medicines are not now used to remove the toxicity
of endotoxin.
Toray developed a treatment to remove the endotoxin by circulating the blood outside of the
body using artificial kidney dialysis. In artificial dialysis, hollow fibre is used to remove low
molecular weight compounds in the blood and endotoxin can be absorbed. Endotoxin exists in
the blood mixed with other essential components, which must not be removed. Only the
compounds causing the disease should be absorbed and removed, so that the purified blood can
be fed back into the body. The main difference from dialysis is that compounds with high
molecular weighs can be removed by absorption. The compound which combines the causative
is called a ligand. Polymyxin, an antibiotic, was selected as the ligand to remove endotoxin as
the result of collaborative research with Shiga University of Medical Science. Although it was
known that polymyxin combines endotoxin specifically, it can also cause renal dysfunction if
too large a dose is used.
The solution was to immobilize the polymyxin on to fibre and the fibre packed in a column
through which blood circulating outside of the body could flow. As new outside the body
cycling treatments for other diseases are developed the following points should be considered:
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Need to identify/determine filtration targets in the blood such as toxin, excess proteins
and cells.



Devise the ligands which can absorb the targets.



Optimize a carrier for the ligand. In this way, new medical treatment methods can be
developed by studying materials, including fibres, which are effective in eliminating
target materials.

Mitsubishi Rayon developed the ‘fibrous-shape DNA chip’ utilizing the technology which had
been used for the hollow fibre in the household water purifier. Pieces of DNA are placed in a
hollow fibre-like ultra-fine straw. Thousands of these are bundled and fixed into a rod with
resin. The chips are obtained by slicing the rod. This technique has the advantage of ease for
mass production. The DNA chip reacts with blood of a patient and provides the patient’s
genetic information, which assists diagnosis.
8.1.5 Intelligent function fibre (the fourth order function fibre)
The intelligent fibre can be classified as a fourth order function fibre. The basic concept is to
provide the intelligence to reveal a specific function under a specific condition by processing
the input information according to the prescribed program. For example, the heat-responsive
heat-storage fibre is developed to store heat by converting sunlight, when the light absorption
efficiency varies according to the ambient temperature. A typical intelligent fabric in the
market is the fabric that opens or closes the texture when hot or cold, respectively.
8.2 High function sportswear
Although Japan imports increasing amounts of textile products, the export of the fabrics and
sportswear has been steadily increasing since 1995. As Sportswear performance requirements
are different from the regular clothing, they need to have more specialized functions than
ordinary clothing. Thus the trends in sportswear will give a clear indication about the new fibre
material developments.
The recent trend in sportswear is not towards ensuring high performance but assuring a good
comfort. There is an increasing demand for high function sports goods. If the performance
and functions of the sports goods satisfy the consumer, the cost of the same is immaterial and
inconsequential. Golf clubs and fishing rods are two examples of high function sports goods
where carbon fibres are used for strengthening (reinforcing) by the application of fibre
reinforced composites. Sportsmen and sports lovers are willing to pay more for the sports goods
because of their satisfactory performances.
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8.2.1 Necessary performance for sportswear
The various factors of clothing functions seem to appear in more emphasized form in
sportswear than the normal clothing. Sportswear should be light weight and fit the body very
well to enable it for easy movement. Good durability and abrasion resistance of the fabric are
also required for better performance. The protective function of the clothing is, of course, a
primary requisite. Since heavy sweating of the body during exercise is very unpleasant, the
sportswear should be able to absorb/transport/evaporate the sweat quickly and keep the
wearer’s body dry during the usage. At the same time, the body should be kept warm in the
case of winter sports activities. All these functions are normally required for conventional
clothing, however the general value of experience in sportswear is even very much higher.
Functions from the type of sports
An elastic response of the sportswear is required for swimming, aerobics and figure-skating.
Transparency or opacity may be an important requirement in some cases. Skiing sportswear
are expected to provide both heat insulation and physical mobility to the sportsmen. Sportswear
functions vary according to the nature of, as each sport requires different functions. The
technology of fibrous materials in clothing design and development is progressing well to cope
with the varied requirement of functions.
The water-repellent/vapour-permeable textile is a typical material well suited for the
sportswear. The coating/laminated type and the high-density woven fabrics are commercially
available to meet the requirements for water-repellent/vapour-permeable textiles. Goretex®
(Goretex Japan) and Microft Lectus® (Teijin) are two commercial examples corresponding to
respective types. Commercially available quick-drying textiles are made either from waterabsorbing fibre material or with a specially designed fabric structure utilizing a capillary effect
to absorb sweat. Fieldsensor® (Toray) has a three-layer woven structure, which prevents
absorbed sweat from flowing reversibly. Lightweight fabrics are usually made-up of hollow
fibre.
Making the fabric surface as smooth as possible can help these fabrics to reduce the surface
friction of the fabric. Plain-woven high-density fabric of ultra-fine denier fibre has a very
smooth surface. Teflon-laminated surface is water-repellent, and produces even less surface
friction. Since water- or airflow at the surface will be disturbed less with small surface dimples
(a golf ball is a good example), such dimples are provided on the surface of swimming
costumes and ski jump suits. Garments made of heat-storage fibre were used by the sportsmen
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in the Winter Olympic Games in Japan in 1999. Heat-storage fibre is a hollow fibre filled with
the special chemical zirconium carbide. Zirconium carbide absorbs visible light and converts
it into far-infrared radiation. This infra-red radiation causes heating sensation for the wearer.
Transparent or opaque fibre materials were developed to respond to the demands from the
women folk wishing to wear a white swimming costume. Bodyshell® (Toray) is such a nontransparent white fabric. A conventional white fabric becomes transparent when wet.
Bodyshell, however, has a star-shaped core of a different refractive index, which scatters light
randomly.
Ultra high strength has been one of the major goals in the fibre/textile field and useful in
sportswear. Today gel spinning and liquid crystal spinning are the two major industrial
processes to produce ultra-high tenacity fibres, represented by polyethylene and Kevlar,
respectively. High tenacity polyethylene is light and strong. Scissors cannot cut aramid fibres
such as Technola and Kevlar. However, the tenacities of those ultra-high tenacity fibres is about
20% of the tensile strength calculated theoretically from the ideally extended molecular chain
model. It is important to note that the conventional polyester or nylon fibres achieve only about
5% of the theoretical tensile strength.
8.2.2 Hollow fibre for light swimming suit
Lightweight and heat-insulating textile materials have been developed by using hollow fibres
for the past ten years. Hollow fibres have now been used to make swimming suits to provide
lift for the body in water and prevent it from being cooled. A hollow fibre is produced by a
specially designed spinneret, where respective fibre cross-sections correspond to the shape of
a spinneret. Teijin Ltd. produces the polyester hollow fibre Aerocapsule®, and the companies
Unitika, Kanebo Gohsen and Toyobo have developed the nylon hollow fibres Microart®,
Lightron® and Aircube®, respectively. Because of the hollowness in the core of the fibres, the
apparent density of a hollow fibre is less than one, and hence, its heat conductance is small.
Consequently, a fabric made of a hollow fibre floats on water and insulates the body heat.
8.2.3 CORTICO® Comfort feeling materials
Teijin developed comfort cool-feeling materials composed only of polyester. Using polymer
and spinning technology, Teijin developed the polyester material, namely CORTICO, which
is dry and absorbs sweat materials giving both aesthetic sense and comfort functions.
Feeling
Natural outside: Natural outside is defined as the outer surface of the cloth where a difference
in thickness can be recognized by eye, but no difference in colour depth is recognized.
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CORTICO is a thick-thin fibre where the thick and thin parts are dispersed unhomogeneously
so that its thick-thin morphology can be recognized but with no difference in colour depth.
Conventional polyester thick-thin fibre has a deep outside at the thick part and shallow at the
thin part. But CORTICO has a maximum difference in inside structure of both in thick and thin
parts, so appropriate stain conditions can be selected to make stains leave more easily from the
thick parts. Therefore, the depth of colour is even throughout.
Dry touch: Alkaline processing in the stain perfection process dissolves special particles and
makes minute voids. These random voids between fibres result in inequality at the surface
which minimizes the contact area between skin and cloth, producing a dry feel.
Mild gloss: Random voids between fibres and inequality in the surface reflects light randomly.
Thus, it displays high-class mild gloss.
Comfort function
Sweat absorbency and rapid dry: Minute voids on the surface maximize the surface area of
the fibres. Thus, the surface of the fibres can get wet more easily than cotton.
Without heavy-touch feeling: Material gets wet easily as it is having capillary effects due to
space between fibres and hence, it can diffuse water rapidly. Thus, sweating in contact with the
clothes and the sweat between the skin and the clothes are diffused rapidly, so there is no heavytouch feeling.
8.2.4 ARTIROSA
It is composed of two constituents namely ultra-thin polyester fibres (raw fibres) and starshaped cross-section nylon fibres. Small loops of the ultra-thin polyester fibres cover the
surface of the cloths whereas nylon is embedded in flexible inner layers. Thus, they combine
together to form an ultra-high dense textile structure.
The soft touch of nylon in the inside and the inherent strength and elasticity of polyester fibre
combine well on a micron scale to produce a flexible feel effect. The structure of such ultrahigh density cloths do not require any after-processing to make the cloth waterproof and
windproof. The small sized polyester surface loops give the cloth a dry and comfortable micro
powder touch. The interaction between the surface loops of the polyester and the inner nylon
produces a special effect which is responsible for such as a cool and delicate gloss with deep
shade.
Trends in autumn and winter coats have moved away from using animal hair mixed with wool
materials such as cashmere first to cotton and now to artificial fibre material type. Outerwear
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made by using the newly developed artificial fibre material must have light weight feeling and
excellent comfort functions, which make them suitable for autumn, winter, and spring.
Surfaces of the materials for such clothing need to be both waterproof and windproof,
Therefore, high density cloths with a flat surface using nylon and polyester, or coating and
plastic processing on the surfaces of the cloths are used for the time being. The wear, feeling,
and touch, etc., necessitate the development of new goods using new materials.
The diversification in consumers’ lifestyles, calls for a wide variety of uses, with elegant taste.
There is a great trend in increased use of casual wear. ARTIROSA dress material has high-feel
with more comfortable wear-feeling, functionality and touch, and hence, it has established itself
as a new material accommodating to consumers’ needs.
8.3 Biomimetic and intelligent fibres
Professor Breslow of Columbia University (USA) coined the term ‘biomimetics’ for a new
area of research on enzymatic functions in 1972. However, in the field of fibre and textile
technology, synthetic fibres had mimicked natural fibres since the 1960s. The synthetic
fibre/textile imitates not only the bio-structure, but also the bio-functions. Classic examples are
a crimped fibre mimicking the conjugate morphological structure of wool (alternating α and β
keratin) and a hollow fibre used for blood dialysis had mimicked the central canal (lumen)
structure of the cotton fibre. A traditional Noh dress made of polyester with a triangular crosssection scroops like real silk fabric. Other important examples are the water-repellent fabrics
mimicking the surface structure of a lotus leaf, the chromophoric fibre mimicking the
microstructure of a morpho ala, and the deep coloured fibre mimicking the micro-crater
structure of the cornea of a moth. The odour-killing fibre is set to mimic the supramolecular
structure of an enzyme, and artificial suede micro-denier fibre copies a high-order structure of
natural leather. These high function fibres mimic the conjugate structure, the irregular shape,
the uneven surface structure, the fine structural hierarchy, and the catalytic function of natural
fibres. However, the mechanism of the structure formation of natural fibres is still challenging
to be well understood and could be a profitable area of research.
8.3.1 Intelligent materials
The term ‘intelligent materials’ first appeared in the 1989 report of the technical council of
aero- and electronic-industry in response to the inquiry of the President of the Agency of
Science and Technology of Japan. Intelligent materials are defined as structural materials with
higher order functions. Although there are many disagreements among the technologists about
what exactly constitutes a higher order function, intelligent fibres, a possible definition is:
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‘fibrous material provided with a sensory function to sense an external stimulus and change its
state, a processor function to process its state according to the change, and an actuator function
to actuate itself in response to the processing.’
Biomimetic fibres can be classified as structure-mimetic (mimicking the structure of
organisms) and function-mimetic (mimicking the function of organisms) fibres. The functionmimetic fibres is further classified into static function- mimetic fibres and dynamic-functionmimetic fibres. Here, the dynamic function is called ‘intelligence’. Intelligent textiles are now
appearing on the market. To develop intelligent textiles several steps must be considered to be
initiated. For example, for clothing, the type and function of built-in sensor and actuator will
be determined by the kind of response that is expected from the environmental change by the
wearers of these cloth. Then the materials possessing a required function should be selected or
created. The function is revealed by mechanical, thermal, electric, magnetic, optical or
chemical forces. Its mechanism is the result of structural and/or phase change of the materials,
and depends on the molecular structure, cross-linking, etc. The surface property (the affinity of
the boundary), the structural gradation and the distribution of physical units in terms of the size
and position are also factors influencing the intelligence of the materials.
Fashion design and wearing comfort are the prerequisite factors for clothing. The most difficult
problem is to decide where the intelligent function should be incorporated in the process
leading from polymer and spinning to a final product. The function can be incorporated in the
process of dyeing and finishing by chemical reaction, coating, and/or absorption of functional
groups.
In the process of weaving or knitting, the fabric organization should be carefully designed. The
function will be required at a particular place, but not for the whole fibres.
8.4 Bicomponent fibres
Bicomponent technology has been used to introduce functional and novelty effects, including
stretch, to nylon. Bicomponent fibres have two distinct polymer components, usually of the
same generic class in the fibre cross-section, e.g. one part of the fibre could be nylon 6,6 and
the other nylon 6. They are also described as ‘conjugate fibres’, particularly by some Asian
producers. If the components are from different generic classes then the fibre is sometimes said
to be biconstituent. In bicomponent and biconstituent fibres, each component is normally fibre
forming. The spinneret and the polymer feed channels can be designed so that the two polymer
streams meet just prior to the spinneret hole and emerge side by side or as a sheath and core.
Some schematic fibre cross-sections are shown in Fig. 8.4.
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8.4 Bicomponent fibres: (a) side by side, (b) sheath–core, (c) islands in the sea.
The fibres then need to be drawn and processed in the usual way. The engineering required to
ensure that each hole of a spinneret receives a feed of two polymers at the required rate is
complex, but the difficulties have been overcome and there are a large number of bicomponent
nylon fibres in commercial production. The ratio of the two polymeric components need not
be 50/50 and can be varied according to the application.
The objective of side-by-side bicomponent fibres is to produce an inherent crimp. With nylon
and other fibres that are not highly hygroscopic, one of the components needs to shrink more
than the other when the fibre is heated. There also needs to be good adhesion between the two
components. The inherent crimp can be produced with two nylon 6,6 polymers having a
substantial difference in viscosity arising from a difference in relative molecular mass.
Alternatively, one of the components can be a copolymer of, for example, nylon 6,6 and 6,10
while the other is nylon 6,6. The crimp developed by this type of fibre is helical and it is
especially suitable for stockings and tights. In this and other applications inherent crimp fibres
compete economically and technically against yarns produced by conventional extrusion and
draw-texturing. The most notable example was Cantrece, which was produced for hosiery by
DuPont. Yarns are no longer marketed under this brand name, however. Currently, DuPont
produce a yarn Tactel® T-800, which is a nylon 6,6-based bicomponent, giving self-crimping
yarns. The yarns are said to give unique aesthetics and a touch of stretch in garments. Another
side-by-side fibre was Monvelle produced by Monsanto (now Solutia), also for the stretch
hosiery market. This was actually a biconstituent fibre using nylon 6 and a melt-spinnable
polyurethane. Currently, a nylon/polyurethane bicomponent, Sideria, is produced by Kanebo,
which self-crimps on the application of heat and which can be used to produce fabrics with
moderate stretch.
Sheath–core bicomponent fibres are those where one of the components is completely by
surrounded by the second. The configuration may be used in a symmetrical or asymmetrical

258

form to combine the properties of the two components, taking advantage of the particular
physical characteristics such as the strength or conductivity of the inner component or the
aesthetic textile, adhesive or other properties of the outer component. Some adhesion between
the two polymers is necessary, and crimp can be generated from the asymmetrical form. One
application of sheath–core bicomponent fibres is in thermally bonded non-woven fabrics. The
fibre is extruded with a high melting point (m.p.) core and a lower melting point sheath. An
example would be a fibre with a nylon 6,6 (m.p. 260 °C) core surrounded by nylon 6 (m.p. 225
°C). The yarns are laid out in a web which does not need to be made up solely of the
bicomponent fibres (some fibres that do not soften can be included) and heated above the
softening point of nylon 6. The sheath polymer softens and binds the fabric together. One
application of this type of fabric is in the linings of shoes, particularly trainers. The fabrics are
dimensionally stable, have good abrasion resistance, and are fully permeable to water vapour.
They are marketed by DuPont under the Cambrelle brand name.An alternative application is
seen in a bicomponent fibre produced by Kanebo, Masonic N. One type is heat-accumulating
and has a carbonised zirconium compound blended into the molten core polymer. This has the
effect of improving the heat retention of garments and is therefore best suited for outerwear.
The other type has a core with a ceramic powder, which is an emitter of far-infrared radiation.
This makes the wearer of Masonic N garments warmer and is recommended for underwear. In
both types the sheath is normal nylon.
A third type of bicomponent fibre is matrix–fibril. The polymers are brought together before
extrusion, so that one polymer is suspended in droplet form in the melt of the second, usually
at a concentration of less than 20 %. After extrusion and drawing the suspended polymer forms
fibrils of variable length in the matrix of the other polymer. The fibrils are in fibrous form and
are randomly distributed over the cross-section, but do not extend along the full length of the
fibres. The presence of polyester fibrils in a nylon 6 matrix has been suggested as a method of
increasing the modulus of the high-tenacity fibre and avoiding the problem with flat spotting
with nylon tyre cords. Another example of a matrix–fibril bicomponent fibre is Bodyshell, a
highly opaque nylon produced by Toray. This is said to contain an opaque polymer in nylon
filaments with a star-shaped section. Fabrics are sufficiently opaque to be suitable for white
swimwear, even when wet.
8.5 Microfibres
The initial objective with microfibres was to produce fabrics with a more silk-like handle than
could be achieved with conventional nylon or polyester yarns. There is no formal definition of
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what constitutes a microfibre but such fabrics will normally be made from yarns containing
filaments finer than 1 dtex. By contrast, yarns that were used in fabrics for shirts, underwear
and bed sheets in the 1970s contained filaments as coarse as 4–5 dtex. The handle of such
fabrics was harsher and considerably less attractive than that of fabrics made up from finer
filaments.
In addition, the ability of fabrics from the coarser filaments to transmit moisture away from the
skin was very limited, making the garments uncomfortable for the wearer. The definition of
microfibres is looser for staple fibres and the term can be applied to nylon fibres as coarse as 2
dtex. Nylon staple fibres are generally intended for blending with wool and 2 dtex is therefore
much finer than normal. Although finer fibres are attractive to the consumer, they do create
problems for the fibre producer and the processor in maintaining product quality. The feel or
handle of a fabric is vital to the consumer. It is one of the major factors that influences a
consumer to buy a particular textile product. There are a large number of factors influencing
the fabric handle but one of the most important is the flexural rigidity of the individual
filaments. The flexural rigidity is defined as the couple needed to bend a filament to unit
curvature. The flexural rigidity is an imperfect measure of the handle of a fabric but it does
give a useful indication providing that the other variables are the same. The flexural rigidity is
defined by eq.
Flexural rigidity = σET 2/4πρ
In the equation σ is a shape factor for the fibre and is unity for a solid circular cross-section,
E is the initial modulus of the fibre in N tex–1, T is the filament linear density in tex, and ρ is
the density of the fibre in g cm–3.The flexural rigidity of fibres is therefore proportional to the
square of the linear density and as the fibres become finer so the handle becomes softer. For a
multi-filament yarn, the twist will also affect the handle; if the twist is high then the filaments
will be bound closely together and the handle will be harsher. If, however, the twist is low, as
will normally be the case for a continuous filament yarn, then the flexural rigidity of the yarn
will be the sum total of the values for the individual filaments. For filaments of the same linear
density, nylon will bend more easily than polyester owing to the lower modulus, and fabrics
will be expected to have a softer handle.
As the number of filaments in a yarn of given linear density increases, then the surface area of
all the fibres increases and, in a fabric of close construction, the spaces between the fibres
become smaller. Liquid water is prevented by surface tension from penetrating the fabric,
which will have a degree of water repellency.
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Water vapour is able to pass through the fabric from the inside to the outside, however, leading
to increased comfort in wear. In addition to these advantages, microfibre fabrics will also offer
a high degree of wind resistance.
The technique for the production of microfibres depends on the linear density of the filaments.
The various methods are summarised in Fig. 8.5.

Figure 8.5 Methods of production of microfibres.
In the linear density range 0.4–1.0 dtex, conventional extrusion can be used, but the production
of filaments as fine as 7 μm does take melt extrusion technology to its limits. Good filtration
of the molten polymer immediately before extrusion is critical. The residence time of the
molten polymer in the extrusion head must be minimised to prevent degradation and
consequent poor spinnability. Temperature control of the molten polymer is also vital; a 1 °C
difference in temperature at 290 °C will alter the melt viscosity by 1.5 % and hence the fineness
of some of the filaments within the yarn. Without good temperature control the regularity and
quality of the yarns will be affected. In the production of microfibre POY the drag on the
filaments is unlikely to alter greatly as the individual filaments become finer. Hence the stress
on a fine filament will be greater and the same degree of orientation will be induced in a fine
fibre at a lower take-up speed as in coarser fibres. The fine filaments are sensitive to air
turbulence in the quenching zone and the yarn guides must be positioned to reduce friction with
the yarn and hence breakage. This conventional extrusion process accounts for the bulk of
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nylon microfibre production and these yarns enhance the properties of normal textile products
rather than introducing fibres into totally new products.
The finer microfibres, below 0.4 dtex, extend the applications of textile products into new
areas. Conventional extrusion techniques can no longer be used. Extruding a number of fibres
together, and allowing them to separate only at a later stage in the production process, protects
the fine filaments. There are a number of methods of doing this. In ‘islands in the sea’, a number
of continuous very fine fibres are extruded in a matrix of another polymer. In the spinneret a
number of bicomponent sheath–core polymer flows are combined into a single flow and
extruded. The ‘islands in the sea’ fibre is then quenched and drawn in the usual way. After the
overall fibre has been processed, the matrix polymer is dissolved away to leave the fine and
separate fibres. In one example produced by Fiber Nylon fibres 79 Innovation Technology, 37
fine nylon 6 fibres are extruded in a sea of a polyester copolymer that can be removed by
dissolving it in sodium hydroxide after the filaments have been processed into fabric. A further
example is Kanebo Glacem, which consists of nine segments of nylon separated by a thin layer
of a sodium hydroxide soluble polyester in a bicomponent fibre with a circular cross-section.
The polyester can be dissolved out after processing, leaving fine nylon filaments. The fibres
produced by this method are as fine as 0.18 dtex.
The third method of microfibre production also involves extruding a bicomponent fibre, but in
this case two polymers with poor adhesion to each other are used, e.g. nylon and polyester. In
one example the cross-sectional configuration is wedge like and radial, with the V crosssectional portion the polyester component and the radial portion nylon. The filament is
subjected to a chemical treatment in fabric form to swell or expand the nylon component and
split the filament. The polyester and nylon components are not causticised. Examples of this
type of fibre are Kanebo Bellima X, Toray Ecsaine, Kuraray Ranpu and Teijin FSY.
Applications of these fibres are artificial suedes for clothing and upholstery, wall coverings,
automobile trims, golf gloves, etc. A 16-segment fibre of this type is produced by Fibre
Innovation Technology from polyester and nylon 6 in two forms: splittable and easy split. The
overall shape of the fibre determines the ease of splitting. If the components are in a radial
configuration then splitting is more difficult than if one polymer is located at the ends of the
lobes in a multilobal shape.
8.6 Description of superfibres
Superfibre has been produced by intensive research and development to achieve the ultimate
strength of fibrous materials, and is mainly applied for industrial uses in the non-clothing field.
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It is defined as fibre possessing a tenacity of over 20 g/d (2.2 GPa) and a modulus of over 500
g/d (55 GPa). The mechanical performance of the second generation superfibres will soon be
increased to a tenacity of more than 40 g/d and a modulus over 1,000 g/d. Zylon“ (PBO fibre
commercially available from Toyobo) is classified as a second generation superfibre. Presently
available superfibres are summarized in Table 8.1.
Gel spinning and liquid crystalline spinning, developed for polyethylene and Kevlar,
respectively, are two important technologies that enabled the production of superfibres. Kevlar
molecules are rigid and rod-like because of hexagonal benzene rings connected by amino
linkage, whereas polyethylene chains are flexible and bend almost freely.
In Japan, all superfibres are commercially produced by gel spinning and liquid crystalline
spinning, and are used in various industrial fields, including the railway, civil engineering,
automobile,

sports

goods,

office

automation,

machinery/machine

parts,

and the

space/aeronautical industries.
8.7 Development of super fibres
There are three main directions in the development of superfibres. In Europe, the development
of superfibre started from the purely academic research on the shish-kebab type crystals of high
molecular weight polyethylene as emerged from dilute solution. The results led Professor
Pennings (Groningen University, The Netherlands) and his co-workers to develop the gel
spinning of flexible polymer of high molecular weight that forms a gel-like solution.
The development of heat-resistant polymer has been one of the main research targets in the
United States since the 1950s because of the Cold War. In the process of developing heatresistant polymer, polyaramid fibre and PBO fibre emerged. Carbon fibre was developed
initially from rayon as a starting material in the 1950s in the United States, while PAN-based
carbon fibre was developed in the early 1960s in Japan by Dr A. Shindo (former Government
Industrial Research Institute, Osaka, now changed to National Institute of Advanced Industrial
Science and Technology (AIST)). Pitchbased carbon fibre was also developed in Japan by
Emeritus Professor S. Otani (Gunma University). Global production volumes of carbon fibres
combining PAN-based and pitch-based are estimated at around 17,000 tons/ year, of which
around 50% is produced in Japan. Both PAN-based and pitchbased carbon fibres have
expanded in their industrial applications. An example of carbon fibre composites usage is in
the weight-saving of trucks where carbon fibre composite plays a part in achieving weight
reduction of the floor and wing-roof (Figure 3.2). Among these composites, consumption of
PAN-based carbon fibres is remarkable in their use in civil engineering and construction and
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pitch-based carbon fibres are used for the anode of secondary cell of lithium batteries. Those
carbon fibres exceed the performance of rayon-based carbon fibres, and account for most of
market. Carbon fibre, aramid fibre and polyethylene fibre constitute three main currents in the
development of superfibre, developed respectively in Japan from 1959 to 1960, in the United
States in 1964 and in Europe from 1966 to 1969.
The first satellite (Sputnik 1) was launched from the USSR in October 1957. The post-Sputnik
space development in the United States promoted joint research among government institutes,
universities, and industries. There were many important innovations in the field of fibres and
textiles. An early result was polyaramid fibres produced by liquid crystalline spinning,
developed by Dr Kuolek of Du Pont. Later came PBO fibres, first developed in the United
States and now produced commercially in Japan. In these 30 years, vast quantities of heatresistant polymers were synthesized, and the main concern has been how to achieve the
theoretically expected values of the tenacity and modulus of polymer molecules when polymer
is made into fibres.
Active investigation is being carried out to develop fibres possessing the tenacity of about half
that of the superfibres from polyacetal, polyvinyl alcohol, polyacrylonitrile, polyethylene
terephthalate and nylon. Superfibres was developed by a new spinning technology such as
liquid crystalline spinning (Kevlar“) or gel spinning (Dyneema“). Inspired by these new
methods, a similar attempt has been made to improve the mechanical properties of conventional
fibres to their ultimate limits for the past ten years but with minimum success. Conventional
fibres for industrial use have a tenacity of about 10 g/d and a further improvement in the
mechanical properties has not been successful, despite the large expense on this project. The
application of superfibres for advanced materials is summarized in Fig.8.1. Superfibres is
applied more for industrial use than for clothing. Thus we do not perceive superfibres directly,
since they are used mostly in composite materials to reinforce, for example, rubber, resin, and
concrete. Superfibres is incorporated in those materials in various shapes and forms to improve
their mechanical performance. Superfibres is used in the form of short staple, cord, meshed
fabric or 3D woven fabric for reinforcement.
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Table 8.1 Expected application areas of superfibres
Field

Application

Aviation/space industry

Composite materials for aviation and space
development

Transportation

Advanced composite material reinforced materials
(cars, trains, ships)

Civil engineering/construction

Geotextiles, fibres for concrete reinforcement

Ocean development ocean farm

Floating structure, artificial tideland, artificial

Medical field

Artificial organs, fibres for health, bioreactor

Sports/Ieisure

Various goods

System/information

Electronics–related field, optical fibres

General industrial material

High performance fibres, high functionality fibres

8.8 Frontiers of superfibre applications
The information/communication industries and biotechnology could be leading industries in
the first half of the twenty-first century. Superfibre will be a leading technology in the
fibre/textile field and the following examples demonstrate the frontiers of superfibre
applications in these areas.
8.9 Kevlar, liquid crystal spun para-aramid fibre
Ultra-thick Kevlar wire to fence the ocean culture farm from floating ice About 60 000 tons of
scallops are produced every year and earn a total of about US$ 10 million in Lake Saroma in
Hokkaido. Since Lake Saroma is directly linked to the Sea of Okhotsk, floating ice will surge
into the lake in late January, and may damage the farm. In fact about US$ 22.2 million was lost
by the damage caused by the floating ice surge in 1974. Global warming continues, and in
recent years floating ice has often surged into the lake, even in late March.
Hokkaido Development Bureau investigated how to cope with floating ice surges, and adapted
the ice boom proposed by Professor H. Saeki’s group (Hokkaido University). The ice boom is
a floating wire fence. A single boom is 100 m long, and consists of a main wire with 28 floats
(1.2 m in diameter and 3 m in length) and 4 m wire net underneath the water. Since a large
quantity of floating ice will surge into the lake, the steel wire should be thick enough to cope
with an ice surge, and become too heavy for the floats of practical size to sustain. Since Kevlar
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is about five times lighter than steel in terms of the same tensile strength, a Kevlar ice boom
can be made lighter and become practical. Kevlar has another advantage, since it does not rust
in seawater. The main wire, produced by a rope manufacturer in Gamagori (Aichi Prefecture),
is made of ultra-thick Kevlar fibre, 13 mm in diameter, which can stand a load of 500 tons.
8.9.1 Kevlar tension member for optical fibre
The twenty-first century is the era of high-speed information, so that optical fibre is
indispensable. The information transmission capacity of optical fibre is about 1000 times that
of conventional metal cable. Two types of optical fibre are currently available. One is the
inorganic type of quartz fibre, and the other is made of organic polymethyl methacrylate
(PMMA). The quartz optical fibre is suitable for long distance transmission, and its network
extends from Hokkaido to Kyushu as well as from Japan to the United States. Superfibre
supports this optical fibre network. Optical fibre is extremely thin and thus is weak against
tension. When optical fibre is stretched, the optical transmission characteristics can be
damaged. The high Young’s modulus of Kevlar can be utilized to support such optical fibres.
The optical fibre cable is composed of Kevlar fibre axis as a tension member and optical fibres
arranged spirally around Kevlar.
8.9.2 Technora®, wet-spun para-aramid fibre
Teijin developed wet-spun Technora in 1973, and has produced almost 1600 tons per year in
its Matsuyama Plant since 1987. Technora is synthesized by copolymerization of the same
components as Kevlar (terephthalic acid chloride and para-phenylene diamine) and the third
component diamine containing an ether linkage. Technora is wet-spun and drawn. The ether
linkage in its molecular structure makes Technora more flexible than liquid-crystalline-spun
Kevlar. Since Technora has improved characteristics with regard to solubility and drawability,
the filament surface is smooth and no fibrillation takes place. Technora is used for ropes and
nets for fisheries and civil engineering, and for protective clothing, including bullet-proof
jackets, knife-proof clothes and gloves, where not only high density woven fabric but also
sheet-like structure is used. Technora is also used as FRP tension materials to reinforce rodconcrete construction against a big earthquake.
The application to printed circuit boards deserves a special mention. Conventionally,
glass/epoxy resin is used for printed circuit boards for electronic equipment. Recently the light
and easy-processed circuit boards from paraaramid paper have been developed and are
replacing the conventional glass/ epoxy resin boards.

267

We should also mention examples of high-durable aramid FRP rod applications. Aramid FRP
is a composite of polyvinyl ester resin matrix reinforced by Technora-fibre. Aramid FRP rod
has a rugged surface with wound aramid fibre, or by twisting in order to achieve a good
adhesion to concrete. Aramid FRP rod possesses almost equal or even higher tensile strength
than PC steel. Its modulus is about a quarter that of steel and has no yielding point. Its weight
is about a sixth that of steel. Aramid FPR rod exhibits no deterioration in water, seawater, or
alkaline solution, so no antirust processing is required. Figure 3.10 shows the aramid FRP rod
anchor to protect the river bank in the Kyushu district, where 5160 m of aramid FRP rod of 7.4
mm in diameter was used.
8.9.3 Thermotropic liquid crystalline spun Vectran® fibre
Kuraray produce the polyarylate superfibre Vectran. Polyarylate contains aromatic aryl groups.
By controlling the molecular structure, polyarylate melts at a certain temperature and forms
thermotropic liquid crystals. Vectran is melt-spun from such polyarylate.
One of the most novel applications of Vectran was as an airbag for the Mars Pathfinder. NASA
(National Aeronautics and Space Administration) announced a large space science project (the
Origin Plan) in 1996. This project aims to explore the origins of space, and planned to launch
a series of space probes. Mars Pathfinder was launched from the Kennedy Space Centre in
Florida on 4 December 1996 in order to arrive on Mars on Independence Day (4 July 1997).
The most difficult part of this project was how to soft-land on Mars. The staff at JPL (Jet
Propulsion Laboratory, NASA) was asked to develop a less expensive soft-landing device
quickly. They innovated and produced a new soft-landing device utilizing an airbag, which
costs US$ 600 million, compared with US$ 1000 million for the conventional soft-landing
device. This airbag is made of four-layered woven fabrics of Vectran fibre laminated inside
with silicon polymer. Various designs were tested at NASA’s Lewis Research Centre,
including the shape of the airbag, the fabric materials and the seam. The red surface of Mars is
covered with rocks of various sizes and shapes. Thus the surface of the airbag is loosely seamed
in order to adjust its position according to the external load and to absorb the impact shock.
Vectran fibre of 200 d was woven into five-layer high-density fabrics laminated with silicon
polymer with warp directions shifted 45∞ with respect to each layer. The outer two to three
layers are designed to yield at certain impact strength and to absorb the impact energy. The
fifth layer (innermost layer) is made completely airtight and possesses high strength. Figure
8.7 shows the space probe Mars Pathfinder covered with the Vectran airbag.

268

Figure 8.7 Mars Pathfinder covered with Vectran air bag (Courtesy: NASA)
When the Mars Pathfinder (its front is protected with heat-resistant shield) is separated from
the spaceship, it descends into the Martian atmosphere. Several minutes before soft-landing,
the heat-resistant shield is cut off and Mars Pathfinder descends by parachute. At 300 m above
the surface (8 s before landing), four airbag sets (each composed of six beach-ball-like bags)
inflate within 0.5 s at each side of tetrahedral Mars Pathfinder. A retrorocket device is ignited
immediately and the speed of descent is reduced.
Mars Pathfinder falls on to the Martian surface, bounces up and down several times and then
stops. The Vectran rope then folds the airbags to the space probe surface. The outline of this
landing is shown in Figure 8.8. This Mars Pathfinder system is made up of the tetrahedral
landing device (the lander) and the rover. Total weight, including airbags, must be less than
360 kg, because of the limit of load to the airbags. The landing craft opens to expose its interior
when landed, and the rover is sent to explore the surface.
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Figure 8.8 Outline of Mars Pathfinder landing (Courtesy NASA)
8.10 PBO fibre from Toyobo
PBO fibre had a long history before its commercialization. When p-aramid fibre (Kevlar)
appeared in the 1970s, the researchers at Air Force Materials Research Institute (USA) started
a new challenge to synthesize polymers having higher modulus and better heat-resistance than
Kevlar. They published the basic results in 1979, and PBO was one of the heterocyclic
polymers developed in this project. Dr Wolf patented PBO at Stanford Research Institute.
Dow Chemical bought the rights of this patent and attempted to make fibres from PBO for
seven years without success. Consequently, Dow Chemical was looking for a partner to
develop PBO fibre. During this period, however, Dow Chemical found a new method to
improve the monomer (p-phenylene diamine) yield and a more efficient polymerization to form
PBO. Toyobo were interested in PBO, and proposed a joint venture with Dow Chemical to
develop PBO fibre. At that time, the tenacity of PBO fibre was similar to that of Kevlar but its
modulus was higher. Toyobo was confident that PBO fibre could be made stronger because of
its higher modulus. Later Dow Chemical withdrew from the development of PBO fibre because
of a change in the company’s business strategy. Zylon®, the world's strongest fibre, contradicts
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almost everything we know about fibres and fabrics. Zylon is made by mixing a polymer called
PBO (para-phenylene benzobisoxazole), while forcing it through a spinning machine. PBO has
a chemical structure that is difficult to process, but a major manufacturer of fibres, Toyobo Co.,
Ltd., has succeeded in producing this "super fibre." Zylon's tensile strength is about 10 times
that of steel—a Zylon thread only 1 mm thick can hold an object weighing 450 kg! Zylon has
excellent flame resistance, withstanding temperatures up to 650°C, and is more impactresistant than even steel or carbon.
Zylon's superlative properties are put to good use in protective clothing like firefighters'
uniforms, heat-resistant clothing and bulletproof vests. Zylon is also used as a heat-resistant
industrial material, and in the manufacture of optical fibre cables. In 2001, the National
Aeronautics and Space Administration (NASA) of the United States used it as a reinforcing
material for a space observation balloon.
8.11 Gel spinning of flexible polymer
Dyneema stands for a strong fibre. Three major fibre industries in the world are producing high
tenacity polyethylene fibre. DSM (Holland) and Toyobo (Japan) jointly developed and produce
Dyneema“. Allied Signal Inc. produces Spectra. “Dyneema” is a composite Latin word made
up from ‘dyne’ (power) and ‘neema’ (fibre). Dyneema thus means ‘a strong fibre’. Professor
Pennings, Dr P. Smith (formerly-Professor of California Institute of Technology) and Professor
Lemstra (Eindhoven Technical University) collaborated to develop gel spinning of high
molecular weight polyethylene. Commercial high tenacity polyethylene fibre is based on this
basic process developed by these three scientists in 1979.
Dyneema SK60 has a tenacity of 30 to 35 g/d. In 1999 Toyobo first put Dyneema SK71 on the
market, having a tenacity of over 40 g/d. The basic concept of gel spinning is to reduce
crystalline defects. Chain ends, entanglements and the folded chains in the amorphous region
are counted as defects. The tenacity of each filament fluctuates considerably, so that the
filaments should be produced without tenacity fluctuation.
8.11.1 Characteristics of Dyneema
The density of Dyneema is less than one, and it floats on water. Commercially available
Dyneema (Dyneema SK71) is made of flexible polyethylene, and its elongation at break is
around 4%. High tenacity polyethylene fibre has a good balance of tenacity and elongation, so
that it is easy for later processing including fabrication and knitting. Its impact strength is
excellent, and is used for protecting and reinforcing materials. Polyethylene is chemically
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stable and has a good chemical resistance in a wide range of pH except for some organic
solvents. No degradation will take place in water, so that it is suitable for use in humid places
exposed to the sun. The molecular weight of high tenacity polyethylene is over 1000 000, and
its shape stability is good.
However, the melting point is low (150∞C) and it creeps at higher temperature. These
characteristics should be taken into account in any application. Since high tenacity
polyethylene is light and strong, it is mostly used for ropes. Anchoring rope and tag rope for
ships made of high tenacity polyethylene is light and not water-absorbent. A fishing line is a
high value-added application of high tenacity polyethylene fibre. Since Dyneema has a high
sonic modulus, a bite can be detected quickly, resulting in advantageous fishing conditions.
Superfibre applications are capable of serving a great need within our society. Energy and
resource conservation will require lighter materials of higher performance. The prospect of
such superfibre needs in non-clothing fields is summarized in Fig. 8.4.
8.12 Nanofibre (carbon nanotube)
While nanofibre refers to DNA (deoxyribonucleic acid) in the field of biology, it stands for a
carbon nanotube (CNT) in the field of fibres. CNT consists of carbon atoms connected in a
cylindrical manner with a diameter of several nm to several tens nm and a length of several
mm. Aspect ratio (ratio of length to diameter) is in the range of 1000 to 10 000, and the strength
of the nanotube is expected to be 40 times of that of carbon fibre, judging from the crystal
structure. It belongs to a new group of molecular fibres. CNT is classified into two types
according to the thickness of the wall of the tube: single-walled CNT (SWCNT) and multiwalled CNT (MWCNT). The former attracts attention from the academic point of view.
The method of synthesis of CNT includes arc discharge, laser ablation method and chemical
vapour deposition methods. Professor M. Endo (Shinshu University) first discovered the
carbon nanofibre. The fibre formation system was based on using the floating catalyst method.
Dr S. Iijima (NEC) discovered the carbon nanotube and he showed transmittance electron
micrographs of MWCNT and SWCNT in 1991 and 1993, respectively.
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8.4 The
prospect of
superfibre
needs in
nonclothing
fields.
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Chapter 9 Fibre Identification and Characterization
9.1 Introduction
There are several methods currently being used in the industry to identify fibres and to
differentiate them from one another. The most popular methods include microscopic
examination, solubility tests, heating and burning characteristics, density or specific gravity,
and staining techniques. In this chapter, we will discuss about the different methods of textile
fibre identification.
9.2 Microscopic Identification
This method is based on the principle that all the textiles fibre have their characteristic
morphological characteristics and the same can be used to identify them individual. It is
important to note that each and every textile fibre has got its unique surface and cross-sectional
views when viewed under microscope. Therefore, examinations of longitudinal and crosssectional views of a fibre at 100 to 500 magnifications will definitely give detailed information
with regard to the surface morphology of the fibres. Positive identification of many natural
fibres is possible using the microscope. However, positive identification of man-made fibres is
very difficult due to their similarities in appearances and also due to the fact that spinning
techniques and spinneret shapes can radically change the gross morphological features of the
fibre
When it comes for fibre identification, it is very difficult to identify a fibre with bare eyes. A
microscopic view of the fibre helps to classify and identify it easily. There are some other tests
like burning test and chemical test for fibre identification. In the following images Longitudinal
and cross-section views have been shown for common natural and man-made fibres. The names
of the fibres are labelled under the images respectively. Figure 7.1 shows the fibre views for
the natural cellulosic fibres.
9.3 Solubility
This test is based on the chemical nature of the textile fibres. Majority of the textile fibres have
distinctly different chemical structures and hence their solubilities differ in different solvents.
Based on the solvent that dissolves the textile fibre, the chemical composition and hence the
fibre can be identified. The chemical structure of polymers in a fibre determines the fibre's
basic solubility characteristics, and the effect of solvents on fibres can help in the general fibre
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classification and identification. Various fibre classification schemes involving solubility have
been developed to separate and identify the textile fibres.

Figure 9.1 Cross-sectional and longitudinal views of Natural fibres
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Figure 9.2 Cross-sectional and longitudinal views of Natural and synthetic fibres
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Figure 9.3 Cross-sectional and longitudinal views of synthetic fibres
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9.4 Cross-sectional and longitudinal views of some synthetic and regenerated fibres
9.4 Heating and Burning Characteristics
Fibres behave differently when they are exposed to heat and flame. The reaction is purely
dependent on the nature of the fibre and the finish applied on it. This reaction of fibres to heat
from an open flame can serve us as a useful guide in identification of fibres. When
thermoplastic fibres are brought close to a flame, they will melt, fuse, and shrink, whereas nonthermoplastic fibres will brown, char, or be unaffected by the flame. On contact with an open
flame, fibres of organic polymers will get ignited and burn. The nature of the burning reaction
is characteristic of the chemical composition of the fibre.
On removal from the flame, the exposed fibres will either self-extinguish or continue to burn.
The odour of gases coming from the decomposing/burning fibres and the nature of any residual
ash are the characteristic features of the fibrous polymer that are being tested and burned. To
identify the fibres in an unknown piece of fabric, a snippet should be cut off from it. This
specimen should be about 1" long and a triangle at most 1/4" wide. The snippet of fabric should
be held in a pair of tweezers over the dish (which has already been made fireproof). With either
a match or cigarette lighter, the snippet should be put directly into the flame long enough for it
to catch on fire. Most of the fabrics burn and they have to be extinguished. There are other
fabrics that burn until there is nothing to burn, or they burn and go out on their own after a few
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seconds leaving remaining unburned fibre and are therefore self-extinguishing. There are
certain other fabrics that do not burn even with a flame held directly to it. Fibre can also be
identified through the smell of the smoke it gives off in burning and the ash or melted bead that
remains after it has burned. Some of the fabrics are blends, and the blend of fibres may make
the burn test rather unreliable test for fibre content. Moreover, some fabrics have chemical
finishes and sizing applied to them that will change the way they burn, making the burn test
further unreliable. Table 9.1. gives the details of the burning behaviours of the different textile
fibres:
Table 9.1 Burning test for fibre identification
Fibre
Cotton

Approaching
Ignites at first

Stationary
Burns
rapidly

Withdrawing
Smoulders
glows smokes

Linen

Ignite quickly

Burns actively

Wool

Draws away
from flame

Burns
rapidly
Melts, Burns

Silk

Draws away
from flame

Melts, Burns

Selfextinguishing

Rayon

Ignites in
contact
Melts before
contact

Burns

Burns slowly
Melts

Draws away
and melts

Melts burns
with yellow
flame
Melts, burn
and drips

Polyester Melts before
contact

Melts burns
black smoke

Burns for a
while ; selfextinguishing

Sweet
chemicals

Acrylic

Melts burn

Sputters, burns

Boiled fish

Acetate

Nylon

Melts burns
before reaching
flames

Selfextinguishing

Burns with
difficulty

Odour
Burning
papers or
leaves
Burning
paper
Burned
feathers or
hair
Burned
feathers or
hair
Burning
paper
Burning
paper and
vinegar
Celery

Residue
Soft gray
not much
Soft gray,
fine
Crushable
brittle
black
Crushable
brittle
black
Little or no
ash
Hard dark
bead
Hard bead
cream
colour or
dark
Hard bead
cream
colour or
dark
Hard
irregular
bead

9.5 Density or Specific Gravity
Every textile fibre has a unique specific gravity or density based on its mass and volume which
are in turn dependent on the chemical nature and composition of the fibres. Thus, fibre density
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can be used as a measure or tool in fibre identification. Fibre density can be determined by
using a series of solvent mixtures of varying density or specific gravity. If the specific gravity
of the fibre is greater than that of the liquid, the fibre specimen will sink in the liquid.
Conversely, if the specific gravity of the fibre is less than that of the liquid, the fibre specimen
will float. By this experiment, an approximate determination or estimation of fibre density can
be made.
9.6 Staining
The staining test is based on the principle that the fibres have differing dyeing characteristics
and affinities dependent on the chemical and morphological structures of the fibres. Prepared
dye mixtures containing dyes of differing affinities for various fibre types have been used
extensively as identification stains for undyed fabrics.
Since some fibre types may dye to similar shades with these dye mixtures, two or more stains
usually must be used to confirm the fibre content. Staining is effective only for previously
undyed fibres or for fibres where the dye is stripped from the fibre prior to staining.
9.7 Structural, Physical, and Chemical Characterization
A number of methods are available for characterization of the structural, physical, and chemical
properties of fibres. Most of the major methods available are outlined in this chapter, including
a brief description of each method and the nature of characterization technique that the method
provides.
9.7.1 Optical and Electron Microscopy
Optical microscopy (OM) has been used for many years as a reliable method to determine the
gross morphology of a fibre in longitudinal as well as cross-sectional views. Mounting the fibre
on a slide wetted with a liquid of appropriate refractive properties has been used to minimize
light scattering effects. The presence of gross morphological characteristics such as fibre shape
and size and the nature of the surface can be readily detected by the magnified views through
the microscope. Magnifications as high as x1500 are possible using laboratory microscopes,
although less depth of field exists at higher magnifications. Scanning electron microscopy
(SEM) can be used to view the morphology of fibres with good depth of field and resolution at
magnifications up to x 10,000. In scanning electron microscopy, the fibre must first be coated
with a thin film of a conducting metal such as silver or gold. The mounted specimen then is
scanned with an electron beam, and particles emitted from the fibre surface are detected and
analyzed to form an image of the fibre. Transmission electron microscopy (TEM) is more
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specialized and more difficult to perform than SEM. It measures the net density of electrons
passing through the thin cross sections of metal-coated fibres and provides a method to look at
the micromorphology of the specimen fibre.
9.7.2 Elemental and End-Group Analysis
Both qualitative and quantitative analysis of the chemical elements and groups in a fibre may
be helpful in identification and characterization of a fibre. Care must be taken in analysis of
such data, since the presence of dyes or finishes on the fibres may affect the nature and content
of elements and end-groups found in a given fibre. Gravimetric and instrumental chemical
methods are available for analysis of specific elements or groups of elements in fibres. Specific
chemical analyses of functional groups and end-groups in organic polymers that make up fibres
may be carried out. For example, analyses of amino acids in protein fibres, amino groups in
polyamides and proteins, and acid groups in polyamides and polyesters assist in structure
determination, molecular characterization, and identification of fibres.
9.7.3 Infrared Spectroscopy
Infrared spectroscopy is a valuable tool in determination of functional groups within the
molecular structure of a fibre. Functional groups in a polymer absorb infrared energy at
wavelengths characteristic of the particular group and lead to changes in the vibrational modes
within the functional group. As a result of the infrared absorption characteristics of the fibre,
specific functional groups can be identified. Infrared spectroscopy of fibres can be carried out
on the finely divided fibre segments pressed in a salt pellet or through the use of reflectance
techniques. Functional groups in dyes and finishes also can be detected by this technique.
9.7.4 Ultraviolet-Visible Spectroscopy
The ultraviolet-visible spectra of fibres, dyes, and finishes can provide us decisive clues
concerning the structure of these materials, as well as show the nature of electronic transitions
that occur within the material as light is absorbed at various wavelengths by unsaturated groups
giving an electronically excited molecule. The absorbed energy is either harmlessly dissipated
as heat, fluorescence, or phosphorescence or causes chemical reactions to occur that modify
the chemical structure of the fibre. Ultraviolet- visible spectra can be measured for a material
either in solution or by reflectance. Reflectance spectra are particularly useful in colour
measurement and assessment of colour differences in dyed and bleached fibres.
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9.7.5 Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy measures the relative magnitude and
direction (moment) of spin orientation of the nucleus of the individual atoms within a polymer
from a fibre in solution in a high intensity magnetic field. The degree of shift of spins within
the magnetic field and the signal splitting characteristics of individual atoms such as hydrogen
or carbon within the molecule are dependent on the location and nature of the groups
surrounding each atom. In this way, the "average" structure of long polymeric chains can be
determined. Line width from NMR spectra also can provide information concerning the
relationship of crystalline and amorphous areas within the polymer.
9.7.6 X-Ray Diffraction
X-rays get diffracted from or reflected off of crystalline or semi-crystalline polymeric materials
and such diffractions will give patterns related to the crystalline and amorphous areas within a
fibre. The size and shape of individual crystalline and amorphous sites within the fibre will be
reflected in the geometry and sharpness of the x-ray diffraction pattern and will provide a clear
and detailed insight into the internal structure of polymeric chains within a fibre.
9.7.7 Thermal Analysis
Physical and chemical changes in fibres can be investigated by measuring changes in selected
properties as small samples of fibre are heated at a steady rate over a given temperature range
in an inert atmosphere such as nitrogen. The four thermal characterization methods are (1)
differential thermal analysis (DTA), (2) differential scanning calorimetry (DSC), (3) thermal
gravimetric analysis (TGA), and (4) thermal mechanical analysis (TMA).
In DTA, small changes in temperature (~T) in the fibre sample compared to a reference are
detected and recorded as the sample is heated. The changes in temperature (~T) are directly
related to physical and chemical events occurring within the fibre as it is heated. These events
include changes in crystallinity and crystal structure, loss of water, solvents, or volatile
materials, melting, and decomposition of the fibre. DSC is similar to DTA but measures
changes in heat content (∆H) rather than temperature (∆T) as the fibre is heated, and it provides
quantitative data on the thermodynamic processes involved. In an inert gas such as nitrogen,
most processes are endothermic (heat absorbing). If DTA or DSC is carried out in air with
oxygen, data may be obtained related to the combustion characteristics of the fibre, and fibre
decomposition becomes exothermic (heat generating). TGA measures changes in mass (∆M)
of a sample as the temperature is raised at a uniform rate. TGA provides information concerning
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loss of volatile materials, the rate and mode of decomposition of the fibre, and the effect of
finishes on fibre decomposition. TMA measures changes in a specific mechanical property as
the temperature of the fibre is raised at a uniform rate. A number of specialized mechanical
devices have been developed to measure mechanical changes in fibres, including hardness and
flow under stress.
9.7.8 Molecular Weight Determination
Molecular weight determination methods provide information concerning the average size and
distribution of individual polymer molecules making up a fibre. Molecular weights enable one
to calculate the length of the average repeating unit within the polymer chain, better known as
the degree of polymerization (DP). The distribution of polymer chain lengths within the fibre
provides information concerning selected polymer properties. The average major molecular
weight determination molecular weights Mw, determined methods include number by endgroup analysis, osmometry, cryoscopy, and ebullioscopy; weight average molecular weights
(Mw)' determined by light scattering and ultracentrifugation; and viscosity molecular weights
(Mw), determined by the flow rate of polymer solutions.
Since each method measures the average molecular weight of the polymer differently, the
molecular weight values obtained will differ depending on the overall number and distribution
of polymer chains of varying lengths present in the fibre. The differences in value between Mn
and Mw provide measures of the breadth of distribution of polymers within the fibre. By
definition the distribution of molecular weights for a given polymer will always be Mw > Mv
> Mn
9.8 Mechanical and Tensile Property Measurements
Mechanical and tensile measurements for fibres include tenacity or tensile strength, elongation
at break, recovery from limited elongation, stiffness (relative force required to bend the fibre),
and recovery from bending. The tensile properties of individual fibres or yarns are usually
measured on a tensile testing machine such as an Instron, which subjects fibres or yarns of a
given length to a constant rate of force or loading.
The force necessary to break the fibre or yarn, or tenacity, is commonly given in grams per
denier (g/d) or grams per Tex (g/Tex), or as kilometre breaking length in the SI system. The
elongation to break of a fibre is a measure of the ultimate degree of extension that a fibre can
withstand before breaking. The degree of recovery of a fibre from a given elongation is a
measure of the resiliency of the fibre to small deformation forces. The stiffness or bendability
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of a fibre is related to the overall chemical structure of the macromolecules making up the fibre,
the forces between adjacent polymer chains, and the degree of crystallinity of the fibre.
Mechanical and tensile property measurements can provide valuable insights into the structure
of a fibre and its projected performance in end-use.
9.9 Specific Gravity
The specific gravity of a fibre is a measure of its density in relation to the density of the same
volume of water, and provides a method to relate the mass per unit volume of a given fibre to
that of other fibres. Specific gravity relates to some degree to the nature of molecular packing,
crystallinity, and molecular alignment in the fibre. Specific gravity of a fibre will give an idea
of the relative weight of fabrics of identical fabric structure but of differing fibre content. Enduse properties such as hand, drapability, and appearance are affected by fibre density.
9.10 Environmental Properties
Environmental properties include those physical properties which relate to the environment in
which a fibre is found. Moisture regain, solvent solubility, heat conductivity, the physical effect
of heat, and the electrical properties depend on the environmental conditions surrounding the
fibre. The uptake of moisture by a dry fibre at equilibrium will depend on the temperature and
relative humidity of the environment, Solvent solubilities of 'fibres will depend on the solubility
parameters of the solvent in relation to fibre structure and crystallinity. Heat conductivity, the
physical effect of heating such as melting, softening, and other thermal transitions, and
electrical properties of a fibre depend on the inherent structure of the fibre and the manner in
which heat or electrical energy is acted upon by the macromolecules within the fibre.
Environmental properties are measured by subjecting the fibre to the appropriate environmental
conditions and measuring the property desired under such conditions.
9.11 Chemical Properties
The chemical properties of fibres include the effects of chemical agents including acids, bases,
oxidizing agents, reducing agents, and biological agents such as moulds and mildews on the
fibre and light- and heat induced chemical changes within the fibre. Acids and bases cause
hydrolytic attack of molecular chains within a fibre, whereas oxidizing and reducing agents
wi1l cause chemica1 attack of functiona1 groups through oxidation (removal of electrons) or
reduction (addition of electrons). Such chemical attack can change the fibre’s structure and
possibly cleave the molecular chains within the fibre. Biological agents such as moths on wool

284

or mildew on cellulosics use the fibre as a nutrient for biological growth and subsequently
cause damage to the fibre structure.
Sunlight contains ultraviolet, visible, and infrared light energy. This energy can be absorbed at
discrete wavelength ranges by fibres depending on the molecular structure of the fibre.
Ultraviolet and visible light absorbed by a fibre will cause excitation of electrons within the
structure, raising them to higher energy states. Shorter ultraviolet wavelengths are the most
highly energetic and give the most highly excited states. Visible light usually has little effect
on the fibre, although its absorption and reflectance of unabsorbed light will determine the
colour and reflectance characteristics of the fibre. Infrared energy absorbed will increase the
vibration of molecules within the fibre and causes heating of the fibre. The excited species
within the fibre can return to their original (ground) state through dissipation of the energy as
molecular vibrations or heat without significantly affecting the fibre. Ultraviolet and some
visible light absorbed by the fibre, however, can lead to molecular scission within the fibre and
cause adverse free radical reactions, which will lead to fibre deterioration. Heating a fibre to
progressively higher temperatures in air will lead to physical as well as chemical changes
within the fibre. At sufficiently high temperatures, molecular scission, oxidation, and other
complex chemical reactions associated with decomposition of the fibre will occur causing
possible discoloration and a severe drop in physical and end-use properties for the fibre.
9.12. Actions against Chemicals:
1. Distinguishing animal fibres from vegetable fibres with an acid: As strong alkali destroy
animal substances; a 5%of soda lye solution in water can be used to eliminate wool and silk
fibres from a sample that contains a mixture of fibre. The vegetable fibres will not be affected
by this solution.
2. Distinguishing vegetable fibres from animal fibres with an acid: As dilute acid destroy
vegetable fibres, a 2%sulphuric acid solution can be used. A drop of solution is placed on the
sample, which is then pressed with a hot iron. The spotted area will become charred if the
sample is cotton linen or rayon.
3. Distinguishing Silk from Wool: The use of concentrated cold hydrochloric acid will dissolve
the silk and the same will make wool fibres to swell.
4. Distinguishing Nylon from Other Fibres: If the fabric is thought to contain nylon, the fabric
may be immersed in a boiling solution of sodium hydroxide. The nylon is insoluble in such a
solution.
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5. Distinguishing Polyesters From other Fibres: Polyester is soluble in hot Meta-cresol,
however, unlike acetate it is not soluble in acetone, and unlike nylon it is not soluble in
concentrated formic acid.
6. Distinguishing Acrylics From other Fibres: Acrylic fibres will dissolve in 70 percent solution
of ammonium thio-cyanate at 130 degree Celsius but the other fibres will not get dissolved.
7. Distinguishing Linen from Cotton: Cotton and linen are immersed in a 1% solution of
fuchsine in alcohol to give red rose colour. Later, they are washed and immersed into ammonia.
It can be observed that linen will retain the red coloration but cotton will not retain its red rose
colour.
8. Distinguishing Glass Fibres from Other fibres: There are two specific solvents for quick
identification of glass fibres, they are hydrofluoric acid and hot phosphoric acid.
9.13 End-Use Property Characterization
End-use property characterization methods often involve use of laboratory techniques which
are adapted to simulate actual conditions of average wear on the textile or that can predict
performance in end-use. Often quantitative numerical values cannot be listed in comparing the
end-use properties of a given textile fibre; nevertheless, relative rankings are possible and can
give useful information about the suitability of a fabric from a given fibre type for a specific
application. It must be emphasized that one must be most careful in interpreting results from
test methods and extrapolating the findings to actual wear and use conditions. The ultimate
properties of fibres in end-use do reflect the underlying morphological, physical, and chemical
characteristics inherent to the fibre. All major end-use properties and characteristics considered
in this handbook are outlined below. End-use methods are usually voluntary or mandatory
standards developed by test or trade organizations or by government agencies. Organizations
involved in standards development for textile end-use include the following:
American Association of Textile Chemists and Colourists (AATCC)
American National Standards Institute (ANSI)
American Society for Testing and Materials (ASTM)
Consumer Product Safety Commission (CPSC)
Federal Trade Commission (FTC)
Society of Dyers and Colourists (SDC)
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International Standards Organization (ISO)
30 Textile Fibres, Dyes, Finishes, and Processes
9.14 Characteristics Related to Identity, Aesthetics, and Comfort
Fibres are known by common, generic, and trade names. The Textile Fibre Products
Identification Act, administered by the Federal Trade Commission, established generic names
for all major classes of fibres based on the structure of the fibre. Common natural fibres often
are al so designated by their variety, type, or country of origin, whereas man-made fibres
manufactured by various firms are designated by trade name. Nevertheless, the labelled textile
must include the generic name of the fibre(s) and the percentage content of each fibre within
the textile substrate. Often trade names are selected which will convey to the consumer a
particular "feeling," property, or use for that fibre. Nylon is an example of a trade name
(selected by DuPont for their polyamide fibre) which came into such common usage that it
eventually was designated as the generic name of this fibre class by the Federal Trade
Commission (FTC). As new fibres of novel structure are developed and commercialized, new
generic names are designated by the FTC.
A number of fibre end-use properties in textile constructions relate to the aesthetic, tactile, and
comfort characteristics of the fibre. Such properties include appearance, luster, hand (feel or
touch), drapability, absorbency, overall comfort, crease retention, pilling, and wrinkle
resistance.
All of these factors are affected to varying extents by the particular properties desired from the
textile structure and its intended use. Many of these properties are related to inherent properties
of the fibres, which are translated into textile structures prepared for end-use. The overall
appearance and luster of a textile can be related to the shape and light absorbing and scattering
characteristics of the individual fibre within the structure. The "hand" or "handle" or a textile
structure is a complex synthesis of tactical responses by an individual, and is characteristic of
the particular fibre or fibre blend and overall structure of the textile substrate. The drapability
of textiles is related to the fibre stiffness and bendability within the complex structural matrix
making up the textile. The moisture absorbency and comfort of a fibre is related to its chemistry
and morphology and to the way it absorbs, interacts with, and conducts moisture. In addition,
comfort is related to the yarn and fabric structure into which the individual yarns have been
made. Crease retention and wrinkle resistance of a fibre in a textile construction are directly
related to the inherent chemical and morphological characteristics of the fibre as they depend
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on deformation and recovery under dry and moist conditions. The pilling characteristics of a
fibre in a textile construction are related to the ease with which individual fibres may be
partially pulled from the textile structure and to the tenacity of the individual fibres. Fibres in
loose, open textile structure are readily pulled from the textile. If the fibre is strong, the fibre
tangles with other loose fibres and mixes with lint and fibre fragments to form a pill. Weaker
fibres such as cotton, however, usually break off before pill formation occurs.
9.15 Characteristics Related to Durability and Wear
The useful Life of a fabric depends on a number of factors, including the strength, stretch,
recovery, toughness, and abrasion resistance of the fibre and the tearing and bursting resistance
of the fabrics made from that fibre. The composite of these factors coupled with the conditions
and type of end-use or wear will determine the durability characteristics of a textile structure
made from the fibre. Fibres must be of minimum strength in order to construct textile structures
with reasonable wear characteristics. The wear and durability of a fabric will tend to increase
with increasing fibre strength. Textile structures made from fibres able to withstand stretching
and deformation with good recovery from deformation will have improved durability
particularly when subjected to bursting or tearing stresses. The relative toughness of the fibre
also will affect the fabric durability, with tougher fibres giving the best performance. Tough
but resilient fibres will also be resistant to abrasion or wear by rubbing the fibre surface.
Abrasion of a textile structure usually occurs at edges (edge abrasion), on flat surfaces (flat
abrasion), or through flexing of the textile structure resulting in inter-fibre abrasion (flex
abrasion).
9.16 Physical and Chemical Characteristics and Response of Fibre to Its Environmental
Surroundings
The physical and chemical characteristics of a fibre affect a number of important end-use
properties: (1) heat (physical and chemical) effect on fibres, including the safe ironing
temperature and flammability, (2) wetting of and soil removal from the fibre, including
laundering, dry-cleaning, and fibre dyeability and fastness, and (3) chemical resistance,
including resistance to attack by household chemicals and atmospheric gases, particularly in
the presence of sunlight.
Fibres respond to heat in different ways. Thermoplastic fibres such as polyesters soften and
eventually melt on heating without extensive decomposition, thereby permitting setting of the
softened fibre through stretching and/or bending and subsequent cooling. Other fibres, such as
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the cellulosics and protein fibres, decompose before melting and therefore cannot be set using
physical means. The safe ironing temperature of a fabric is determined by the softening and/or
decomposition temperature of the fibre and must be significantly below this temperature. At
sufficiently high temperatures, fibres are chemically attacked by oxygen in the atmosphere
which accelerates fibre decomposition. If the temperature and heat input is sufficiently high or
if a flame is involved, the fibre will ignite and burn and thereby decompose at a more rapid
rate. On removal from the heat source, some fibres will self-extinguish, whereas others will
sustain flaming combustion and continue to burn. The burning characteristics of a fibre depends
on its inherent chemical structure and the nature of any finishes or additives present on the
fibre.
When soil is removed from a fabric as in laundering or dry-cleaning, the individual fibres must
be resistant to attack or damage caused by additives such as detergents, the solvent medium
used, and mechanical agitation. Fabrics constructed of fibres that swell in water or dry-cleaning
solvents can undergo profound dimensional changes on wetting.
Also, fibres with surface scales such as wool undergo felting in the presence of moisture and
mechanical action. The dyeability of a fibre is dependent on the chemical and morphological
characteristics of the fibre, the ability of the fibre to be effectively wetted and penetrated by
the dyeing medium, and the diffusion characteristics of the dye in the fibre. Since most dyeing
processes are done in water medium, hydrophilic fibres generally dye more readily than the
more hydrophobic fibres. The fastness of the dye on the fibre will be dependent on the nature
and order of physical and/or chemical forces holding the dye on the fibre and the effect of
environmental factors such as sunlight, household chemicals, and mechanical action (crocking)
on the dye-fibre combination.
The chemical resistance of a fibre can have a profound effect on enduse. The fibres that are
sensitive to chemical attack by household chemicals such as bleach are limited in their enduses. The resistance of fibres to attack by atmospheric gases including oxygen, ozone, and
oxides of nitrogen, particularly in the presence of sunlight and moisture, can also be important
considerations in certain end-uses.
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