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1. Introduction

The term fibers refers collectively to a wide va-
riety of forms of fibrous materials. Standards
have been established to introduce order into
the field. The most frequently employed terms
are defined here. Natural fibers that can be spun
into yarn are called staple fibers. The primary
spinning of man-made fibers results in the pro-
duction of continuous filaments (endless fibers).
Indeed, both monofilaments (threads; spinneret
has one hole) and multifilaments (spinneret has
many holes) can be produced. A filament yarn
consists of a large number of filaments that can
be given texture by twisting, crimping and/or
heat setting.

Theword tow refers to a fiber tapemade from
thousands of filaments. If a tow is cut or torn, it
gives rise to staple fibers. Fiber tapes obtained
by cutting or tearing parallel to the fibers are
known as fiber bands.

Conventional standards divide fibers into (1)
natural fibers and (2) man-made fibers (also
called chemical fibers).

Natural fibers are subdivided into plant and
animal fibers. Man-made fibers are subdivided

into natural materials brought into fiber form by
a chemical reaction (regenerate fibers) and fibers
made from synthetic polymers (synthetic fibers).
The following classification includes standard-
ized abbreviations that are used occasionally
throughout this article:

1. Natural fibers
1.1. Plant fibers, e.g.,
cotton
flax
hemp
jute

1.2. Animal fibers, e.g.,
wool
camel hair
angora
silk

2. Man-made fibers
2.1. Fibers based on natural polymers, e.g.,
viscose rayon (CV)
Lyocell (CLY)
cellulose acetate (CA)
elastodiene (LA)

2.2. Fibers based on synthetic polymers
(synthetic fibers), e.g.,
polypropylene (PP)
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polyacrylonitrile (PAN)
poly(vinyl chloride) (PVC),
polyamide 6 (PA 6, nylon 6)
polyamide 66 ( PA 6,6; nylon 66)
poly(ethylene terephthalate) (PET)
poly(ether ether ketone) (PEEK)
polyurethane (PUR; spandex)

2. History

Natural Fibers. Natural fibers have been
used by humans for thousands of years. Animal
hair and plant fibers were spun into yarn and
woven into textiles. Indeed, the textile industry
today is still based on this ancient technology.

Man-Made Fibers. The idea of making “ar-
tificial” fibers and threads is over 300 years
old. In fact, the start of the chemical fiber
industry dates from about 1884. The process
of regenerating fiber-forming cellulose was
based on the discovery of solvents such as
copper oxide – ammonia by E. Schweizer in
1857. Later, Count Chardonnet succeeded in
forming derivatives of cellulose which could be
solubilized and spun into threads; “Chardonnet
silk” was first made in 1884. A detailed account
of the history of man-made fibers is not given in
this article. The subject was dealt with compe-
tently by H. Klare in 1985 [19].

The most important developments in the pro-
duction of man-made fibers based on cellulose
were:

1) the cuprammonium process for solubiliza-
tion and spinning of cellulose;

2) the formation of spinning solutions of cellu-
lose derivatives, such as cellulose nitrate and
cellulose acetate;

3) the intermediate derivatization of cellulose
to cellulose xanthate which in turn is spun
into cellulose fibers;

4) the development of new solvent sys-
tems for cellulose, such as N-methylmor-
pholine oxide (NMMO) or dimethylacet-
amide – lithium chloride.

In 1927, H. Staudinger used polyoxy-
methylene as a model of cellulose to demon-
strate that fiber-forming polymers were linear
polymeric molecules.

The production of synthetic fibers was the
result of pioneering work on the formation of
synthetic polymers and the development of ex-
trusion techniques known as wet, dry, and melt
spinning.

Nylon 66 was first synthesized by W.H.
Carothers in 1935. This was closely followed
by the discovery of nylon 6 by P. Schlack in
1938. The work of J. R. Whinfield and I. T.
Dickson led to the development of polyester
fibers in 1941. Today, polyamides and poly-
esters are the largest-volume polymers capable
of being melt-spun. The production of synthetic
fibers based on familiar polymers such as poly-
acrylonitrile, which cannot be melt-spun, was
made possible by the introduction of new sol-
vents, e.g., dimethylformamide (H.Rein, 1942).
Discovery of the stereospecific polymerization
of propylene (G. Natta, 1954) led to the in-
troduction of polyolefins into the fiber industry.
The development of technology and the simul-
taneous elucidation of structure and properties
resulted in “tailor-made” polymers and fibers.
Specific properties such as rubber elasticity (O.
Bayer, 1947) or extreme tenacity and stiffness
were realized (high-modulus fibers, P.W.Mor-
gan andS. L.Kwolek, 1968). In addition, high-
temperature fibers were made from polyhetero-
cyclic compounds.

Apart from organic polymers, inorganic sub-
stances such as glass, carbon, BN, and SiC were
also spun into fibers.

Future developments are likely to be directed
toward classical mass production, particularly
towards the attaining of optimal processing char-
acteristics and clothing comfort. New types of
application – above all in the field of industrial
fibers and in medical technology – will stimu-
late the development of special fibers with very
specific properties.

3. Characteristics of Fibers

3.1. Fineness

The thickness of fibers and filaments ranges
from 1 to 100µm. Measuring thickness by
means of conventional instruments is very diffi-
cult. Indeed, even small variations in fiber uni-
formity, thickness, and cross-sectional area hin-
der microscopic measurement. To make a sta-
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tistically valid statement about the fineness of a
fiber (fiber density), length and mass are com-
puted instead of thickness. The unit tex is used
to express fiber fineness. According to the ISO,

1tex = 1gper1000m

If 1000m of fiber weigh 1 g, the fineness is 1 tex.
Another unit commonly used to express fineness
is dtex. If themass per length is given in dtex, the
numerical values will be comparable to those in
the formerly used unit denier [46]:

1denier = 1gper9000m

3.2. Tenacity and Modulus of Elasticity

The cross-sectional area of fibers is generally
nonuniform and cannot be determined easily.
Hence, measurements based on area have lim-
ited applicability. For this reason, tenacity is not
measured in gigapascal (GPa) units (ISO) but
is expressed relative to the fineness. Usually, the
maximal tensile force (at break) is employed, ex-
pressed in centinewtons per tex (cN/tex); other
units used are cN/dtex (1 cN/dtex = 10 cN/tex) or
N/tex (1N/tex = 100 cN/tex). Textile and indus-
trial fibers have tenacities ranging from 10 to
more than 300 cN/tex (see Table 4). The mod-
ulus of elasticity corresponds to the tangent to
the stress – strain curve at the origin (→Fibers,
6. Testing and Analysis, Chap. 3.). It is also ex-
pressed relative to the fineness, in cN/tex. Typ-
ical moduli range from 50 to 1000 cN/tex for
textile fibers and from 1000 to 40 000 cN/tex for
industrial fibers. (See Table 5.)

3.3. Elongation

The highest possible degree of elongation
at break (→Fibers, 6. Testing and Analysis,
Chap. 3.) varies greatly with the type of fiber.
Industrial fibers, e.g., carbon fibers and high-
modulus aramids, have values of 0.1 – 2%; tex-
tile fibers and yarns have values of 5 – 70%; and
values of 300 – 700% are obtained for spandex
fibers (see Table 4).

In practical applications, fibers are elongated
only to a small extent. Maximal elongation is

never attained because otherwise fibers undergo
partially irreversible stretching.

Temperature and moisture (weather) affect
both the tenacity and the elongation of fibers to
varying extents, depending on the type of poly-
mer. The same applies to dimensional stability
and wrinkling tendency, properties that are also
influenced by the type of fiber and by the textile
structure.

4. Spinning

Both natural and synthetic fibers are consist-
ing of linear polymers. These polymers are con-
verted into fibrous form by growth (animal hair,
plant fibers) or extrusion (spider, silkworm, spin-
ning technology) and are specifically oriented to
the fiber axis. The many mechanisms found in
nature for the formation of filamentous struc-
tures are, by no means completely understood
(see e.g. [87]). Only a few processes are avail-
able for large-scale production of man-made
fibers. Specific production techniques are based
on the deformability of fiber polymers. In prin-
ciple, a distinction is made between spinning
methods involving solutions and those involv-
ing molten polymer. For a detailed description
of spinning, see →Fibers, 3. General Produc-
tion Technology.

4.1. Wet Spinning

Polymer solutions are converted into fibers by
diluting a highly concentrated polymer solu-
tion in a coagulating bath. The extremely vis-
cous polymer solution, e.g., 3.5 – 10 Pa · s (still
higher values are obtained with viscose rayon)
can be extruded, i.e., spun, by forcing it through
a spinneret to form threadlike structures. In gen-
eral, polymers are soluble only in specific sol-
vents. The viscous polymer solution is extruded
into a coagulating bath where the solvent is di-
luted, which results in precipitation of polymer
threads. For instance, polyacrylonitrile is solu-
ble in dimethylformamide (DMF). In the coag-
ulating bath, DMF is washed out of the viscous
polymer threads with water, and polyacryloni-
trile fibers precipitate (Fig. 1).
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Figure 1. Fiber formation by solvent extraction in the spin-
ning bath
PAN=polyacrylonitrile: DMF= dimethylformamide

The solvent concentration in the fiber de-
creases along the length of the coagulating bath.
In wet spinning, several physicochemical pro-
cesses occur simultaneously, e.g., solvent dif-
fusion, polymer precipitation, and formation of
membrane-like interfaces and system-specific
morphological structures. One of the main pur-
poses of developingwet-spunpolymers is to pro-
duce specific fiber structures in the coagulating
bath. This is achieved, in principle, by modifica-
tion in the coagulating bath, which is described
in more detail under →Fibers, 4. Synthetic Or-
ganic, Chap. 5.3.3., wet spinning of polyacry-
lonitrile. In a spinning process of this type, the
polymer can also undergo a chemical reaction;
e.g., the viscose process involves acid hydroly-
sis of cellulose xanthate in the coagulating bath
(→ Cellulose, Chap. 3.1.3.).

Tomake the process economical, the polymer
concentration should be kept as high as possi-
ble during spinning. In the case of soluble poly-
mers, the viscosity of the spinning solution, and
thus its basic spinnability, are directly related
to the concentration and solvation of the poly-
mers. However, complicated processes, such as
exchange, diffusion, and drying, that occur dur-
ing wet and dry spinning result in polymer- and
solvent-dependent limitations on the polymer
concentration.

4.2. Dry Spinning

In dry spinning, the polymer solution is also
forced through a spinneret. Solvent is then evap-
orated in a warm current of air to produce almost
solvent-free filaments. Cellulose acetate, poly-
acrylonitrile, and polyurethane are spun by this
technique (→Fibers, 4. Synthetic Organic).

4.3. Melt Spinning

In melt spinning, the polymer is melted by heat-
ing and then passed through a spinneret via a
spinning pump. Only polymers that are ther-
mally stable under melt conditions can be sub-
jected to this extrusion (i.e., spinning) process.
The fluid threads emerging from the spinneret
solidify on cooling (usually air cooling) to form
filaments. This technique is applied in spinning,
e.g., nylon 6, nylon 66, or poly(ethylene tere-
phthalate) (→Fibers, 4. Synthetic Organic).

The difference betweenmelting and spinning
temperatures depends on the viscosity of the
melt. Usually, the spinning temperature is about
30K higher than the melting temperature Tm.
However, if the viscosity is still too high, the
spinning temperature must be increased even
further. For example, Tm of polypropylene is
170 ◦C but the polymer is spun at 260 ◦C. The
melt index, not the viscosity, is generally used
to characterize the melting properties of poly-
mers. In fact, the tedious measurement of melt
viscosity has now been replaced by simple mass
determination (→Fibers, 6. Testing and Analy-
sis).

Hence, melt spinning requires polymers that
are thermally stable and, as far as possible, re-
sistant to thermal oxidation at temperatures ap-
proximately 30K higher than their melting tem-
peratures (PA-6, PA-66, and PET).

Production conditions must be optimally co-
ordinated with the properties of the product to
achieve the desired melt viscosity, on the one
hand, and the required fiber tenacity, on the
other. Rapid advances in process technology,
however, have made possible not only the pro-
cessing of very highly viscousmelts, but also the
extrusion of solids.

5. Prerequisites for Fiber Formation

5.1. Molecular Mass and Fiber
Formation

The spinnability of polymer melts or solutions
depends on their viscosity at technically feasi-
ble spinning conditions. The viscosity η of lin-
ear polymers depends, in turn, on the molecular
mass Mr:
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Table 1. Polymer type and molecular mass suitable for fiber formation

η=K ·Mα
r

where K is a constant that is known for most
common polymers.

The fiber-forming tendency of a polymer in-
creases with increasing molecular mass. The
varying forces of interaction between individ-
ual structural groups of polymers are directly
related to the chemical nature of these linear
molecules. For this reason, optimal conditions
for fiber formation are very polymer-specific.
In principle, the weaker the interaction between
structural segments, the higher is the molecular
mass required (Table 1) [47].

5.2. Molecular Structure and Fiber
Properties

The thermochemical and photochemical stabil-
ity of a fiber polymer is controlled by its chemi-
cal structure. The possibility of chemicallymod-
ifying textile properties is determined by the
chemical reactivity and polarity of the individ-
ual structural units (Table 2). The type of chem-
ical bonds and the stereochemistry are impor-
tant formolecular geometry, interaction of struc-
tural units, and thermal conformational stabil-
ity. Low conformational mobility is generally
related to high mechanical tenacity, modulus,
and torsion modulus. Finally, the molecular or-
ganization is influenced by the symmetry of the
structural units and of the entiremolecular chain.

The interaction energy (cohesion energy) con-
trols the solubility and compatibility of struc-
tural units with each other. These factors finally
lead to specific morphological domains, which
frequently occur in block structures of varying
chemical composition along the polymer chain,
e.g., in polyurethane (spandex) fibers. The gen-
eral relationship between the structure and prop-
erties of polymers suitable for fiber production
is discussed in the literature [47]. In this section
the structural elements of technically important
fibers are compared.

Table 2. Structural characteristics of polymers and their importance
for fiber properties

Structural characteristics Importance for fiber properties

Chemical structure thermochemical and
photochemical stability,

(primary structure) textile chemical processes
(dyeing, textile finishing)

Molecular organization and general properties,
symmetry melting point, shrinkage behavior
Type of binding and thermophysical and
stereochemistry (secondary thermomechanical properties
structure) (moduli, elasticity)
Conformation and
conformational mobility
Morphological structures,
superstructures

diffusion (dyeing), breaking
mechanism

Crystallization. The interaction between
structural units is of considerable importance for
crystallization. The chemical structure, stereo-
chemistry, and symmetry of polymers deter-
mine, to a large extent, the structural conforma-
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tion of the polymer under prevailing conditions
such as temperature (melt or solid), condition
of solution (solvation of molecules), coil struc-
ture, and aggregation. Higher orientation or
parallelism of the chain molecules increases
orientation of the structure elements. Their in-
teraction also depends on the possible molecular
conformations.

During spinning, a preliminary orientation of
the molecules occurs, which is enhanced dur-
ing drawing, and stabilized by partial crystal-
lization. The individual segments usually crys-
tallize independently of each other; hence amor-
phous intercrystalline areas exist unavoidably.
The course of polymer crystallization, especially
of fibers, is quite different from the crystalliza-
tion characteristics of low molecular mass com-
pounds.

5.3. Property Requirements for the
Formation of Fiber Structures

Fiber-forming polymers require certain proper-
ties that make possible the formation of typical
fiber structures; these are linearity, intermolec-
ular forces, and the possibility of crystallization
whereby, in general, supermolecular structures
result.

1) Linearity. Only linear polymers can be ex-
pected to have optimal fiber-forming prop-
erties. Linearity is specifically a prerequisite
for the spinnability of polymer solutions and
melts.

2) Intermolecular Forces. After orientation of
linear polymers during spinning and draw-
ing, dispersion forces, e.g., dipole-dipole in-
teractions or hydrogen bonds between the
polymer segments contribute to the fixation
of the polymer chains.

3) Crystallization. The well-developed organi-
zation of the polymer chains usually results
in crystallization. Polymer-specific crystal-
lization results in crystalline domains and
amorphous intercrystalline areas.

4) Supermolecular Structure. The crystallites
are oriented so that they lie parallel to the
fiber axis, which results in supermolecu-
lar structures, e.g., fibrils and fibril bundles
(→Fibers, 2. Structure).

These requirements were fulfilled by
Staudinger’s model of cellulose as polymeric
formaldehyde [48]. Even this simple compound
met all the conditions for fiber formation. It is a
meltable linear polymer, capable of crystalliza-
tion with formation of fiber fibrils.

The simplest model for intermolecular dis-
persion forces (van der Waals forces) is shown
in a polyolefin molecule such as polyethylene or
polypropylene:

In poly(ethylene terephthalate), interaction bet-
ween the aromatic π-electron systems of the
benzene rings and of the carbonyl groups makes
dipole – dipole interaction possible:

Hydrogen bonds act on amide or urea groups in
polyamides, such as nylon 66 or nylon 6, or in
polyurethane, respectively:

The OH groups of poly(vinyl alcohol) and of
cellulose (viscose rayon) are also able to form
hydrogen bonds. Very strong dipole – dipole in-
teraction occurs between the nitrile groups of
polyacrylonitrile:

However, this all-trans conformation of poly-
acrylonitrile can change into lower energy heli-
cal structures [49]:



Fibers, 1. Survey 9

The strong dipole–dipole interaction of poly-
acrylonitrile is one of the reasons for the specific
solubility behavior of that polymer.

Weak dispersion forces are effective only in a
highly symmetrical conformation. This high de-
gree of symmetry, in turn, is possible only with a
highly symmetrical arrangement of substituents,
e.g., along an aliphatic carbon chain. Such a
high degree of symmetry in linear polymers can
be achieved only by coordination polymeriza-
tion, in the presence of organometallic catalysts
(Ziegler –Natta), to yield isotactic polymers. If
this symmetry (e.g., in polypropylene) is dis-
turbed by the presence of other structural units
(e.g., carboxylic acid ester groups; acrylic acid
comonomers), both polymer and fiber properties
change drastically.

5.4. Crystallization

The flexible linear polymer takes on a vari-
ety of conformations during fiber formation,
seeking the conformation with the lowest free
energy (i.e., highest molecular organization).
However, spinning conditions do not allowpoly-
mers to attain this state completely, and fiber
polymers usually undergo only partial crystal-
lization. The ratio of crystalline to amorphous
regions varies from almost totally amorphous to
highly crystalline, single-phase systems (Fibers,
2. Structure).

Linear polymers exist in solution or as
molten polymer in a more or less coiled form
(Fig. 2A). In the shearing field during spin-
ning, the molecules are partially uncoiled and
oriented in the direction of flow (Fig. 2 B). A
higher degree of orientation is achieved dur-
ing the subsequent drawing operation (Fig. 2 C).

In this step, spun fibers are stretched by more
than 200%, resulting in partial crystallization
of polymer molecules (Fig. 2D). In high-speed
spinning, the extremely high windup speeds
(3000 – 6000m/min; 50 – 100m/s) induce crys-
tallization during fiber formation. The resulting
preoriented yarns (POY) have to be stretched
by only 40 – 100% in subsequent steps (tex-
turing). Additional polymer-specific increases
in windup speeds lead to fully oriented yarns,
which require almost no further stretching.

Wu et al. [77] succeeded to orientate spin-
ning PET in a threadline modification process.
Theone-steporientation (without separate draw-
ing) could be realized by the installation of a liq-
uid bath in the spinline. High-performance fila-
ments, however, have to be drawn after spinning
to reach maximum fiber strength.

Liquid Crystals. Some linear polymers, in
solution or molten form, tend to undergo
self-organization by forming liquid – crystalline
structures. Soluble linear polymers (lyotropic
systems) form liquid crystals as a result of their
rigid conformation and the formation of poly-
electrolytes, e.g., the system poly(p-phenylene-
terephthalamide) –H2SO4. Liquid crystals can
also be formed in polymer melts (thermotropic
systems). Examples of suitable systems are the
aromatic polyesters of the poly(4-hydroxyben-
zoic acid) type or aromatic blocks built up in
segments and separated by flexible spacers. Fig-
ure 2 E shows the resulting structures of some
high-modulus aramids; pronounced amorphous
intercrystalline areas are not visible.

5.5. Organization of Structural
Elements

The arrangement of fibrils and fibril bundles in
man-made fibers is controlled by the produc-
tion procedure, i.e., by physical and physico-
chemical processes. Therefore, resulting struc-
tures depend on production parameters, and de-
spite the different types of polymers employed,
the tertiary structures of all man-made fibers are
very similar.

In contrast, natural fibers have organized,
evolved structures which differ considerably
from each other, depending on the organism.
Structural variations are reflected in different ge-
ometric positions of the fibrils with respect to the
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Figure 2. Various conformations of fiber polymers
A: Unstirred solution (coil of polymer molecules)
B: Molecular orientation in the shearing field during spinning
C: Molecular orientation during drawing or liquid crystal formation from the melt or solution (polyelectrolyte molecules)
D: Formation of structure on crystallization of flexible polymer chains. Examples are polyethylene, polypropylene, polyamide,
and polyester.
a) Crystallite; b) Intercrystalline (amorphous) region; l) Long period (10 – 20 nm)
E: Formation of structure of lyotropic and thermotropic systems, such as crystallization of rigid polymer chains. Examples
are high-modulus fibers of the aramid type, polyesters, and carbon fibers.

fiber axis (e.g., in cotton fibers) or in different
chemical structures along the fiber cross section
(e.g., in animal hair, such as wool). Fibers could
thus be classified into two principal structural
categories, namely, organized and unorganized,
if the structure of each fiber were known.

5.6. Structural Models

The chemical structure of linear polymers de-
termines the degree of conformational mobil-
ity of the chain segments of these molecules.
Both chain mobility and molecular structure,
in turn, greatly influence fiber structure. Flex-
ible chain molecules may crystallize partially to
form structures that conform with the classical
crystalline – amorphous model (Fig. 3A). Span-
dex fibers, on the other hand, have a special do-
main structure, because the chemical structure of
these polymers changes considerably in the vari-
ous segments along the polymer chain (Fig. 3 B).

The relatively planar structure of aramids and
polyheterocyclic compounds, their conforma-
tional rigidity, and their tendency to form ly-
otropic structures in the spinning solution are
consistent with a structural model in which the
intercrystalline segments are bridged (Fig. 3 C).

Even more planar molecules form graphite-
like structures (Fig. 3D). Structural defects lead
to cavities and weakly bent planes of the aro-
matic systems; for more details on carbon fibers,
see →Fibers, 5. Synthetic Inorganic.

5.7. Molecular Symmetry and Physical
Properties

The importance ofmolecular symmetry for ther-
mophysical properties (melting point, glass tran-
sition temperature) can be demonstrated for
polyamides. Figure 4 shows the fluctuation of
melting points in the series of polyamides PA-
3 to PA-13 (nylon 3 to nylon 13). Apparently,
polyamides with an even number of carbon
atoms and those with an odd number of carbon
atoms belong to different structural series [47].
This can be explained by the different overall
symmetry and, consequently, the different pos-
sibilities for hydrogen-bond formation (Fig. 5).
In PA-7, more hydrogen bonds can be formed –
at least in the all-trans conformation – than in
PA-6. Analogously, all nylon types with an even
number of carbon atoms have lower melting
points than those with an odd number of carbon
atoms (Fig. 5).
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Figure 3. Various structural models of different polymer
types
A: Classical structural model of amorphous – crystalline
fiber polymers. Examples are polyamide, polyester, and vis-
cose rayon. Long period (l) 10 – 30 nm.
B: Structural model of spandex fibers (polyurethane).
Length of hard segment 2.5 nm; length of soft segment
15.0 nm
C: Structural model of aramid fibers (p-structures). No
amorphous phases present; stretched molecules due to ly-
otropic structures during fiber formation
D: Structural model of carbon fibers; graphite structure with
defects (cavities, bent layers; D = position of defect).

5.8. Changes in Properties Caused by
Symmetry Defects

The incorporation of comonomers affects not
only chemical structure, but also symmetry and,
therefore, other fiber properties. For instance,
the tacticity of polypropylene is changed by the

insertion of comonomers, such as vinyl com-
pounds. The resulting copolymer has altered
properties and is no longer suitable for textile
production. In addition, polar comonomers in-
terfere with the isotactic course of the polymer-
ization process itself.

Figure 4. Melting points of nylons as a function of chain
length n.

Figure 5.Hydrogen bonding in nylon 6 (A;mp 225 ◦C) and
nylon 7 (B; mp 232 ◦C)

Polyacrylonitrile is rarely used for textile
fibers without comonomers being incorporated
into the polymer, because the desired fiber prop-
erties (e.g., deformability, dyeability) cannot be
achieved with polyacrylonitrile alone. This, of
course, changes the solubility of the polymer.

Polyesters of similar chemical structure, but
quite different molecular symmetry, also have
very different melting points. For example, the
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highly symmetrical poly(ethylene terephthalate)
has a melting point of 265 ◦C, whereas the melt-
ing point of poly(m-phenyleneisopthalamide) is
only 102 ◦C [47].

The same situation arises with aramids.
Here, too, the highly symmetrical para-linked
polyamides have higher melting points (in this
case, decomposition temperatures) than the less
symmetrical meta-linked polymers (Fig. 6). The
different dipole orientation, oppositely directed
or in the same direction (arrows in Fig. 6), and
the total symmetry cause higher fiber tenacity
and modulus.

Figure 6. Effect of dipole orientation on the melting point
(decomposition temperature) of aramids

6. Fiber Properties Required by
Textiles

Despite the fact that a large number of polymers
possess the basic properties required for fiber
formation, they are not all suitable for large-
scale production of fibers. In textile production
and in commercial applications, polymers must
fulfill a variety of requirements:

1) Chemical Stability. Polymers must be stable
under the influence of heat, light, air, water,
and the chemicals commonly used in textile
finishing and care.

2) Thermomechanical Stability. Polymers must
possess the ability to be solution- or melt-

spun and, at the same time, retain their di-
mensional stability during processing, use
and care.

The requirements to bemet by fibers and their
parent polymers are, therefore, determined by
the demands on the final products.

6.1. Requirements to Be Met by Textiles

The need for a variety of textile fabrics having
specific properties should be clear from the di-
versity of textile uses. The priorities and order
of importance of properties depend on the appli-
cation in question.

For clothing, textile properties like appear-
ance, aesthetics, optics, drape, formability (iron-
ing, pleating), comfort, heat and moisture trans-
port, handle, ease of care, and fastness of all
types are of considerable importance. In ad-
dition, certain chemical requirements, such as
dyeability, crease-resistant finishing, anddimen-
sional stability, must be met in the production
of textile materials. Finally, processibility to the
finished textile product in partially automated
production lines has become increasingly im-
portant.

Industrial textiles must also possess specific
properties, depending on their application. For
example, high tenacity is required for ropes; high
modulus, for fiber reinforcement; heat stability,
for protective clothing and insulation; highwater
absorption, for articles of hygiene; resistance to
chemicals and flue gas, for filter materials; and
long-term stability, for geotextiles [45].

In the past, fiber production and the utiliza-
tion of specific properties were optimized pri-
marily. Today, fibers with desired properties are
made specifically to fulfill the requirements of
the final product. The correlation between re-
quirements and properties of the finished prod-
uct and correspondingfiber (polymer) properties
is given in Table 3.

6.2. Modification of Fiber Properties

The specific properties of the finished product
depend directly on its end use. Since the fiber
itself is not the final product, changes in fiber
structure result in changes in the property profile
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Table 3. Correlation of textile properties with fiber properties

Properties of the final product Corresponding fiber properties

Optical properties luster, fiber surface
Aesthetics profile, fiber cross section
Mechanical properties modulus of elasticity, tenacity, elongation
Comfort

Physiological properties of clothing moisture absorption, moisture transport
Antistatics electrical resistance
Thermal insulation heat capacity, porosity, heat conduction∗
Hand textile structure, bending modulus
Feel roughness, modulus of elasticity, fineness
Ease of care and washability wetting, moisture absorption, glass transition temperature (wet and dry) [78]
Dry cleaning polymer (in)solubility, swelling
Soiling characteristics zeta potential, adsorption and dissolution of soil components

Fastness
Mechanical stability tenacity, elongation, moduli, abrasion resistance
Dimensional stability melting point, glass transition point (wet and dry)
Forming (e.g., pleating) thermoplasticity, glass transition temperature (Tg)
Lightfastness chemical structure, sensitizers, stabilizers
Lightfastness of dyeing polymer – dye interaction, radical lifetime

Specific properties
Flame resistance chemical structure, combustion mechanism
Impermeability to water moisture absorption, wetting properties
Water vapor permeability surface properties, morphology, yarn structure
Dyeability glass transition point during dyeing
Mechanical properties
(ropes, material, tire cord) modulus of elasticity, tenacity, elongation, dynamic modulus

Rubber elasticity chemical structure, glass transition temperature, morphological structure,
domain structure

∗The thermal insulation of a textile is largely due to the air inside the pores, which is of low thermal conductivity.

of the finished product. Matching the require-
ment profile with the property profile is not al-
ways possible. the purpose of numerous mod-
ification procedures (e.g., of the fiber polymer,
productionmethod, processing, and finishing) is
to confer special functional properties on the end
product. Some of these procedures are described
in more detail in the following sections.

Copolymers. Fibers are used predominantly
as raw materials in textile manufacture. specific
fabric properties, such as dimensional stability,
brightness, color, pattern, or luster, are imparted
to textiles during the physical and physicochem-
ical processes of textile finishing. These charac-
teristics should remain unchanged, particularly
during use and cleaning. Chemical modification
of the fiber polymer is generally employed to
achieve this goal. Chemical treatment involves,
above all, the introduction of special structural
groups into the basic polymer, groups that are
capable of taking part in polar and homopolar
interactions with the chemicals used in textile
finishing. Some examples are

1) introduction of a sulfonic acid group into
poly(ethylene terephthalate) to bind cationic
dyes (sulfoisophthalic acid as comonomer);

2) introduction of a sulfonic acid group into
polyacrylonitrile with the help of vinylsul-
fonic or styrenesulfonic acid or a similar
comonomer to make possible the use of
cationic dyes;

3) introduction of flexible chain segments into
poly(ethylene terephthalate) to change its
dyeing characteristics. Polymer modifica-
tion [copolycondensation with poly(ethyl-
ene glycol)] in the production of carrier-free
dyeable polyester makes use of this princi-
ple.

Polymer Mixtures. Polymers are generally
incompatible. If two different polymers are spun
together, fibril structures are formed (matrix fib-
ril fibers) that are known as biconstituent fibers.
If two polymer streams are combined in the
spinneret without blending, bicomponent fibers
are obtained (→Fibers, 3. General Production
Technology).
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Additives. Many specific fiber characteris-
tics can be achieved by use of additives in the
spinning solution or the melt. For example, the
following effects can be obtained:

1) Delustering: use of titanium dioxide as addi-
tive in spinning

2) Spin dyeing: use of pigments as additives in
spinning

3) Antistatic properties: use of electrically con-
ducting additives in spinning

4) Flame resistance: use of flame retardants as
additives in spinning

The use of additives in spinning produces a very
broad spectrum of properties. For economic rea-
sons, this type offibermodification is themethod
of choice, if it produces the required effect. By
comparison, the development of special poly-
mers is a much more expensive procedure.

6.3. Comfort Properties of Textiles

Fibers used to produce clothing must possess a
variety of properties. The term comfort refers to
those properties responsible for the wash and
wear performance of garments. Physiological
studies have shown that apart from fiber sub-
stance, i.e., the chemical structure of the fiber
polymer, the most important factors that influ-
ence textile wearability are fiber, yarn, and tex-
tile construction [50]. Along with moisture ab-
sorption, moisture transport across the fiber sur-
face or through textile spaces is of particular sig-
nificance for the moisture balance of textiles.
Textiles must retain their appearance and form
duringwashing and dry cleaning. In this connec-
tion, certain inherent fiber properties are of vital
importance. The thermomechanical stability of
textiles is controlled by the glass transition tem-
perature (Tg) of the fiber polymers. However,
this temperature is not a structural property but,
rather, is directly related to the fiber system, e.g.,
the type of polymer and polymer –water interac-
tion. Deformability generally increases with in-
creasing moisture absorption because the chain-
segment mobility of polymers is increased. The
glass transition temperature of fiber polymers
with a high moisture-absorbing capacity de-
creases dramatically with increasing moisture
content. The resulting structural changes in the

fiber lead to fiber shrinkage or stretching, de-
pending on the degree of thermosetting. In other
words, the textiles lose their shape.

Even in the dry state, dimensional stabil-
ity decreases with increasing temperature, fibers
can undergo permanent deformation at dry heat.
Suitable fixation and textile finishing, e.g., ther-
mofixation (heat setting) of polyester, felting or
shrink-resistant finishing of wool, and crease-
resistant finishing of cotton, can enhance dimen-
sional stability and ease of care. Textiles that
are still not dimensionally stable enough to be
washed with water must be dry-cleaned. Here,
soil release is achieved by using organic sol-
vents such as perchloroethylene or fluorochloro-
hydrocarbons; the temperature must be main-
tained below the glass transition points of the
fiber – solvent system throughout the process.

Figure 7. Total production of man-made fibers [2]

7. Economic Aspects

The production of natural and man-made fibers
is influenced by a number of factors, such as de-
mand (state of the economy), availability (pro-
duction and trade), prices, and availability of raw
materials. The per capita consumption varies
considerably from country to country and de-



Fibers, 1. Survey 15

pends on climate, supply, domestic production
versus imports, standard of living, fashion, state
of the economy, and degree of industrialization.

The balance between the consumption of nat-
ural and of man-made fibers is also controlled
by these factors, although a certain “awareness
of nature” currently tips the scales in favor of
natural fibers. The production of natural fibers,
e.g., cotton or wool, is determined in terms of
the profit made per area cultivated. A dramatic
increase in production cannot be expected at
present. However, new developments in genetic
engineering could rapidly improve the yields ob-
tained per given area.

The economic importance of individual fiber
types can be deduced from their annual world-
wide consumption [51], and Figure 7 shows the
worldwide production of man-made fibers.

Both the consumption and the production of
fibers also depend directly on the level of devel-
opment and on per capita income [52]. The con-
sumption per person in individual countries dif-
fers considerably for a variety of reasons. Some
countries have already reached a high level of
consumption, and despite their high standard of
living, the population spends only a fixed per-
centage of their available incomeon textiles. The
growth of fiber production for industrial use, on
the other hand, is likely to continue. In 1984, 7 kg
of fiber was consumed per capita; for the year
2000, a total fiber production of 43×106 t is ex-
pected if per capita consumption remains at 7 kg,
or 48.6×106 t if it increases to 8 kg. The growth
rate of 2.8% achieved in the period 1968 – 1984
is not expected to continue. Up to 1995 the aver-
age growth rate was only 2.3%/a. Nevertheless,
a world fiber volume of about 50×106 t is ex-
pected in the year 2000 [52], [79].

The limited means of production in Eastern
Europe also contributed to reduced consump-
tion. In the developing countries, lack of spend-
ing power, capital, and means of production all
combine to reduce growth of consumption. Re-
gional differences in population growthwill lead
to an increase in fiber consumption in the devel-
oping countries.

8. Tabular Survey of Fibers [6], [53],
[54]

A quantitative survey of the most important
properties of fibers based on polycondensation
and polymerization, as well as some inorganic
fibers, is shown inTables 4, 5, 6, 7, 8, 9, 10. Prop-
erties of these fibers, are compared with those of
natural and semisynthetic fibers. The properties
of all textile and industrial fibers are determined
by variables related to production and aftertreat-
ment. Hence, in general, only a range of values
characteristic of individual fiber classes is given
in this survey. In fact, only the order of magni-
tude is indicated for electric resistance of fibers
because of considerable variations in measured
values. No entries have beenmadewhen reliable
information was unavailable.

The numbers in brackets are plausible
estimated values. Figures for tenacity and
modulus are based on both fiber fineness
(1tex = 1g/km) and cross-sectional area of the
sample. The following relationship is applica-
ble:

Fineness (tex) = 105×Density
(
gcm−3)

×Crosssection
(
cm2)

In general, the characteristic stress – strain curve
σ (ε) of fibers does not show a constant gradi-
ent, even at low elongation. Hence, the modulus
of elasticity is usually defined as the differential
quotient dσ (ε)/dε. Experimental determination
at low fiber elongation ε is difficult but can be
conducted successfully by extrapolation of the
function dσ (e) /de for e= 0 [55].

The elastic recovery of a fiber (in percent)
can be measured by standard methods [56] and
is shown in Table 5 as

(
1− er

e

)
100

where εr = residual elongation, ε= total elonga-
tion.
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Table 10. Dyeing behavior of fibers

Fiber name/polymer Trade name Dyes

Natural fibers
Cotton substantive
Wool anionic
Silk anionic, cationic, substantive, reactive, vat
Regenerate cellulose
Viscose rayon Evlan, Fibro,... substantive
Cuprammonium rayon Asahi Bemberg,... substantive
Cellulose acetate Arnel, Celco, Dicel, substantive, disperse
Cellulose triacetate Estron, Silene, Tricel,... substantive, disperse
NMMO fiber Lyocell, Tencel,... substantive, reactive
Polycondensate fibers
Nylon 6 Perlon, Capron, Grilon,... anionic, metal-complex disperse
Nylon 66 Nylon, Antron, Ultron,... anionic, metal-complex, disperse
Poly(m-phenyleneisophtalamide) (aramid) Nomex cationic plus carrier, high-temperature

conditions
Poly(ethylene therephthalate) Dacron, Diolen,... disperse plus carrier, high-temperature

conditions
Poly(1,4–dimethylenecyclohexane) Kodel disperse plus carrier, high-temperature

conditions
Poly(butylene terephthalate) Trevira 810,..813 disperse
Novolak Kynol,... disperse
Poly(ether imide) disperse
Polyurethane elastomers Dorlastan, Lycra anionic
Polymerizate fibers
Polypropylene Herculon, Meraklon,... disperse
Polyacrylonitrile Dralon, Dolan,... cationic, disperse
Modacrylics Kanekalon, SEF,... cationic, disperse
Poly(vinyl chloride) Clevyl, Rhovyl,... disperse
Poly(phenylene sulfide) Procon, Ryton disperse

Figure 8. Specific tenacity (σ/�) and modulus (E/�) of high-performance fibers (�= density)



Fibers, 1. Survey 35

Figure 9. Highest temperatures for fiber application without significant loss in tenacity

Values for fiber elongation, fiber shrinkage,
and relative properties such as wet tenacity, loop
tenacity and other parameters are expressed as
percent. If properties such as fiber resistance to
light, weather, chemicals, or organisms cannot
be expressed numerically, they are characterized
in a simplified qualitative manner in Table 9. In
individual cases, the respective conditions and
the type of attack (e.g., by certain kinds of pests
[57], [58]) are such that widely differing results
can be expected.

Some promising fibers that are still being de-
veloped have also been included, in particular,
high-performance fibers made from highmolec-
ular mass poly(vinyl alcohol), the thermoresis-
tant PEEK, PAI, PI (see Fig. 9, and the polyary-
late “ Ekonol,” an example of a thermotropic
polymer [59]. Among the inorganic fibers, apart
from carbon and glass, the properties of silicon
carbide, and ceramic fibers have been included.
Figure 8 shows the ranges ofYoung’smoduli and
tenacities of presently known high-performance
fibers usedmainly for reinforcing organic resins.

Although fibers are highly anisotropic com-
pared with other materials and therefore espe-
cially strong in the axial direction their Young’s
modulus is always inferior to the theoretical

(crystal) modulus. The ratio of fiber to crys-
tal modulus attains about 0.1 for textile com-
modity fibers, 0.3 for high-performance fibers
(e.g., from HM-HDPE), especially those with
extended chain structure, and as high as 0.8 for
the LC polymer Kevlar 149 with unfolded, ori-
ented PPTA molecules. The deficit of the fiber
modulus is a consequence of incompletely un-
coiled and disentangled macromolecules in as-
spun and drawn fibers. Themechanical response
of fibers is controlled by the fraction of taut tie
molecules connecting neighboring crystallites.
This fraction can be estimated from measure-
ments of the elastic modulus by using a simple
rheological model or other methods to be about
0.05 – 0.1 for drawn fibers [83].

Compressibility and lateral compliance in-
creasewith increasingfiber anisotropy (ondraw-
ing) and this is undesirable for reinforcing fibers
(e.g., Kevlar or carbon fibers) in composites. In
some cases thermal aftertreatment of such high-
performance fibers allows a compromise to be
found between the desired compressibility and
lower tenacity (see also compressive strength of
fibers in Table 4).

The applicability of industrial fibers at higher
temperatures (see Tables 6 and 7) is of current
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interest. Figure 9 reviews the thermal long-term
stability in air.

This compilation of important data is by no
means complete. For further information, see
→Fibers, 4. Synthetic Organic and →Fibers,
5. Synthetic Inorganic.
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