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1

Fibre structure: its formation and
relation to performance

J W S HEARLE, University of Manchester, UK

Abstract: The chapter opens with a discussion of the definitions of fibre and
the essential nature of fibres. The modes of formation of natural, regenerated,
synthetic polymer, high-modulus/high-tenacity, inorganic, specialist and
smart fibres are described. An account of the historical development of ideas
of fibre structure starts with a consideration of the ways in which a partially
ordered polymer assembly can be described. Means of investigating fibre
structure are listed. The changes from earlier ideas due to acceptance of the
macromolecular hypothesis around 1930 and studies of the fundamentals

of polymer crystallisation in the 1950s are described. Finally, the relations
between fibre structure and performance in use are outlined and the
identification of fibres as a special class of material is emphasised.

Key words: fibre definitions, fibre formation, fibre types, characterisation of
fibre structure, fibre performance.

1.1 Introdution
1.1.1  What are fibres?

Somewhat bizarrely to modern ears, the opening fourteenth century definition
of fibre in the Oxford English Dictionary is a lobe or portion of the liver.
The last is dietary material that is resistant to the action of the digestive
enzymes. In between, there are definitions related to biological structures
and to metaphorical usage. The first in the context of this book is Faraday’s
1827 reference to a silk fibre and the most relevant is a fibrous substance
fit for use in textile fabrics.

The Textile Institute (Denton and Daniels, 2002) is more specific: textile
raw material, generally characterised by flexibility, fineness and high ratio
of length to thickness. Until the second half of the twentieth century, textile
fibres fell within the range of about 10 to 50 gm in diameter' and were longer
than 1 cm. Coarser bristles and monofils, although woven and braided, were
not regarded as fibres. Short wood fibres in paper-making pulp are too short
and do not have the distinct identity to be included.

! Although diameters are easily appreciated, a more useful measure of fineness is linear
density. The standard unit is tex = g/km, but, due to its closeness to the older unit denier
= g/9000 m, dtex = g/10000 m is widely used. The above range corresponds roughly
to 1 to 25 dtex.
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More recently, finer fibres of less than 1 dtex are included. Microfibres are
made either by modifying the melt-spinning process or by the islands-in-a-
sea method. Nanofibres are made by electro-spinning or by a large increase
in the number of ‘islands in the sea’. Carbon nanotubes are the most recent
form of nanofibres.?

In order to be useful, textile fibres need adequate strength and stability.
The major types can be classified in four groups: natural and regenerated
fibres with moderate strength and breaking extension; synthetic polymer
fibres with high toughness; organic and inorganic high-modulus, high-tenacity
(HM-HT) fibres; and elastomeric fibres. Weak inorganic fibres, such as rock
wool, are of limited use. More importantly, there are a large number of fibres
with chemical, thermal, biological or other properties, which are used in
protective, medical or other specialised applications. The more advanced
of these are smart fibres, which have active rather than passive responses.

1.1.2 The nature of fibres

As described above, fibres are long, slender units of matter. Their component
atoms are joined into molecules, which assemble in particular fine structures.
The fibres for the traditional textile uses in clothing, household goods and some
technical applications are all partially crystalline, partially oriented, linear
polymers. Remarkably, they are of only six chemical types: cellulosic, protein,
polyamide, polyester, polyvinyl (acrylic), and polyolefin (polypropylene).
The HM-HT polymer fibres are more highly crystalline and oriented and
more variable in chemistry. The inorganic fibres, glass and ceramic, may
be amorphous or micro-crystalline. Carbon fibres are oriented forms of
imperfect graphitic crystals.

In addition to the differences in chemistry, fibre structures depend on how
they are formed. The slow growth of natural fibres under genetic control gives
different structures from the fast routes of industrial production. Differences
within each group, for example between cotton, wool and silk or between
melt and solution spinning, lead to a variety of structures. Within each
basic form, there are quantitative differences that depend on the production
parameters. In addition to the major textile fibres that are discussed below
and covered in this book, there are many others that have been or are still
produced in smaller quantities.

The terminology is questionable. Carbon nanotubes can be described as stiff molecules.
However, they are long fine units of matter that can be assembled into yarns. In that
sense, they are nanofibres.
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1.2 Formation of fibres
1.2.1  Natural fibres

Cotton, which is second only to polyester in world fibre usage, forms in the
seeds of cotton plants. Although perennial, cotton is grown commercially as
an annual plant. Historically, cotton ranged from coarse Asiatic cottons (3
dtex, 1.5 cm) to fine Sea Island cottons (1 dtex, 5 cm), but most of the world’s
crop now consists of American varieties in the middle of the range.

After flowering, seeds with attached cotton fibres form within the cotton
boll. At maturity the boll opens and the fibres dry. In the living seed cells,
cellulose molecules grow by the addition of glucose molecules at enzyme
complexes. From a structural viewpoint, the important feature is that this is
virgin polymerisation, with the molecules being laid down as they are formed.
Thirty molecules form at each enzyme complex and assemble into fibrils,
which are the building blocks of the structure. First, a primary wall forms
with the ultimate dimensions of the fibre. The bulk of the material is laid
down in helical layers as a secondary wall. At maturity, there is still an open
lumen at the centre of the fibre, which collapses to give a kidney-shaped fibre
cross-section. Reversals in the sense of the helices cause the cotton to form
a twisted ribbon on drying. The genetic evolution, which was presumably
driven by the need to disperse seeds, turns out, when enhanced by cotton
breeding, to give a structure from molecules to whole fibres that is ideal
for many textile uses. Other vegetable fibres, such as flax, jute, hemp and
sisal, which are used in textiles are reinforcements in the stems or leaves of
plants. They are multicellular and have smaller helix angles than cotton.

The genetic control of wool and hair leads to even more complicated
structures. The fibres grow from follicles in the skin. They are composed of
many elongated cells linked by a cell membrane complex, which contains
peptides. Different proteins are laid down in sequence as the cell grows. First
come keratin molecules, which in their central rods have a characteristic
1A-L1-1B-L12-2A-L.2-2B sequence of amino-acid residues. Keratin
crystallises in an o-helical lattice, which under tension opens to extended
B-sheets. The molecules assemble in a sequence of twisted pairs to form
fibrils® containing 32 molecules of two types. Terminal domains emerge into
the matrix space between the fibrils, which in the next stage of growth is filled
with keratin-associated proteins (KAPs). Finally, proteins form in the outer
cells to give a multi-layer cuticle. There are other larger-scale features. The
core of the fibre is divided into an ortho- and para-cortex, with differences in
the composition of the KAPs. The two halves contract differently on drying,
causing wool to develop crimp. The cuticle has a structure of scales, which

3Intermediate filaments in the biological literature.
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are like an escarpment with steep faces towards the tip and gentle slopes to
the root. Consequently, wool has differential friction, which tends to prevent
dirt penetrating into the fleece. Since wool and hair provide warm, protective
coats for animals, it is not surprising that they have good textile properties.
Indeed skins were the first form of clothing and are replicated in modern
fleece garments.

Although not a subject for this book, it is worth noting, as an example of
the subtlety of genetic control of protein structures, the structure of hagfish
slime threads,* which form in surface gland cells and are ejected as a protective
mechanism. There is the same 1A-L1-1B-L12-2A-1.2-2B sequence plus
terminal domains, but the amino-acids are completely different and there are
no KAPs to form a matrix. The threads extend plastically to over 200%, in
contrast to wool’s 50% elastic extension.

Silks are different again. They are simpler protein block copolymers, which
form within gland cells and are then extruded through cell walls, which act
as spinnerets. The process is similar to solution spinning of manufactured
fibres, but with an important difference. Virgin polymerisation leads to a
molecular assembly of extended chains that are not allowed to fold back
into a disordered state. Control of the protein composition and the extrusion
process leads to the diversity of silks from silkworms and spiders, which
have mechanical properties matched to purpose.

In general we can say that slow growth, from cm/minute for silks or cm/
month for cotton and wool compared with km/minute in industrial production,
and genetic control lead to complex specificity in fibre structures that cannot
be matched in commercial manufacturing. Useful textile fibres, with different
structures, can be made by regenerating cellulose from solution, but attempts
to dissolve proteins have led to poorly organised fine structures which lacked
the virtues of wool or silk and were too weak to survive commercially as
textile fibres (Hearle, 2007).

1.2.2 Regenerated fibres

In the seventeenth century, Robert Hooke wrote: I have often thought that
probably there might be a way of making an artificial glutinous substance
much resembling, if not fully as good, nay better than, the excrement or
whatever substance it may be, out of which the silk-worm wire-draws his
clew. It was to be 300 years before spider silk was matched industrially.
In the ninteenth century, efforts were made to regenerate fibres from waste
cotton or wood pulp (Woodings, 2001). A variety of routes involving chemical
modification of cellulose were tried. Cellulose nitrate (nitrocellulose) forms
a solution in alcohol and ether, which can be extruded through fine holes

4See Hearle (2007) for more information and references.
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(spinnerets). In the Chardonnet process, the solvent evaporates in air (dry
spinning). The resulting fibres are inflammable and need to be reconverted
to cellulose. By forming a complex, cellulose will dissolve in a solution of
copper sulphate and ammonia. Extruded filaments solidify in a coagulating
bath (wet spinning) in the cuprammonium process. By far the most successful
was the viscose process. Cellulose is reacted with caustic soda and then
carbon bisulphide to form a solution of sodium cellulose xanthate. The
extruded filaments are coagulated in an acid bath to give viscose rayon.

From a structural viewpoint, the interesting feature of the viscose process
is its versatility in allowing fibres with different structures to be formed. The
influence of degree of orientation, brought about by stretching filaments,
is common to all polymer fibres, as is the option to cut fibres into short
staple as an alternative to continuous filament yarns. The involvement of
chemistry, rather than simple solidification, gives other possibilities. It was
found early on that the addition of zinc ions to the coagulating bath, which
leads to intermediate formation of the zinc salt, gave stronger fibres, probably
because the bivalency brings the cellulose molecules together to give a finer
structure. These ‘standard’ rayon fibres have a serrated skin—core structure,
because hydrogen ions move faster than zinc ions and give a weaker structure
in the centre of the fibre. Subsequent research led to the development of
stronger ‘all-skin’ tyre-cord yarn. Another variant had an asymmetric skin that
gave crimped rayon. In all these processes, regeneration and crystallisation
precede orientation by stretching. A more fibrillar structure is formed when
a solid fibre of the cellulose derivative is first oriented and then regenerated
to crystallise as cellulose. These are the polynosic, high-wet-modulus or
modal rayons.

Cellulose is also soluble in organic amine-oxides, and this led in the later
twentieth century to the production of Lyocell fibres by spinning through
an air gap into a water bath. On an experimental basis, high-performance
cellulose fibres have been spun from solution in phosphoric acid.

In the 1920s secondary cellulose acetate (five-sixths conversion of -OH
groups to acetate) dissolved in acetone, which had been used in dope to coat
aircraft fabrics, was dry-spun into fibres. This also led to another route to a
cellulose fibre, Fortisan, which was used as a strong fibre in the 1940-50s:
a highly stretched acetate fibre was converted back to cellulose. Later, fully
converted triacetate fibres were produced, and showed some similarity to
the new synthetic fibres.

1.2.3 Synthetic polymer fibres

In the 1920s, chemists took up polymer synthesis, with new fibres as one
of the commercial goals. Attention first settled on several polyvinyl and
polyvinylidene fibres. Polyacrylonitrile (acrylic) fibres are the main survivor
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of this fibre chemistry. They are notable in being able to be spun either from
the melt or from solution by dry or wet spinning. Mostly, they contain up to
15% of a copolymer in order to make dyeing possible. They have a quasi-
crystalline structure with molecules packed side-by-side but not in transverse
register. Solvent-rich zones lead to a porous structure after drying.

The major breakthrough in synthetic polymer fibres was the synthesis of
polyhexamethylene adipamide, nylon 66, by Carothers in the 1930s, followed
by its cousin, nylon 6. Possibly more important from a structural viewpoint
was the development of melt spinning, as distinct from the earlier solution
spinning. Subsequently, polyethylene terephthalalate was synthesised and
melt spun. Commonly known as polyester, though some other polyesters
are now produced as fibres, it is now the most produced textile fibre, used
in a wide variety of applications.

Nylon and polyester fibres were first produced in a series of stages: first
by polymerisation and collection of polymer chip, then by melt extrusion to
produce unoriented fibre, followed by drawing to orient the structure. The
main variable was the degree of orientation, though subtler changes could
be achieved by heat treatments. Advances in engineering led to a progressive
integration of the steps. Polymer was fed directly to extrusion and drawing
occurred before wind-up. A more significant change was the use of high
wind-up speeds, which led to crystallisation by tilting the competition
between molecular alignment due to attenuation of the molten threadline
and randomisation by relaxation. Partially oriented polyester yarn, wound up
at about 3000 m/min, has incipient crystallinity and is particularly suitable
as a feedstock for false-twist texturing. Draw is completed in the texturing,
or in other processes such as draw-warping. Higher speeds, around 6000
m/min, give a more crystalline yarn with lower molecular orientation than
conventional polyester yarns, but which is suitable for direct use in some
applications.

1.2.4 High-modulus, high-tenacity (HM-HT) fibres

The family of manufactured fibres that had become available to the textile
industry by 1960 were, except for glass, all linear polymers with a degree
of crystallinity no more than 50% and with mean orientation angles no more
than about 20°. Then the technology moved beyond mimicking the natural
fibres in structure and uses. The discovery of liquid-crystals in solutions
of linear polymers with stiff molecules enabled fibres to be produced with
almost perfect crystallinity (albeit with some lack of register of neighbouring
regions within a fibrillar structure), almost perfect orientation, and, most
importantly, fully extended chain molecules. The para-aramid Kevlar, which
is an aromatic polyamide of benzene rings joined by —CO.NH- groups, was
the first. US Air Force research led to other materials, such as PBO, with
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five- and six-membered rings. Apart from their molecular rigidity, the key
features were their use of strong acids, sulphuric or phosphoric, as solvents
and dry-jet wet spinning, with an air gap between spinneret and coagulating
bath. In another route, fully aromatic co-polyesters are melt spun and drawn
and then heat-treated to increase molecular weight (chain length).

Instead of using rigid, interactive polymers, which form liquid crystals,
similar structures can be made from polyethylene, which is a flexible and
inert molecule at the other end of the spectrum. These molecular features
allow super-drawing to produce high orientation, fully extended molecules,
and strong crystallisation. Melt-spinning and drawing are possible, but gel-
spinning from a solution of ultra-high molecular weight polyethylene gives
the highest strength. Unfortunately, no way has been found to produce similar
structures in nylon or polyester fibres.

1.2.5 Inorganics

Glass is the one inorganic fibre that has a long history as a decorative material.
In the early twentieth century, both centrifugal spinning and sending streams of
glass into air or steam blowers produced glass fibres for insulation. Continuous
filament yarns, which are extensively used in fibre-reinforced composites,
are made by melt extrusion, cooling and wind-up. Drawing is not necessary,
except for attenuation in the threadline to produce fine fibres, because the
resulting structure is always an unoriented, amorphous network.

Carbon fibres are part of the late twentieth-century development of high-
performance fibres for composites. The starting material is a polymer fibre
that can be heat treated without melting. Cellulosic fibres can be used, but
acrylic fibres are the standard precursor. The first stage of heating drives
off some nitrogen and hydrogen and gives a partially carbonised fibre with
good thermal resistance. Further heating completes the carbonisation and
final heating under tension gives an oriented structure of imperfect graphitic
crystals.

The demand for high-temperature composites has led to the production
of ceramic fibres, mostly based on silicon carbide or alumina. Production
routes involve precursor fibres produced by melt-spinning of organo-silicon
polymers or solution-spinning from a viscous liquid containing aluminium
salts. Heat treatments then produce micro-crystalline ceramic fibres. Although
inherently rigid materials, the fibre fineness gives the necessary flexibility
for textile processing.

1.2.6 Specialist and smart fibres

Selection of suitable polymers gives fibres with high chemical or thermal
resistance for particular applications or with properties good for medical uses,
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such as wound-healing or tissue engineering. Other fibres have particular
electrical or magnetic properties. Hollow fibres are used for gas or liquid
separation. These fibres are made by methods similar to those used for
mainstream manufactured fibres and have similar structures.

Smart fibres have active constituents. They can change colour, act
mechanically or electromechanically, generate latent heat, perform as sensors,
or have other actions. Wearable electronics is an example of their utility.

Nanofibres give other possibilities for textile miniaturisation. Electro-
spinning by extrusion in a high electric field leads to a whirling action that
produces a high attenuation of the fibres. Melts or solutions can be electro-
spun, so that the underlying structure can be expected to be similar to that
of large fibres of the same material, but with a greater importance of surface
and near-surface forms.

Carbon nanotubes are the ultimate in fibre fineness: the molecule as fibre.
What distinguishes them from other molecules, except for giant molecules like
diamond, is that they can be observed and manipulated as individual entities. An
earlier Textile Institute definition of fibre started as a unit of matter. Nanotubes
would fit that definition as well as the characteristics of flexibility, fineness
and high aspect ratio. Structurally, they are single- or multi-walled cylinders
of hexagonally bonded carbon atoms. They can be assembled together and
twisted or otherwise converted into yarns of indefinite length.

1.3 Development of ideas of fibre structure
1.3.1 Characterisation and methods of investigation

Although many techniques are more widely applicable, the details in this
and the following section relate primarily to linear polymer fibres.

The macroscopic form of fibres was studied from the first days of optical
microscopy. The constituent compounds in natural fibres were separated and
identified towards the end of the nineteenth century, but it was not till the
polymer hypothesis, the existence of linear macromolecules of indefinite
length, was accepted in the 1920s that their chemical constitution was
accepted. Before that these natural materials were regarded as some colloidal
form of small molecules of defined size. Now the full tool kit of chemical
analysis is used to determine the total chemical constitution of fibres. This
includes complexities such as the sequence of amino-acid residues in fibrous
proteins and the collection of proteins in the matrix of wool, copolymer
content in synthetic fibres, molecular weight distributions, chain length and

5The above terminology seems best from a textile viewpoint. Some of the nanotube
literature refers to nanotubes being twisted together to form fibres, which can be assembled
into coarser yarns.
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branching, tacticity and so on. Whenever needed, the chemistry of fibres can
be determined by well-known procedures.

Optical microscopy, later supported by transmission and scanning electron
microscopy, enables coarse structural features to be identified. These include
skin—core differences in viscose rayon, the lumen at the centre of cotton, the
cells in wool, bicomponent forms of synthetic fibres and so on.

The fine structure, the way in which the molecules pack together, is more
difficult to decipher. More is known about the well-defined forms in natural
fibres and about the highly oriented HM-HT fibres, but understanding of the
fine structure of the common manufactured fibres — rayon, nylon, polyester,
polypropylene — is still uncertain, particularly in quantitative detail of the
three-dimensional fibre paths through crystalline and amorphous regions.
The definitive geometry of a crystal is defined by a few bond lengths and a
fully amorphous material by a few statistical parameters. Partially ordered
structures would require details of the paths and interactions of many
molecules for a comprehensive description. The selection of descriptors for
important characteristic features is not easy.

Hearle and Greer (1970) list six general features, which they regard
as of most importance, though each may require several parameters for a
quantitative description:

e Degree of order, which is frequently referred to as crystallinity

e Degree of localisation of order, which differentiates between structures
with a well-defined separation into crystalline and amorphous regions
and more uniform structures described as paracrystalline, as amorphous
with correlation, or as containing distributed crystal defects

e Length/width ratio of localised units, which distinguishes between
lamellar, micellar and fibrillar forms

e Degree of orientation, which may be separated into crystalline and
amorphous orientation and may include transverse as well as axial
orientation

e Size of localised units, which may include cross-sectional shape

e Molecular extent, which is an inverse measure of the degree to which
molecules are folded to-and-fro, either at the ends of crystallites or in
amorphous regions, or alternatively are more or less fully extended along
the fibre.

No single technique gives unambiguous information about the fine structure
of fibres, so that it is necessary to develop ideas from the indications of many
techniques developed over the last 100 years, including advances that are
still continuing. Digital processing and increasing computer power greatly
increase the useful information that can be extracted from the physical
instrumentation. Details of methods of investigation are covered in the next
few chapters, but the following is a list of those that are most useful.
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e  Microscopy:
— optical microscopy, which includes measurement of birefringence for
orientation and newer developments such as confocal microscopy
— scanning electron microscopy, mainly for fibre surfaces
— analytical electron microscopy for atomic identification
— transmission electron microscopy, including high voltage examination
of thick specimens with tomography to give 3-D images
— atomic force microscopy
e Spectroscopy to identify chemical bond vibrations and changes with the
local atomic environment:
— absorption of infrared radiation
— Raman scattering of light
e Diffraction:
— optical diffraction for coarse features
— X-ray and electron diffraction, wide-angle for crystal lattices and
more diffuse data for amorphous structures, small-angle for larger
organisation, real time possible with synchrotron radiation
e Nuclear magnetic resonance
Thermal analysis, which picks up crystallisation and melting and second-
order glass transitions
e Density and moisture absorption, which are related to crystallinity.

The information from the techniques that can be directly related to structural
features must be combined with inferences from the chemistry of the fibre
material, the mode of fibre formation and the general physical properties in
order to build up a picture of the likely fine structure.

1.3.2 Interpreting the information for linear
polymer fibres

A hundred years ago, there was controversy about the basic nature of fibre
structures.® The first lead into understanding the structure of plant fibres was
Nageli’s suggestion in the middle of the nineteenth century that cell membranes
were composed of sub-microscopic crystallites, micelles, embedded in a matrix
of some indeterminate inter-micellar substance. Organic chemistry developed
in a mind-set that each molecule contained fixed numbers of various atoms,
the molecular formula which determined the molecular weight. It was not
until the 1920s that it was accepted that atoms or groups of atoms could
add on indefinitely to form macromolecules, polymers composed of many
monomers, with a range of molecular weights. By then X-ray diffraction had
confirmed that the fibres contained both crystalline and amorphous material.

®The early history of the subject is based on a longer account by Hearle (1963).
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Seifriz (1929) and Meyer (1930) modified Nageli’s hypothesis by showing
the micelles as composed of polymers, but still separated by an indeterminate
matrix, Fig. 1.1. Speakman suggested similar ideas for wool.

Molecular weight determinations then showed that the polymer molecules
were about ten times longer than the length of crystallites estimated from
the width of X-ray diffraction spots from fibres such as viscose rayon, as
well as natural cellulose fibres. This led Gerngross and Herrmann to propose
a fringed micelle structure, in which polymer molecules passed in and out
of crystallites through an amorphous matrix. For 25 years, this was the
conventional view. Although a verbal statement was easy, the detailed views
varied greatly, often reflecting the personality or artistic skill of the author
as much as the scientific evidence, as shown by the two examples in Fig.
1.2. One feature that is common to all the drawings from this period is that
the molecules run continuously along the oriented fibre structures with no
folding back.

L

(a) ) (b)

1.2 Fringed micelle structure as drawn by (a) Frey-Wyssling (1938,
1953) and (b) Mark (1940).



14 Handbook of textile fibre structure

Staudinger took a different view. He suggested that the structure was a
continuous imperfect crystal in which the ends of the molecules acted as
local defects, Fig. 1.3.

Views changed in the 1950s for several reasons. Howsmon and Sisson
(1954) pointed out that there could be a whole spectrum of increasing order
from a fully random arrangement to perfect crystals, Fig. 1.4. In natural fibres,
electron microscopy showed that the structure was fibrillar and not micellar.
In cotton, the structure was in one sense wholly crystalline: crystalline fibrils
laid down in a helical array in the cell walls. The apparent evidence from
density, moisture absorption, X-ray diffraction and other sources that cotton
was two-thirds crystalline and one-third amorphous resulted from a lack
of register between fibrils with a diameter of about 3 nm. In wool, keratin
fibrils of 7 nm diameter were spaced 10 nm apart in a matrix of KAPs.

For manufactured fibres, two results of laboratory studies of polymer
crystallisation led to a change of view of fibre structure, particularly for
melt-spun nylon and polyester fibres. Slow crystallisation of polymer melts
or solutions starts from small nuclei, but as crystallisation proceeds there
is repeated branching until crystal growth is equal in all directions. This
continues until the spherulites run into each other. At the centre of spherulites,
the nuclei are present as sheaf-like assemblies of parallel molecular segments
fringing off into the first branches. Some conditions of melt-spinning, which
have been used to delustre nylon, can lead to occluded spherulites within
the fibres. However, normal spinning and drawing conditions lead to a high
density of nuclei, which gives a degenerate form of spherulitic crystallisation,
just the central sheaves, that is a fringed micelle structure.

1.3 Staudinger’s continuous structure (Staudinger, 1932).

1.4 Range of molecular order as drawn by Howsmon and Sisson
(1954).
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More surprising was Keller’s discovery of single crystals of polyethylene
in which the molecules folded back and forth at the ends of the crystal.
Chain folding in single crystals was confirmed for many flexible polymer
molecules (see Geil, 1963). This led to a modified fringed micelle model.
At the ends of the crystallites, there was a mixture of chain folding and
fringing into tie-molecules, which led to other crystallites. This became a
common working model for fibres such as nylon and polyester. A typical
illustration, Fig. 1.5(a), is taken from the cover of a book on macromolecules
in condensed systems (Nagasawa, 1988). However, although the basic idea
is accepted, there are limitations in the two-dimensional representations and
a lack of quantitative data, which would show differences depending on the
polymer and the conditions of fibre formation. One example, which takes
experimental data to attempt a more quantitative picture, is shown in Fig.
1.5(b). It is worth noting that a typical crystallinity of 50% would mean that
in a 3-D structure the separation between crystallites must on average be 0.5
cubed (or one-eighth) of the linear dimensions of the crystallites. Hence the
crystallites must be packed in a fairly regular quasi-fibrillar structure.

Alternative, more uniform structures, such as paracrystalline, crystals with
distributed defects, or amorphous with correlation, were also proposed. It has
been suggested (Hearle, 1977) that this is related to multiple melting found
in thermo-analytical studies of nylon and polyester. Form I, which is formed

<

1.5 Modified fringed micelle structure: (a) from Nagasawa (1988); (b)
a quantitative model for nylon 6 by Murthy et al. (1990).
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by rapid quenching, is a more uniform structure, illustrated in Fig. 1.6, and
form II after annealing is a micellar structure. With a stiffer molecule, such
as cellulose, chain folding is unlikely. The old fringed micelle structure of
Fig. 1.2 may be a reasonable model for regular viscose rayon, but the high
wet modulus types may have a fringed fibrillar structure. For the highly
crystalline, highly oriented HM-HT fibres, Staudinger’s suggestion in Fig.
1.3 is a first approximation to the structure, with actual forms having some
additional fibrillar disorder.

1.3.3 Inorganic fibres

The inorganic fibres, glass and ceramic, have a variety of amorphous or
micro-crystalline structures. Their description follows work on bulk forms
of these materials. The starting point for carbon fibres is the known structure
of graphite, but the introduction of some disorder leads to many speculative
forms drawn by different authors in a way that is similar to the variety of
forms drawn for the structures of linear polymer fibres.

1.4 Structure and performance

1.4.1 Performance requirements for traditional uses

The first requirements for a textile fibre are fineness and length. The second
is adequate mechanical, chemical and thermal stability. Then requirements
divide according to the use of the fibre. For the traditional uses, the mechanical
properties should be intermediate between those of brittle crystals or glasses
or rigid elastic—plastic metals, with high moduli, and those of elastomeric
rubbers, with low moduli. There should be at least partial elastic recovery up
to extensions between 5% and 50%. This is achieved by the special chemical
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1.6 A more uniform structure from Hearle (1977).
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or structural forms of natural fibres and the partially crystalline, partially
oriented forms of manufactured fibres. Stiffer fibres, such as cotton, provide
crisp fabrics, whereas lower modulus fibres, such as cellulose acetate, give
limp drapable fabrics. Fashion dictates which is preferred. For manufactured
fibres, control of orientation leads to a range of fibres of increasing stiffness
and strength and reducing break extensions. For clothing, the more extensible
forms are preferred, but for industrial uses, such as tyre cords, the less
extensible forms are used.

Moisture absorption is useful for comfort, though the open assembly of
fine fibres, even if non-absorbing, in a textile is more important. Absorbed
moisture also provides electrical conductivity and disperses static electricity,
which otherwise requires the use of anti-static finishes. Dyeability is another
requirement for clothing and furnishings. For natural or regenerated fibres that
swell in water and have interactive groups, dyeing is easy. Natural dyestuffs
have been known for thousands of years and synthetic dyestuffs since the
end of the nineteenth century. For synthetic polymer fibres, more research
was needed to achieve good dyeability and for acrylic fibres it necessitated
copolymerisation.

1.4.2 Performance requirements for new uses

In the second half of the twentieth century, advances in materials science
and new uses for fibre-based materials opened up a market for fibres with
properties that differed from those of the traditional uses. Although other
applications have been found, composites were the major driving force for
HM-HT fibres. Glass came first with GFRP (glass fibre reinforced plastics). Its
tightly bonded amorphous structure gives the necessary stiffness. The regular
2-D covalent bonding in carbon fibres gave greater strength and stiffness.
The stiff and interactive linear polymer materials give high axial stiffness
and strength due to their high orientation and fully extended molecules.
Ceramic fibres have a structure that combines stiffness and sufficient strength
with a resistance to high temperatures that makes them suitable for use in
composites for engines. The major advantage of these materials, particularly
for use in aircraft, is their low weight, which gives them an advantage over
the metals previously used.

The weak transverse interaction of oriented linear polymer fibres gives
poor resistance to shear and to axial compression, which is a disadvantage
in composites. The transverse hydrogen bonding in M5 fibres improves these
properties, but the commercial future of this fibre is uncertain. However, for
some purposes, axial yielding, which allows for large extensions at low stress,
is an advantage. In bending, the neutral plane moves towards the outside of
the bend, so that the fibres can withstand high curvatures and be bent back
on themselves without breaking. In contrast to this, the three-dimensionally
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bonded forms give brittle fibres that break at low curvature when the outer
surface reaches the low tensile breaking extension. For ballistic impact
resistance, there is severe bending at the edges of the impact, so that brittle
fibres, however strong, would be useless. The other requirements for ballistic
protection are the conflicting features of high work of rupture, which depends
on the product of break load and break extension, and high modulus, which
gives high wave velocity and spreads the effect of the impact over a larger
area of material. Although nylon was successful, because of its high work of
rupture, the high modulus fibres are better even though the energy to break
is less.

Other technical uses of fibres, such as for ropes and cables, which are
liable to have fibre bending in production or use are another market for the
linear polymer HM-HT fibres. However, it should be noted that this applies
to stress-driven applications. For strain-driven applications, for example oil-
rigs moored in deep water with displacements due to wave motion, lower
modulus materials such as for polyester ropes are needed.

For chemical resistance, a range of polymers with suitable molecular
constitutions combined with the structures that have been found to give good
textile fibre properties are used. For thermal resistance, materials with high
melting points, or high temperatures for chemical decomposition, if that
happens first, are needed. Linear polymers with mainly aromatic or other
ring groups can be used to 200°C or higher. Partial carbonisation of acrylic
fibres leads to a ladder structure in fibres with good thermal resistance. A
completely different structure is found in thermoset polymer fibres, such as
melamine—formaldehyde or phenolic resins, which are composed of a highly
crosslinked 3-D network. Inorganic fibres, with asbestos being used until its
health hazard was recognised, give the highest thermal resistance.

Smart fibres and other fibres designed for specific applications have
particular structures to fit purpose. These are too various to discuss in this
general chapter, but are covered later in the book.

1.5 Conclusion: fibres as a special class of
materials

Ever since fibres were collected from plants and animals and used for
clothing over 10000 years ago, fibres have been recognised as a special
type of material. They are defined by their macroscopic structure: length and
fineness. The inventions of spinning, weaving and knitting showed how these
microgram particles of matter could be assembled into strong, self-locking
sheets of material, which could weigh kilograms per square metre. Despite
their solidity, woven and knitted fabrics retained a freedom of movement
between the constituent fibres that gave them a special flexibility. Other sheet
materials, such as paper or film, can bend easily in one direction but cannot
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accommodate double curvature, which is needed for the graceful drape of
textiles. The other special use of fibres as reinforcement also has a long history,
for example as horse hair in plaster, but only became a major technology in
the twentieth century. Fibre aspect ratio is a controlling parameter.

As chemistry advanced in the nineteenth and twentieth centuries, it became
clear that the natural fibres were special in terms of their internal structure.
They were partially oriented, partially crystalline, linear polymer structures.
This led on to an early example of biomimetics in the practical realisation
of Hooke’s idea with the production of manufactured fibres from synthetic
polymers.

1.6 Future trends

The range of properties found in current commercial fibres meets the needs
of general textile uses. This results from the structures that have evolved
naturally or have come from mid-twentieth century technology. It is unlikely
that any major new structural forms will be found to provide better textile
fibres, but environmental and economic factors may change the choice of
polymers or the way of making those used today. The introduction of polylactic
acid fibres derived from corn may be a precursor for greater change, but
this depends on how fibre production competes with food and biofuel. When
oil runs out, coal could come back as a source for the organic chemicals
needed to synthesise polymers. In the longer term, new ways of generating
energy would make it worthwhile to find novel ways of synthesis from the
atmospheric availability of carbon, hydrogen, oxygen and nitrogen, the four
elements that are dominant in textile fibres. This would be biomimetics at
a molecular level.

More change may come in high-performance fibres for technical uses,
particularly in reducing costs. There is a short-term challenge, which has
defeated researchers for decades, in the possibility of making stronger fibres
from the widely available polyamides and polyesters. Present commercial
production hits a barrier at a strength of around 1 N/tex and a break extension
of around 10%. Beyond this, there is a missing region, before the HM-HT
fibres are reached at around 2 N/tex strength and 4% break extension. This
intermediate region, say 1.5 N/tex strength and 7% break extension, would
be useful industrially. Theoretically, we know what structural changes are
needed and what are the limiting factors. We need greater orientation and
greater molecular extent. In a melt, the chain molecules are in random coils
in continually reversing directions. In spinning and drawing, their orientation
increases and many folds are pulled out. Eventually entanglements lock the
structure. On a larger scale this is what happens when one tries to straighten
out a tangled hose pipe or electric cable. Pulling gets part way, but then the
entanglements must be separated by hand. Unfortunately, there is no Maxwell
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demon to do this with polymer molecules and no satisfactory way of doing
this has been found.

The structure of the HM-HT fibres from linear polymers is well known
and the properties of those made from rigid polymer molecules, which inhibit
folding, are excellent. However, both the polymers and the processes are
inherently expensive. HMPE from a flexible polymer with weak interactions,
which can be superdrawn to remove folds, suffers from a low melting
point and a tendency to creep. If nylon or polyester could be formed into
a highly oriented, highly crystalline, chain-extended structure, this would
offer economic and technical advantages.

Carbon fibre composites are becoming dominant in aircraft production. Big
increases in volume production will be needed. This will not only improve
the economics but also stimulate research to optimise structures. For engines,
there is an incentive to optimise ceramic fibre structures.

Finally, there are the emerging fields of nanofibres, fibres with properties
needed in medical and other specialised applications, and smart fibres.
Increasing research into structure can lead to optimum forms with new and
enhanced performance.

1.7 Sources of further information

The main source of new information on fibre structure is the scientific literature
from the textile, polymer, materials and biological journals and in conferences
such as the biennial Polymer Fibres Conference in Manchester. The digital
archive makes old and new papers more accessible through the World Wide
Web, which also provides access to news of commercial advances.

Starting with Regenerated Cellulosic Fibres in 2001 and finishing with
Cotton: Science and Technology in 2007, the Woodhead Series on fibres,
published in association with The Textile Institute, provides comprehensive
accounts of the whole range of textile fibres, including information on
structure. Another recent book covers structure formation in manufactured
fibres (Salem, 2001). However, there is much detailed information in older
books from the golden age of fibre research (Matthews, 1954; Hearle and
Peters, 1963; Hearle and Greer, 1970; Cook, 1984). The relations between
fibre structure, fibre formation and mechanical properties have been reviewed
by Hearle (1967, 1977, 1991).
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Spectroscopic characterisation of
polymer fibres

SJ EICHHORN, University of Manchester, UK

Abstract: This chapter discusses the use of infrared, Raman and NMR
spectroscopies for studying the structure and properties of polymeric

fibres. General introductions to the techniques are given, with specific
methodologies employed for polymer fibres. Examples of a few main
applications of these techniques to polymer fibres are also described, namely
stress measurement, orientation determination and dynamic measurements.
The theory behind the use of these spectroscopic methods is also given. New
directions and modern developments in technology are also presented.

Key words: spectroscopy, fibre, Raman, infrared, NMR.

2.1 Introduction

This chapter will focus on the use of infrared, Raman and NMR spectroscopy
for the characterisation of polymeric fibres. In order to do this it is necessary
to introduce these techniques for the general characterisation of polymers in
non-fibrous forms. Where this is presented, the theoretical principles behind
the techniques are also covered. Attention is paid to only a small number
of applications (e.g., stress measurement, orientation determination and
dynamic measurements) and so is by no means exhaustive. These forms of
spectroscopy are used widely in the polymeric field, but applications have
been restricted to fibres only. Where relevant, non-polymeric fibres are also
briefly discussed.

2.2 Historical perspectives on spectroscopic
characterisation of polymers

The discovery of infrared radiation is attributed to Sir William Herschel,
the then Astronomer Royal, when he measured the temperature of invisible
radiation beyond the red part of the spectrum when white light is split by
a prism (Herschel 1800). He found that the temperature for this radiation
was higher than the visible forms (Herschel 1800). Despite this discovery it
wasn’t until the late 1880s that Abney and Festing grouped various inorganic
materials according to their ability to absorb infrared radiation (Abney and
Festing 1881). Pioneering work was then done by Coblentz on infrared
absorption spectra, initially on gases (Coblentz 1905) and subsequently
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on solid materials (Stair and Coblentz 1935). Some preliminary work was
reported on rubber (Sheppard and Sutherland 1945) and subsequently on
polymeric materials. Pioneering work by Jack Koenig then commenced,
including advanced studies on stereoregularity in polymers (Koenig 1966;
Koenig et al. 1966) where it was shown that changes in the infrared spectra
for isotactic, atactic and syndiotactic polymers could be identified both
theoretically and experimentally. Other initial studies looked at chain folding
in polyethylene (Koenig and Witenhafer 1966).

Raman spectroscopy was fully developed much later than infrared, probably
due to the fact that the optical effect itself was only discovered in 1928 by
Raman and Krishnan (1928) and independently by Landsberg and Mandelstam
(1928). Raman scattering is small compared to the dominant elastic or
Rayleigh scattering effect from materials, hence it took several developments
in technology before the technique became a credible alternative to infrared
spectroscopy. These developments included lasers, and more importantly
Rayleigh rejection filters (Flaugh et al. 1984) and the microscope Raman
systems that allow greater spatial resolution (Delhaye and Dhamelincourt
1975). Despite this, it was possible to follow the polymerisation process
using this technique as early as the 1930s (Monnier et al. 1938). Later studies
included a characterisation of polystyrene (Palm 1951) and subsequent studies
were able to obtain spectra from weakly scattering materials like cellulose
(Blackwell et al. 1970; Atalla and Dimick 1975).

Nuclear magnetic resonance (NMR) spectroscopy began with the discovery
of the effect in bulk matter by two independent groups in 1946 (Bloch et
al. 1946; Purcell et al. 1946). Since then a large amount of research and
development has been published on the use of this technique for a wide
variety of materials and applications.

In terms of specific applications of these spectroscopic techniques to
polymeric fibres, examples will now be given. Before that, some theoretical
background to the techniques will be presented.

2.3 Infrared spectroscopy of polymers

2.3.1 Infrared absorption in polymeric materials

Infrared absorptions occur in vibrating molecules where there is a changing
dipole moment between the atoms (Bower and Maddams 1992). In this sense,
infrared spectroscopy is not sensitive to symmetric vibrations such as -C—C—.
Therefore, for polymeric materials, the main-chain or backbone structure is
often not detected using this technique, and it is usually the side-chain motions
of atoms that give rise to absorptions. Infrared spectroscopy often also relies
on the preparation of a thin sample of material, since it typically works in
transmission, apart from when used in an ATR (Attenuated Reflectance)
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mode. The technique can be used to glean a large amount of information
on the structure, morphology and mechanical properties of polymeric fibres,
and some specific examples of these will now be reviewed.

2.3.2 Polarisation and orientation analysis of
polymeric fibres

Electromagnetic radiation comprises electric and magnetic fields which are
oscillating sinusoidally at right angles to each other (Steinfeld 1979). It is
the interaction of the electric vector of this radiation and the electric field
vector of the electrons within the outer orbit of the atoms in the molecular
structure of the polymer that cause the vibrations seen in infrared and
Raman spectroscopy. In infrared spectroscopy the oscillating dipole and the
electric field vector created by this oscillation will be directional. In a typical
polymer, which is allowed to solidify from the melt or a solution, the chains
are randomly oriented, and hence the coincidence of the electric field vector
of the incoming radiation and that of the molecule will be coincident for a
number of chains, i.e. for those molecular electric vectors that are parallel
to the electric vector of the incoming field. As the sample is rotated there
will be no dependence on the angle of the specimen of the intensity of the
infrared absorptions recorded. If the polymer chains are preferentially oriented,
however, as say in a fibre along the draw direction, then the intensity of
infrared absorptions will vary as a function of the angle of the specimen
to the polarisation axis or the direction of the electric field vector of the
incoming radiation. Only the component of this vector which is parallel to
the electric field vector of the oscillating dipole is effective in producing an
infrared absorption and hence this will be maximum when they are parallel,
and zero when at 90° to each other (Bower and Maddams 1992). The ratio of
the absorption intensity parallel (4;) and perpendicular (A ) to the axis of the
sample, or fibre in this case, is called the dichroic ratio, and this can be used
to determine the orientation functions for polymeric materials. This technique,
in the early stages of its development, was mostly applied to the study of
oriented polymeric films (Gailey 1961; Read and Stein 1968; Cunningham
et al. 1974a, 1974b). A full description of the theoretical treatment for the
orientation analysis for fibres and films is beyond the scope of this chapter,
and the reader is referred to the paper by Cunningham et al. (1974a) where
the effects of reflectivity and the electric field correction are accounted for.
This analysis led to a relationship of the form

‘pz_‘px _‘pz_‘px _
.42, 30, =P (6,) P (0) 2.1

for a sample with fibre symmetry, where ¢, and ¢, are the angles that the
electric vector makes with the draw direction of the film or fibre specimen
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(Oz) and the perpendicular axis to this (Ox) (see Fig. 2.1), ¢ is a convenient
constant (which is found to be proportional to the concentration of the
absorbing species, e.g. C-O etc.), and P,(0,,) is a constant quantity, which
depends only on the molecular structure and is related to P,(6), a function
for which was originally derived by Hermans (1949) as

P2(0)=%(3 cos? 6-1) 22

P5(0,,) is also related to the distribution of the chain axis orientations {P,(0))
using equation 2.1. The terms in equation 2.1 can be determined experimentally
by polarising the infrared laser in different configurations and determining
the angle at which maximum intensity of a particular band occurs, relative to
the draw axis of the fibre; hence the orientation function can be determined.
This complex analysis has not really been applied in full to fibrous materials,
but a short discussion of the application of polarised infrared to the analysis
of specifically polymer fibre orientation will now be given.

One of the first studies of infrared spectroscopy applied to polymer
fibres was on protein fibres in 1950 (Ambrose and Elliott 1951). Other
studies around the same time investigated the effect of drawing nylon-
66 fibres on their orientation, as determined by the dichroic ratio (Caroti
and Dusenbury 1956a, 1956b). Similar studies on the same material made
clearer the problems associated with the simultaneous orientation of the
ordered and disordered fractions within the fibres, something which had
hitherto been ignored (Urbanczyk 1977). Attenuated total reflectance (ATR)

Chain axis

m

0 5 L7

2

2.1 Orientation of the electric field E vector and the chain axis with
respect to Cartesian coordinate axes (Ox, Oy, Oz). The plane of the
specimen is conveniently in Ozx and the draw direction of the film is
parallel to Oz.
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spectroscopy of PET films and fibres was later reported by Xue (1985).
The same approach was applied to polyester fibres (Xue et al. 1986) and to
nylon and needle-like organic crystals using diffuse reflectance spectroscopy,
which overcame difficulties of contacting a fibre with an ATR crystal (Gi
1986). Later studies, again on nylon-66 fibre yarns using infrared dichroism,
corroborated X-ray data on the crystalline orientation (Samanta, et al. 1990).
A study on polypropylene and polyamide fibres showed that the orientation
of the former depended on the blend, and when stretched the fibres behaved
differently from each other in terms of changes in orientation (Durcova et al.
1992). The orientation of polyurethane urea fibres was studied as a function
of spinning parameters, where orientation factors derived from a number of
infrared bands were found to plateau at a certain stress at the take-up point
of the fibre (Kotani et al. 1992). Longitudinal acoustic mode (LAM) Raman
spectroscopy of polyethylene fibres has been reported and compared to ATR
infrared spectroscopy values of the skin orientation of the material (Tshmel,
et al. 1993). It was found that the skin had a lower orientation than the core
of the fibres (Tshmel et al. 1993). Many more studies have been reported
on a wide range of polymeric fibres, a discussion of which is beyond the
scope of this chapter. It is worth noting, however, that this technique can be
applied to natural polymers, such as poly(8-L-aspartate) (Lopezcarrasquero
et al. 1995).

2.3.3 Local stress measurements in
polymeric fibres

During the 1970s it became clear that it was possible not only to characterise
the orientation of polymer materials using infrared spectroscopy, but also
to follow deformation (Cunningham et al. 1974b). Wool also showed that
it was possible to directly follow, and theoretically model, the molecular
deformation of polymers by recording a shift in the intensity maximum of an
infrared band (Wool 1975, 1980), a phenomenon which had been observed by
anumber of independent researchers (Reynolds and Sternstein 1964; Zhurkov,
et al. 1967; Roylance and Devries 1971; Wool and Statton 1974). This shift
is characterised by two features: the peak shifts to longer wavelengths and
the shifted band has a large tail on it. The shift itself is thought to be due to
a direct molecular stressing of the molecular backbone of the material, and
the shifting of the tail region of the band to a non-uniform stress distribution
of the molecules (Wool and Statton 1974). The molecular shifts (Av) in these
bands were shown to follow a relationship of the type

Av = qo 2.3

where « is a constant of proportionality and o is the stress (Roylance and
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Devries 1971). The molecular stress distribution which is contained within the
shape of the deformed band D(v) is expressed by the convolution integral

pw)= [ FQOUW-§)dg 2.4

where F({) is the stress-dependent frequency shift distribution and U(v —§) is
the shape of the absorption band, which is assumed to be stress independent.
F(Q) is typically obtained using numerical deconvolution methods (Ergun
1968).

In terms of the application of the above experimental approach to
determining molecular stress in polymer fibres, very little compared to Raman
spectroscopic studies (Section 2.4.3) has been reported. This is probably
due to the fact that the infrared spectroscopic approach is less sensitive to
changes in stress. Raman spectroscopy is also more sensitive to symmetric
vibrations, which are typical of the backbone moieties, the main structural
load-bearing constituent of polymers. Nevertheless, shifts in infrared bands for
oriented tapes of polyethylene have been reported (Sheiko et al. 1992). The
molecular deformation of cellulose fibres has also been reported (Dadashian
and Wilding 2003; Sturcova et al. 2006).

2.3.4 Dynamic FTIR spectroscopic characterisation
of polymer fibres

The first report of a dynamic infrared measurement for a polymeric material
was made by Noda et al. in the 1980s (Noda et al. 1983, 1988). The principle
relies on making the dichroic measurements discussed in Section 2.3.2, whilst
applying a modulated frequency vibration to the sample under investigation.
It is particularly effective for investigating intra- and intermolecular bonding
within polymeric materials as the dynamic signals recorded depend on the
molecular environment of the particular bonded group under investigation.
Little has been reported on single fibres, as it is difficult to prepare a sample
for transmission (required for this technique). A large amount of work has,
however, been done on sheets of oriented cellulose fibres, where subtleties in
the hydrogen bonds within this structure have been elucidated (Hinterstoisser
and Salmen 1999, 2000). By plotting a synchronous 2-D plot of the cross-
correlation of the in-phase and out-of-phase spectra obtained from polarised
infrared signals, specific highly localised contours can indicate specific
interactions within the hydrogen bond networks of the materials.
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2.4 Raman spectroscopy of polymers
2.4.1 Raman scattering from polymeric materials

The Raman effect is the inelastic scattering of light from a material due to
the vibration of bonds within that material. In contrast to infrared, a small
dipole is induced in a symmetric bond (e.g. C—C), and this oscillates at a
frequency, radiating the inelastic component of the scattered radiation.

An electromagnetic wave can be transmitted, absorbed or scattered by a
molecule. If an electromagnetic field, from a light source, interacts with the
molecule then there is always some transfer of energy from the incoming
radiation to the molecule, which is governed by the equation

AE = l’l'VO 2.5

where AFE is the gain in energy of the molecule, v, is the frequency of the
incident radiation and / is Planck’s constant. In the case of the Raman effect,
it is found that some of the scattered light has a component different from
that of the excitation frequency. Three types of scattering of the light may
occur as follows:

1. Rayleigh scattering — this is the most intense component, and has the same
frequency as that of the incoming radiation. In this case the molecular
energy neither increases nor decreases.

2. Stokes—Raman scattering — the incident photon excites a molecule to a
higher vibration level, where the loss of energy of the photon is equal to
the gain in energy of the molecule; the scattered photon has a frequency
of vo — v,

3. Anti-Stokes—Raman scattering — this is the opposite to the Stokes—Raman
effect where the molecules lose energy and the scattered photon has a
higher frequency v, + v, than the incident photon.

A schematic of these processes, showing the electronic transitions, is shown in
Fig. 2.2. According to classical theory, Raman scattering can be explained as
follows. An electromagnetic wave with an electric field strength E fluctuating
with time ¢ with a frequency v, can be described by the equation

ES = ESO COS (2750 'Vot) 2.6

where Ey is the vibration amplitude. When this wave interacts with a molecule
an electric dipole moment P is induced, given by the equation

P= a(q)E 2.7

where a(q) is the polarisability, and is a function of the nuclear displacement
q. If the molecule is vibrating, due to the electromagnetic wave, with a
frequency v,,, the nuclear displacement ¢ is then given by the equation
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2.2 Schematic of Rayleigh, Stokes-Raman and anti-Stokes-Raman
scattering (reproduced from Ferraro and Nakamoto (1994)).

q = qocos 2w v,t) 2.8

where ¢ is the amplitude of the vibration. For small amplitudes a(g) can
be approximated to a linear function, with only the first two terms of the
power series, as

do.
a(q) =Qp+ (a_qjqu + ... 2.9

where « is the polarisability at the equilibrium position. By combining
equations 2.6-2.9 the expression

P = ayEq cos 2w vyt) +(8—aj qoEy cos 2m vyt) cos 2mvy,t) 2.10
0

dq
is obtained, which can be expanded and alternatively written as
1 (o
P = ayEq cos 2m vyt) + 5 8_q qoEy [cos 21 (v + v)P)
0
+ cos 2n(vg — vy)1)] 2.11

The first term in equation 2.11 represents Rayleigh scattering and the second
Raman scattering, which has two frequencies: v, + v, (anti-Stokes) and
Vo —Vm (Stokes). For a particular bond type to be Raman active it must have a
non-zero rate of change of polarisability with respect to nuclear displacement
(i.e. da/dg > 0). The intensity of a Raman band is proportional to the rate
of change of polarisability.

Raman spectroscopy is particularly suited to the study of polymeric
materials since the backbone of these materials often comprises symmetrical
or near-symmetrical vibrations (e.g. C—C, C=C, C=C, C-0O, C=0, etc.) that
are highly polarisable.
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2.4.2 Polarisation and orientation analysis of
polymeric fibres

Most of the information for this section can be found in Bower and Maddams
(1992). Some of the detail has been omitted for brevity and so the reader is
referred to that text for more information. The use of Raman spectroscopy
to follow the orientation of polymers is more complicated than for infrared
spectroscopy, and as a consequence more powerful, because the polarisation
of both the incident and scattered components of the radiation must be
considered (Bower and Maddams 1992).

Depolarisation ratios can be determined for Raman active modes, in a similar
manner to the analysis using infrared spectroscopy described in Section 2.3.2.
The differential polarisability of a molecular bond (da/dq), is a second-rank
tensor, called the ‘Raman tensor’. Consider a polarised light source which is
incident on a single molecule with the electric field of the electromagnetic
wave parallel to the axis Ox; of a set of axes Ox;x,x3 fixed in space. These
axes are such that the only non-zero component of the electric field is E;. If
the scattered radiation passes through an analyser, which only allows light
whose electric vector is parallel to Ox; to pass, then the amplitude of the light
transmitted will be proportional to u;, the amplitude of the induced dipole.
Hence, the observed intensity of the Raman scattering is proportional to a,:zl-.
The constant of this proportionality depends on the incident light intensity
Ej, and on the efficiency with which the Raman scattering is collected. If a
correction is made for any polarisation sensitivity within the spectrometer,
it is possible to say that

I = Iy 2.12

where I;; is the observed intensity for the incident and scattered light polarisation
vectors E parallel to the axes Ox; and Ox; and [ is a constant independent of
both i and j. With this relationship established it is now possible to calculate
the linear depolarisation ratio p, where

i = Dep 2 o _<O‘i%
;= = =
Ipara Z (Xizi <(Z,21

2.13

where summations Y. are over all molecules which contribute to the scattered
light and the brackets () denote average values of a parameter over all the
random distribution of the molecules. In order to perform these averages,
the principal components of the polarisability tensor [«], namely «, @, and
a3, are introduced, and the expression

al‘j % a,-kajkak 2.14

- are the elements of the direction cosine matrix which

is used, where a;
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relate the principal axes of [a] to the fixed axes Ox;x,x3. With some work
the expression

pi= % 2.15
4507+ 4P
is obtained, where
O_t=%(051+ 0, + 003) 2.16
and
287 = (a1 =B + (@2~ @3) + (s — )’ 2.17

a is the mean value of the three principal components [¢] and is called the
‘spherical part’ of the tensor. § represents the anisotropy of the tensor since it
is zero only when all principal components are zero, i.e. when [«] has spherical
symmetry. This analysis is for an isotropic system of scattering molecules.
The result is different when the scattering geometry is not symmetrical, i.e.
where there is uniaxial orientation, such as for a fibre.

To understand this type of symmetry and the effect on the orientation it
is necessary to introduce the concept of the orientation distribution function
where N(@, 0, y) sin 6 dO dy d¢ is the fraction of scattering units having
orientation within the general solid angle sin 6 df dy d¢ using the angles
as defined in Fig. 2.3. This function is found to be, as a function of cos 6
(Roe 1965),

2.3 Definitions of the Euler angles (6, ¢, ¥) the molecular and Raman
tensor axes (x, y, z) and the specimen axes (X, Y, 2).
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where & = cosf and v,,,, and Z,,,,(§) are the expansion coefficients and the
general Legendre polynomials of the /mn orders respectively. In a uniaxially
oriented sample, such as for a fibre, the molecular orientation distribution
coefficients, typically denoted P,,,, are only non-zero when m = n = 0 and
[ is even (0, 2, 4, ...). These coefficients are correlated with the function
N(6) in equation 2.18 by the expression

J.OHN (0)Pgpcos O sin 6 dO

Py = 2.19

[Ny sin 0 sin 6 d
where the fraction of polymer chains at an angle 6 is N(0)d 6 and the functions
Pyo(cos 0) are Legendre polynomials. It is found that Py (cos 0) = 15 and
for [ = 2, 4 then

Pygo(cos 0) =1 (3 cos® 6 — 1) 2.20

35 cos*0 — 30 cos?6 + 3
8

Pyyp(cos 0) = 2.21

It must be noted that equation 2.20 is equivalent to Herman’s orientation
function (see equation 2.2). More detailed information on this approach can
be found in a review by Tanaka and Young (2006) where there is also a
case study on PET fibres. Tanaka and Young (2006) found that the observed
modulus of fibres correlated well with values calculated using a Reuss estimate
and orientation functions derived from spectroscopy. Recently P,gg(cos 6)
and P, (cos 0) have been derived for electrospun nylon fibres (Bellan and
Craighead 2008). Spider silk has also been analysed using the same approach
(Lefevre et al. 2007) from the orientation function (combining P,y and Pyqp)
of the spectral peaks for carbonyl groups (Rousseau et al. 2004).

The first study of this kind on polymeric fibres was on PET filaments
by Bower and Ward (1982). Although no formal analysis of P,y (cos )
and Pygo(cos 0) was reported in early studies of natural materials, a key
investigation of the orientation of proteins in muscle fibres from barnacles
was published by Caillé et al. (1987). Similar studies were carried out on
synthetic fibres such as PEEK (Everall et al. 1991). A comprehensive study
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of the polarisation ratios and orientation coefficients has been carried out
for DNA fibres (Thomas et al. 1995). Readers are referred to the general
treatment by Tsuboi for anisotropic and oriented biopolymers using this
technique (Tsuboi et al. 1995) if they want to read more about these particular
classes of materials. Not so many papers use the full analysis of molecular
orientation in fibres, and so it is thought that further work is required in this
direction.

2.4.3 Local stress measurements in polymeric fibres

The detection of local stress in polymeric fibres using Raman spectroscopy
is now at a mature stage in terms of research effort. The technique requires
the measurement of shifts in the position of characteristic Raman bands as
a function of the macroscopic deformation of the fibre. The first report of
a Raman band shift was for a polydiacetylene single crystal by Mitra et al.
in 1977. The shift was thought at that time to be due to a direct straining of
the molecular backbone of the polydiacetylene crystal. This chain stretching
leads to an alteration of the force constant dictating the vibrational frequency
v; of the particular Raman mode via the equation (Mitra et al. 1977)

v = (4a’c’u) (R 2.22

where c is the speed of light, ¢ is the reduced mass of the oscillator, (F5);
is the anharmonic force constant that is a function of the separation of the
atoms within the molecule; so as the atoms are pulled apart the force constant
changes accordingly. This explanation was subsequently confirmed both
theoretically and experimentally (Batchelder and Bloor 1979).

Despite these initial advances, the detection of Raman band shifts in polymer
fibres was fraught with difficulty. Initial studies on Kevlar fibres reported no
shift (Penn and Milanovich 1979) from which it was mistakenly concluded
that ‘no major bond stretching or bending occurs during elongation’. Similar
results were reported by Edwards and Hakiki (1989). It was, however, pointed
out at a later stage that both the work of Penn and Milanovich (1979) and
that of Edwards and Hakiki (1989) were flawed in that they used a high
power laser which probably damaged the fibre samples during deformation,
hence the reason for observing no band shifts. Shortly after the paper by
Penn and Milanovich, Galiotis et al. (1985) showed that it was possible to
follow the molecular deformation in a Kevlar fibre using this technique,
but with a much lower power laser. Subsequently many other polymeric
and non-polymeric fibres have been studied using this technique. Notable
examples include polyethylene (Prasad and Grubb 1989) where evidence
for taut-tie molecules was gleaned from the non-symmetrical broadening
of Raman peaks during deformation. The molecular deformation of rigid
rod fibres, such as PBT (poly(para-phenylene benzobisthiazole)) (Day et
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al. 1987) and PBO (poly(para-phenylene benzobisoxazole)) (Young et al.
1990) fibres, has also been reported. Non-polymeric fibres such as carbon
(Robinson et al. 1987) and silicon carbide fibres (Day et al. 1989) have also
been studied. The molecular deformation of natural fibres such as cellulose
(Hamad and Eichhorn 1997; Eichhorn et al. 2000, 2001a, 2001b; Gierlinger
et al. 20006; Peetla et al. 2006), silk (Shao, et al. 1999a, 1999b; Sirichaisit
et al. 2000, 2003) and collagen (Wang et al. 2000) has been reported. The
technique has been particularly useful for following the interfacial properties
of composites where a fibre embedded in a resin material is used as a local
deformation sensor. The reader is referred to a number of review articles
which discuss this in detail (Schadler and Galiotis 1995; Young 1996; Young
and Eichhorn 2007).

2.4.4 Surface enhanced Raman scattering from
polymeric fibres

If the frequency of incident radiation used to excite Raman scattering from
a material approaches an electronic transition in the molecule (or material)
being examined then a resonant effect occurs; an enhancement of the
Raman scattering occurs, sometimes by as much as a factor of 10* or greater
(Bower and Maddams 1992). The effect can be induced in low scattering
materials by coating the sample with gold or silver particles, as was first
observed for pyridine (Fleischmann et al. 1974). Little has been published,
however, on the detection of surface enhanced Raman scattering (SERS) of
fibres. One study on carbon fibres has shown modest enhancement of the
Raman scattering using silver particles coated on the surface of filaments
(Tadayyoni and Dando 1991). Claims of enhancement of the scattering from
lipids in wool fibres have also been reported (Carter and Fredericks 1997).
In recent times electrospun polyacrylonitrile fibres have been coated with
gold particles, and although Raman spectra of these samples have not been
reported, they are discussed in light of their potential as a SERS substrate
(Zhao et al. 2008).

2.5 Nuclear magnetic resonace spectroscopy of
polymers

In order for the reader to grasp the importance of nuclear magnetic resonance
(NMR) for studying polymeric materials, a basic understanding of the origins
of the effect are required. These origins will be now summarised, but for
more detailed explanations the reader is referred to other texts. Most of the
information for this section, unless otherwise stated, comes from Steinfeld
(1979) and Paudler (1987). The part of this section that specifically discusses
polymeric materials comes from Young and Lovell (1991).
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The principle of the technique of NMR spectroscopy is based on the
quantum mechanical magnetic properties of an atom’s nucleus. All nuclei that
contain an odd number of neutrons and protons have an inherent magnetic
moment associated with them, which can interact with and undergo motion
within an applied magnetic field. Magnetic moments y within nuclei are
quantised, governed by what is called their spin quantum number /. This
spin quantum number can take either an integral or a half integral value,
depending on the mass number of the nucleus, or the charge of the atom.
There are some basic selection rules which govern this, namely:

e [f the mass number is odd, the nuclear spin is given a half value (e.g.,
H', C" and N have I = 1 and for 0, 1= ).

e If the mass number and charge are both even then the nucleus has I =
0 (e.g., C'%, 0" and $*?)

e If the mass number is even and the charge isodd then /=1,2,3 ..., n,
i.e. an integral value (e.g., H?, N14).

Since the magnetic moment and the angular momentum are parallel vectors,
the equation

y = % 2.23
can be used to describe the magnetic properties of the particular nucleus,
where y is defined as the gyromagnetic (sometimes magnetogyric) ratio and
h is equal to h/27 where £ is Planck’s constant.

A nucleus with spin quantum number % can align itself in two states, either
with (I = + %) or against (I = — lz) it. Since the energy difference between
these two states is small the number of nuclei in each is almost the same,
and only a small excess will be in alignment (/ = + 12); this very small excess
gives rise to the NMR signal.

If we consider a classical magnetic moment in a static magnetic field, as
depicted in Fig. 2.4, at any moment in time there will be a torque on the
moment which is exerted by the magnetic field, described by the equation

T=puxB 2.24

where 7 is the torque, g is the magnetic moment and B is the magnetic field
strength. As torque is the rate of change of the angular momentum J which
is related to the magnetic moment g by the gyromagnetic ratio, this leads
to the equation

dp _

ar =B 2.25
the solution of which is the precession of p, as shown in Fig. 2.5. The greater
the applied magnetic field (B) the more aligned the nuclei and the smaller
the alignment angle 6. The solution of equation 2.25 leads to the concept
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4 By

2.4 Schematic of the magnetic moment p in a constant magnetic
field By indicating the torque exerted which results in a precession
around the field direction; 6 is the alignment angle.

of a precessional frequency w, which will also increase with an increase
in the magnetic field. These factors are not, however, governed simply by
Newtonian mechanics but also by quantum mechanical considerations.
These latter considerations limit the number of alignments of the nuclei in
the applied magnetic field to a selected number, and the angular momentum
can only have whole multiples of 7. The precessional frequency, called the
Lamor frequency, is found to be related to the magnetic field strength and
the gyromagnetic ratio via the equation

Wy =— yHO 2.26

using the scalar Hy. A magnetically active nucleus will have 27 + 1 possible
alignments when placed in a magnetic field. This means that a nucleus say
with a spin quantum number of / :% will be aligned either with (/ = + %)
or against (I = —lz) i.e. 21 + 1 = 2. The aligned state (/ = + lz) is of course a
lower and more favourable state. So the nucleus enters a split energy state
with different probabilities of each state occurring, and therefore different
energies. This type of splitting is known as Zeeman splitting, and the energies
E of the subsequent magnetic states (pictorially represented in Fig. 2.5) are
governed by the equation
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2.5 Zeeman splitting of nuclear energy levels for a nucleus with spin
3
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___ M
E = THom, 2.27

where m; is the magnetic quantum number and can have values of 7, I — 1,
1-2, ..., -1

In order to observe nuclear magnetic resonance in a material the induction
of transitions between different Zeeman levels must be achieved. This is done
by applying a variable radio frequency (RF) to the nuclei in the magnetic
field. It is applied perpendicularly to the applied magnetic field, and when
the frequency of this RF matches the precessional frequency then a transition
will occur between nuclear spin states. When a transition occurs a state of
resonance is said to exist, and the Lamor frequency will be the same as the
applied frequency; hence the term nuclear magnetic resonance. The resonant
frequency required to ‘flip’ between states is given by the equation

y = BoY 2.8
21

This quantity can be derived quite easily and gives the resonances seen in a
nuclear magnetic resonance spectrum characteristic of the particular nuclei
present in the material.

In terms of polymeric materials, "H and '*C are by far the most utilised
methods for identification purposes. Since linear polymers of low molecular
weight often show unique absorptions due to the end-groups, it is possible
to derive the number average molar mass by comparison with the monomer
resonances. It is also possible to investigate branching in polymers and to
also gain insight into chain dynamics by following the relaxation behaviour
of the excited nuclei. Early NMR spectrometers used a permanent magnet
or electromagnet and were of a continuous-wave type, in which a single
radiowave frequency was applied continuously whilst a small sweep coil
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would apply the magnetic field over an appropriate range of B,. Modern
spectrometers are now of a pulsed Fourier transform type, in which By is
fixed and a short pulse of radiowaves, over the whole range of frequencies
of interest, is applied in order to promote the nuclei to the higher energy
states.

2.5.1 NMR studies of polymeric fibres

A study of nuclear magnetic resonance in polyethylene and polypropylene
fibres was one of the first to be published (Hyndman and Origlio 1959)
showing that it was possible to find peaks within the proton derivative line
shapes corresponding to orientation, thus confirming other studies using
complementary techniques such as infrared and Raman spectroscopy.
A later study by the same group reporting work done on Dacron (PET)
fibres (Hyndman and Origlio 1960) confirmed the findings of Ward (1960)
on unoriented samples that even below the glass transition temperature,
considerable motion of the methylene groups occurs.

Before going into specific detail about how NMR can be and has been
used to obtain information on polymer chain orientation in fibres, it is
necessary to define a few terms. One will recall that all nuclei have their own
localised magnetic field as each nucleus ‘feels’ the field of its neighbours
(McBrierty and Douglass 1981). In a liquid this local field is averaged to
zero, as the atoms are moving around randomly due to Brownian motion and
the angular dependence of the dipolar interaction (McBrierty and Douglass
1981). Therefore the behaviour of a polymer is somewhere between a solid
and a liquid, where some averaging, as in liquids, takes place due to side
group motions. It is the detection, particularly the shape and size, of this
average field that is most important in the use of NMR for solid polymers.
Fluctuations in the local field give rise to spin transitions, in the same manner
as the applied field, and so a flow of energy occurs between the spin system
and the lattice of atoms. If one measures this flow rate, termed 1/7, then
one can obtain information on the rate of molecular motion responsible for
driving the fluctuation (McBrierty and Douglass 1981). The term 75 is the
time constant which describes the loss of phase coherence when nuclei are
subjected to a short burst of resonant radiation; this is typically short in
polymers (McBrierty and Douglass 1981). When a solid state NMR experiment
is carried out where the radio frequencies are swept through resonance there
is an absorption envelope, which is a reflection of the distribution of the local
field. This absorption spectrum has two parameters that describe it, namely
the line width between points of inflexion and the mean square deviation,
or second moment, M,. Fourth-order moments (M,) are also derivable from
this absorption spectrum (McBrierty and Douglass 1981).

In order to investigate the orientation of polymeric fibres using NMR it
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is necessary to vary the angle of the sample within the magnetic field H,,.
Comparative techniques, such as linear dichroism, are limited to second-order
moments, but as already described, NMR can achieve fourth-order moments.
Perhaps the most well-known work on the orientation of polymer fibres using
NMR techniques is that of Smith, Manuel and Ward (Smith et al. 1975)
on highly drawn polyethylene fibres. It was shown by Capaccio and Ward
(1974) that highly oriented polyethylene fibres could be obtained, where
the resulting material is highly anisotropic. Derivative NMR spectra were
collected from these materials and it was shown that three components were
present. These were an isotropic and narrow component, which was assigned
to low molecular weight molecules which do not form ordered or crystalline
regions, a broad component assigned to oriented ordered crystalline regions,
and an intermediate component that relates to constrained interconnecting
chains (between regions of order) which are allowed to freely rotate (Smith
etal. 1975). Since this groundbreaking research many other researchers have
reported the use of NMR spectroscopy to analyse polymer fibres. Notable
examples of these include chain flipping and rotation of crystallites in
polyethylene fibres (Hu et al. 1999), the monitoring of structural changes in
silk during the spinning process (Ohgo et al. 2003) and ultra-highly drawn
polyethylene fibres (Hu and Schmidt-Rohr 2000).

2.6 Discussion and conclusions

Spectroscopy has been shown to be a highly powerful tool for relating
structural morphology of polymeric fibres to mechanical properties and other
macroscale features of these industrially useful materials. The techniques
covered, namely infrared, Raman and NMR spectroscopies, have also been
shown to be complementary to each other. The development of highly
specialised equipment for each of these techniques has allowed detailed
analysis of polymer structure. Indeed it is these developments that have
allowed the elucidation of crystal-amorphous interactions, chain dynamics
and orientation to be understood. Specifically, it has been shown that both
Raman and infrared spectroscopy are useful tools for determining the complex
orientation distributions in polymeric fibres of a number of different types.
Both techniques, particularly the former, have been useful tools for the
following of molecular stress in fibres, and this continues to be the case as
new highly oriented fibres are developed. NMR spectroscopy has developed
considerably over the last 30—40 years, and now with these developments
ever more sensitive measurements of discrete relaxations are possible.

It is true to say that the scattering and relaxations found in biopolymeric
fibres have been much less amenable to the applications of all three techniques
covered in this chapter. With the development of advanced technology in
recent times, it is likely that the use of infrared, Raman and NMR spectroscopy
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will increase, as the polymer community endeavours to better understand the
biological world. It is thought therefore that this area will see considerable
growth in research in the years to come.
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X-ray analysis of partial crystalline fibre
structure

P ZUGENMAIER, Clausthal University of Technology,
Germany

Abstract: Fibre diffraction by X-rays on partial crystalline synthetic and
natural polymeric fibres combined with computer-aided modelling are
presented and their potentials and results in structure determination are
discussed. X-ray methods are described for the characterization of polymeric
fibres with regard to crystallinity and disorder, crystallite sizes and the
orientation distribution of crystallized chain molecules in fibres. These
diversified investigations provide insight into the interaction of molecules
and atoms and chain arrangements in partially crystalline polymers, establish
correlations with desired properties and point towards improving and
tailoring materials.

Key words: fibre diffraction of X-rays, molecular and crystal structure
determination, crystallinity and disorder, crystallite size and disorder,
preferred orientation.

3.1 Introduction

Structural investigations of materials belong to the prime interests of basic
and applied research, since they provide insights into the interactions of
molecules and atoms, establish correlations with desired properties and point
towards improving and tailoring materials. Tools and techniques for such
investigations include microscopy, spectroscopy and diffraction. Diffraction
represents the technique of choice for crystalline materials if the crystal
and molecular structure is needed, but spectroscopy may provide useful
additional information concerning the preferred orientation of domains, the
proportion of crystalline materials in polymers and characterization of the
various polymorphs of biopolymers.

Here we will restrict ourselves to structural investigations of partially
crystalline fibres, which normally exhibit axial symmetry along the fibre
axis, and will introduce X-ray fibre diffraction as the main tool for a
detailed structure evaluation. The main feature of such a study is based
on the determination of the structure amplitude, which is the interference
function relying on the position of every atom in a crystalline domain
causing interference of waves and resulting in interference maxima, also
called diffraction spots. The interaction of the electromagnetic field of the
X-rays with the electrons of the atoms represents the essential feature of
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the X-ray method. The diffraction of neutrons with matter also depends on
the structure amplitude of the crystalline domains but here the interaction
of the particle wave takes place with the nucleus of the atoms. In contrast
to the interaction of X-rays the scattering power, that is, the strength of the
interaction, does not depend on the scattering angle but rather represents a
constant for a certain element due to the specific interaction and the small
size of the nucleus and exhibits different relative strength as compared to
X-ray diffractions. For example, the ratio of the scattering power of carbon
to that of hydrogen is much in favour for hydrogen in neutron scattering,
and neutron scattering is preferred for the determination of the position of
hydrogen. A still better contrast can be obtained by replacing the hydrogen
atoms in a molecule by deuterium. However, neutron scattering has the
disadvantage that a nuclear reactor is needed for generation of a sufficient
neutron flux. The collimation and monochromatization of a neutron beam
requires large-scale equipment and also large samples are needed.

Electron diffraction is another possibility for the determination of the
structure amplitude required for a crystalline structure evaluation (Dorset,
1995). Such an experiment can be performed in an electron microscope. The
interaction of the particle waves with matter rests here on the electric field
between the electrons and the nuclei of the atoms, and several difficulties have
to be solved in collecting and reducing the intensities as well as the strong
absorbance of electrons by matter and the decay of the crystals. Nevertheless,
electron diffraction represents an excellent tool for the determination of
interference maxima of polymeric single crystals of small thickness or of tiny
fibrils of naturally occurring fibres. The position of the diffraction spots is
less affected by the disadvantages caused by the scattering power of bound
atoms.

In recent years synchrotron radiation has developed into a powerful and
indispensable X-ray tool in a wide range of research fields. Electrons orbiting
in a storage ring emit the electromagnetic waves of synchrotron radiation.
This radiation source has high intensity (many orders of magnitude more
than that of X-rays produced in conventional X-ray tubes), shows high
collimation, i.e. small angular divergence of the beam, is widely tunable in
energy/wavelength by monochromatization and has a high level of polarization
(linear or elliptical). The high brightness is ideally suited to microbeam and
imaging applications, including X-ray microscopy (Zafeiropoulos et al.,
2005). It is technically possible to record spatially resolved wide-angle X-ray
patterns from single polymeric fibres down to ~10 um thickness (Riekel et
al., 1997) with a beam of few microns in diameter in a few seconds per
pattern. This opens new possibilities for in-situ experiments but also for
the study of smaller samples, e.g. the skin core effect of fibrils (Muller et
al., 2000) or the preferred orientation of molecules in tiny starch granules
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as first observed by Kreger with conventional X-rays (1951) and later with
synchrotron radiation by Buléon et al. (1997) and Waigh et al. (1997). The
detection system by synchrotron experiments is well developed, which means
the data collected can be easily processed.

Besides the determination of the crystal and molecular structure, careful
evaluation of the wide-angle X-ray diffraction diagrams of polymeric materials
leads to further significant structural features. An overall consideration of
the scattering of radiation into diffraction spots versus the scattering into the
background leads to an estimation of the crystalline portion of the materials,
that is, the ratio of the amount of crystalline to amorphous (non-crystalline
materials) present in the materials, an important quantity needed to describe
the performance of polymers. But such an evaluation also provides insights
into the defects and disorder within the crystalline domains. Further, the
orientation of the domains along the fibre axis can be determined by the
evaluation of the extension or arcs of the X-ray diffraction spots. This
structural feature represents a major and significant property for describing
the performance of fibres. The determination of preferred orientation is very
much simplified by the axial symmetry of the fibres, and the quite general
and lengthy treatment for preferred orientation by the investigation of pole
figures can be avoided (Alexander, 1969).

3.2 Diffraction
3.2.1 Basics

Structural details of natural and synthetic polymers can be obtained by
scattering experiments using electromagnetic or particle waves of various
origins. In most cases X-ray diffraction studies are preferred in the evaluation
of fibres. Figure 3.1 represents the experimental setup for a fibre diffraction
experiment for a partially crystalline fibre with uniaxially oriented crystalline
domains along the fibre axis.

The diffraction pattern on the detection device (flat film) consists of spots
lying on layer lines, termed [/ = 0, 1, 2, etc. The vertical line on the equator
(I = 0) through the origin is denoted the meridian. The regular appearance
of spots on the meridian plays a significant role in the interpretation of the
shape of chain molecules. The primary beam is absorbed by a beam stop
to avoid overexposure of the film. The scattering angle 26 describes the
deviation of the scattered beam from the primary one.

Crystalline materials are a necessity to evaluate detailed structural
properties by scattering experiments. Such investigations can provide accurate
conformation and packing arrangements of the atoms or molecules, if sufficient
diffraction spots are available. Single crystals with almost perfect alignment of
the crystalline domains provide the necessary amount of reflections. However,
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3.1 Experimental setup for fibre diffraction of a partial crystalline
polymeric specimen. The detection device may be a film, an imaging
plate or other electronic device. Fibre axis vertically oriented.

polymers usually do not crystallize in such a perfect form. Normally, solid-
state materials of polymers are only available in which the crystallites are
distributed either randomly or in a uniaxial or partly biaxial distribution in
disordered crystalline domains and these materials exhibit few reflections
only. Idealized packing arrangements of the crystalline domains and the
corresponding diffraction patterns are shown in Fig. 3.2.

A uniaxial distribution of crystalline domains in polymeric materials
occurs mostly in fibres and the resulting diffraction pattern is called a fibre
pattern in contrast to the random or isotropic distribution of crystalline
domains, which resembles a crystalline powder. The diffraction pattern of
such a sample consists of concentric rings and is called a powder pattern or
Debye—Scherrer pattern. The fibre pattern is a better choice in evaluating the
X-ray data, since it shows fewer overlapping reflections and usually exhibits
better resolution.

A diffraction pattern contains manifold structural information. The integral
intensity of the reflection spots is needed for an evaluation of the position of
every atom in the crystalline domains. The width of a reflection is influenced
by the size of the crystalline domains but also by disorder of various kinds.
The size of the arcing of a reflection, e.g. an equatorial reflection on / =0 in
the meridional direction, represents the deviation from perfect orientation.
The amount of crystalline material, that is, the ratio of ordered material
contained in the crystalline domains versus the amorphous or imperfectly
ordered material, can be determined by an evaluation of the overall intensity
of the reflection spots versus the corrected background intensity. A disorder
factor can be introduced describing the deviations from perfectly ordered
domains.

Some of the addressed information can be demonstrated by the application



50 Handbook of textile fibre structure

| Meridian ;

/A
1]
N

7

I =0 Equator
I=-1

T

7
NS
I
|
N

L O W W W
"
|

| W O W O W

L W O W W W

L W W W O W

(a)

(b)

3.2 Common packing arrangements of crystalline domains and
their expected X-ray diffraction pattern of polymeric materials: (a)
uniaxial packing arrangement as in a crystalline fibre; (b) random
packing arrangement as in a crystalline powder. (Adapted from
Chandrasekaran, 1997.)

of analogous two-dimensional optical transforms, that is, by light scattering
experiments on ordered motifs.

3.2.2 Optical transforms of lattices

The application of optical transforms represents an excellent tool for
simulating X-ray patterns of realistic two-dimensional models of finite size
and for demonstrating certain structural features and disorder influencing
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the diffraction patterns. Structural models can be easily introduced and
the diffraction pattern visualized of special ordered and disordered arrays
of motifs. The diffraction masks are drawn by computers, reproduced on
optical film and placed in a beam of a coherent laser light source. The
electromagnetic waves of the light interact with the density of blackening on
the optical film. An idealized setup for a device to obtain optical transforms
is shown in Fig. 3.3.

A mask M (optical film) with motifs is placed between two lenses L, L,
and the optical transform can be collected in the focal plane F or in reduced
form in F'. The image of the mask is observed in the plane I.

In Fig 3.4 a series of masks are shown on the top and the corresponding
diffraction patterns on the bottom. A circle as a motif results in concentric
circles as a diffraction pattern (cf. also Fig. 3.5 below). A one-dimensional
lattice as a scattering object results in an interference pattern with extinctions
in one direction of the original diffraction pattern of the circle. The larger
the original lattice, that is, the more scattering points available, the narrower
the diffraction lines (first line or first row in Fig. 3.4). If a two-dimensional
lattice is considered, the interferences in the two directions overlap and a
two-dimensional lattice of diffraction spots results within the contours of the
original diffraction pattern of the circle. A strong correlation between the size
of the lattice and the width of the diffractions spots can be concluded.

The effect of circles of different sizes on the diffraction patterns as well
as the variation of the distance between the circles on the diffraction pattern
is demonstrated in Fig. 3.5. These general features also hold for scattering
in three dimensions of various waves as X-rays, electrons or neutrons and
can be verified by theoretical considerations.

3.2.3 Optical transforms of chain molecules

Significant features of diffraction patterns produced by helical structures of
chain molecules can be deduced by optical transforms. The diffraction pattern

Laser

Beam
expander

3.3 Setup for obtaining optical transforms. (Adapted from Harburn et
al., 1975.)
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3.4 A sequence of masks (top) and their corresponding optical
transforms (bottom). (Adapted from Harburn et al., 1975.)

of a projected single continuous helix on a plane used as a diffraction mask
is shown in Fig. 3.6. Two features are remarkable: an X-shaped diffraction
pattern is observed with no reflections inside the cross, and no diffraction
spots occur on the meridian.

In Fig. 3.7 two discontinuous single helices are compared. On the left,
the mask of a helix (a) with ten motifs (points) per repeat is shown with the
corresponding diffraction pattern in (b), and on the right picture the mask
of a helix (a) with two motifs per repeat and the corresponding diffraction
pattern are shown in (b). The tenfold helix exhibits a diffraction spot on the
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3.5 Optical transforms of circles of different sizes and different
distances. (Adapted from Harburn et al., 1975.)

(a) (b)

3.6 (a) Projection of a single continuous helix on a plane serving as a
mask for optical transforms; (b) optical transform for the helix of (a).
(Reproduced by permission of John Wiley & Sons, Inc., from Holmes
and Blow, 1966.)
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(a) (b)

3.7 Masks (a) and corresponding optical transforms (b) for two
different single helices. Left: discontinuous helix with 10 motifs
(points) per repeat and the diffraction pattern with a diffraction

spot on the median of the tenth layer line (note the fifth layer line

is missing). Right: discontinuous helix with two motifs (points)

per repeat and the diffraction pattern with diffraction spots on the
meridian of every second layer line. (Left: reproduced by permission
of John Wiley & Sons, Inc., from Holmes and Blow, 1966. Right:
reproduced by permission of Pure and Applied Chemistry, from
Taylor, 1969.)

20

\J

ko

3.8 Representation of the scattering geometry.

meridian of the tenth layer line; the twofold helix shows a spot on every
second layer line on the meridian. These observations can be generalized:
if meridional diffraction spots are found on every nth layer line, an n-fold
helix may be concluded as causing these reflections.

3.3 Theoretical considerations

The geometry of the scattering of a beam by a monochromatic electromagnetic
wave as represented in Fig. 3.8 can be described by two wave vectors: the
wave vector Kk, of the primary beam and that of the scattered beam k. The
deviation from the primary beam k, is represented by the scattering vector
s or scattering angle 26 as shown in Fig. 3.8. The two wave vectors, k, for
the primary beam and k for the scattered beam, depend on the wavelength 4
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of the electromagnetic wave (eq. 3.1) and have the same length in the case
of elastic scattering considered here:

Ikl = Ik, = 2w/A 3.1
A scattering vector S can be introduced by

S =s2n=(k - k,)/2n 3.2
which leads to (cf. Fig. 3.1)

(Isl/2)/Ik| = sinf; s = 41 sinf/A; S = 2sin6/ 4 33

The intensity of the diffraction spots is caused by the interference of
waves from different motifs (atoms, electron distribution, etc.; cf. Fig. 3.4)
distributed in space. The electric or magnetic field of the electromagnetic
wave cannot be measured but only the intensity of the wave, that is, the
squared amplitude of the wave.

The function F(S) that represents the interference of the waves from
various scattering centres or generally from a continuous distribution p(r),
e.g. electron distribution, is given by

F(S)= [ pme> Sy, 3.4

with r the vector from the origin of space to v, the scattering motif (cf.
Vainshtein, 1966). The intensity is proportional to IF(S)I?. In Cartesian
coordinates:

FXYz)= [[] | ple.y. )™ 02 dxdydg 35

with x, y, z being the coordinates representing the space in the sample
ranging from — o to + o (mask, ¢f. Fig. 3.4) and X, Y, Z the coordinates
on the film.

Two reductions will be introduced, which simplify the structure
determination considerably: first, the X-ray scattering amplitude of a single
atom, and second, the reduction of the structure amplitude of the crystalline
materials in a sample to the content of a unit cell.

For an atom the electron density distribution can be assumed to be
centrosymmetric, p(r) = p(r), and to be calculated by quantum mechanics.
The resulting centrosymmetric atomic scattering function f(S) (cf. eq. 3.4),
S/2 = sinb/4, is plotted in Fig. 3.9 for various kinds of single atoms. The
scattering amplitude f(0) amounts to Z, that is, the number of electrons in an
atom. The scattering of an assembly of atoms can be regarded as a scattering
of point-like centres with a scattering power depending on the kind of atoms
and on S that means on half the scattering angle 6 with the wavelength A
fixed.
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3.9 Atomic scattering amplitudes f(S) as a function of S/2 = sin 6 /A
for various elements. (Adapted from Vainshtein, 1966.)

If a group of n atoms is considered, the electron density at points ry, r,
e, Ty s

il p;(r—r) 3.6
J=

Substituting into eq. 3.4 and introducing the structure amplitude of atoms
(c¢f. Fig. 3.9), that is, scattering of a point with the respective atomic
scattering amplitudes fi(s), the scattering amplitude for a set of atoms F(S)
is obtained:

F(S)= _ﬁl £i(s)eise) 3.7
=

If the crystal lattice of the sample is now considered to obey translational
symmetry in three dimensions of a so-called unit cell with edges a, b, c, the
evaluation of the scattering amplitude can be reduced to the content of the
unit cell. Repetition of the unit cell generates the entire crystal lattice and
the scattering amplitude (eqs 3.4, 3.5) can be replaced by a Fourier integral
of a periodic function:

N i Jatky/b+zlc)
Fuq = 7be .[0 _[0 Jo plxyz)e ‘ gxdydz
J srietD) 3.8
—|pr i)
= L (e d
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The density p is a periodic function in a, b and c. The exponential function in
eqs 3.4 and 3.5 has the same periodicity if X = h/a, Y = k/b and Z = l/c with
h, k, [ integers, which are termed Miller indices; (2 represents the volume
of the unit cell and H = {h/a, k/b, l/c}. The scattering amplitude F,; is then
also periodic and differs only from zero for integer values (hkl) in detector
space or reciprocal space as demonstrated in Fig. 3.4. Each point in reciprocal
space for a non-zero value of F;,; can be described by

H = ha* + kb* + Ic* 39

with a*, b*, ¢* the basic vectors of the lattice in reciprocal space.

Introducing S = H and the fractional coordinates {x;, y;, z;}, €q. 3.7 leads
to a structure amplitude F;;, which depends on the various kinds of atoms
placed within the unit cell (eq. 3.10).

J J

The equality S = H or ISI = IHI leads with S = 2sinf/A according to eq. 3.3
and H according to eq. 3.9 to

S = 2sind/A = (h*a*? + kK*b*? + Pc*H)!? = a*,, 3.11

with d*,,, the spacing of the layers in three-dimensional reciprocal space
represented by the Miller indices hkl. Since H can also be represented by
{hla, kb, l/c} it follows that

2sin O/A = (h1a® + K2Ib? + PP1cHV? = 1/dyy, 3.12

where dj,;; is the layer spacing in direct space. Comparing eq. 3.11 with eq.
3.12 the relationship 3.13 is obtained

d*hkl = l/dhkl 313
Equation 3.12 can be written as
l =2 dhkl sinf 3.13a

a geometric relationship introduced by Bragg to explain the appearance of
X-ray diffraction spots by a reflection at atomic layers with the so-called
Bragg reflection angle 6 defined by the incident beam towards the layers
(hkl) in space (Fig. 3.10).

The relationship provided in eqs 3.4 and 3.10 establishes a geometric
relationship between the direct r-space and the reciprocal S-space (Fig. 3.11).
The limited r-space is transformed by the Fourier integral (eq. 3.4) to the
limited S-space and the S-space can be transformed by the reverse Fourier
integral to the r-space (eq. 3.14):
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3.10 Representation of Bragg's law as reflection of the X-ray beam
on atomic layer planes of distance dp, n normal to layer planes.
(Adapted from Vainshtein, 1966.)

P®) F(S)

3.11 Schematic representation of direct space r and reciprocal space
S, which are related by Fourier transforms.

+o0
paya) = [ [ Foxyzye2mexs v+ axdyaz

. 3.14
p(r) = j F(S)e 2160 dyg

p(xyz) represents the desired quantity of a diffraction experiment, that is,
the position of the atoms in the sample. For the determination of p(xyz)
the structure amplitude F(S) has to be known. However, only IF(S)| can be
determined by an evaluation of the X-ray intensities, which means with F(S)
=IF(S)| exp(ic) that besides the amplitude |F(S)I, the phase « in the complex
(Gaussian) plane has also to be known. In single-crystal crystallography with
many reflections, computer methods have been developed to overcome this
phase problem. In fibre and powder diffraction, molecular modelling leads
to a starting solution, which can then be refined as discussed later.

The limitation of the r-space is given by the size of the sample bathed
in the primary X-ray beam and the limitation of the S-space is given by the
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wavelength of the radiation. With S = 2sin6/A (eq. 3.3 or 3.11) the maximum
size of S is given as a circle with O as the centre and a radius of 2/4, since
sinf cannot exceed 1.

If we consider a fibre with perfectly aligned mosaic crystallites and an
incident beam perpendicular to the fibre axis, it may occur that certain layer
planes of the crystal cannot be positioned according to the Bragg reflection
condition. This can occur especially for the meridional reflection spots. The
layer planes lie perpendicular to the fibre axis and parallel to the incident
beam. In this case no meridional reflections appear on the fibre diagram.
However, they show up if the fibre axis is tilted by the Bragg angle of the
specific meridional diffraction spot.

The complex function Fj;; can be split into a real and an imaginary
part:

Fuu= Z]j-[cos (hx;+ ky; + Iz) + i sin (hx;+ ky; + lz))] = A+ iB 3.15
J

IFpl = (A2 + BH)!'? 3.16

3.3.1 Temperature and disorder factor

The decrease of the scattering power of an atom with scattering angle relies
on the finite size of the electron cloud. If this electron cloud is enlarged, the
scattering power drops much faster. Higher temperatures cause a wider spread
of the electron cloud due to motion and a faster decrease of the scattering
power f. A Gaussian type of function can express the decrease:

f=fyexp (~{Bsin’0}/A%) 3.17
B =8n%,2 3.18

with f; the original atomic scattering amplitude and ;2 the mean-squared
amplitude of the atomic vibration. Distortions also cause a spread of the
electron cloud, which can be incorporated into the factor B. Instead of B a
factor k is introduced, which contains the thermal motion and disorder, and
fis then expressed by

f=Jfoexp (-ks) 3.19

In fibre diffraction with few observed reflections, it is common to introduce
the same overall temperature and disorder factor for all atoms contributing
to the scattering amplitude as an approximation, which reduces the number
of variables. Equation 3.15 leads to

Fpy = exp (—ks?) ;f, [cos(hx;+ ky; + Iz)) + i sin(hx; + ky; + [z))]
3.20
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3.3.2 Space groups

A further reduction of the number of scattering units (e.g. atoms) in the unit
cell is possible if the content of the unit cell can be obtained by symmetry
operations on a so-called asymmetric unit as part of the unit cell. A classification
of the three-dimensional lattices can be carried out according to the symmetry
elements present and specific space groups introduced. These space groups
are tabulated in the International Tables (1969) and the symmetry elements
are listed, which have to be applied on the asymmetric unit to obtain the
content of the unit cell. The symmetry elements of a space group lead to
relationships between the atoms or molecules and cause specific extinction
of diffraction spots. These extinctions are helpful in identifying the space
group and are also listed in the International Tables (1969); however, a
choice of several possibilities may still exist.

A considerable reduction of the number of possible space groups exists
for biological materials, which are devoid of inversion symmetry in their
packing arrangement due to the chirality of the molecules as, for example,
in polysaccharides. These possible space groups for biological materials are
listed in Table 3.1.

Table 3.1 List of biological space groups (cubic space groups excluded)

Space group Minimum symmetry
Triclinic P1 None
Monoclinic P2, P2, Twofold axis parallel to b
C2
Orthorhombic P222, P2,2,2,, P222,, P242,2 Three mutually perpendicular
C222, C222, twofold axes
1222, 12,2,2,
F222
Tetragonal P4, P4,, P45, P4, Fourfold axis parallel to ¢
14, 14,

P422, P4,22, P4;22, P4,22
P42,2, P4,2,2, P4;2,2, P4,2,2

1422, 14,22

Trigonal R3 Threefold axis parallel to ¢
P3, P3,, P3,
R32
P321, P312
P3,21, P3,21, P3;12, P3,12

Hexagonal P6, P64, P6g Sixfold axis parallel to ¢
P63, P62, P64

P622, P6,22, P6522
P622, P6,22, P6,22
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3.3.3 Orientation

Oriented chain molecules will now be considered with a repeat distance
¢ along z in a Cartesian coordinate system and atoms irregularly arranged
in the plane perpendicular to z. The structure amplitude F(X,Y,l/c) is then
represented by eq. 3.7 and an idealized diffraction pattern is shown in Fig.
3.12, with the intensity proportional to the square of the structure amplitude.
Figure 3.12 shows that the diffraction intensity is concentrated on continuous
layer lines and also suggests that it should be possible to obtain the repeat
¢ along z from the spacing of the layer lines:

F(S)=F(X, Y, l/c)= 3 fe¥meiX ¥ +jle) 391

A description of chain molecules in cylindrical coordinates is often
advantageous, especially if these molecules form regular helices. The following
transformations lead from the Cartesian to the cylindrical coordinate system
(cf. Fig. 3.13):

X =7rcosy X=Rcos V¥
y=rsiny Y=RsinW¥ 3.22
2=z Z=Z

The structure amplitude for a system with a repeat distance c in z is obtained
with eq. 3.5 in cylindrical atomic coordinates {r, 1y, z} (Vainshtein, 1966)
and Z = Ic*; ¢* is the repeat distance in Z and py, is the density along the
helix:

T

I1=2

: KZ )E

o
O

=

3.12 Diffraction pattern of a chain molecule with a repeat distance
c and irregularly arranged atoms in the plane perpendicular to z
leading to continuous layer lines. (Adapted from Vainshtein, 1966.)
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3.13 Description of a helix with cylindrical coordinates. (Adapted
from Vainshtein, 1966.)

F(R, ¥, Ic*) = j:j;”jo pai(rs . 2) exp{2i[Rr cos @ — P)
+ lzc*]}rdrdydz 3.23

and diffraction intensities occur on layer lines / only.
If we consider a continuous helix of radius rq and repeat c:

r=ry Y =2nz/c 3.24

then a unit density along the helix can be represented by two Dirac
O-functions:

p (r,y, z) = 0(r — ry) 0y —2mz/c) 3.25

Integration over z in eq. 3.23 gives:

joca(y/ — 2mz/c) exp(il(2nz/c) dz = exp (il )

3.26
and integration over r leads to:
FR, ¥, Ic*)= jjnro exp(2miRr cos (v — W) +il v) dy 327
Introducing the definition of the Bessel function J, of order n,
jozn exp (iu cos ¢ + in @) dp = 21" J,(u) 3.28

and substitution of 2t Rry = u and ¥ — ¥ = ¢ (ry = radius of the helix), the
scattering amplitude
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[Fy| = [21ro (21rgR) | 3.29

is obtained. The intensity I, «|F,|*> on every single layer line Ic* is axial
symmetric and proportional to J;. Since the first maximum of the Bessel
function J;(u) lies approximately at u = [, a diffraction pattern as shown in
Fig. 3.6 for the optical transform of a continuous helix is obtained.

For a discontinuous helix (Vainshtein, 1966) with two Dirac d-functions
and unit density

p(r,p,2) =3 O(r, — ry) 0@ — 2mz,/c) 3.30

the structure amplitude

F(R, ¥, llc) = 23 f;J,Q2ar;R) exp {i[n('f’ -y+ 725) + ZJ'Ele/C]}
nj
3.31

is obtained. A summation over n Bessel functions on each layer line / has
to be carried out.

The two periodicities, one for the continuous helix ¢ and the other for
the periodicity ¢’ for the regular motifs on the helix, have to be considered
and result in the presence of combined layer lines [ fulfilling both conditions
with non-zero diffraction spots. These layer lines can be described by the
so-called selection rule (Vainshtein, 1966):

[ =nt + mu 3.32

with n and m integers, u the number of points or motifs on the helix in the
actual period ¢, t the number of turns of the helix in ¢, ¢ the crystallographic
identity in z, and P the pitch of the helix. P represents the distance equivalent
to one turn in z (Fig. 3.14). The ratio u/t has to be expressed by whole numbers
and can be used to characterize or describe a discontinuous helix.

If we consider the diffraction spots on the meridian (R = 0) on layer line
[, only the Bessel function J, of order 0 has a maximum on the meridian,
which means that n = 0 in eq. 3.32 and the selection rule reduces to [ = mu.
This equality can be deduced directly with n =0 from eq. 3.31. A periodicity
in F; is obtained by ¢'l/c = m (m integer) or [ = mu (u = c/c’, where ¢’ is the
periodicity in z). With m = %1, +2, etc., that is, [ = +u, +2u, etc., meridional
reflections are expected on the uth, 2uth, etc. layer line as shown in Fig.
3.7 by optical transforms. For m = 0 the zero point on the equator (/ = 0)
is obtained, that is, the point where the primary beam hits the detector. An
observation of the meridional reflections results in a determination of the
number of motifs u. The number of turns ¢ and the direction in which the
helix proceeds, left- or right-handed, is left to a conformational analysis to
be addressed later.
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(b) (c)

3.14 Schematic representation of a threefold helix (a) by u/ t, u =3,
t=1and A® = 2rn t/ u; (b) A® > 0 right-handed helix (u= 3, t=1);
(c) A® < 0 left-handed helix (u=3, t=-1 or t = 2). Pis the pitch of
the helix (repeat of one turn in z); the distance between two adjacent
motifs in zis h= ¢ = c/u.

34 Data reduction

If the structure of a crystalline sample is known, the calculation of the structure
amplitudes as well as the intensity of the diffraction spots is straightforward.
For a comparison between structure calculation and diffraction data, the
structure amplitudes are preferred and the measured intensities data have to
be converted into structure amplitudes. It should be stressed that the intensity
I(S) observed is proportional to |F (S)I?> and therefore only IF(S)! is available
from the experimental data for comparison and not F(S), which represents a
complex quantity. The proportionality factor between IF(S)* and I(S), that
is, K’ in eq. 3.33, depends on the scattering angle 26 and further quantities
and will now be discussed.

IS) = K' |[F(S)I? 3.33

Equation 3.33 also represents a useful relationship for testing the correct
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alignment of an experimental diffraction pattern. Replacing the scattering
vector S by the centrosymmetric one —S leads to the same intensity:

IF(S)I> = F(S) F*(S) = F(S) F(-S) = F(-S) F(S)
= F*(S) F(S) = IF(S)I> = A+ B? 3.34

A correct alignment implies that IF(S)I> or the diffraction spots of two
centrosymmetric related reflections on the detector device should exhibit
the same intensity.

The general geometric site for all possible reflections described by the
wave vector k (cf. eq. 3.1) represents a sphere of radius k with the centre
in the origin of the scattered waves. These sites on the sphere can also be
described by the scattering vectors s representing diffraction spots. However,
if the scattering vector H = S = /21 representing a reciprocal lattice point H
is introduced, the radius of the sphere has to be reduced to /27 as condition
for a reflection spot of a net point H to be placed on the surface of the
sphere. Normally, a net point of the reciprocal lattice for a single crystal does
not fall on the surface of the sphere described, but this kind of placement
can be realized by a rotation of the crystal. Only those points lying on he
sphere give rise to real reflections on the detector. A random distribution
of crystals in a powder will always exhibit a rotational position to fulfil the
required condition and will even show a continuous line on the surface of
the sphere for an individual reflection plane (hkl). A uniaxial distribution of
the crystallites within the sample leads to single diffraction spots of some
size on the surface of the sphere due to a rotation about a single axis of the
aligned crystallites. However, some of the reciprocal lattice points lie beyond
the range of reflecting positions.

The corrections to be applied for obtaining the structure amplitude from
the intensities are mostly of a geometric nature and are related to the devices
used for measurements. This includes the polarization p of the radiation,
the absorption A occurring within the specimen, the amount or time for
layers placed in the reflection position described by the Lorentz factor L
and the multiplicity j of the layers contributing to a reflection. All these
factors have to be applied to the intensities measured by the detection device
to reduce the intensity data to the |Fj| (eq. 3.33). It is common that the
measured intensities are corrected and the structure amplitudes are used for
comparison of observed and calculated values (eq. 3.35). A further advantage
of preferring the structure amplitudes lies in the fact that they are needed for
the calculation of electron density maps from which the position of atoms
can be determined.

|Fpual = (Kl iLpA)'> 3.35

K depends on the crystal size, primary beam intensity and a number of
fundamental constants. It represents a constant for any set of measurements
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with the same primary beam intensity. The exact value of K is not of
importance for the structure determination considered here. Therefore, this
term is omitted from the data reduction calculation and the values obtained
are called relative structure amplitudes.

|Frel| = ([hk[/ijA)1/2 3.36

The polarization factor p for unpolarized radiation without crystal-
monochromatized radiation is given by (Klug and Alexander, 1954):

p = (1 + cos?20)/2 3.37

The multiplicity factor j represents the number of different sets of layer
planes (hkl) that contribute to a single reflection.

The absorption factor A for X-rays of a particular specimen depends not
only on its elemental composition and the radiation wavelength but also on
the shape and size of the specimen. For small samples, A can be omitted, but
if necessary the adsorption factor A for fibres of cylindrical form is available
as well as for sheets (Klug and Alexander, 1954; Alexander, 1969).

The Lorentz factor L accounts for the fact that only crystal planes diffract the
incident beam, which are in a reflecting position (cf. Fig. 3.10), i.e. the Bragg
angle 6 of the incoming beam equals the scattering angle 6 of the diffracted
beam, both measured towards the crystal planes (Bragg’s law). The reflecting
position can be obtained by kinematics of the diffraction system but it may
already be present by the distribution of crystallites in the sample. For the
single crystal rotation technique this geometric factor represents a measure
of the relative amount of time by which sets of layer planes are located in
the diffraction position. For the powder method with a random distribution
of crystallites it is the fractional number of reciprocal lattice points in the
diffraction position. For the fibre diffraction technique, it was recognized
that the standard single crystal rotation correction factor is inadequate when
applied to diffractions of partially crystalline and oriented fibres (Schiebold,
1944; De Wolff, 1962; Franklin and Gosling, 1953; Arnott, 1965). Cella
et al. (1970) provided a formalism for deriving the Lorentz factor for any
geometric distribution of crystallites in a polycrystalline sample including
the uniaxial orientation of crystalline polymers in a fibre.

The Lorentz factor L can be formulated in terms of a generalized distribution
function of a number of well-ordered crystallites with weighted (¥(p,0))
orientations given by £2(p,0) where the limits of the integration depend on
the diffraction geometry. Here p represents the angle between the fibre axis
and the unit normal 7 to the plane (4kl) in a given crystallite, and 0 is the
scattering angle (Bragg reflection angle; 26 is the angle between the incident
and diffracted beams). If the fibre is tilted by an angle y with respect to a
plane normal to the primary beam, then the Lorentz factor can be described
by:



X-ray analysis of partial crystalline fibre structure 67

0
= L [P0, 6) ¥(p, 6) sin pdp
sin 0 J fi(u.6)
3.38
where
Y, 0) = [cos®0 cos’u —(cos p + sin 6 sin w22 3.39

3.4.17 Random distribution

The unit normals are uniformly distributed for randomly oriented crystallites
as occurring in a powder pattern. The distribution function Q(p, ) is
independent of p and 6 and equal to 1/4mw, that is, the fractional number of
unit normals per unit solid angle. With u equal to 0 and with ¥(p, 0) (eq.
3.39) performing the integration from f1(0, u) =0 + u and f,(0, u) =n—0 +
u,the well-established Lorentz factor for powder samples is obtained:

Loy = (4sin)™! 3.40

3.4.2 Single crystal rotation

The Lorentz factor L for rotation measurement of single crystals in the
normal beam technique (« = 0, fibre axis perpendicular to the direction of
the primary beam) is given by (Alexander, 1969; Stout and Jensen, 1968;
International Tables for X-ray Crystallography, vol 11, 1972):

Lo = cos 0 (sin 20)7! (cosnghkl,Z —sin? 9)12 341

where @y, . is the angle between the normal to the reflection plane and the
fibre axis. The established Lorentz factor for the general inclination method
is provided by Cella et al. (1970).

3.4.3 Uniaxial fibre orientation in the normal beam
technique

The geometry of an experiment using a flat film as detector is shown in Fig.
3.15. The fibre is placed in S, its axis perpendicular on the plane SON. P(&,
{) is a reciprocal lattice point whose diffraction spot appears on the flat film
in P'(x, y) with the sample to film distance D. ¢ is the axial coordinate of
the reciprocal lattice point Py,. Lines of constant { on the diffraction pattern
represent layer lines. & is the radial coordinate of Py;. Lines of constant §
are called row lines. An approximated arc-orientation correction factor I”
has to be introduced for variable arc-sizes and the Lorentz factor is then
given by

L=Ly/T 3.42
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3.15 Geometry of a diffraction experiment using a flat film as
detector. (Adapted from Alexander, 1969.)

where

o = 2sinf
for a flat film (Fig. 3.15) and
m/2
¢ &

F=(1_§2)3/2[1+ 4 B 1
Q-02)? 1-¢?

3.43

3.44

for a cylindrical film with coinciding fibre axis and cylindrical film axis
(Fig. 3.16). m = 0 if the peak intensity is integrated along a path which is
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3.16 Geometry of a diffraction experiment using a cylindrical-shaped
film as detector. (Adapted from Alexander, 1969.)

perpendicular to the fibre axis and m = 1 for a radial tracing on a flat film.

The coordinate transformation for the flat film detector from x, y to &, &
is provided in this representation by eqs. 3.45 and 3.46 with D the distance
from the fibre to the film (International Tables, 1972):

§:+
(D2+x2 +y2)

3.45
£= |1+ D2+x2—2D\/(D2+x2+y2)
D>+ x*+ y2
E+ {P=d} = 4sin%0 3.46

and for a cylindrical film from y, r to &, ¢, with r the radius of the cylinder,
by eq. 3.47:
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— Y

°" NGES'S)
_ r2 _ 2r 360x
¢= \/{1 + g \/(r2+y2) COS( 2mr j}

The proposed Lorentz factor is only applicable to the normal beam technique
(1 =0). The correction factor for additional data obtained by tilting the fibre
becomes exceedingly complex and Cella er al. (1970) advised the use of
these data cautiously, if at all, in the data refinement.

De Wolff (1962) came to the following expressions for the Lorentz factor
of a uniaxial fibre:

L(hk0) = (sin’ cos 6)~! 3.48
L(hkl) = (sin’0 cos 0 sin @y;.)" 3.49

3.47

except L(00l); @y, , is the angle between the normal to the reflection plane and
the fibre axis. Kreuzer and Ruland (1985) further developed the Lorentz factor
of De Wolff for diatropic (meridional) reflections for a fibre diagram.

35 Structure determination

The goal of structure determination consists of deriving the density function
p(r), that is, for example, the position of all the atoms within the sample.
F(S) or F(XYZ) in eqs 3.4 and 3.5 represents Fourier integrals with the
property of reciprocity by a reverse transform, that is p(r) or p(xyz) can be
determined if the structure factor F is known (cf. eq. 3.14). However, only
| F S | can be extracted and not F(S) from a fibre diffraction experiment.
Therefore, eq. 3.14 cannot be applied and the structure determination follows
a different path, which will now be addressed.

For an evaluation of the information contained in a diffraction pattern, it
is necessary first to determine the lattice parameters a, b, ¢, which are related
to the position of the spots on the diffractogram (cf. optical transforms), and
to identify each spot by the Miller indices (hkl), i.e. to identify the reflection
planes from which the reflections originate. Evaluation of this information
may also lead to identifying the crystal system (triclinic, monoclinic, etc.) and
proposing a space group. Procedures were developed for using eqs 3.11 and
3.12 with the lattice parameters as fixed quantities and the Miller indices as
variables (e.g. De Wolff, 1957) or the lattice parameters can be determined
by trial and error with a certain number of reflections. This step is difficult
to achieve for randomly arranged crystallites in polymers, which contain
two sets of unknowns in eqs 3.11 and 3.12, the lattice parameters and the
Miller indices.
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In a fibre X-ray diagram the distance of the first layer line on the
meridian (h = k = 0) provides c*, the second layer line 2¢*, etc., and c*
can be determined. The remaining unknowns 4, k and a*, b* in eq. 3.11 for
a given layer line have to be determined in a consistent way by trial and
error. The wavelength of the radiation A is known and 6 is experimentally
determined. Here additional electron diffractograms of polymeric single
crystals are very helpful, since generally the chain axes ¢ of the polymer are
placed perpendicular on the support (cf. Fig. 3.17). The axes a* and b* are
positioned in the plane of the support and show in different space directions;
h and k can be easily assigned and a* and b* determined (cf. Fig. 3.4). The
conversion from reciprocal unit cell parameters to direct ones is provided in
textbooks of crystallography (e.g. Stout and Jensen, 1968). These are simple
expressions for orthorhombic systems with a* = 1/a, b* = 1/b, ¢* = 1/c and
a=0=y=a*=p*=y*=90°

Evaluating the observed intensities and indexing the diffraction spots
and further correcting the intensities according to the appropriate correction
factors leads to the observed structure amplitudes |F,|, which are needed
for comparison with the calculated ones. It may be possible to determine the
phases of the observed structure amplitudes for single crystal measurements
using procedures involving large numbers of diffraction spots involved.
However, this is not possible for fibre diffraction studies of chain molecules
and a procedure has been developed to solve the structure in the following
manner.

3.17 Polymeric single crystals of triethylcellulose and the
corresponding electron diffractogram (insert). These crystals are too
tiny to be used in single-crystal procedures of mosaic crystals.
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First a conformation analysis is performed, followed by a packing
analysis. The fibre repeat ¢ and symmetry elements along the chain lead to
the introduction of constraints for the conformation of a single chain as the
type of helix (cf. Section 3.3.3), rise per residue, etc. The conformation can
be calculated by a so-called conformational analysis with known standards
of bond lengths, bond angles and torsion angles of a monomeric unit of the
chain molecule. These standard geometric values and their limits are accessible
from similar low molecular weight compounds by single crystal structure
determination. This conformational analysis rests on energy minimization
for pair potentials for non-bonded contacts and on simple potentials for
bond lengths, angles and torsion angles. Nevertheless, several conformations
especially for pendant groups are probable. These possible conformations
will then be packed within the determined unit cell and a refinement with
packing pair potentials of non-bonded contacts leads to a low-energy packing
structure. The conformation and packing analysis may also be performed
simultaneously. Certain conformation and packing analysis procedures such
as molecular dynamics simulation also allow the determination of the lattice
parameters of the unit cell (Allinger and Yuh, 1980).

The procedure of conformation and packing analysis can be supported
and placed on a more secure basis if additional information is introduced.
Hydrogen bonds of specific oxygen involved, e.g. in cellulose structures,
may be detected by IR spectroscopic studies. If polarized radiation is used,
the directions of the bonds can be determined and NMR solid state studies
may provide specific torsion angles.

In contrast to diffraction studies, spectroscopic investigations on crystalline
materials rely on energy transfer to certain atoms and groups of a molecule,
which are bound and influenced by force fields of the materials. The transfer
of energy by electromagnetic waves of a certain frequency may then serve
for an evaluation of the interactions between atoms or groups in a molecule
and for structural insights of conformation and packing arrangements of a
molecule. Frequency-related quantities instead of the frequency itself are
generally used for a description of the measurements as wavelength or
wavenumber for IR and Raman or the relative quantity of chemical shift for
NMR investigations. For solid-state cellulosics vibrational IR and Raman or
high-resolution solid-state '*C-CP/MAS-NMR (cross-polarization/magic angle
spinning nuclear magnetic resonance) experiments are appropriate methods
for gathering spectroscopic data, which can be utilized for a characterization
or to supplement X-ray data in a determination of polymeric structures. The
chemical shift of NMR experiments describes the shielding of a nucleus by
its environment and represents a structure-sensitive quantity. The vibrational
frequencies of IR and Raman investigations lie in the infrared wavelength
region and powerful spectrometer with Fourier-transform techniques are
available. Raman spectroscopy can be performed in the visible wavelength
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region, since the difference in energy transfer from the applied wavelength
as a standard is the needed quantity and can be detected with application of
modern lasers and high resolution apparatus. A change of the polarization of
the material, i.e. electric dipoles, during energy transfer is requested for the
use of IR spectroscopy and a change of polarizability, i.e. induced dipoles
from an electric field, for Raman studies. Therefore, these two spectroscopy
techniques are complementary, which means that IR absorbance bands
are particularly sensitive to vibrations of polar groups as OH and Raman
bands to the non-polar skeletal bonds as C—C and C-O and both types of
information can be processed to gain structural information. Bonds that are
highly polar and possess relatively high dipole moments result in intense
bands in the infrared and are relatively weak in Raman spectra, and bonds that
are primarily covalent with a high polarizability generally result in intense
bands in the Raman and in weak bands in the infrared spectrum. Structural
information can be evaluated if the modes in the vibrational spectra or the
chemical shift in the NMR spectra have been assigned to certain groups,
which is a prerequisite for the quantitative use of these data.

Solid state NMR measurements provide useful additional structural data
which can be incorporated into the conformation and packing analysis.
Horii er al. (1983) investigated the relationship between the '*C chemical
shift obtained by CP/MAS '">C-NMR spectra and the torsion angle y about
the exo-cyclic C-C bond for different monosaccharides, oligosaccharides
and cellulose (cf. Fig. 3.21 below). They found a simple linear relationship
between the chemical shift of the CH,OH carbon and the torsion angle y about
the exo-cyclic C—C bond determined by single crystal X-ray experiments.
The chemical shifts fell into three groups of 60—62.6 ppm, 62.5-64.5 ppm
and 65.5-66.5 ppm, which are related to gauche—gauche, gauche—trans and
trans—gauche conformations of the exo-cyclic C—C bond, respectively. The
terminology gauche—trans means the bond C6-06 lies gauche to C5-0O5
and trans to C5-C4, and similarly for trans—gauche and gauche—gauche. On
the basis of these results Horii et al. predicted the rotational position of the
torsion angle y of regenerated cellulose II along the two chains of the unit
cell as gt, which turned out to be correct as was later confirmed by Langan
et al. (2001) with X-ray evaluation. At the time of the prediction one chain
was thought to expose O6tg, the other chain O6gt. For native cellulose I the
NMR and X-ray data were in agreement from the beginning concerning the
06 position.

A similar linear correlation between the chemical shift of '*C carbon
atoms and torsion angles was also observed for the ring carbons C1 and
C4 as function of the bridge torsion angles @ and ‘¥, respectively (see Fig.
3.21, Horii et al., 1987). High-resolution '*C-CP/MAS-NMR spectra provide
valuable data needed in many ways to complement diffraction experiments
of solid state materials. Especially valuable are predictions of symmetry
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elements along the chain and packing arrangements in the unit cell. The
experimental data from solid state NMR studies may be incorporated into a
conformation and packing analysis in which the X-ray data should still play
a dominant role.

With the knowledge of the content of the unit cell derived from conformation
and packing analysis, the structure amplitude can be calculated directly
according to eqs 3.16 and 3.20 and compared with the observed values
|F0|. At this stage the simple temperature or disorder factor D can be
adjusted and refined. A structure amplitude refinement of the geometry of the
chain molecule against minimal deviation between observed and calculated
structure amplitude then results in the crystal and molecular structure of the
crystallites in a fibre. Because of the low data to parameter ratio during this
refinement, it is advisable to constrain the geometry of the molecule within the
known geometry of monomers and oligomers and to perform a simultaneous
conformation, packing and structure amplitude refinement (cf. Fig. 3.18).

This procedure strongly depends on a correct unit cell as well as the
proposed symmetry elements of the space group. Including the symmetry
elements of the space group, applied on the asymmetric unit of the unit
cell from the beginning of the investigation a faster calculation with better
resolution of the structure is obtained. In contrast the refinement against the
whole content of the unit cell also gives some advantages, since in this case
the symmetry elements of the space group may be derived and the space
group confirmed. Further, a refinement in a larger, multiple unit cell of the
smallest and correct one should exhibit the translational symmetry elements
as well as the space group symmetry. A first hint of a correctly established
unit cell is provided by agreement between the observed and calculated
density for the content of the unit cell.

A possible procedure for a conformation and packing analysis leading
to the determination of the molecular and crystal structure of molecules is
shown in the graph in Fig. 3.18. Different structural refinement evaluations
have been developed: a linked atom least-squares procedure (Smith and
Arnott, 1978), a simplex procedure (Zugenmaier and Sarko, 1980) based
on a mathematical routine proposed by Box (1965), molecular mechanics
calculation (Allinger and Yuh, 1980) and recently a constrained single crystal
determination procedure developed by Sheldrick (1997) (Nishiyama et al.,
2002). All these procedures have been successfully applied to the structure
determination of cellulosics.

The commonly accepted residual index may serve for judging the goodness
of fit:

R=(ZIF| = |F.4l DI F 1 3.50

Two polymeric structures are chosen to demonstrate the described procedures:
the first is of biological origin, a derivatized amylose, trimethylamylose
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3.18 Flow diagram of a computer-aided procedure for the
determination of fibrous polymeric crystal structures.

(TMA), and the second is a synthetic polymer, polyethylene (PE). In
enzymatic polymerized chiral materials in which a molecular chain direction is
established, the molecular chains can pack in either a parallel or an antiparallel
arrangement (cf. Fig. 3.19). In most synthetic polymers, which exhibit folded
fibrils or lamellae, antiparallel arrangements of chains can be expected (Fig.
3.20). Polyethylene seems to be an excellent example for which to discuss
the influence of long-chain molecules on the geometry of the structures, that
is, on the arrangement of the chains, the influence of internal and external
parameters and the disorder in the crystalline domains.

3.5.1  Trimethylamylose, TMA

Polysaccharides such as cellulose may be produced in fibrous form by
nature and have been used by people for centuries. In contrast, amylose as
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Parallel: Antiparallel:

3.19 Schematic representation of parallel and antiparallel arranged
chains.
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3.20 Schematic representation of folded chain arrangements in a
fibre. (Reproduced by permission of John Wiley & Sons, Inc., from

Heuvel et al., 1976.)

a reserve polysaccharide and used as a food supply has a granular shape in
nature. The shape of the amylose molecules is more versatile than that of
cellulose and their crystal and molecular structure have been at the centre
of investigations for a long time (Fig. 3.21). Here we will discuss the
structure of trimethylamylose (TMA), which was prepared by a homogeneous
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3.21 Schematic representation of (a) cellulose and (b) amylose
with labelling of the carbon atoms. Rotation around W, ® leads to
different helices.

methylation of commercially available AVEBE amylose (Zugenmaier et al.,
1977). Suitable fibres for X-ray measurements were obtained by stretching
TMA films, cast from methylene chloride, by about 300% in a stream of hot
air at 60 °C. Such fibres showed perfect orientation but low crystallinity.
Annealing at 220 °C for about 10 minutes improved crystallinity dramatically
but did not affect the orientation of the crystallites. A typical fibre X-ray
diagram is shown in Fig. 3.22 and compared with a diagram of an annealed
cast film, which gave a Debye—Scherrer diagram (Fig. 3.23). Due to an
almost perfect orientation the meridional reflections are missing (Fig. 3.22),
but every second meridional reflection is observed by tilting the fibre axis
to the appropriate Bragg angle.

Polymeric single crystals were grown in diethyleneglycol at elevated
temperature between 180 — 150 °C (Fig. 3.24(a)) and showed a Debye—Scherrer
X-ray diagram with d-spacing in agreement with those of the diagrams in
Figs 3.22 and 3.23. A schematic electron diffraction diagram obtained in
the diffraction mode of an electron microscope is represented in Fig. 3.25
of which the size of unit cell parameters a, b, y = 90° can be obtained with
an internal standard. The electron diffractogram also suggests that twofold
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3.22 Fibre diffraction diagram of TMA, the second meridional
reflection faintly visible. The second, fourth, sixth, eighth, tenth and
twelfth meridional reflections are obtained by tilting the fibre to the
appropriate Bragg angle.

3.23 Debye-Scherrer diagram of TMA. The outer ring, only partly
visible, originates from the calibration compound NaF,.
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3.24 Electron micrograph of single crystals of TMA grown (a) at 180°
- 150°C in diethyleneglycol and (b) at room temperature in a solvent—
non-solvent mixture of dioxane and 60% octane.

3.25 Schematic drawing of the electron diffraction pattern of single
crystals of TMA represented in Fig. 3.24(a).

axes are present along the a and b axes due to the missing (100)- and (010)-
reflection and with the missing reflections (00/), [ odd, a twofold axis can
also be assumed in the ¢ direction. With these data the X-ray fibre diagram
can be indexed with an orthorhombic unit cell and the parameters refined
toa=17.24 +0.01 A, b=8.704 + 0.009 A and c (fibre repeat) = 15.637 +
0.008 A.
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No further systematic absences are detected. A comparison of orthorhombic
space groups in Table 3.1 of biological materials suggests P2,2,2; as the
most probable space group. Taking into account the measured density of
1.20 g cm™! the unit cell contains eight monomeric units along two chains
on 2, screw axes of the unit cell, that is, two chains with four monomeric
units each. A dimer represents the asymmetric unit, since the fibre repeat ¢
of 15.64 A can only be obtained with two dimers in one chain. A monomeric
unit has a virtual bond between O4 and the adjacent O4' of 4-4.6 A, and
therefore two monomeric units cannot account for the fibre repeat ¢ with a
2, screw along the chain axis.

Single crystals were also grown at room temperature as shown in Fig.
3.24(b) but exhibit a different crystal structure, since the X-ray Debye—Scherrer
pattern in Fig. 3.26 differs from that of Fig. 3.23.

The intensities of the X-ray spots of Fig. 3.22 were reduced to the observed
structure amplitudes. A conformation and packing analysis was performed
and the strategy applied as described. The structure amplitudes of overlapping
reflections were calculated by

" 12
|Feall = (Z_ jti%) 3.51

3.26 Debye-Scherrer pattern of the single crystal modification shown
in Fig. 3.24(b).
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where j; are the multiplicity of the overlapping reflections i.

Since the fibre repeat consists of four monomeric units, the starting model
for the conformation analysis of the skeleton of amylose was chosen as a
left-handed fourfold 45 helix. A right-handed one exhibits higher energy.
A symmetrical structure of a contact free conformation with neighbouring
chains should provide the lowest potential energy, which may be disturbed
by packing contacts, especially by the pendant groups at O6 next to C6
in Fig. 3.21. Packing analysis reduces the fourfold helix to a twofold one.
Two succeeding monomeric units of the asymmetric dimer show O6 in tg
(residues 1 and 3; tg means O6-C6 trans to C5-O5 and gauche to C5-C4)
and in the adjacent residue in the gt position (residues 2 and 4) as shown in
Fig. 3.27. As represented in the single chain conformation and the packing
arrangement of Fig. 3.27, the methyl groups C2M and C3M attached to
C2-02- and C3-03- are in equivalent rotational position along the helix
concerning the pendant methyl carbon atoms but the rotational positions of the
attached hydrogen show small differences. These deviations from a fourfold
helix cause a reduction of the helix symmetry to a twofold screw axis only.
The possibility of changes in the amylose backbone of the two monomers
in the asymmetric unit was not tested due to limitations in computer power
in 1977 when the structure refinement was performed.

The coordinates of the crystal and molecular structure are provided in
Zugenmaier et al. (1977). The conformation and packing within a unit cell
are shown in Fig. 3.27. The chains are packed in antiparallel fashion as
expected for polymers crystallized from solution in contrast to the parallel
packed chains in native amylose.

3.6.2 Polyethylene, PE

Structural investigation on polyethylene (PE) as a flexible chain molecule
introduces features that are not observed in single crystal structure determination
of small molecules and that will now be discussed. In contrast to native
cellulose and some other polysaccharides, polyethylene crystallizes in
folded lamellae, folded fibrils (Fig. 3.20) or folded polymer single crystals.
Crystallization conditions change the morphology, the back-fold length and
the length of the straight chain molecules in the lamellae or fibrils until
they are folded back, and these conditions influence the crystal structure.
Polyethylene represents a simple molecule and its structure can be described
with few adjustable quantities. Therefore, the changes caused by external
settings can be easily investigated and have to be considered in discussing
further properties, e.g. crystallinity.

In 1939 Bunn studied polyethylene (PE), indexed the reflection spots
and published a crystal structure relying on the atomic scattering factors of
carbon only. It can be assumed that the PE investigated was branched and
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3.27 Representation of the conformation in two projections (top) and
packing within the unit cell (bottom) of TMA. The TMA molecule in
the centre of the unit cell is packed in antiparallel arrangement with
respect to the corner chains.
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an equilibrium structure of a linear chain was not obtained. Wide-ranging
X-ray investigations on linear PE and ethylene—propylene copolymers
were carried out by Zugenmaier (1969) and by Kavesh and Schultz (1970).
Melt crystallized samples, differently treated, as well as mats of single PE
crystals were investigated using the Debey—Scherrer goniometer technique.
The different crystallization conditions led to various morphologies, which
influence the crystal structure. Especially, changes in lamellae thickness
(crystallite height) and crystallization conditions lead to loose and tight
back-folds on the surface of the lamellae.

A fibre X-ray diagram taken with MoK« is shown in Fig. 3.28(a), and in
Fig. 3.28(b) one with CuKa to provide a better resolution of the innermost
reflections. The goniometer diagram of a linear PE kept in the melt at 200 °C
for 2 hours to destroy any texture and then annealed for 20 hours at 130 °C
is shown in Fig. 3.29. It should be noticed that the reflections at the highest
scattering angle 26 are split according to the non-separated radiation from
CuKal and CuKa?2. The diffractogram also suggests an anisotropic disorder
factor, since the reflections with (#k2) and (7k3) dominate the diagram at high
angles and are less reduced than those with (4k0). The lattice parameters of
the orthorhombic unit cell have been determined to be a = 7.418, + 0.001 A,

(a) (b)

3.28 X-ray fibre diagrams of cold-drawn PE taken (a) with MoK«
radiation and (b) with CuKa at various sample to film distances. Note
the small reflection spacing on the equator as compared to the large
layer line spacing in the meridional direction.
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3.29 Goniometer X-ray diagram of highly annealed and randomly oriented crystallites of linear PE taken with CuKa
radiation. Note the different scaling of various parts of the diagram. (Reproduced by permission of Springer, Heidelberg,
from Zugenmaier and Cantow 1969a.)
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b =4.945,+0.001 A, c (chain axis) = 2.5455 + 0.001 A at 25 °C, proposed
space group P,,,. These values agree well with those determined by Swan
(1962a, 1962b) and Schauer and Wilke (1995).

A structure determination was performed with Lorentz-polarization and
absorption corrections applied for a random crystallite distribution. Only one
geometric variable remained for the description of the structure, the setting
angle ¢, the angle of the molecular plane of the C-C chain towards the lattice
parameter a (Fig. 3.30). As indicated above, an anisotropic disorder factor
D = exp(-sks) (s = 2sinf/4) with two parameters was introduced, where

k1,00
]_C = O9kl’0 352
0,0,k3

The z position of the chain is fixed by the special setting of the space
group, and the C—C (1.543 A) and C-H (1.09 A) bond lengths and H-C-H
(109.5°) bond angle are provided by values from paraffin structures (Cole
and Holmes, 1960). A special procedure was developed for the independent
determination of the three variables 0, k;, k3, and their values were later
confirmed by a computer-aided procedure.

The setting angle 0 was determined for highly annealed PE to be ¢ = 45
+1° and an anisotropic disorder factor D was established (Zugenmaier and
Cantow, 1969b). Normal crystallized, not annealed polyethylene showed
changes only in k5 (Table 3.2).

3.30 Representation of the conformation and packing of polyethylene
(PE) in space group P,,m- The only geometrical parameter to be
refined is the setting angle 6.
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Table 3.2 Structural parameters of differently treated linear and
branched polyethylene at 25 °C (Zugenmaier 1969)

Polyethylene 5(°) ki/(A?) ks/(A?)
Annealed 45 2.2 0.65
Normal crystallized 45 2.2 1.4
Single crystals . 42 2.7 -
(lamella thickness 80 A)

As polymerized 40 2.8 -
Copolymers [ethylene (82 mol%), propylene (18 mol%)]

As polymerized 35 8.5 -
Treated with HNO3 45 5.3 -

The investigation of solution-grown single crystal mats with differences
in the lamellae thickness (80 A, electron microscope measurement) versus
the melt grown crystals (ca. 400-600 A), which also differ in the kind of
loops within the folds, resulted in 0 = 42°, k; = 2.7 A% and k5 estimated to
1 A2. The smallest setting angle & was found for PE as polymerized with 0
= 40° (cf. Table 3.2).

In addition, polyethylene with CHj side groups was investigated and
their influence on the crystalline structure evaluated. An ethylene—propylene
copolymer with 82 mol% ethylene and 18 mol% propylene was used in
powder form as polymerized which led to unit cell parameters a = 7.615
A, b =4.986 A and c (fibre axis) = 2.550 A. A setting angle ¢ of 35° and
k, = 8.5 A% was determined; k; is difficult to estimate but exceeds 1 A2
considerably as compared with linear polyethylene.

All these differences in the setting angle seem to be correlated with
constraints due to the folds at the lamellae surfaces. The corner chains exit
with a setting angle of ¢ and the centre chains, which are connected by the
fold, enter with —0. Therefore, removing the amorphous folds by oxidation
with fuming concentrated HNOj, the setting angle 6 should no longer be
constrained and should move back to the equilibrium value of 45°. A six-
hour treatment of the copolymer with HNO; at 60 °C led to a setting angle
of 0 = 45° and k; = 5.3 A”. After this treatment a shortening of chains was
detected by gel permeation chromatography.

It can be concluded that the equilibrium setting angle J is 45°, which is
obtained with high lamellae thickness by high annealing. In this case the
border regions close to the surface of the lamellae can be neglected. However,
if the interior of the lamellae (length of the chains in the crystallite) is short,
a mean value over the lamellae thickness will be detected averaged over the
border region and the inner region.

The disorder factor is to a large extent determined by the deviation of
the atoms from the ideal positions and is strongly influenced by constraints.
The disorder caused by paracrystalline (second kind) defects is of minor
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importance and amounts to k,, = 0.2 AZ. These conclusions are supported
by the k values obtained for PE at an elevated temperature of 80°C. The
value of k3 increases by 0.1 A% and the change in k; as compared to 25°C
lies within the accuracy of the measurement.

Changes in the crystal structure of polymers as well as in the anisotropy
of the disorder factor influence their properties and will be discussed in the
next section.

3.6 Crystallinity and disorder

The wide angle X-ray diffraction of partial crystalline materials provides,
besides the crystal and molecular structure, detailed information about its
microstructure and morphology that is about the crystallinity, the crystallite
size and lattice distortion of the crystallites and also about the orientation
distribution of oriented samples. These structural features determine to a
large extent the thermal and mechanical properties of the materials. As
represented in an idealized molecular model in Fig. 3.20 for a drawn polymer,
the proposed two-phase model is composed of alternately crystalline and
amorphous regions. The molecules run through successive crystalline and
amorphous regions and may also fold back in the boundary layers. Generally
folding does not occur for some native biopolymers such as cellulose. The
structural units or microfibrils formed are made up of linked crystalline and
amorphous regions. The various structures in a fibre can be characterized
by the following typical dimensions. Adjacent molecules are about 4-5 A
apart. The long period of parallel chains is about 100 A but may reach 500 A,
which is small with respect to the length of a molecule of about 2000 A. The
diameter of a microfibril may amount to about 80 A and tens of millions of
microfibrils run through the cross-section of a filament.

X-ray investigations of polymers in the solid state have shown that
polymers consist of partially crystalline materials, i.e. crystalline and
amorphous (non-crystalline) materials are present. The ratio of crystalline to
non-crystalline portions determines the physical and mechanical properties.
Therefore, correlations of the crystalline fraction with physical properties are
desirable for a characterization of the materials to be used in application. It
is possible to determine the mass fraction of crystalline and non-crystalline
parts with physical methods but one should keep in mind that the results are
approximations, since polymeric materials represent a large variety of states
in their composition. It should also be noted that the separation in crystalline
and amorphous parts represents a two-phase model and neglects continuous
transitions from the amorphous to the crystalline state. The amorphous state
may consist of different arrangements of chains as well as the crystalline
state, of which a slightly different packing arrangement of chains occurs,
as observed for polyethylene depending on the crystallization conditions
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(Section3.5.2). The folding of the chains causes stress and leads tonon-equilibrium
arrangement of the chains at the border zones of the crystallites.

The imperfect structure of polymers with crystalline and amorphous regions
and defective crystallites leads to a diffraction pattern with few broadened
peaks and a high background. Imperfect crystallites are caused by various
lattice defects, which can be classified as first- and second-order lattice
distortion. Both types of distortion are characterized by local displacement
of atoms from their ideal position. In the state of disorder of the first kind
the magnitude of displacement is independent of location in the crystal and
long-range order is preserved. In contrast, the displacement is increasing for
any given origin for disorder of the second kind and the long-range order
is diminished or destroyed. Thermal motion, point defects, chain ends, etc.,
produce disorder of the first kind. Packing disorder of chain molecules by
microstrain and paracrystallinity generates disorder of the second kind. Both
types of distortions reduce the intensities of the reflection spots and redistribute
scattered radiation to the background. Such effects can be described by a
disorder factor D, which includes a term for thermal motions, disorders of
the first and second kinds. The determination of D will be discussed later.

The fraction of crystalline material in comparison with the amorphous
parts can be described by the degree of crystallinity x. of the polymeric
specimen or fibres, represents an important parameter for characterizing the
fibre texture and determines to a large extent the properties of the materials.
The degree of crystallinity x, can be evaluated by several physical methods
and the different methods may provide differences in the values obtained
for x., since the various methods detect different properties, such as the
force field by IR, the extension of crystallites and amorphous domains in
density measurements and order by X-ray diffraction. The actually present
intermediate states between crystal and non-crystal and their disorder may also
contribute differently to x, when various methods are applied. Therefore, x, is
sometimes referred to as the index of crystallinity. Here, we will concentrate
on the X-ray diffraction method and discuss procedures to determine the
degree of crystallinity by this method.

A prerequisite for its determination is the isotropy of the sample, which
for fibres requires that they are placed in a sample holder with complete
arbitrariness of the single fibres and X-ray diffraction with a monochromatic
X-ray beam. A cooled polymeric sample from the melt normally fulfils this
requirement as shown for polyethylene in Fig. 3.29. The X-ray diagram then
represents a powder pattern as schematically represented in Fig. 3.2 and
the intensity distribution can be depicted by a one-dimensional plot of the
intensity / versus the scattering angle 260 or the related scattering variable
s = 2sinf/A (Fig. 3.31). The peaks of the diagram represent the scattering
from the crystallites. The underlying background, curve B, is a contribution
of several parts, the scattering from the amorphous regions but also from
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3.31 lllustration of a powder X-ray diagram with crystalline peaks
and background B. The intensity of a pure amorphous sample is
indicated by the broken line of curve A. (Adapted from Vonk 1973.)

incoherent scattering (Compton scattering), scattering from disordered
crystallites and from the white radiation, if the primary beam is not fully
monochromatized. Curve A illustrates the scattering from totally amorphous
materials. In Fig. 3.31 curve A was multiplied by a factor in appropriate
intervals to fit the background curve of B. In some cases, if intervals cannot
be uniquely established, one constant factor will be applied.

3.6.1 Method of Hermans and Weidinger

Hermans and Weidinger (1948, 1949) proposed a procedure, first for
cellulose and later also for polyethylene and isotactic polypropylene, to
derive the degree of crystallinity from powder patterns under certain strict
experimental conditions.

The monochromatic radiation passes through a uniformly thick layer of
the specimen of constant dimension and constant weight and is corrected
with regard to absorption and scattering from the air. The primary beam
intensity should be kept constant and controlled for the measurements
to be compared. Two or more samples of the same polymer are selected
with unknown crystalline fractions x, and y.. From the diffraction pattern
a suitable quantity proportional to x, and y, is chosen and another quantity
proportional to the amorphous fractions 1 — x, and 1 — y.. With these two
ratios, two equations are established:
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xc/yc = A’ (1 _xc)/(l - yc) = B 353

with experimentally known A and B. From these two equations x, and y. can
be determined. If more samples are investigated, a regression line can be
plotted, which may serve for the determination of the degree of crystallinity
of further samples.

For polyethylene (cf. Fig. 3.29), Hermans and Weidinger (1961) chose the
two strongest reflections and integrated the intensity between 26 = 15° and
26° for the representation of the crystalline fraction but also extended the
interval to 20 = 50°, i.e. including further peaks. As a quantity proportional
to the amorphous fraction they took either the height of the background
near its maximum or a suitable selected part of the integrated background
intensity. All these investigations with variation of the intervals led to very
close results.

A regression line in a crystallinity nomogram for various native and
regenerated celluloses is shown in Fig. 3.32. A crystallinity nomogram was
also publisched for polyethylene as well as for polypropylene (Hermans and
Weidinger, 1961, Weidinger and Hermans, 1961). The results obtained by
this method compare well with other sources.

Weidinger and Hermans (1961) critically judged the validity of their
procedure for the determination of the degree of crystallinity: the integrated
peaks in an interval are proportional to the crystalline fraction and possess
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3.32 Regression line in a plot of amorphous scattering Am versus
integrated crystalline intensity /., for various types of native and
treated cellulose. (Reproduced by permission of John Wiley & Sons,
Inc., from Hermans and Weidinger, 1949.)
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the same constant only if the lattice structure and the disorder remain the
same in all specimens concerned. The disorder factor does not affect the
peak intensities very much at low scattering angles. Comparing the ratios
of x./y., only very large deviations in the two disorder factors of the two
specimens play a role but actually may not affect the result, even at higher
scattering angles. Small deviations in the lattice structures as occurring in
polyethylene also may not influence the scattering amplitudes extensively,
if appropriate reflections are selected. The assumption that the integrated
background is proportional to (1 — x.) neglects a possible change of structure
of the non-crystalline region of the sample, depending on the crystallinity, and
neglects the incoherent scattering and a possible modulation of the background
scattering due to thermal motion and disorder as well. Incoherent scattering
is small for low scattering angles and may not have to be considered.

3.6.2 Methods of Ruland and Vonk

Ruland (1961) developed an X-ray method for the evaluation of crystallinity
that considers explicitly the diffuse scattering due to disorder, i.e. lattice
imperfections and thermal motion in the crystalline part of materials by a
disorder function D, and is considered the method with the best theoretical
foundation. The disorder D represents the overall disorder in the crystalline
part of the material and takes into account all kinds of disorder averaged
over all directions in space. The prerequisites for the application of this
X-ray method are the same as for the Hermans and Weidinger method
but the scattering curve has to be measured over a wide range of s, the
magnitude of the radial vector in reciprocal space (s = 2sinf/A, where 26 is
the diffraction angle and 4 is the wavelength of the monochromatic radiation),
and corrected with respect to absorption, Lorentz and polarization effects
and incoherent scattering (Compton effect). The quantitative corrections to
be applied are outlined in Ruland (1961, 1964a, 1964b) and Vonk (1973),
as is the experimental setup, and will not be discussed here. The degree of
crystallinity is then given by

I:s2lcds j:SQ Fds 354

J.:szlds stz FDds

X.=

where [ is the total coherent scattering of an isotropic distributed substance,
and / the part of the coherent scattering that is concentrated in the diffraction
peaks; both parts can be obtained by the Debye—Scherrer diffraction technique
(Fig. 3.33). Integration over the whole reciprocal space s (s = 2sin6/A) leads
to eq. 3.54 representing the ratio of the crystalline portion versus the total
amount of the sample. According to eq. 3.54 the s interval is extended from
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3.33 Separation of crystalline peaks from background and incoherent
scattering for isotactic polypropylene. Note that s?/ is plotted

versus s. (Reproduced by permission of the International Union of
Crystallography, from Ruland, 1961.)

the lower limit sy = O to the upper limit s, = . The disorder function D
can be approximated by a Gaussian-type function representing the thermal
motion, imperfection of the first and second kind given by a value k (Ruland,
1961):

D(s) = exp(—ks?) 3.55

If the scattering factors of N; atoms of type i are denoted by f; then the
average F is given by 3 N,f¥/3 N..

The s space is limited by the wavelength and cannot extend to infinity.
It was found that it is possible to choose a number of limited integration
intervals between the lower limit s, and the higher limit s, over larger regions
of s so that

S N Y
J.S:szl(s) ds = J.S:szfzds 356

is independent of the crystallinity of the material. These regions can be
established experimentally by studying samples with different crystallinity.
It should be remarked that eq. 3.56 is correct for the integration limits sy =
0 and s, — c (Ruland, 1961). Eq. 3.54 for x. can then be written:
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J.Spszlc(s)ds o
= K(so, sps D, £2) = const

5p o
s7I(s)ds
-[So ® 3.57

K = J.Spszjzds/J.SPSZFDds
S0 S0

Ruland proceeds with the normalization of the scattering power and a
separation of the crystalline peaks from the background on one side and the
incoherent calculated Compton scattering on the other as shown in Fig. 3.33
(first part of eq. 3.57). K defined by eq. 3.57 was calculated and plotted in
a nomogram as shown in Fig. 3.34 as a function of s, with a fixed lower
limit of sy = 0.1 and the parameter k as introduced by eq. 3.55. The two
parameters k and s, were varied until the crystallinity x, remained constant
over the 5y — s, interval. This constant x. is the requested crystallinity. The
crystallinity x, varied between 0.31 and 0.65 with k = 4 A? for differently

~N X
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P

3.34 Nomogram of K values for polypropylene as a function of
Sp (89 = 0.1) and parameter k. (Reproduced by permission of the
International Union of Crystallography, from Ruland, 1961.)
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thermally treated isotactic polypropylene, and for low-pressure polyethylene
x. = 0.55 and k = 2 A were obtained.

This method of Ruland requires laborious calculations and a large
amount of experimental data. Therefore, Vonk (1973) introduced two major
modifications that make the evaluation easier and enable an adaptation to
computer techniques.

A quantity R(s,) is introduced, which represents part of eq. 3.57 with 1
and /; the coherently scattered intensities, which have to be determined in
a second step:

R(s,) = J.(jplszds/j(:plcszds 3.58

The full eq. 3.57 for x, can be expressed as

R(sp) = Kx, 3.59
Ruland (1961) found that K can be approximated by
K=1+bs; 3.60

with b a constant, which is set for practical reasons to k/2 (cf. eq. 3.55).
Replacing K in eq. 3.59 and plotting R(s;) versus sg should then lead to an
approximation by a straight line y(sf,):

y(sp) = Uxe + (ki2x,) s 3.61

The representation of R(s,) versus s%) is shown for various polymers in Fig.
3.35. In a number of cases the curves show an upward curvature, which can
be accounted for by fitting a second-degree curve. The crystallinity x, is found
by extrapolating the curve to y(0), i.e. x, = 1/y(0), and k from k = 2x. y'(0)
or the slope which is extended over a wider function range, which means
k' =2x, [y(1) — y(0)], e.g. y taken at s = 1 and s, = 0, if the derivative y'(0)
is too sensitive at zero. Choosing various limits for s, the accuracy of the
method can be tested. R(s,) was introduced by Vonk (1973) and enabled the
determination procedure for x, to be run on a computer with data obtained
from an X-ray powder diffractometer.

A second modification is concerned with the correction of the total
observed intensity [, for incoherent scattering /;,.. From eq. 3.56 with the
proportional constant & one obtains

pr2ae o [Pe22
o jo Is2ds = jo F252ds 3.62a
and similarly

o j(‘)plcﬁds ~ x, jop 252 D(s)ds 3.62b
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3.35 Plot of R versus sﬁ for various polymers. The corresponding y
curve is shown as a broken line for some samples. (Reproduced by
permission of the International Union of Crystallography, from Vonk,
1973.)

Introducing
T(sp) = a 3.63
with

T(sp) = I(:p(fz + .7)s2ds/_|.(jplt0ts2ds 36
It = I + I, and J is the average of the incoherent intensities in electron
units for the atoms present in the structure. Equation 3.64 is equivalent to
eq. 3.62a when adding J to the right and I, to the left side of eq. 3.62a.
The value of T(s;) should approach « at increasing s,. The value of « for
various polymers can be normalized by introducing a variable 8 and setting
BT =1 at s, =1. Figure 3.36 illustrates this procedure. In practice a can be
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3.36 Plot of BT versus s, for various polymers. (Reproduced by
permission of the International Union of Crystallography, from Vonk,
1973.)

determined from 7 at a lower Sps €.8. at 0.6, and the intensities are brought to
an absolute scale by multiplication by a and reduced to coherent intensities
by subtraction of J. The crystallinity x, differs by less than 0.03 from the
values found by the normal procedure (Vonk, 1973).

Care has to be taken in the determination of the coherent intensity from
the total intensity, since the white radiation causes some problems and
is not totally extinct by most monochromators. Therefore, Vonk (1973)
recommended the use of a crystal monochromator in the primary beam as
a good solution.

3.6.3 Results for crystallinity x, and disorder factor D

Vonk (1973) investigated 29 differently treated polyethylene samples and
found x, ranging from 0.14 to 0.83 and k' from 1.1 to 3.4. The k values
are very similar to those determined from the crystal structure evaluation
but the actual anisotropy of the disorder factor was not included in these
investigations. The correlation of k" as a function of x is shown in Fig. 3.37
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3.37 Disorder parameter k' represented as a function of crystallinity
x. for differently treated polyethylene samples. (Reproduced by
permission of the International Union of Crystallography, from Vonk,
1973.)

and demonstrates that the higher the degree of crystallinity the lower the
disorder. Crystallinity values x, as well as k values for cellulose are provided
by Fink et al. (1985).

Ruland (1967) has studied two limiting cases of an anisotropic disorder
factor D = exp(—sks) with

k1,0,0
k=| 040 3.65
0,0,k;

ky =k, = ks (isotropic) and k| = k,, k3 = 0 and found an increase of the degree
of crystallinity of less than 0.07 (absolute scale) applying the anisotropic
disorder factor for linear polyethylene. A more realistic estimation of the
disorder parameter k is not possible by the investigation of D determined by
an evaluation of the degree of crystallinity. Actually, the values for normal
crystallized polyethylene have been obtained as k; = k, = 2.0 A2 and k5 =
1.0 A2 using the structure refinement procedure (see Section 3.5.2).
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A separation in the individual terms of the disorder factor is rather difficult
(Ruland 1967). The disorder factor can be expressed to a good approximation
by a Gaussian function D = exp(—ks?) with

k = kp + kD + k@ 3.66

kr represents the thermal vibrations (B = 4ky), k" the lattice distortion of
the first kind and k® that of the second kind. Since the lattice distortions of
the second kind influence the line profile, they can be determined by line
width analysis. According to eq. 3.66, Ak = k — ky = k' + k® and with k =
2.0A2, Ak = 0.2A2, K = 0.1A2 at x, = 0.55 for PE (Ruland 1964b, 1967),
Ak, k® both independent on temperature, the thermal factor k7 and distortion
of first kind &'V can be determined. The significance of the lattice distortions
of the second kind on the total distortions k is relatively small.

A method of mixing two samples, one with known crystallinity and both
with known structure amplitudes, has been proposed by Corradini et al.
(1967) to determine crystallinity by a single reflection method. Further X-ray
methods of crystallinity evaluation have been published by Thygesen et al.
(2005).

3.7 Reflection profile, crystallite size and disorder

X-ray diffraction represents a powerful tool to determine crystallite sizes of
microfibrils or lamellae, if the reflection peaks are separated. Small crystallites
lead to a broadening of the reflections as shown by optical transforms in Fig.
3.4 and eventually an overlap occurs in Debye—Scherrer patterns. Powder
diffraction patterns as well as the fibre diagrams often show overlapping
reflections. A separation of peaks by mathematical means is frequently
necessary but is sometimes difficult to achieve.

A mean crystallite size D can be obtained with the Scherrer equation 3.67
if the half-width § at half the maximum is known of a separated peak from
a layer plane (hkl):

D = 0.894/(8 coSOax) 3.67

where Dis perpendicular to the lattice planes (hkl), and 0,,,,, is the diffraction
angle of the maximum at the peak height. A maximal deviation from D of
+ 10% is reported applying the simple eq. 3.67 versus a more elaborate
evaluation, if the line broadening by the apparatus and the lattice distortions
of the second kind have been taken care of in a correction procedure. As an
example a comparison between line broadening of gold with crystallites of
considerable sizes, which may be representative of the instrumental broadening,
and nylon-6 is shown in Fig. 3.38. Therefore, the instrumental broadening
can be neglected for many applications in the field of polymers.

The diffraction curve /(@) after subtraction of the total background under
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3.38 Comparison of the X-ray diffraction profiles of (A) gold and (B)
nylon-6. (Adapted from Heuvel et al., 1976.)

the bell-shaped curves serves for the evaluation of the half-width f to be used
in eq. 3.67. The overlapping peaks have to be separated by mathematical
means, i.e. computer programs are available to fit the total overlapped
diffraction curve by a number of single bell-shaped curves. It was found
that the intensity distribution of a single peak as a function of 6, can be well
described by a Pearson VII function P(0,):

P(O,) = Ly [1 + 4872 (20, — 20,,,)° QY — D™ 3.68

The shape of the curve can be varied over a wide range by varying the
shape parameter m: m = 1 for a Lorentz (Cauchy) curve, m — o for a
Gauss curve; either is theoretically expected or a form between the two can
be achieved. Using the Pearson VII function P; for the ith reflection, the
intensity distribution /., summed up for / reflections can be described in the
respective interval by

1
1:(8,) = 2 F(6,) 3.69

1. is fitted to the experimental curve by a least-squares procedure with
independent variation of the parameters for every reflection: /,,,,, the maximal
intensity at 0,,, § the half-width and m the shape parameter. The goodness
of fit between the calculated and measured intensities of the distribution can
be provided by an R; parameter (eq. 3.70) similar to that used in the structure
refinement procedure for crystal structures (Fink et al., 1985, 1995). Such a
fit is shown in Fig. 3.39 for regenerated cellulose II.
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3.39 Separation of equatorial peaks of regenerated cellulose Il with
Pearson VII functions. (Reproduced by permission of Springer,
Heidelberg, from Fink et al., 1995.)
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Reflection line broadening is caused by the crystallite size but also by
crystallite distortion. If information on the crystallite distortion is needed,
the procedure that determines the line broadening by the crystallite size has
to be refined and line broadening by the distortion introduced. Two methods
have been proposed to separate the broadening caused by crystallite size on
one side and distortion on the other: the line width method and the Fourier

transform method.

3.7.1 Line width method

The line profile of a reflection of the wide-angle diagram of an isotropic,
polycrystalline sample is determined by a lattice and a shape factor (Martis
and Wilke, 1977). The lattice factor Z describes the line broadening by
lattice distortions and the shape factor S? the influence of the crystallite size
distribution perpendicular to the reflecting plane; Z and S? are introduced to
characterize the two line broadening effects. For an evaluation of the two
factors, the two contribution have to be separated, which is possible if certain
prerequisites are fulfilled, e.g. independent contributions and additivity.
The integral width of a reflection 08 of a peak at 0,,,, is defined by
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8B = ([1(b")db’)/1(0) 371

b’ = (2sinf/A) — (2sin6,,,,/2) 3.72

The contribution from distortions is dependent on the order of the reflection p.
In the case of crystals with quasi-long-range order, d83,(Z) can be calculated

with the model of an ideal paracrystal (Wilke et al., 1970) to be
n’g?
8pr2) ="

h

p? 3.73

for powder diagrams where g is a measure of the lattice distortion (relative
distance fluctuation of the net planes: g;= Ad;/d;), h are the Miller indices
without common measure and p is the order of a reflection h = {h,h,,h3}.

In case the line width is influenced by a Gaussian strain distribution,
Wilke and Martis (1974) proposed for the line width

8p;(2) = Jdl_” Ve yp 3.74
h

(8%) is the mean strain fluctuation of the net planes dj: (:5% Y = (Adld)>.
The measured set of §37(Z) for various reflections gives a set of (¢7) and a
transformation leads to the strain fluctuation tensor (g;;. The contribution to
the line broadening caused by the crystallite size is (Guinier, 1963)

8B,(S2) = ==
Br(S7) D, 3.75

where D_h is the mean crystallite size in the direction of the normal of the
lattice planes h = {hy, h,, h3}. If the two measured line widths caused by
paracrystalline or strain distortions can be described by Lorentz functions
independent of the order of the reflections, then

8B, = 3Bu(S?) + 3Bu(2) 3.76

This formula represents a good approximation for Lorentz or Lorentz?
profiles.

Assuming paracrystalline disorder, the integral width 68, of succeeding
reflections of order p, e.g. (110), (220), (330), is given by:

8B, = 3B1(S?) + 8Bp=1(2) P 3.77

Then a plot of §f, versus p* provides a straight line with slope 83(Z) and
consequently a distortion of the second kind can be assumed. At least
three reflections are necessary to prove this relationship, i.e. paracrystalline
disorder. The intersection with the coordinate axis at p = 0 gives §3(S?) and
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with eq. 3.75 the crystallite size. A distinction between paracrystalline and
microstrain distortions is possible, since the integral line width influenced
by microstrains with a Gaussian distribution shows a p-dependency only
(cf. eq. 3.74).

The determination of the paracrystalline disorder with the line width
method was falsely applied to polyethylene in several investigations, since
the peak of the third-order reflection (330) of the above introduced series
of reflections is too small to be included in the proposed procedure (cf. Fig.
3.29) and erroneously the (031) reflection was used in the paracrystalline
evaluation (Wilke et al., 1970).

The existence of paracrystalline disorder was proven by Schonfeld et
al. (1972) for polyethylene and therefore a two-reflection procedure can
be applied for the determination of the paracrystalline g factor according
to eq. 3.77. However, generally this procedure is not applicable for many
polymers due to too few reflections observed. It should be remarked that
Windle (1975) found no indication of any paracrystalline disorder of the
(002) peak profile in the [001] direction of polyethylene.

3.7.2 Fourier method

Many diffraction patterns of polymers show few reflections and a single
reflection profile method seems to present a solution of the problem separating
the crystallite size and lattice distortion effects. A single X-ray profile
method was proposed by Hofmann and Walenta (1987) and applies Fourier
transforms to the profile of reflections of the first order. Assuming the profile
broadening of a single reflection (hk/) is caused by the finite coherent length
of the crystallite size and another independent broadening by the disorder in
the crystallites, then a Fourier analysis of the profiles leads to the product
of the real normalized Fourier cosine coefficients, provided a conversion
to the s-scale (s = 2sinf/A) has been carried out and the profiles considered
are nearly symmetrical:

A, = ASAY 3.78

The Fourier cosine coefficients are A, for the whole profile, A} for the size-
broadened profile and A¢ for the distortion-broadened profile (Hofmann and
Walenta, 1987). Assuming a Gaussian profile, which was suggested by a
peak separation of superimposed peaks by a Pearson VII function (Fink et
al., 1995), the actual integral line width 8 can be expressed by:

B =B+ B+ B 3.79

with B4 for distortion, §; for instrumental and S for crystallite line width.
Correction concerning parasitic scattering, absorption and polarization should
be performed prior to the procedure of peak separation and crystallite size
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determination, and monochromatic radiation with correction for Ko a,
broadening should be used.

The Fourier coefficient A, is experimentally determined from the peak
intensity curve corrected for instrumental influence and data reduction. Single-
line analysis requires special assumptions and the following expressions are
obtained for first-order reflections (p = 1) with a size parameter N5 representing
the number of cells in a special model (cf. eq. 3.84 below) (Fink et al., 1990,
1995):

AS =1—n/N; 3.80
A =1 = 21%n? (&?) - 2n%n3 {ee') 3.81

where (¢?) and (ee') are distorsion parameters. The normalized experimental
A, can then be expressed by a third-order polynomial in n:

A, =1 = nIN; = 2n%e?n® + 2n*Xe)IN; — 21 {ee')) n® 3.82

A mean-squared microstrain variable of nearest neighbours (¢?) is introduced
by the microstrain model and can be expanded as a Taylor series.

€3y = (&) + (ee') + ... = {e}) 3.83

e = ¢y is a somewhat vaguely defined upper limit of the lattice distortion,
and e’ is the second derivative of the displacement variable.

A fit of the third-order polynomial of eq. 3.82 to the experimental data
leads to the requested data (N3, (¢?), (ee')) and the separation of the two
broadening effects (eqs 3.80 and 3.81). According to the model applied,
each crystallite consists of an assemblage of columns parallel to the normal
of the reflection plane and each column is composed of a stack of unit cells
with an average height d. The number average of the crystallite size L can
then be expressed by

L=N,d 3.84

with N; the mean number of cells parallel to the reflection plane averaged
over all columns and all crystallites.

The single-line method was effectively applied to diffractograms with
only a few reflections as in native and regenerated cellulose in an appropriate
angular range. The following results were obtained for mercerized and
regenerated cellulose II for the equatorial (110)-reflection (Fink et al.,
1995). The shape parameter m of the Pearson VII function varied between
6 and 12 and suggests an approximated Gaussian shape. Lateral crystallite
sizes varied between 3 and 6 nm and are confirmed from other sources, e.g.
regenerated cellulose II (rayon) exhibits 3 to 5 nm, mercerized linters show
an almost constant value of 6 nm. The lattice distortion (e?) values did not
differ much for all samples and were about 3%.
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Hosemann et al. (1985) introduced an empirical inverse relationship between
lattice distortion and crystallite dimensions, the so-called a* law, on the
basis of the paracrystal model, which expresses a crystal growth limitation
by lattice distortion. In case of the microstrain model, a* is defined by

a* = ({e;) LId)"* 3.85

The value of a* should be constant for a certain class of materials. An
almost constant value of 0.075 was obtained for cellulose II, which agrees
well with the results by Haase et al. (1975) using the paracrystalline model
for similar materials. It seems that both models, microstrain and paracrystal,
are adequate and suitable for analysing lateral reflection profiles, at least for
some specific materials.

Another procedure applying Fourier transforms was introduced by Vogel
et al. (1974) who considered besides the microstain influence on the structure
also paracrystalline distortions by analysing wide-angle X-ray powder reflection
profiles. They came up with a method that is not disturbed by crystallite
size effects. In contrast to the single-line method by Hofmann and Walenta
(1987), reflections of succeeding orders are needed and the line profile is
extended to Lorentz profiles for paracrystalline distortions. Paracrystalline
distortions cause a broadening of the wide-angle X-ray reflections proportional
to the square of the order p of the reflections; the microstrain distortions
cause a proportionality in p derived from Gaussian or Lorentz? reflection
profiles. A Lorentz function can be excluded for microstrain distortions.
The Fourier transformation of a reflection of order p results in the product
of two functions AS(x)A%(p,x), AS representing the crystallite size and A
the distortions. Dividing two transforms, one resulting from a reflection of
order p, the other from order p + 1, the function representing the crystallite
size cancels and the remaining part contains information about distortions
only. Now evaluating the ratio of two Fourier coefficients of the Fourier
transforms for two reflections of different order, eq. 3-86 is obtained for
paracrystalline distortions:

In (A,(p)/A, (p + 1)) = 2m2(2p + Dg*n 3.86

A quantity x = nd is preferred, x independent of df3;, d the mean distance
between lattice planes, p is the order of reflection and 83, is the width of
the reflection of first order. Equation 3.86 results in a straight line when the
ratio is plotted against n. From the slope, the paracrystalline g value (cf.
eq. 3.73) can be derived representing the relative distance fluctuation of the
lattice vector perpendicular to the planes considered.

In the case of microstrain distortions with Gaussian reflection profile this
relationship is changed for small # to:

In (A,(p)/A,(p + 1)) = 21°Q2p + 1) (%) n? 3.87
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where (¢2) = (@d/d)* is the mean squared lattice expansion.
Simultaneous microstrain (Gaussian profile) and paracrystalline distortions
lead to the following expression:

In (A,(p)/A,(p + 1)) = 2m°(2p + 1)(g*n + (€2 n?) 3.88

The best results concerning the evaluation of distortions are expected
by application of the Fourier transform method with truncated Lorentz
functions (Vogel et al., 1974). The Lorentz function exhibits a long tail
until reaching the background. Therefore, the integration should be carried
out with a truncated function. However, truncation has the disadvantage that
the integral width 8f’'of this function is smaller than 33 and a correction has
to be applied, which is outlined by Vogel et al. (1974). A correction has
also to be considered for the g value: 83'/88 = (g'/g)>. The results for melt
crystallized and annealed polyethylene are represented in Fig. 3.40.

Since the existence of paracrystalline disorder was proven by Schonfeld
et al. (1972) for polyethylene, a two-reflection procedure is justified for the
determination of the paracrystalline g factor according to eq. 3.77 and the
two pairs of reflections (110), (220) and (200), (400) were chosen.

The results of the crystallite sizes extracted from wide-angle diffraction
(WAXS) are supported by small-angle X-ray scattering (SAXS), since the
crystallites represent particles of their own surrounded by some non-crystalline
materials. If these particles are somewhat regular in size and arrangement,
they give rise to diffraction spots, which appear in the small-angle range
due to the size of the crystallites. The crystallite length and width have
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3.40 Differently treated melt crystallized linear polyethylene. The full
lines are calculated with a truncated Lorentz function (width 4 or
563). (Reproduced by permission of Zeitschrift fir Naturforschung,
from Vogel et al., 1974.)
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been compared determined by both methods and additional information was
obtained.

The length of the crystallites along the fibre of regenerated cellulose
IT (viscose) has been determined to be 11.2 nm by the WAXS line width
method (Haase and Renwanz, 1972). But 5.6 nm have to be added for the
non-crystalline disordered region to result in somewhat regular ordered and
repeated particle sizes of 16.8 nm as detected by SAXS measurements. The
average fibre diameter (WAXS) amounts to 4.1 nm for this regenerated
cellulose II sample (Haase et al., 1973). The lateral crystallite or microfibril
sizes for cellulose II vary between 3.3 and 5.8 nm for samples of different
origin (Hofmann et al., 1989). Actually some larger fibrillar diameters have
been found by a careful SAXS analysis. These larger diameters relate to the
small ones by a ratio of 1:2:4:8 for native cellulose I (Ramie) and for rayon
(viscose cellulose II) but by a ratio of 1:2:3 for native bacterial cellulose
I and Fortisan (deacetylated cellulose II of different origin) (Haase et al.,
1974). These larger particles for Ramie and rayon do not coherently scatter
X-rays and therefore cannot be detected by wide-angle experiments, in
contrast to some synthetic polymers for which these larger particles scatter
coherently. For algal and bacterial cellulose a recrystallization of the small
particles takes place to form larger, coherently scattering particles.

Neutron small-angle scattering of selectively deuterated cellulose (Fischer
et al., 1978), which provides a higher contrast by diffusion of deuterium
into the non-crystalline regions of cellulose II, exhibits a long-period Bragg
reflection of 16.5 nm for Fortisan and 19.3 nm for rayon fibres, values quite
similar to the 16.8 nm found as the length of the particles by Haase et al.
(1973).

The different cross-sections of native cellulose I can be traced back to
differences in imperfections of chain packing by disorder and defects as
proposed by Hosemann and coworkers (1967). Differences in chain packing
will also weakly influence the size of the unit cells and have actually been
found in native cellulose I from different sources (Wellard, 1954).

The microfibrillar model of Hearle (1958) with elongated crystallites
represents these findings. Microfibrils join in some sections to form wider
microfibrils or bundles of microfibrils as shown schematically in Fig. 3.41.
At a larger scale many of these microfibrils are hooked together and form
fibrils and fibres. The interconnections of the microfibrils then give rise to
the high tenacity observed in cellulose fibres.

3.8 Preferred orientation
3.8.1 Basics

An important structural description of partially crystalline polymeric fibres
relies on the determination of the orientation of the crystallites, which
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3.41 Model of non-uniform Fransen micelles as expected for
extended native cellulose. Representation according to Hearle (1958).
(Reproduced by permission of Zellcheming, Darmstadt, from Fink
and Walenta, 1994.)
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3.42 Schematic representation of the geometry for a fibre X-ray
diffraction. Angles ¥ and y define the position of the normal to an
(hkl) crystal plane in the sample reference system. Fibre axis or
drawing direction: DD; normal direction: ND; transverse direction:
TD; Bragg angle: 6. (Adapted from Lafrance et al., 1991.)

strongly correlate with mechanical properties. Wide-angle X-ray diffraction
is commonly used for investigating the distribution of orientation for the
molecular axes in polymeric materials but also in liquid crystals. Normally
fibres exhibit axial symmetry around the so-called fibre axis or deformation
direction and also the molecular X-ray scattering exhibits this symmetry. These
symmetry elements simplify the evaluation of the orientation distribution
considerably. In this case the molecular orientation distribution N can be
solely described by the polar angle x, defined by the inclination between
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the plane or molecule normal and the reference direction (Fig. 3.42), and
can generally be expanded by a suitable series of even-ordered Legendre
polynomials P,(cos x) (Lafrance et al., 1991):

N(y) = io(n + 1) (P,(cos x)) P,(cos x) 3.89

The odd terms vanish for reasons of symmetry. The Legendre polynomials
considered have their maximum values at y = 0° and possess either a maximum
or a minimum at y = 90°. (P,(cos y)) is defined by

(Bcos 1) = [, NGO, (eos 1) dy 3.90

The same expansion as in eq. 3.89 can be applied to the X-ray intensity
distribution of a fibre. The distribution of orientation for the molecular
axes can be determined if a quantitative correlation with the X-ray intensity
distribution can be established, i.e. if a relationship between the coefficients
(P,) exists.

The normalized background corrected diffracted X-ray intensity distribution
N(x) of a single reflection in a polar scan I*(x) is given by:

ES
NQGp) = ) 391
o I*(y) sin ydy

With eq. 3.90 the coefficients (P,),; are obtained for the intensity
distribution:

[ GO, (cos ) sin
<Pn (cos X» = 90° 3.92
[T s xx

sin d

They are available by a numerical integration using Simpson’s rule.

Lovell and Mitchell (1981) have shown that the required coefficient in
eq. 3.89 can be determined by the (P,), coefficients of eq. 3.92. If the
orientation distribution of (hk/) crystal planes exhibits cylindrical symmetry
with respect to the reference direction and provides a sharp reflection at angle
%, the Legendre polynomial coefficients {(P,). characterizing the molecular
chain orientation are expressed by

_ B
(Fre= B cosd) 3.93

with @, the angle between the normal to the (hk/) planes and the chain
axis.
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The extent of orientation is often described with the so-called ‘orientation
function’ or order parameter introduced by Hermans involving the second-
order Legendre polynomial (Hermans and Platzek, 1939):

f=(Py(cos x)) = (3 {cos? y) — 1)/2 3.94

f = 1.0 for a perfect parallel orientation y = 0°, f = —0.5 for a perfect
perpendicular orientation y = 90° and f= 0 for unoriented material. However,
(P,) for a highly oriented polymer with a reflection oriented around y = 54.7°
has a value close to zero as obtained for unoriented material and is not suited
for a determination of the orientation (Lafrance et al., 1996).

The use of the order parameter has some advantages. The order parameter
can be determined by many experimental characterization methods such as
birefringence, infrared dichroism, polarized Raman measurements and X-ray
diffraction. In addition (P,) can also be obtained by polarized Raman. Wide-
angle diffraction is the only technique from which all coefficients (P,) are
available. Further, the calculation of {P,) for axes that cannot be observed
directly is possible from values from other crystal planes (Wilchinsky,
1963).

If polyethylene with an orthorhombic unit cell is considered where the
c-axis lies parallel to the molecular axis, the (002) plane characterizes the
molecular chain orientation distribution. Equation 3.93 can be used to calculate
the (P,). coefficient from (1k0) reflections:

(P ko

(Py)c= Py(cos /D) -2 (P> )0 3.95

In general, as shown by Lovell and Mitchell (1981) one obtains from eq.
3.93:

Meridional reflections (Dgy; = 0):  (Pyy)e = (Pon)

135, - 2n-1)
746 )

For a specimen with uniaxial symmetry, the higher moments of the orientation
distribution can be obtained from the azimuthal profile of an arbitrary
reflection, which means that the full orientation distribution can be calculated
without recourse to solving integral equations (Lovell and Mitchell, 1981).
The molecular orientation distribution N can then be expressed with eq.
3.89 by:

Equatorial reflections (@0 = T/2): (Py,). = (—1)"

N() = 20(/1 + (P, (cos x)) P,(cos x)/P,(cos Dy) 3.96

For an isotopic sample all of the (P,) coefficients are equal to zero, except
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(Pyy = 1. For perfect orientation parallel to the reference direction, all (P,)
=1.

For special cases, e.g. for meridional and equatorial reflections, one obtains
(c.f. eq. 3.89, only even-ordered Legendre polynomials):

Meridional reflections:

=

N = X (n+3) (P,(cos x)) P,(cos x)/P,(cos Byy)

n=0
) I*(p) 3.97
= 190°
J, 0o sinGndy
Equatorial reflections:
. 1 qpl35 ... 2n-1)
N() = ngo(n +2) 1) A6 o (P,) P,(cos x) 3.98

For the axial distribution N(y) Lovell and Mitchell estimate that it is unlikely
that usually more then seven terms are needed in the series, depending on
the sharpness of the reflections. Some attempts have been made to derive
an equatorial distribution function N(y) directly from the experimentally
determined X-ray intensity. For an equatorial reflection Hermans et al. (1946)
have shown that Kratky’s (1933) expression

N ’ : /d ’
Ieq(X) = J-n/2 * NG sin y'dy 3.99

+ .
W2 x (sin®y —cos?y))?
ol

can be converted with the substitution y = cos y' and z = sin ) to obtain the
distribution function:

C1d gz YOy
Biangardi (1980) inverted eq. 3.99 with the use of Fourier series and
determined the distribution function N for drawn amorphous polyethylene
terephthalate.

Burger and Ruland (2006) have re-evaluated the equatorial orientation
distribution of Kratky (eq. 3.99) and that of Leadbetter and Norris (1979),
both in use, the latter preferred by the liquid crystal community. The two
orientation distributions led to non-comparable results. Burger and Ruland
came to the conclusion that the integral transformation by Leadbetter and
Norris is incorrect due to a mix-up of the polar angles of the orientable unit
and of the oriented ensemble, and their orientation distribution formula
should no longer be used.



X-ray analysis of partial crystalline fibre structure 111

3.8.2 Experimental determination

The (P,) intensity coefficients (Lafrance et al., 1991, 1993, 1996) were
calculated using eq. 3.92 from n = 2 to an upper limit of n,,,, either with the
expressions tabulated for the Legendre polynomials or with the recurrence
formula

(n+1) P,(cos ) = (2n + 1)cos y P,(cos x) —nP,_i(cos x) 3.101

The X-ray intensity /*(y) is recorded as a function of the polar angle y in Fig.
3.43. For comparison the X-ray intensity as a function of the Bragg angle 6
for various y is shown in Fig. 3.44. The numerical integration of /*(y) was
performed by Simpson’s rule or by using the Pearson VII function p(y) for

90°
the normalized experimental distribution: g(x) =1 *(}()/ Jo I*(y)sin ydy:
pOp) = I/ {1 + 4[(x — xo)al> Q1™ — 1)}" 3.102

where [, is the maximum intensity, y, is the peak position, a is related to
the width of the distribution and m is a shape factor. The fit between the

110 011
200 211
002
\\iio___v________/]
T T
-90 0 90 -90 0 90

Polar angle (degrees)

3.43 X-ray intensity measured as a function of the polar angle y for
polyethylene (draw ratio A =12) for six crystal planes. (Reproduced
by permission of The American Chemical Society, from Lafrance et
al., 1991.)
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3.44 X-ray intensity as a function of the Bragg angle 6 for
polyethylene (draw ratio A = 12) at different polar angles . The curve
for y = 0 is reduced by a factor of 15. (Adapted from Lafrance et al.,
1991.)

experimental distribution ¢()) and the analytical curve p()) can be optimized
by minimization of the error function o in a certain angular range enclosing
the peak maximum:

0 =3 [q() - poI1Zq(x) 3.103

The order parameters (P,) for (hk0) reflections for three draw ratios are
collected for polyethylene in Table 3.3. The values for the various reflections
are close and near the value of perfect orientation of —0.5. However, the
(P, coefficients for higher n (n = 4, 6, 8) differ for A = 6 from A = 12 and
20 considerably, which can be concluded by comparing the plots of the
normalized X-ray intensity distributions g(y) and the distribution function
calculated with the coefficients (P,) up to n,, = 32 for the (200)- and (002)-
reflections shown in Fig. 3.45.

The chain orientation coefficients (P,). calculated from fitting Pearson
VII curves to the X-ray intensity distribution of the (110)-, (020)- and (002)-
reflections for ultrahigh molecular weight polyethylene are shown in Fig.
3.46. The draw ratios are extended to very large values up to A = 50 as are
the order of the Legendre polynomials to n,,,, =50. The shapes of the curves
for (P,). as a function of n are similar for the three considered reflections for
a specific draw ratio. The curves drop fast for low draw ratios and the curves
for the (110)- and (200)-reflections overlap. For higher draw ratios the curves
drop slowly and an overlap occurs for the (020)- and (002)-reflections.
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Table 3.3 Order parameter (P,) for (hk0) planes for
drawn polyethylene to different draw ratios A (Lafrance
et al., 1991). Perfect orientation (P,) = -0.50

(hkO) Reflections

Draw ratio (110) (200) (020)
A=6 -0.44 -0.46 -0.45
A=12 -0.49 -0.49 -0.49
A=20 -0.49 -0.49 -0.49
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3.45 Normalized X-ray intensity distribution g(y) (A), and distribution
function calculated with (P,) up to Nyax = 32 (B), to Nyax = 20 (C),

10 Nmax = 8 (D): (a) for the (200) reflection of polyethylene for draw
ratios A = 6 and 20; (b) for the (002) reflection of polyethylene

for draw ratios 4 = 6 and 20. (Reproduced by permission of The
American Chemical Society, from Lafrance et al., 1991.)
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3.46 (P, coefficients calculated from fitting Pearson VIl curves to the
intensity distribution for (110), (020) and (002) reflections of ultra-
high molecular weight polyethylene films drawn to extremely high
draw ratios 4. (Reproduced by permission of John Wiley & Sons, Inc.,
from Lafrance et al., 1993.)

If specific values of (P,). coefficients are considered as a function of
the draw ratio for the two reflections (020) and (002) as in Fig. 3.47, it can
be concluded that the order parameter (P,), already increases at very low
draw ratio to its maximum value of 1.0 and remains constant by increasing
the draw ratio. This means that the order parameter, which represents a
weighted average of the orientation distribution function, cannot describe
the orientation at high draw ratios. Higher-order polynomials {P,). have to
be included, which slowly increase from low draw ratios to high ones and
therefore are necessary for characterization of the orientation distribution.

3.9 Conclusions

Fibre diffraction in conjunction with conformation and packing analysis
represents a powerful tool for the determination of molecular and crystal
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3.47 Values of some selected (P,), coefficients as a function of 1 for
the 020 and 002 planes. (Reproduced by permission of John Wiley &
Sons, Inc., from Lafrance et al., 1993.)

structures of polymers. X-ray equipment (X-ray tube in the laboratory or
synchrotron radiation from storage rings at many research centres) with
powerful detector devices for data collection is now easily available and
the data can be electronically processed. Computer-aided simulations for
the conformation and packing analysis and a simultaneous refinement with
X-ray data lead to the required structure of chain molecules as the basis for
structure—property relationships of polymers with few experimental data.

Selected reflections deserve special attention and should be differently
weighted as they may provide strong individual structural details. For example,
the ratio of the intensities of the first two reflections for polyethylene (PE),
(110) and (200), are sensitive with regards to the setting angle J, which can
be estimated by this ratio since the disorder factor can be omitted due to
the close vicinity of these two reflections at low angles. Some reflections
of PE are strongly influenced by the scattering of the hydrogen, e.g. (210),
(120), (111) and (212), and the influence of the hydrogen atoms can be
evaluated. Furthermore, the ratio of intensities of certain reflections provides
the anisotropic disorder factor (Zugenmaier, 1969; Kavesh and Schultz,
1970).

X-ray analysis provides further structural information needed for improving
and tailoring solid polymer materials to applications such as crystallinity,
preferred orientation of the macromolecular chains or disorder in the crystalline
regions. These diversified investigations provide insight into the interaction
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of molecules and atoms and the chain arrangements of polymers, establish
correlations with desired properties and point towards improving fibres.
They provide basic ideas about the origin of disorder and the size of the
crystallites introduced by special treatment of specimens or by annealing.

Surveys of specific fields in structural research and analysis are provided
in textbooks and many structural details on specific materials are collected,
which can be used for further studies. They may be found in Alexander
(1969), Bunn (1961), Dorset (1995), Fraser and MacRae (1973), Guinier
(1963), Klug and Alexander (1954), Stout and Jensen (1968), Tadokoro
(1979), Vainshtein (1966) and Walton and Blackwell (1973).
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Analysis of fibres using microscopy

L A DONALDSON, Scion, New Zealand

Abstract: Modern microscopes are of three basic types: those that use
electromagnetic radiation (light microscopes); those that use electrons
(electron microscopes); and those that work by scanning a microscopically
sharp probe across surfaces (scanning probe microscopes). Microscopes
can be used not only for imaging in two or three dimensions, but

for measurement of physical and chemical properties by diffraction,
spectroscopy and other specialised methods. This chapter briefly describes
some of the microscope techniques used to investigate fibre structure and
properties, including an overview of fibre identification.

Key words: microscopy of fibres, scanning electron microscopy, polarisation
microscopy, confocal microscopy, scanning probe microscopy, X-ray
tomography.

4.1 Introduction

Modern microscopes are of three basic types: those that use electromagnetic
radiation and optical lenses to magnify the object (light microscopes); those
that use electrons and electromagnetic lenses to magnify the object (electron
microscopes); and those that work by scanning a microscopically sharp
probe across surfaces, that produce images by measuring the interaction of
the probe with the surface (scanning probe microscopes). Microscopes can
be used not only for imaging, but for measurement of physical and chemical
properties by diffraction, spectroscopy and other specialised methods. All of
these instruments have been used to investigate fibre structure and properties,
and some of the techniques and applications are briefly described. For further
reading on the topic of fibre microscopy the following texts may be useful:
Coté (1965, 1980), Sawyer and Grubb (1996), Hearle and Lomas (1998),
Summerscales (1998), and Cruthers et al. (2005).

4.2 Optical microscopy

4.2.1  Optical techniques for unstained fibres

Unstained fibres can be examined easily with no preparation provided the fibres
are mounted in a medium of lower refractive index (Fig. 4.1). Plant fibres
typically have a refractive index of 1.53—1.55 (Donaldson 1985; Donaldson
et al. 2001) so a medium such as glycerol, which has a refractive index of
1.47, is typically used. Most of the contrast will come from refraction at the
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4.1 Light microscopy of plant fibres. (a) Brightfield image of
unstained hardwood fibres. Scalebar = 60 pm. (b) Polarised light
image of unstained hardwood fibres. Scalebar = 120 pm. (c)
Brightfield image of medium density fibre board embedded in acrylic
resin, sectioned with a glass knife at 3 um thickness, and stained
with toluidine blue. Scalebar = 50 pm. (d) Polarised light image

of a softwood fibre showing compression failures in the cell wall.
Scalebar = 20 um. (e) Cross-sectional image of a thermomechanical
pulp fibre embedded in epoxy resin and imaged using differential
interference contrast (DIC). Scalebar = 12 pm. (f) Interference
contrast (Jamin-Lebedeff interference) image of embedded medium
density fibre board showing fibre in light grey (N, = 1.54) and urea
formaldehyde resin in white (N, = 1.44). Scalebar = 12 pm.

boundary of the fibre and the mounting medium. The contrast can be further
enhanced by lowering the condenser, or on some microscopes by removing
the lens on the front of the sub-stage condenser, which also improves the
depth of field. It is also possible to enhance depth of field using digital image
processing, a procedure known as extended depth of field. A series of digital
images at different focal planes can be combined using software to select the
in-focus areas and produce a high depth of field image, thus allowing all of
the fibres in the field of view to be in focus (Forster ef al. 2004). Modern
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microscope cameras and software make this otherwise complex procedure
as simple as pushing a button.

Techniques such as phase contrast and differential interference contrast
(DIC) can be used to provide optical contrast for either stained or unstained
fibres (Fig. 4.1). Phase contrast provides edge contrast and works best with
very thin samples such as fines on paper fibres, or thin cross-sections of
fibres. DIC provides shadow contrast and is suitable for imaging both fines
and fine surface details on fibres (Heath 2005; Cox 2000).

4.2.2 Brightfield imaging of stained fibres

While it is possible to examine fibres without staining, the use of coloured
stains has the advantage of providing improved contrast, and can be used to
differentiate different fibre types in a mixture (Fig. 4.1). Plant fibres contain
cellulose, hemicellulose and often lignin, all of which can be readily stained
with general-purpose dyes such as toluidine blue, safranine, astra blue and
others (Stockert et al. 1984; Ruzin 1999; Haseloff 2003). Lignified plant
fibres can also be stained with reagents that provide information on the type
of lignin, and hence help to identify the origin of the fibre. Some types of
manufactured or natural fibre, as in textiles, may already contain coloured
dye added during manufacturing, and hence can be examined directly.

Staining of plant fibre is best carried out on wet fibre. If the sample is
dry it can be re-saturated by soaking in water, or more quickly by soaking
in 50% ethanol under mild vacuum followed by further soaking in water.
Keep in mind that fibre that has not been previously dried may have different
properties from fibre that has been dried and then re-wetted, particularly in
relation to cell wall porosity and surface fibrillation. Staining is a simple
procedure involving treatment with the stain typically for 5-10 minutes
followed by washing. In the case of bulk fibre, a filter paper funnel can
facilitate washing. For sections of embedded fibre, the sections will normally
adhere to the glass microscope slide and can easily be washed under a gentle
stream of distilled water. Both toluidine blue and safranine should work well
at a concentration of 0.01-0.1% for both embedded and bulk fibre (Ruzin
1999).

4.2.3 Histochemical staining of fibres

The Weisner reagent produces a red colouration in the presence of guaiacyl
lignin, while the Maule reagent can distinguish guaiacyl lignin from syringyl
lignin, and can hence be used to distinguish hardwood or bast fibres, which
contain syringyl lignin, from softwood fibres, which contain only guaiacyl
lignin.

The Weisner reagent consists of 1% phloroglucinol in 95% ethanol (Johansen
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1940; Nakano and Meshitsuka 1992; Ruzin 1999). This reagent characterises
aldehyde groups of the cinnamic type which are characteristic of guaiacyl
lignin (Clifford 1974). Fibres are treated for 2—5 minutes followed by addition
of a few drops of concentrated HCI, resulting in a bright red colouration for
lignified fibres. The two reagents can be mixed together and used as a single
treatment if required. The colour will fade within half an hour, so the fibres
should be mounted in glycerol and photographed as soon as possible. Care
should be taken to ensure HCI fumes do not cause damage to microscope
equipment by blotting the fibres prior to mounting and/or sealing the coverslip.
The Weisner reagent will not work on embedded sections of fibres. It may
be possible to extend the life of the coloured reaction product by mounting
in glycerol/lactic acid together with small amounts of the original reagents
and sealing the coverslip to make a semi-permanent mount (Speer 1987).
Calcium chloride has also been recommended for the same purpose (Herr
1992).

For Maule staining, fibres are immersed in 1% (w/v) potassium permanganate
solution for 5 min at room temperature, and then washed twice with 3%
hydrochloric acid until the colour turns from black or dark brown to light
brown. Samples are then treated with 0.1 M ammonia solution to yield
a yellow-brown colour for softwoods (guaiacyl lignin) and a red-purple
colour for hardwoods (syringyl lignin). Fibres can be mounted in glycerol
for imaging. The Maule reagent is used to detect syringyl lignins and can
thus be used to differentiate softwood and hardwood fibres (Nakano and
Meshitsuka 1992).

The Cross and Bevan reagent also distinguishes fibres containing guaiacyl
lignin from those containing syringyl lignin. Treatment with chlorine solution
for 10 minutes followed by 4% sodium sulphite solution produces a brown
colouration with guaiacyl lignin and a red colouration with syringyl lignin,
essentially the same as the Maule reagent but less stable (Nakano and
Meshitsuka 1992).

Mirande’s reagent can be used to distinguish between lignified and
unlignified fibres (Mondolot et al. 2001). The reagent consists of iodine green
and alum carmine stains. Fibres are immersed in sodium hypochlorite for 10
minutes, rinsed in acidified distilled water (acetic acid) and stained in the
Mirande’s reagent for 15 minutes. Fibres are examined using a fluorescence
microscope with UV excitation. Softwood fibres fluoresce green while
hardwood fibres fluoresce pink and blue-green.

Although not technically a histochemical stain, Simons stain has been
used to detect changes in fibre wall structure resulting from beating during
the papermaking process (Simons 1950; Blanchette et al. 1992; Yu et al.
1995). This stain consists of two components, one of which stains unbeaten
fibres blue, while the other component stains orange the regions of damaged
wall resulting from beating. This differential staining occurs as a result of
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differences in molecular weight and substrate affinity between the two dye
components, which allows the detection of more porous damaged regions
of the fibre wall (Yu et al. 1995).

4.2.4 Polarised light microscopy of plant fibre

Plant fibres with secondary cell walls contain partially crystalline cellulose
in the form of highly oriented microfibrils (Abe and Funada 2005). Such
fibres are thus birefringent and can rotate the plane of polarised light (Preston
1934; Cousin 1972; Page and El-Hosseiny 1974; Leney 1981; Donaldson
1991). Using a microscope equipped with two polarising filters in the crossed
position, birefringent fibres placed between the filters become visible as
bright objects on a black background (Fig. 4.1). This method can be used to
confirm the presence of crystalline cellulose, to measure the microfibril angle
(Cousin 1972; Page and El-Hosseiny 1974; Leney 1981; Donaldson 1991)
and to study compression failures in the fibre wall, which are highlighted
by this technique (Nyholm et al. 2001; Terziev et al. 2005; Thygesen and
Ander 2005; Thygesen et al. 20006).

4.2.5 Interference microscopy

A modification of polarised light microscopy that produces interference
contrast between light that passes through the sample and light from a
reference beam can be used to measure the refractive index of the fibre in a
thin cross-section (Fig. 4.1) (Baas 1975; Barakat and Hamza 1990; Donaldson
1992). Refractive index measurement has been used for polymer identification
in artificial fibres such as nylon, to study core/coating layers (Barakat and
Hamza 1990; Fouda et al. 1997; El-Bakary 2007) and to measure the cross-
sectional shape of nylon fibres (Hamza et al. 2002).

Interference microscopy has also been used to determine the chemical
composition and porosity of plant fibres (Boutelje 1972; Donaldson 1985,
1992; Donaldson et al. 2001), and the interaction of polymers with wood fibres
(Baas 1975). A number of procedures, including variation of wavelength,
temperature or mounting medium, can be used to determine the refractive
index, depending on the type of equipment available (Barakat and Hamza
1990; Donaldson 1992; Sokkar and El-Bakary 2001).

4.2.6 Widefield fluorescence microscopy

Lignified plant fibres will autofluoresce with UV or blue light excitation
but this tends to be quite dim, and thus difficult to photograph. A variety of
fluorescent dyes is available for both lignified and delignified/unlignified plant
fibres, and hence fluorescence microscopy can be used to distinguish between
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these types of fibres (Kutscha and McOrmond 1972; Mori and Bellani 1996;
Olmstead and Gray 1997; Donaldson and Bond 2005). Common fluorescent
stains for plant fibres include calcofluor (Fig. 4.2), which stains cellulose,
as well as acriflavin and berberine sulphate, which are general fibre stains
(Brundrett er al. 1988; Donaldson and Bond 2005). Calcofluor is excited
by UV light and emits in the blue and green range, while acriflavin and
berberine sulphate are excited by blue light and emit at green, yellow and red
wavelengths. Immunocytochemistry using fluorescently labelled antibodies
or enzyme binding modules is increasingly being used to localise specific
components of the fibre wall, in relation to fibre properties (Filonova et al.
2007a, b; Kukkola et al. 2008).

There is little information on staining artificial fibres with fluorescent dyes.
The fibres themselves can be considered non-fluorescent. However, some
artificial fibres may show fluorescence from optical brightening agents used
in textile manufacture. Presumably some textile dyes are also fluorescent
and may therefore impart fluorescence to the fibres thus treated.

Fluorescence and UV-Vis microspectrophotometry have been used to
examine dyed fibres such as wood pulp, cotton, polyester, acrylics and
nylon. In the case of pulp fibres, microspectroscopic analysis allows the
determination of lignin content or kappa number (Liu et al. 1997, 1999;
Li and Reeve 2004). Multivariate analysis of spectra allows discrimination
of different fibre types (Morgan et al. 2004). Fluorescence microscopy has

4.2 Widefield fluorescence image of softwood pulp fibres stained
with calcofluor. Excitation 360 nm, emission 400+ nm. Scalebar = 60
pm.
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also been used to discriminate among types of cotton fibres from textiles
for forensic examination (Cantrell e al. 2001).

4.2.7 Confocal fluorescence microscopy

Wide-field fluorescence microscopy suffers from out-of-focus haze. Confocal
fluorescence microscopy overcomes this problem by using a pinhole to reject
out-of-focus light, producing high-resolution optical slices, or projections with
extended depth of focus (Fig. 4.3). This makes it an ideal imaging method
for fibre-based materials including paper and textiles. Confocal microscopy
produces a series of optical slices from 0.5 to 5 um thick depending on the
numerical aperture (NA) of the objective lens (high NA gives a thinner slice
and hence greater z-axis resolution) (Knebel and Schnepf 1991; Haseloff
2003; Hibbs 2004; Donaldson and Bond 2005). These slices can be combined
to represent a volume, which when rendered on a computer can be used to
view the fibres from any perspective, even allowing computer-generated
cross-sections without the need for physical cutting of the material (Fig.
4.4). In general, the same dyes that are used for widefield fluorescence can
also be used for confocal fluorescence imaging. However, some dyes such as
calcofluor, for example, are bifluorescent, producing polarised fluorescence
images because of the natural polarisation of the dye molecules, and this
can be a disadvantage because only parts of the fibre will appear fluorescent,
depending on orientation (Verbelen and Stickens 1995; Jang 1998). This
phenomenon can, however, be used to advantage for measuring microfibril
angle (Batchelor er al. 1997; Jang 1998; Bergander et al. 2002; Sedighi-
Gilani et al. 2005).

Confocal fluorescence microscopy has been used for a wide range of studies
on mainly wood and paper fibres, and also bast fibres, including measurement
of fibre dimensions (Jang et al. 1991, 1992, 1995a, b; Carstensen and Schultz
1993; Weise 1993; Weise and Paulapuro 1995; Seth et al. 1997; Xu et al.
1997a; Chan et al. 1998; Jang and Seth 1998; Dickson 1999, 2000; Xu and
Parker 1999; Jang 2005; Newman et al. 2007), microfibril angle (Verbelen
and Stickens 1995; Batchelor et al. 1997; Jang 1998; Bergander et al. 2002),
fibre composition (Taylor et al. 1996; Donaldson et al. 2001), localisation of
additives such as adhesives (Shaler et al. 1996; Grigsby and Thumm 2002;
Loxton et al. 2003; Grigsby et al. 2004; Xing et al. 2005; Cyr et al. 2007,
Pakdel et al. 2007), and three-dimensional structure (Nanko and Ohsawa
1990; Jang et al. 1991, 1995a, b; Robertson et al. 1991; Moss et al. 1993;
Béland and Mangin 1995; Shaler et al. 1996; McDonald et al. 1997; Xu et
al. 1997b; Jang and Seth 1998; He et al. 2004) including fibre—fibre bonding
(Thomson et al. 2007). Confocal microscopy has been used to measure
individual fibre cross-sectional dimensions in studies of fibre mechanical
properties (Groom et al. 2002; Mott et al. 2002).
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4.3 Confocal fluorescence and reflection microscopy of plant fibres.
These images are projections made from a series of optical slice
images. (a) Cotton stained with berberine sulphate. (b) Jute stained
with berberine sulphate. (c) Tissue paper (mostly hardwood fibres)
stained with berberine sulphate. (d) Paper towel (softwood fibres)
stained with berberine sulphate. (e) Reflection image of paper towel.
(f) Medium density fibre board stained with acriflavin, embedded in
wax and surfaced with a microtome. All images are 0.5 x 0.5 mm
field of view. For the fluorescence images, excitation was 488 and
568 nm, while emission was 530 and 600 nm. For the reflection
image a wavelength of 488 nm was used.

Confocal fluorescence microscopy has also been used for imaging artificial
fibres in order to understand dye penetration (Kelch et al. 2000; Song et al.
2000; De Clerck et al. 2004, 2005), to localise additives on the surface of
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4.4 Confocal fluorescence image of thermomechanical pulp fibre
stained with berberine sulphate. (a) A maximum intensity projection
of 112 optical slices over a z-distance of 58.5 pum. Field of view is 159
x 159 pym. (b) An xz slice at the position of the white line in (a) above
showing the transverse view of the two fibres. Field of view is 170

x 58.5 ym. (c) The same view as in (b) after segmentation using a
variable threshold that overcomes the progressive darkening of the
image with distance from the top of the sample. This image allows
measurement of wall thickness and lumen diameter. Field of view is
170 x 58.5 pm.

fibres (Cortez et al. 2004, 2007; Rous et al. 2004), and to determine three-
dimensional structure (Kumar et al. 2002).

4.2.8 Confocal reflection microscopy

In the same way that confocal microscopy can visualise fluorescence to
produce three-dimensional images, a reflection signal can also be used to
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image fibre surfaces (Fig. 4.3). The light incident on the fibre will tend to be
reflected by large refractive index boundaries, such as those at the surface of
the fibre. This signal can produce high-resolution images of the fibre surface
similar to those produced by scanning electron microscopy. This method has
been used to study the surface texture of wood fibres in order to determine
the microfibril angle (Donaldson and Frankland 2004).

4.3 Electron microscopy

4.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to produce high-resolution
surface images of fibres with high depth of field (Duchesne and Daniel 1999;
Williams and Drummond 2000; Goldstein et al. 2003; Tomes et al. 2007).
It is the most commonly used form of microscopy for fibres, especially
when high resolution is required. In some studies SEM has been directly
compared to other techniques such as polarised light microscopy, using the
same individual fibre for both techniques. This has been especially useful for
studying compression failures or kinks in fibres (Thygesen et al. 2006).

SEM and more particularly field emission SEM (FESEM) has the
advantage of high resolution and large depth of field, producing images of
rough surfaces over a wide range of magnifications from images of fibre
networks to high-resolution images of fibre surfaces at the near-molecular
level (Fig. 4.5). For imaging fibre composites, SEM can also identify inorganic
phases in the composite by using atomic number contrast, a characteristic of
backscattered electrons (Fig. 4.5) (Rothbard 2002; Roux et al. 2008). X-ray
analysis by energy dispersive spectroscopy (EDS) can also determine the
elemental composition of fibres and composites (Roux ez al. 2008; Goldstein
et al. 2003).

Despite its advantages in fibre imaging, fibre samples can be problematic
for SEM because of their poor conductivity, particularly when they are formed
into products such as paper or textiles (Fig. 4.6). Additionally, samples must
be dried to make them compatible with the high vacuum of the microscope.
Techniques include air drying from solvents such as ethanol or z-butyl
alcohol, or more sophisticated methods such as freeze-drying using liquid
nitrogen, or critical point drying using liquid CO, (Duchesne and Daniel
1999). In some cases it may be advantageous to freeze the sample in liquid
nitrogen and observe it in the frozen state using a cryo-stage in the SEM
(Howard 1987; Moss et al. 1989a, b; Duchesne and Daniel 1999; Goldstein
et al. 2003). The dry or frozen sample is typically sputter-coated with gold
or other metals to improve conduction. Unfortunately, the porous network
formed by most fibre-based products is not well infiltrated by sputter coating,
and charging problems resulting from the poorly grounded fibre network can
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4.5 Scanning electron microscopy of wood fibre. (a)
Thermomechanical (TMP) pulp fibres from a typical softwood
showing a surface decorated with fines or cell wall fragments.
Accelerating voltage 3 kV. Scalebar = 117 pm. (b) Fibre-cement board
using backscattered electrons to produce atomic number contrast
between fibre (dark) and cement (bright). Accelerating voltage 15 kV.
Scalebar = 38 pm.

lead to poor-quality images, particularly on older SEM instruments that use
higher kV electron beams. In extreme cases, an electrostatic mirror may be
formed in which case the sample itself becomes invisible. Newer low kV
instruments operating at 1-3 kV, compared to 10-20 kV on older instruments,
can eliminate charging problems and provide much greater resolution on fibre
surfaces because of reduced beam penetration effects. Further improvement
can be achieved by ensuring fibres are in a thin monolayer with little overlap
or contact with adjacent fibres, thus ensuring that the fibres are well grounded.
For fibre-based materials like paper or textiles, the sample should be small
and securely attached to the sample holder with conducting adhesives such
as colloidal silver. Charging artefacts can be recognised as bright or dark
areas, by apparent image drift, and by distortion of the image in the direction
of beam scan (Fig. 4.6).
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4.6 Fibres can be problematic because of their poor conductivity,
especially when in a fibre network. This nylon mesh demonstrates
the importance of selecting an optimum accelerating voltage to
reduce or eliminate undesirable charging contrast. (a) Nylon mesh

at 1 kV accelerating voltage. This image shows topography without
any significant charging contrast. (b) Nylon mesh at 5 kV accelerating
voltage. This image shows both topography and mild charging
contrast. Scalebar = 100 pm.

An alternative to conventional SEM for difficult-to-image materials is
environmental SEM (ESEM) (Kifetew and Sandberg 2000; Donald 2003;
Goldstein et al. 2003; Turkulin et al. 2005a, b). In this technique, the high
vacuum of a conventional SEM is replaced by a low pressure water vapour
atmosphere, which provides charge neutralising capability in addition to
allowing examination of wet fibres, with the ability to vary pressure and
temperature to maintain water saturation, or to allow controlled drying.
For this method, fibres do not require coating with metal and can thus be
re-examined after successive treatments. This method has the disadvantage
that water is opaque to electrons and hence structures that are covered in a
water film cannot be seen clearly. Hence most applications have examined
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partially or fully dried fibres, the primary advantage being elimination of the
need for metal coating to allow in-situ deformation experiments on single
fibres inside the microscope (Mott et al. 1995, 1996; Shaler et al. 1996; Bos
and Donald 1999; Donald 2003; Orso et al. 2006; Thygesen et al. 2007).
ESEM has also been used to study the wetting properties of paper fibres
(Liukkonen 1997).

4.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a rarely used method to study
fibres because of the often complicated specimen preparation. Prior to the
development of SEM, TEM of surface replicas was often used to characterise
fibre surfaces (Coté 1965), but this method is complex, allows only limited
areas of the fibre to be imaged, and is now largely superseded by high
resolution FESEM (Duchesne and Daniel 1999). A modern version of the
replica method involves freeze/fixation in liquid nitrogen and deep etching
of surfaces, followed by replication. This method, known as rapid freeze
deep etching, allows high-resolution imaging of fibre surfaces in the frozen
hydrated state (Bardage et al. 2004).

Several key points must be kept in mind when using TEM to study fibres.
Conventional TEM requires ultra-thin (60—120 nm) sections of embedded
fibres produced using a diamond knife. In order to infiltrate plant fibres
with resin it is necessary to work with fibres that have not been previously
dried, to avoid the loss of porosity and hornification that occurs as a result of
drying (Rajinder 2001). Fibres are thus dried by solvent exchange followed
by gradual infiltration in resin/solvent mixtures. Orientation of fibres to
achieve a cross-sectional view can be problematic unless the fibres are
examined in situ before extraction from the plant stem, but methods have
been developed to deal with separated fibres (Nelson and Woods 1996;
Trancik et al. 2001). Very thick-walled bast fibres will be demanding in
terms of quality of preparation because of difficulty with infiltration and
because of the hardness of the sample (because of the large wall thickness),
which makes sectioning difficult. Provided that sections 60—120 nm can be
achieved, then staining and imaging are quite straightforward (Fig. 4.7).
Staining is typically achieved using heavy metal salts such as uranyl acetate,
lead citrate or, potassium permanganate, or organic silver salts such as in the
PATAg procedure (Bland et al. 1971; Brandstrom et al. 2005; Donaldson
2006; Billosta et al. 2007). Immunocytochemistry using antibodies or enzyme
binding modules tagged with colloidal gold can be used to localise specific
components of the fibre wall (Ruel and Joseleau 1984; Ruel et al. 1994;
Duchesne et al. 2003; Brandstrom et al. 2005).

One special type of fibre has been the subject of a number of recent
investigations. Cellulose nanofibrils, also known as cellulose whiskers, are
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4.7 Transmission electron microscopy can range from near light
microscopy resolution to macromolecular resolution. (a) Wood fibres
showing cell wall layers, including the middle lamella which binds
adjacent fibres together. (b) Individual cellulose microfibrils in a
delignified wood fibre. Scalebar 2 pm for (a) and 100 nm for (b).

members of a special class of fibre known as nanofibres because of their very
small size. Nanofibres are typically less than 100 nm in diameter and are thus
small enough to be examined directly by drying a suspension onto a support
film and imaging with TEM (Favier et al. 1995; Kvien et al. 2005; Stenstad
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et al. 2008). TEM is typically used to measure the size of the nanofibres, and
to study their interaction with other polymers in nanocomposite materials
(Favier et al. 1995; Goussé et al. 2002; Kvien et al. 2005; Oksman et al.
2006; van den Berg et al. 2007; Park et al. 2007; Wang and Sain 2007).

TEM can be used to perform electron diffraction, where a diffraction
pattern is produced by interaction of the incident electrons and the specimen
(Heath 2005). Like X-ray diffraction, the analysis of the electron diffraction
pattern gives information on crystallinity. Electron diffraction is used where
changes in crystallinity are investigated at high spatial resolution, compared
to X-ray diffraction which is generally a bulk technique. Arguably, the main
application of electron diffraction to fibres is in the identification of asbestos,
where Chrysotile has a unique diffraction pattern that distinguishes it from
Amphibole (Langer et al. 1974; Veblen 1980). Electron diffraction has been
used to measure small-scale variations in crystallinity in polymer fibres (Scott
1962; Oudet et al. 1984; Muller et al. 2000). The use of electron diffraction
on plant fibres is limited by damage caused by the electron beam, which
results in loss of crystallinity within short periods of exposure unless low
dosage conditions are applied (Chanzy et al. 1978; Sugiyama et al. 1986;
Miller et al. 2002).

4.4 Infrared techniques (FTIR and Raman)

A Fourier transform infrared microscope uses infrared illumination (as an
interferogram) to illuminate the sample and collect an infrared absorption
interferogram from a point on the sample. This is subsequently converted
back to a spectrum by Fourier transform (FTIR). By building up an array of
spectra across the sample a chemical map can be created (Naumann and Polle
2006). This method allows simultaneous collection of all infrared absorption
wavelengths, either by transmission or by reflection (Heath 2005).

A Raman microscope uses Raman scattering to map chemical composition
across the sample (Lewis and Edwards 2001; Ferraro and Nakamoto 2003).
Raman scattering of infrared light includes inelastic and superelastic
scattering due to the polarisation of molecules containing covalent bonds.
The sample is illuminated with a laser using monochromatic light, and filters
are used to remove Raleigh scattering (non-characteristic elastic scattering).
A spectrometer is then used to produce a Raman spectrum which provides
information on the types of chemical bonds present in the sample (Lewis
and Edwards 2001; Ferraro and Nakamoto 2003; Heath 2005).

Resolution of FTIR microscopy is typically limited by signal to noise ratio,
to a spot size of about 10 ym, which makes single spot analysis more useful
than mapping an array of spots (Naumann and Polle 2006), but some types of
Raman spectrometer allow much greater spatial resolution. Therefore, Raman
microscopy is more commonly used for mapping applications (Gierlinger
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and Schwanninger 2006, 2007). FTIR can be combined with SEM imaging
by placing the spectrometer inside the SEM chamber (Beltran et al. 2002;
Mwaikambo and Ansell 2002), while Raman spectroscopy is often coupled
with confocal microscopy and scanning probe microscopy to yield greatly
improved spatial resolution.

Both FTIR and Raman microscopy can be used to measure the chemical
composition of natural and artificial fibres, which can be applied to fibre
identification for forensic investigations (Bard et al. 1997, 2004; Wiggins
2001; Causin et al. 2004; Robertson and Roux 2004; Causin et al. 2005a, b;
Rinaudo et al. 2004) and to localise different fibre components and additives
(Signori and Lewis 1996; Bogoeva-Gaceva et al. 1997; Beltran et al. 2002;
Mwaikambo and Ansell 2002; Ganan and Mondragon 2002; Roder and
Sixta 2004; Roder et al. 2004; Burgert et al. 2005; Causin et al. 2005b;
Fleming et al. 2005; Gierlinger et al. 2005; Baley et al. 2006; Gierlinger
and Schwanninger 2006, 2007; Moréan et al. 2008).

4.5 Scanning probe microscopy

Scanning probe microscopy is a general term for a family of imaging
techniques that involve scanning a very sharp probe in close proximity to
the surface of the specimen to acquire topographic, chemical or physical data
at very high spatial resolution (Meyer et al. 2004; Foster and Hofer 2006).
Such instruments consist of a sharp tip usually positioned on a cantilever, a
scanning system, usually using piezoelectric devices to move the probe with
nanometre resolution, a motion sensor to detect the position of the probe using
a laser beam reflected from the cantilever, an electronic control system for
regulating/measuring interactions between the probe and specimen, a computer
to receive and process signals, and a light microscope for positioning the
specimen. A vibration isolation system is also required.

There are many types of scanning probe microscopy that can be used for
imaging or for measurement of physical properties. The three basic types are
scanning tunnelling microscopy (STM) atomic force microscopy (AFM), and
scanning near-field optical microscopy (SNOM) (Heath 2005; Cox 2006). In
the case of plant fibres, AFM (phase imaging mode and tapping mode) has
been used to study cellulose microfibril clustering in plant fibres (Hanley
and Gray 1994, 1999; Maxwell et al. 2003; Fahlén and Salmén 2002, 2003;
Kangas and Kleen 2004; Salmén 2004; Gahan et al. 2008) and to study the
structure of native or modified plant fibre surfaces (Boras and Gatenholm
1999; Wong et al. 2000; Maximova et al. 2001; Gustafsson et al. 2003;
Gradwell et al. 2004; Koljonen et al. 2004; Yan et al. 2004; Chhabra et al.
2005; Fahlén and Salmén 2005; Poggi et al. 2005; Demir et al. 2006; Westbye
et al. 2006; Guan et al. 2007). AFM has been used to measure the surface
roughness of thermomechanical pulp fibres in relation to refiner pressure
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(Snell et al. 2001). AFM has also been used to study the characteristics of
cellulose whiskers and their nanocomposites (Edgar and Gray 2003; Kvien
et al. 2005; Park et al. 2007; Wang and Sain 2007; Henriksson et al. 2007,
Moran et al. 2008).

Both plant fibres and hair or wool fibres have been examined for surface
hardness/stiffness using nano-indentation with a stiff cantilever to measure
force X penetration relationships (Furuta and Gray 1998; Parbhu et al. 1999;
Gindl and Gupta 2002; Gindl ef al. 2004; Maxwell and Huson 2005; Sasaki
et al. 2006). AFM in combination with other techniques has been used to
study fibre—fibre bonding, showing the relation between surface roughness
and bonding (Kang et al. 2004). Measurement of adhesion force between
the AFM tip and the fibre surface can be used as a measure of wet ability
of natural fibres such as hemp (Pietak et al. 2007).

AFM has been used to characterise artificial fibre surface properties
(Maxwell and Huson 2005; Pietak et al. 2007), to study the effect of surface
treatments (Periyasamy ez al. 2007; Pietak et al. 2007; Wei et al. 2007, 2008)
and to localise surface-bound reagents such as sizing (Mader et al. 2007).

AFM can potentially yield better resolution than FESEM, for example,
because no metal coating is required and damage from the electron beam
is avoided. However, AFM requires a very smooth surface to yield good
results, and can only be used on relatively small areas, so has not been used
to the same extent as SEM. One advantage is the ability to image at high
resolution in water so that cellulose fibres can be examined in the swollen
state (Furuta and Gray 1998; Hanley and Gray 1999; Sasaki et al. 2006).
Softening of fibre surfaces may, however, cause imaging problems for wet
samples (Sasaki et al. 2006).

4.6 X-ray tomography and other techniques

X-ray tomography, using both conventional and synchrotron sources, has been
used to study fibre networks by computing three-dimensional reconstructions
of millimetre-scale volumes for paper (Samuelsen et al. 2001; Thibault
and Bloch 2002; Hansson and Rasmuson 2004; Rolland du Roscoat et al.
2005), fibreboard (Faessel et al. 2005), composite materials (Kastner et al.
2004; Schell et al. 2006; Tan et al. 2006) and textiles (Eberhardt and Clarke
2002; Pandita et al. 2002; Pandita and Verpoest 2003; Parnas et al. 2003;
Desplentere et al. 2005). In comparison, electron tomography has much greater
resolution (~1 nm) but is not well suited to investigations of whole fibres
because it requires thin sections. Caldwell et al. (2005) have used electron
tomography to study intermediate filaments in wool fibres, while Xu et al.
(2007) have studied the structure and organisation of cellulose microfibrils
in thin sections of delignified wood fibres.

Serial sectioning has also been used to create three-dimensional
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reconstructions of fibres and fibre networks such as paper, with the advantage
of greater spatial resolution compared to X-ray techniques, but this approach
is obviously very tedious (Aronsson 2002; Chinga et al. 2004). Recent
advances in robotic sectioning combined with sequential SEM imaging of
the prepared surface provide an opportunity for fine-scale three-dimensional
reconstruction of fibre networks in the future (www.gatan.com).

Optical coherence tomography is a technique based on a Michelson
interferometer that allows optical sectioning over much longer distances
than confocal microscopy but with poorer spatial resolution. This technique
has been applied to the study of fibre networks of various types, including
paper and composite materials, in a small number of reports (Alarousu et al.
2005; Fabritius et al. 2006; Peiponen et al. 2006; Wiesauer et al. 2007). UV
absorbance microscopy has been used to measure lignin distribution in wood
fibres and tracheids by measuring the absorbance at 280 nm, the absorbance
maximum of lignin (Wood and Goring 1971; Fukazawa and Imagawa 1981;
Koch and Kleist 2001). Finally, secondary ion mass spectroscopy (SIMS)
has been used for such applications as mapping inorganic components
(surfactants) on the surface of paper fibres (Brinen and Proverb 1991).

4.7 Identification of natural and artificial
fibres by microscopy

Microscopic examination can readily be used to distinguish plant, animal,
mineral and artificial fibres from one another. Natural plant fibres are always
hollow, even though the lumen may be very small in some types of xylem
or phloem fibres, while artificial fibres are usually solid. Plant fibres are also
relatively short, typically 1-10 mm, whereas artificial fibres maybe much
longer. Bast fibres, which are often utilised as intact bundles of individual
fibres, can be metres in length. Animal fibres are proteinaceous, have no
lumen, are multicellular and often have scales or other decorations on the
surface. They can also be much larger in diameter (20—180 pm) and are much
longer than plant fibres. Identification of plant and animal fibres is mainly
carried out by microscopy while there are a range of testing procedures
used to further identify artificial fibres, including burning tests, staining,
solubility, melting point and spectroscopy (Causin et al. 2004; Morgan et
al. 2004; Robertson and Roux 2004).

Plant fibres can be divided into four groups based on origin of the fibre,
bast fibres (phloem fibres or other non-xylem fibres including jute, hemp,
flax, ramie, kenaf, rattan, bagasse and others), softwood fibres, hardwood
fibres, and monocotyledon fibres including palms and grasses. The term fibre
here is used in an industrial sense as any long narrow cell with a secondary
cell wall. However, technically softwood ‘fibres’ are known as tracheids
because of their water-conducting function, as opposed to true fibres which
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do not conduct water and only have a role in support of stems or leaves. The
anatomical feature which distinguishes tracheids from fibres is the presence
of bordered pits. Tracheids occur in all softwoods, and in some hardwoods
in addition to fibres.

Individual bast fibres typically have very thick cell walls that exhibit
multiple wall layers in cross-section. Softwood fibres (tracheids) are relatively
long (2-5 mm) and wider in diameter (25-50 gm) than hardwood fibres (1-2
mm long and 10-25 ym wide), and can be distinguished using the Maule test
for syringyl lignin in hardwood fibres. Hardwood fibres may include non-
fibre cell types such as vessel elements, when examining paper or pulp for
example. Anatomical features such as pitting may be used to further identify
fibres but identification to species is rarely possible without knowledge of
the country of origin of the fibre (Coté 1980).

Asbestos and glass fibres are inorganic and thus easy to distinguish from
organic fibres. Identification can involve polarised light microscopy, energy
dispersive X-ray analysis (EDS), electron diffraction, or Raman spectroscopy.
Glass fibres are not birefringent (they remain dark at all orientations under
polarised light) and are single long tubular fibres with a more or less smooth
surface. EDS analysis indicates SiO, in addition to Al, B, Ca, Mg and other
trace elements, depending on the type of glass used.

Asbestos fibres are small (< 2 ym) birefringent crystal fibres that occur
in finely divided fibrous clusters that are often splayed at the ends (Langer
et al. 1974). The fibres are hollow with a small internal capillary. Chrysotile
fibres (white asbestos) are composed of bundles of fibrils that are often
curved and have splayed ends, and also have a unique electron diffraction
pattern that distinguishes these fibres from other types of asbestos (Langer
et al. 1974). Amphibole fibres tend to be straight and fragment easily, and
curved fibres may occasionally be present. Crocidolite (blue asbestos) has
the shortest fibres, with longer fibres found in Amosite (brown asbestos) and
Anthophyllite. Asbestos fibres are small enough to be directly mounted on
grids for TEM imaging and electron diffraction analysis. Fibres are sensitive
to the electron beam and may change with time of exposure, particularly in
relation to the size of the capillary (Langer et al. 1974). Refractive index
varies among the asbestos types and can be used for identification. Chrysotile
has a refractive index of 1.55, Amosite 1.67 and Crocidolite 1.70.

Raman spectroscopy is also used for identification of asbestos type
(Bard et al. 1997, 2004; Rinaudo et al. 2004). EDS using TEM indicates
the presence of Si, Al, Fe, Mg, Ca and Na with Crocidolite rich in Fe (32%
FeO) compared to Chrysotile (1.3% FeO) which is enriched with Mg (48%
MgO, cf. 1.8% in Crocidolite) (Malami and Grasserbauer 1982; Rinaudo et
al. 2004).
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4.8 Future trends

Increasingly, new developments in the field of microscopy combine
spectroscopic information and three-dimensional imaging to characterise
the substrate both chemically and structurally. Such developments are often
led by improved computer processing power and include Raman confocal
microscopy, transmission electron tomography and fluorescence lifetime
imaging, among others. Another trend is for resolution beyond the diffraction
limit using so-called super-resolution confocal microscopes which use various
physical methods (STED, 4Pi, PALM) to constrain the point spread function,
achieving sub-100 nm resolution with a light microscope. This is a rapidly
developing but highly specialised field.
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Structure development in synthetic fiber
production

T KIKUTANI, Tokyo Institute of Technology, Japan

Abstract: This chapter discusses the fundamental mechanism of fiber
structure development in melt spinning and drawing processes. The chapter
first reviews the general concept of fiber structure and the mechanism of its
formation in the processes of synthetic fiber production. The chapter then
focuses on the development of molecular orientation and crystallization,
and explains the mechanisms of their development categorizing crystalline
polymers into two groups depending on their glass transition temperatures.
The chapter also describes the history and recent advancement in the
macroscopic and microscopic analyses of fiber formation behavior through
modeling and on-line measurements.

Key words: molecular orientation, non-isothermal crystallization, fiber
structure, on-line measurement of fiber production processes, modeling of
process dynamics and structure development for fiber production processes.

5.1 Introduction

High-strength poly(ethylene terephthalate) (PET) fibers for tire-cords have
a tensile strength of around 1.0 GPa (0.72 N/tex) and elongation at break
of around 10%, while undrawn PET fibers prepared at a spinning speed
of 500 m/min have those values of around 100-200 MPa and 300-500%,
respectively. Such significant differences in mechanical properties of fibers
of the same material are due to the difference in higher-order structure, i.e.
the spatial arrangement of molecular chains in the fiber. Even comparing the
fibers of final products, ordinary polyethylene (PE) fibers have a strength of
around 200-300 MPa while high-strength PE fibers produced through the
gel spinning and super-drawing processes of ultra-high-molecular weight
polymer reach 3 GPa. These facts demonstrate the importance of the control
of structure development in the production of fibers.

Fiber structure is usually characterized by high molecular orientation
and high crystallinity with uniaxial structural symmetry with respect to the
fiber axis. For the control of the structure development in fiber processing,
mechanism of fiber structure development in both the melt and solid states
needs to be clarified. The former mainly corresponds to the spinning process,
and the latter to the drawing process. To simplify the discussion, fiber
production through the melt spinning process will be mainly dealt with in
this chapter.
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It is well known that the synthetic polymers can be classified into
crystalline and amorphous polymers. Most synthetic fibers are produced
from crystalline polymers. On the other hand, from the viewpoint of the
processing of polymer melt, crystalline polymers can be classified into two
groups depending on their glass transition temperatures being higher or lower
than the room temperature. This classification is useful for distinguishing
the difference in the fundamental mechanisms of fiber structure formation
through the melt spinning and drawing processes.

In comparison with other polymer processing technologies involving shaping
of polymer melt such as injection molding, blow molding, etc., processes
for fiber production appear to be rather simple since in most cases they
can be defined as the process of steady-state uniaxial stretching. However,
the processes are still complicated if one tries to predict the effects of the
changes of some parameters on the process behaviors and the properties of
resultant products. For such problems, fundamental analyses of the processes
through on-line (in-situ) measurement and modeling are necessary. In those
analyses, not only the variations of macroscopic parameters such as filament
diameter, velocity, temperature, etc., but also those of structural parameters
such as birefringence, crystallinity, etc., along the spinning line and drawing
line need to be considered.

In this chapter, fundamental mechanisms of fiber structure development in
the processes of fiber production will be discussed, paying particular attention
to both the effects of processing on structure formation and conversely the
effects of structure formation on the processing behavior.

5.2 Basic concept of fiber structure and its
formation in fiber processing

5.2.1  Structural model and related characteristics of
fibers

Although the structure of manufactured fibers appears to be much simpler
than that of natural fibers, it still consists of a hierarchical structure, and
control of the structure at each level of the hierarchy may be necessary to
obtain fibers of good properties. The hierarchical structure arises because of
the nature of polymeric materials, i.e. the structure in the polymer products is
always in a thermodynamically unstable state because of the presence of long
relaxation time components such as molecular entanglement. Accordingly,
a crystalline phase with limited crystallite size and an amorphous phase of
various states always coexist in crystalline polymeric materials.

Various levels of hierarchical structure can be classified as follows. The
first-order structure of the polymer is defined as the structure that can be
altered only through chemical reaction. The chemical structure of the repeating



Structure development in synthetic fiber production 159

unit, including various types of copolymers, is categorized in the first-order
structure. In addition, molecular weight, molecular weight distribution,
branching, stereo-regularity, etc., are also included in this category.

On the other hand, there are many more possibilities for structural differences
in polymeric materials, such as the variations of molecular conformation,
orientation, crystallinity, crystallite size, long period, liquid crystalline state,
mesomorphic state, etc. Such structural variations arise only through the
difference in the spatial arrangement of molecules without any effect of
chemical modification. Those kinds of structure are usually defined as the
higher-order structure.

In some cases, the higher-order structure is divided into the second-,
third- and higher-order structures. The second-order structure is defined
as the variation of the posture of individual molecules arising from the
difference in conformation such as planar zig-zag conformation, helical
conformation, etc. The third-order structure is defined as the state of the
inter-chain ordering such as crystalline, amorphous, liquid crystalline and
mesomorphic phases.

The structure on the larger scale such as the shape and size of crystallites,
the long period of the alternative structure of crystalline and amorphous phases,
and the fibrillar structure can be defined as the higher-order structure. The
orientations of the molecular chain and crystalline unit cell, which need to
be characterized with respect to a reference-axis fixed to polymer products,
are also defined as the higher-order structure.

Structural modeling of fibers has a long history. It started from the proposal
of the fringed micelle model (Herrmann et al., 1930), followed by the fringed
micellar micro-fibril model (Hess and Kiessig, 1944), and the layered para-
crystalline model (Bonart and Hosemann, 1962) which incorporated the
concept of folded chain lamellae crystals (Keller, 1957; Till, 1957; Fischer,
1957). The introduction of the concept of taut-tie molecules (Peterlin, 1969),
the finding of the shish-kebab structure (Pennings and Kiel, 1965) and the
proposal of the interlocked shish-kebab structure (Bashir et al., 1986) are
closely related to the high mechanical properties of fibers.

In fiber processing, the first-order structure is assumed to be intact (except
for a certain degree of thermal degradation, trans-esterification, etc.), and
therefore the structure control can be regarded as the process for the control
of the higher-order structures. The distinctive characteristics of the mechanical
properties of fibers are the co-possession of strength and flexibility, i.e. fibers
are stiff and strong against tensile stress along the fiber axis, but at the same
time fibers are flexible and soft for bending and twisting deformations. The
thin and long shape of the fiber itself brings about such unique characteristics,
and the property can be enhanced by the alignment of molecular chains along
the fiber axis to utilize the strength of their covalent bonds. The alignment
of molecular chains (or a certain axis or a certain plane in a crystalline unit
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cell) along a certain direction in the material is called the ‘orientation’. In the
case of fibers, the orientation factor usually denotes the degree of alignment
of the molecular chain along the fiber axis under the assumption of uniaxial
symmetry.

Dimensional stability at elevated temperatures is another important feature
of fibers. The thermal stability of polymeric materials can be greatly improved
through the formation of a well-developed crystalline structure. Therefore,
control of ‘crystallization’ is another crucial subject in fiber processing.
Mechanical properties and some other properties may also be improved by
crystallization.

5.2.2 Formation of the shape and structure of fibers
through fiber processing

As described in the previous section, the higher-order structure has significant
effects on the characteristics of resultant fibers. Accordingly, the formation of the
thin and long shape as well as the development of higher-order structure needs
to be carefully controlled in fiber production. Development of the higher-order
structure is mainly represented by the molecular orientation and crystallization.

The conventional process for the production of synthetic fibers consists
mainly of the spinning process and the drawing process. To a first
approximation, it can be said that the shape of fibers is formed mainly in
the spinning process, whereas the structure of fibers is formed mainly in
the drawing process. Naturally, there can be a certain degree of structure
formation in the spinning process, which may affect the properties of fibers
after drawing, and also there is a certain degree of thinning of fibers during
the drawing process.

Extreme exceptions in terms of the separated roles of the spinning and
drawing processes are the high-speed melt spinning process and the spinning
of liquid crystalline polymers. In both cases, the formation of fiber shape as
well as the development of fiber structure can be completed in the spinning
process.

5.3 Fundamental mechanism of structure
development

5.3.1 Two types of crystalline polymers from the
viewpoint of fiber processing

Processing conditions for the melt spinning and drawing processes and the
corresponding structure development will be outlined in this section. It is
well known that polymers can be classified into crystalline polymers and
amorphous polymers. Most synthetic fibers in the market are produced from
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crystalline polymers, mainly because of the necessity for high heat resistance.
Spinning of fibers can be accomplished by either melt spinning or solution
spinning. The latter can be classified into wet spinning, dry spinning and
dry-jet-wet spinning (air-gap wet spinning). It is always desirable to produce
fibers through the melt spinning process from the viewpoints of the simplicity
of the process, low production cost, environmental friendliness, etc. Solution
spinning may be adopted when the fibers produced through such processes
have distinguishable properties.

To discuss the mechanism of structure development in the production
of fibers, it is convenient to classify crystalline polymers into two groups:
those with their glass transition temperature (7)) higher than the room
temperature (7,) such as poly(ethylene terephthalate) (PET), polyamide 66
(PA66), polyamide 6 (PA6), poly(phenylene sulfide) (PPS), etc., and those
with their 7, lower than T, such as polyethylene (PE), polypropylene (PP),
polyoxymethylene (POM), etc.

The polymers with 7, > T, usually have a relatively low crystallization rate.
In the melt spinning process, molten polymer extruded from the spinneret cools
down and solidifies to form fibers. In this group of polymers, solidification
usually occurs because of the glass transition. Accordingly, amorphous fibers
with low molecular orientation are formed in the melt spinning process. In
the drawing process, such fibers are heated to a temperature slightly higher
than 7, to enhance the molecular mobility, and stretched. The fibers gain
high molecular orientation after the stretching while crystallinity is still
low. Subsequently, the fibers pass through an annealing zone to gain higher
crystallinity. During the annealing, fiber length is basically kept constant (a
small amount of additional stretching or relaxation may be given to control the
stress—strain behavior and dimensional stability). The annealing temperature
is assumed to be between 7, and T,,. A higher annealing temperature may
result in higher crystallinity and larger crystallite size. Multiple-step drawing
and annealing with increasing temperature may be necessary to apply high
drawing tension and a high annealing temperature.

In the case of polymers with 7, < T,, molten polymer needs to be
crystallized in the spinning process to obtain solidified fibers. Usually, this
group of polymers have high crystallization rate, and crystallized fibers with
low molecular orientation may be obtained in the melt spinning process.
Theoretically, drawing of the crystallized fibers should be performed at a
temperature higher than its crystalline dispersion temperature where molecules
in the crystals gain enough mobility. In many cases, molecular mobility of
the polymers in this category is fairly high and the drawing of those fibers
can be carried out even at room temperature. In this stage, destruction and
reorganization of crystallites may proceed to form a highly oriented crystalline
structure. An additional annealing process may be necessary as in the case
of polymers with T, > T, to obtain a well-ordered and stabilized structure.
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Differences in the structure development behavior in the spinning and drawing
processes of the two types of polymers are schematically summarized in
Fig. 5.1.

It is interesting to note that there is a demand for producing fibers from
polymers which have the characteristics of the combination of T, < T, and
low crystallization rate. Typical examples are aliphatic polyesters and their
copolymers, including aliphatic—aromatic copolyesters (Shi et al., 2005; Shi
et al., 2006), which are known to be biodegradable, and the elastomeric PPs
with extremely low tacticity prepared using metallocene catalysts. In these
cases, special care needs to be given to the melt spinning process, since
the fibers tend to be wound up on the bobbin in a rubbery state (without
crystallization) and may stick together in the worst cases. In addition,
structural changes such as crystallization and molecular orientation continue
to occur for a long time after the melt spinning. In contrast to most aliphatic
polyesters, poly(lactic acid) (PLA) has its 7, higher than room temperature.
From this viewpoint, PLA has better processability in comparison with other
aliphatic polyesters (Takasaki et al., 2003).

5.3.2 Fundamental mechanism of
molecular orientation

Molecular orientation in the molten polymer generally follows the stress-
optical rule (SOR). The SOR for fiber spinning can be described by the
following formula:

An = Co 5.1

where An is the birefringence and ¢ is the tensile stress. The stress-optical
coefficient C can be described as follows:

2 a2
Cc=_2n (n” +2)
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where k is the Boltzmann constant, n the mean refractive index and o; and
o, are the polarizability of the segment in the parallel and perpendicular
directions to the molecular chain axis respectively. If the intrinsic birefringence
of the polymer melt can be defined as An_, the orientation factor f can be
described as follows:

An *
=——=Co 5.3
! An,
where C* = ¢ 5.4
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The parameter C", which can be called the stress-orientation coefficient,
represents the orientability of polymers in the flow. The stress-orientation
coefficient should have close correlation with the rigidity of the molecular
chain.

In principle, the stress-optical rule is based on the correlation between the
developments of entropic stress and optical anisotropy of elongated chains.
Accordingly, this rule can be applied to a wide variety of polymer melts
regardless of their characteristics being either viscous or viscoelastic.

From the viewpoint of fiber processing, lower temperature and higher
strain rate lead to a higher degree of molecular orientation because of the
development of higher tensile stress. It should be noted that the amount of
deformation, such as the draw-down ratio in the spinning process, does not
have a direct influence on the orientation development. In principle, polymers
with higher rigidity of the molecular chain and with higher anisotropy
of polarizability between the directions parallel and perpendicular to the
molecular chain axis have a high stress-optical coefficient. The influence of
the difference in polarizability—anisotropy on the stress-optical coefficient
can be eliminated and the rigidity of the polymer chain can be directly
compared if the parameter C* given in eq. 10.4 is introduced. Unfortunately,
the definition of An_ is not clear; however, if the intrinsic birefringence of
the crystalline unit cell is used instead of An_ , stress-optical coefficients and
stress-orientation coefficients of some polymers can be compared as listed
in Table 5.1.

In general, it can be said that the rigid molecules such as those of liquid
crystalline polymers can be aligned easily in a molten state utilizing the
extensional flow in the spinning process, whereas it would be more reasonable
to align flexible molecules such as those of PE and PP in a solid state using
the drawing process (Ziabicki, 1993). This principle is applicable as far as
the molecular orientation in the polymer melt is considered. It should be
noted, however, that the mechanism of orientation development of PE and

Table 5.1 Stress-optical coefficient and stress-orientation coefficient of various
polymers

Polymer Stress-optical Intrinsic Stress-orientation
coefficient birefringence coefficient
(GPa™) (GPa™)

Polyethylene (PE) 1.2 0.12 10

Polypropylene (PP) 0.83 0.060 13

Polyamide 6 (PAB) 1.8 0.094 19

Poly(ethylene terephthalate) 4.9 0.22 22

(PET)

Poly(ethylene naphthalate) 13 0.49 27

(PEN)
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PP fibers after melt processing follows a different principle, which will be
discussed later (Section 5.4.3).

On the other hand, orientation development in the solid state is basically
governed by the degree of deformation, i.e. the draw ratio in uniaxial
stretching. Two extreme cases can be considered. One is the stretching of a
rubber-like solid with a limited number of physical crosslinks. In this case,
under the condition of the affine deformation of the crosslinked network
structure, the relation between the stretch ratio A and the orientation factor
f can be described as follows:

1
_ 2
f_KNC(/l l) 55

where N, is the number of molecular chains between entangled points, and
K is a constant. This formula is based on the same concept as that for eqs
5.1 and 5.2 in that the length of the molecule between the two adjacent
physically crosslinked points is considered to be much greater than the
distance between those crosslinked points. The other extreme case assumes
the affine deformation of every segment in the system, where the orientation
factor can be described as follows:

2 —
f _ 3 <COS 9) 1 5.6
2
where
1 2 —t -1
(cos? 0) = d+r )(;3 an” r) 5.7
and
r=4A =1 5.8

This corresponds to the highly cooperative mutual displacement of molecules
in the system. Equations 5.5 and 5.6 predict the minimum and maximum
values of the orientation factor, respectively.

5.3.3 Fundamental mechanism of crystallization
under non-isothermal conditions

Fundamental researches on polymer crystallization have been carried out
mostly under quiescent and isothermal conditions, whereas crystallization in the
fiber processing occurs under anisotropic and non-isothermal conditions.

The time-course increase of crystallinity is usually described using the
Avrami equation:
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X(t) n
X =1—exp[-(Kt)"] 5.9

©

where X(?) is the crystallinity at time ¢ and X. is the infinite crystallinity. K
is the crystallization rate constant and n* is the Avrami exponent.

Under the assumption of the isokinetic condition, where the crystallization
behavior can be described based on the instantaneous crystallinity and
temperature and is independent of the crystallization history, the Avrami
equation can be extended to the equation for the non-isothermal crystallization
as follows (Nakamura et al., 1972).

X@) =1-exp —Uﬂ K(‘L’)df} 5.10
X 0

In this equation the term in the exponential function corresponds to the
imaginary non-dimensional volume of the crystal without the effects of
overlapping and impingement during the crystal growth.

For the prediction of crystallization behavior using eq. 5.10, information
on the temperature-dependent crystallization rate is necessary. In general,
crystallization does not proceed at temperatures below the glass transition
temperature 7, and above the melting temperature 7y, and accordingly the
temperature dependence of the crystallization rate has a bell-shaped curve
with a maximum around the midpoint of 7, and T,

Crystallization in the melt spinning process occurs under the cooling
condition. If the latent heat of crystallization is considered, the relation
between the variations of temperature 7 and crystallinity X can be described
as follows (Nakamura et al., 1972):

a7’ _ R 7 _ AH dX
d G, (T -T)+ C, dt

5.11
where R is a parameter representing the cooling rate, C, the specific heat, T,
the ambient temperature and AH the latent heat for 100% crystallization.
The most probable condition for crystallization under cooling is considered
to be the crystallization at a constant temperature where the heat removed by
the cooling and the heat generated by the crystallization are balanced. Such
condition can be determined as the intersection point of the crystallization
rate curve and the cooling rate line as shown schematically in Fig. 5.2(a).
In this figure, the straight line representing the cooling rate corresponds to
the first term on the right-hand side of eq. 5.11, which indicates that the rate
of heat removal from the system decreases linearly with the cooling, i.e. in
proportion with the decrease of temperature difference between the polymer
and the ambient air. It may be easily understood from this diagram that
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the crystallization temperature becomes lower with the increase of cooling
rate.

It should be noted that Fig. 5.2(a) represents the behavior of polymers
with their Tg lower than room temperature, such as PE, PP, POM, etc. On
the other hand, Fig. 5.2(b) corresponds to polymers with 7, higher than
room temperature, such as PET, PA66, PA6, PPS, etc. In the slow cooling
of such polymers, the behavior is similar to that observed in Fig. 5.2(a);
however, in the rapid cooling, there can be a condition where there is no
intersection point between the crystallization rate and cooling rate lines. In
such condition, fibers in an amorphous state may be obtained.

Ty " Tr Rapid cooling

Crystallization rate
Slow cooling

Crystallization
temperature

Crystallization rate, cooling rate

Ty Ta Tm
Temperature
(a) PE, PP, POM, etc.

Rapid cooling

Crystallization rate

Slow cooling

No crystallization
Crystallization
temperature

Crystallization rate, cooling rate

.

Temperature
(b) PET, PA66, PAB6, etc.

5.2 Schematic of the relation between temperature-dependent
crystallization rate curve and cooling rate line of different cooling
rates: (a) polymers with Ty < T, (b) polymers with Ty > T,.
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5.3.4 Effect of flow on crystallization

It is well known that the crystallization rate increases in the flow field where
development of molecular orientation proceeds. The following explanation is
generally given for the mechanism of the enhancement of crystallization in
the flow. Because of the molecular orientation, entropy of the melt decreases,
and the entropy difference between the crystalline state and the molten state
decreases. This leads to the increase of the equilibrium melting temperature,
and therefore the increase of crystallization rate at a given temperature.

The effect of the orientation on the crystallization kinetics can be
incorporated by adding a term of orientation or stress to the equation for the
crystallization rate. For example, the following formula for describing the
effect of birefringence development on the crystallization rate was proposed
(Alfonso et al., 1978):

K(T, An) = K(T, 0) exp(A An?) 5.12

The effect of stress or orientation on the crystallization rate can be schematically
expressed as shown in Fig. 5.3. In fiber processing, development of molecular
orientation near the extrusion temperature is negligible. Orientation increases
gradually with the thinning and cooling of the spinning line. Therefore the
crystallization rate in fiber processing may vary in a way represented by the
broken line in Fig. 5.3.

It is interesting to note here that there is a possibility of the occurrence of
crystallization at a temperature below that of the maximum crystallization
rate. In this case, evolution of the heat of crystallization leads to an increase
in temperature and to a further increase of the crystallization rate. In other
words, once crystallization starts to occur, the heat of crystallization enhances

Crystallization rate

2 in fiber spinning
o \ Effect of stress,
5 [ orientation
= Y <
©
N
©
®
&
[8)

T Ty

Temperature

5.3 Schematic of the effect of applied stress or orientation on
crystallization rate. The broken line indicates the change of
crystallization rate in the melt spinning process.
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the crystallization, and the crystallization proceeds up to the maximum
value of crystallinity because the ‘snowball effect’ governs the progress of
crystallization.

The sudden increase of crystallinity with a slight change of processing
condition can be found in typical birefringence and density vs. take-up
velocity plots for high-speed spinning of PET as shown in Fig. 5.4. This
figure shows that molecular orientation (birefringence) increases gradually
with the take-up velocity while crystallinity (density) shows a sudden increase
at the take-up velocity of around 4 km/min (Shimizu et al., 1981). On-line
temperature measurement of the high-speed spinning line of PET and PA66
also showed a temperature increase, not a plateau, because of crystallization
at a position immediately below the neck-like deformation (Kikutani et al.,
1989; Haberkorn et al., 1993).

Molecular orientation has a significant influence on crystallization rate.
For example, the crystallization rate analyzed through on-line temperature
measurement in the high-speed melt spinning process of PET is 10* to 10°
times higher than that in the quiescent state. More specifically, it takes about
10 seconds for the PET sitting still to crystallize at 160°C, the temperature
close to that of the maximum crystallization rate, whereas the crystallization
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5.4 Birefringence and density plotted against take-up velocity for
poly(ethylene terephthalate) fibers obtained in the high-speed melt
spinning process. Wide angle X-ray diffraction patters of fibers
obtained at 4 and 5 km/min are inserted in the figure.
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of PET in the high-speed melt spinning process at the take-up velocity of 6
km/min proceeds within 1 ms. It should be noted here that the filament runs
10 cm in 1 ms at the speed of 6 km/min, and analysis of crystallization rate
within the time-resolution of 1 ms is possible through the detection of the
heat of crystallization in temperature measurement of the steady-state melt
spinning line (Kikutani et al., 1989).

5.3.5 Limitation of the theory based on the
assumption of isokinetic crystallization

Up to this point, crystallization kinetics have been discussed based on the
assumption of isokinetic conditions. There is a certain limitation to the validity
of this assumption. For example, it was pointed out that crystallization with
the growth of spherulites simply does not follow this assumption. This fact
can be explained as follows. At a certain degree of crystallinity, the system
can contain either a small number of large spherulites or a large number
of small spherulites, depending on the temperature history the materials
experienced up to that moment. If the linear growth rate of each spherulite is
independent of spherulite size, the latter (large number of small spherulites)
has a higher crystallization rate because of the larger total surface area of
the spherulites. This contradicts the assumption of isokinetic conditions in
that the crystallization rate at a certain temperature is only a function of
instantaneous crystallinity.

To overcome such a contradiction, a theory on the crystallization kinetics
under the effect of flow based on the formation of a shish-kebab structure was
proposed (Eder and Janeschitz-Kriegl, 1997). In this theory, the nucleation
and unidirectional growth of shish and also the epitaxial growth of disk-like
kebab around the shish were assumed as in the case of the nucleation and
growth theory for the spherulites under the quiescent state. It is interesting
to note that the spontaneous increase of molecular orientation accompanied
by crystallization also can be predicted based on this theory.

5.4 Analyses of structure development
behavior in fiber processing

5.4.1 Incorporation of crystallization kinetics into the
numerical analysis of the melt spinning process

Modeling of the melt spinning process was accomplished by Kase and
Matsuo (1965) by numerically solving the fundamental equations, i.e. mass
balance equation, momentum balance equation, energy balance equation and
the constitutive equation, which describe the flow behavior of the polymer
melt. In the numerical simulation, variations of macroscopic parameters
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such as diameter, velocity, temperature and tensile force along the spinning
line can be predicted.

On the other hand, for the prediction and control of the properties of melt-
spun fibers, theoretical analysis of the structure formation behavior in the
fiber processing is highly desirable. An equation describing the crystallization
kinetics needs to be incorporated in order to predict the crystallization
behavior in the spinning process. In the analysis, the crystallization rate may
be expressed as a function of crystallinity, temperature and either molecular
orientation or tensile stress as discussed in the previous section. In addition,
the effect of the evolution of latent heat needs to be incorporated into the
energy balance equation. Another important feature which needs to be
considered is the effect of crystallization on the flowability of the polymer
melt.

There have been various attempts to predict structure development behavior
in the melt spinning process. Attempts to incorporate crystallization behavior
into the numerical simulation of the melt spinning process appeared in the
book on high-speed fiber spinning (Katayama and Yoon, 1985; Shimizu
et al., 1985a). In these reports, crystallization was predicted based on
the assumption of isokinetic conditions. Subsequently, many researchers
proposed the improvement of models for prediction of structure development
(Zieminski and Spruiell, 1988; Bhuvanesh and Gupta, 1995; Ziabicki et al.,
1998; Forest and Ueda, 1999).

More recently, the effect of crystallization on the flow behavior was
incorporated into the numerical model of the melt spinning process, assuming
that the polymer flow consists of a stretchable amorphous phase simulated
as a viscoelastic fluid and a non-stretchable but orientable crystalline phase
approximated to a rigid rod (Doufas et al., 2000). In this model, the amorphous
phase and the crystalline phase which grows and orients in the flow are
coupled through the stress and momentum balance, while the crystallization
behavior is still predicted based on the isokinetic condition.

On the other hand, a model for the description of crystallization behavior
in both low- and high-speed spinning has recently been proposed (Meerveld et
al., 2008). The effects of quiescent nucleation and growth of spherulites and
flow-induced nucleation and longitudinal growth of fibrils were incorporated in
this model, and accordingly the appearance of a minimum in the relationship
between take-up velocity and crystallinity of as-spun fibers was predicted.
This prediction qualitatively agrees well with the experimental observation
for the melt spinning of polypropylene in that crystallinity decreases with
increasing take-up velocity in the low-speed region because of the increase
of cooling rate, while crystallinity increases with the take-up velocity in
the high-speed region because of the enhanced effect of flow-induced
crystallization (Cao et al., 1989).

Researches on the modeling of structure development in the drawing
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process are limited because of the difficulty of obtaining an appropriate
constitutive model for deformation. The profiles of the fiber velocity,
stress, strain rate, temperature and crystallinity between the take-up roll
and the draw roll were simulated (Makradi et al., 2006) using a cooperative
elastic—viscoplastic model for the constitutive equation and the isokinetic
model for crystallization following Doufas’ model (Doufas et al., 2000). In
the energy balance equation, heat generation by viscous dissipation and the
latent heat of crystallization were incorporated.

5.4.2 On-line measurement of crystallization

On-line monitoring in the spinning and drawing processes provides valuable
information for better understanding of the mechanism of fiber formation
including structure development. Velocity, diameter, tensile force and
temperature of the spinning line and drawing line are the macroscopic
parameters which represent the fiber formation behavior from the viewpoint
of the transfer phenomena. On the other hand, from the viewpoint of structure
development, on-line measurements of structural parameters such as molecular
orientation and crystallinity are indispensable.

Since the 1960s, there have been various attempts at on-line measurement
of the wide-angle X-ray diffraction (WAXD) and small-angle X-ray
scattering (SAXS) patterns of the spinning line to capture the information on
crystallization, crystalline orientation, development of the crystals of multiple
orientation modes, etc. (Katayama et al., 1968; Ishizuka and Koyama, 1976;
Haberkorn et al., 1993). The availability of synchrotron radiation facilities
provided significant progress in this field (Cakmak et al., 1993; Samon et al.,
1999). The simultaneous appearance of c-axis and a*-axis oriented crystals
was confirmed in the low-speed melt spinning of polypropylene (Kolb et al.,
2000a). On-line measurement of the crystallization behavior for polymers
with high crystallizability such as PE and PP is relatively easy because
crystallization proceeds under mild spinning conditions. On-line measurement
in the melt spinning process of PET is much more difficult because a high
spinning speed is required for the occurrence of crystallization. Capturing
the crystalline reflections of PET in WAXD patterns was accomplished by
adopting special measurement techniques such as the use of helium gas for
the reduction of air-scattering (Hirahata et al., 1996; Kolb et al., 2000b).

On-line X-ray measurement during the continuous drawing process was
attempted for the drawing line of polyamide 66 using a low-power X-ray
generator (Hsiao et al., 1996). Recently, combination of the applications of
a synchrotron radiation source and the irradiation of a carbon dioxide laser
for the heating of running fiber made it possible to capture the crystallization
behavior in the continuous drawing process of PET with an extremely high
time-resolution of less than 600 us. In this analysis the formation of a
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mesomorphic structure prior to the development of a highly oriented triclinic
structure was clearly detected (Yamaguchi et al., 2008).

On-line temperature measurement is also a useful method for the analysis
of crystallization behavior if the heat of crystallization can be detected as
described previously (Kikutani et al., 1989). The heat of crystallization was
also detected in the continuous drawing process of PET with carbon dioxide
laser irradiation (Yamaguchi et al., 2005).

5.4.3 On-line measurement of orientation
development

Development of molecular orientation can be detected through the on-line
measurement of birefringence. In this section, analysis of the structure
development behavior through on-line birefringence measurement will
be discussed, comparing the results for the melt spinning of two typical
crystalline polymers, PET and PP.

Variations of diameter and birefringence along the spin-line for high-
speed melt spinning of high molecular weight PET with intrinsic viscosity
of 1.0 dl/g at various take-up velocities are shown in Fig. 5.5 (Kikutani et
al., 1999). The final diameter decreased with the take-up velocity because
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5.5 Changes of diameter and birefringence along the spinning line
for high-speed melt spinning of high molecular weight PET.
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the throughput rate was kept constant. Diameter reduction along the spinning
line tended to concentrate near the solidification point with an increase in
the take-up velocity, and showed a so-called neck-like deformation at 4 and
5 km/min. The birefringence increased steeply at the neck-like deformation.
The solidification point also shifted upstream with the take-up velocity, which
indicated the increase of crystallization temperature. It can be noticed that
even at 3 km/min, there was a concentration of birefringence development
around 160-180 cm where a relatively steep diameter reduction occurred.

In order to confirm the applicability of the stress-optical rule, variations
of temperature and tensile stress along the spinning line were analyzed
based on the tensile force measurement near the take-up position and the
numerical analysis of the spinning line dynamics. Considering the temperature
dependence of the stress-optical coefficient shown in eq. 5.2, a log—log plot
of the relation between birefringence and a parameter calculated by dividing
the tensile stress by the absolute spinning line temperature was prepared as
shown in Fig. 5.6.

It can be seen from this figure that the birefringence and the stress/
temperature showed a linear relation with a slope of unity up to a birefringence
of about 0.020. From the intercept of the straight line at birefringence of
10°, a C x T value of 1.66 K/MPa, which corresponds to a stress-optical
coefficient of 4.8 GPa™' at 70°C, was obtained. Above this region there
was a steep increase of birefringence followed by a tendency of saturation
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5.6 Log-log plot of the relation between birefringence and stress/
temperature obtained through on-line measurement in the melt
spinning of PET.
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at different levels depending on the take-up velocity. The steep increase of
birefringence indicated the starting of the spontaneous birefringence increase.
This region corresponds to the formation of partially oriented yarn (POY),
and the spontaneous birefringence increase is the origin for the applicability
of the draw-texturing process to POY.

A similar experiment was carried out for PP with MFR 35 at an extrusion
temperature of 200°C and a throughput rate of 3.0 g/min (Urabe et al.,
2000). As shown in Fig. 5.7a, steep diameter reduction along with the steep
birefringence increase was observed at around 140 cm from the spinneret at
the take-up velocity of 4 km/min. It is interesting to note that birefringence
increased continuously even after the completion of thinning. It was also
confirmed that there was a continuation of gradual birefringence increase
even after the spinning process.

It has been known that the birefringence of PP fibers estimated from
applied tensile stress in the spinning process is far below the birefringence
of as-spun fibers if the stress-optical coefficient obtained through the
fundamental analysis of polymer melt of PP is adopted (Shimizu et al.,
1985b). Continuation of the increase of birefringence after the solidification of
the spinline observed in Fig. 5.7 should be the origin of such a discrepancy.
Analyses of tensile stress in this spinning condition suggested that the stress-
optical rule is applicable only up to the end part of steep thinning. After
that, spontaneous increase of birefringence, which is probably accompanied
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by the crystallization, started. The starting point of the spontaneous increase
of birefringence corresponded to the spinline stress of about 1 MPa. The
discrepancy between the birefringence of as-spun fibers and that estimated
from the spinline stress was prominent even at low take-up velocities such
as 0.5 km/min.

As shown in Table 5.1 in Section 5.3.2, the stress-optical coefficient of
PET is about six times higher than that of PP. If the intrinsic birefringence
of crystals is used instead of the birefringence of fully oriented polymer
melt, the stress-orientation coefficient of PET is 1.6 times higher than that of
PP. In addition, the results of on-line birefringence measurement suggested
that the critical level of orientation from which spontaneous orientation
development starts is 0.085 for PET and only 0.013 for PP.

The extremely low level of critical orientation for the start of spontaneous
orientation development, which may be accompanied by flow-induced
crystallization, results partly from the use of the intrinsic birefringence of
crystals instead of the intrinsic birefringence of polymer melt; however,
it would be more appropriate to consider that not only the instantaneous
orientation (or stress) level but also the flow history plays an important
role in the occurrence of flow-induced crystallization. The importance of
flow history may depend strongly on the type of polymers and processing
conditions.

Recently, various researchers have conducted analyses on the effect
of flow on the crystallization behavior of PP using synchrotron radiation
facilities. Even though flow was applied to the polymer melt for a certain
period, and the crystallization behavior was analyzed after the cessation
of flow, enhancement of the crystallization behavior was clearly observed
(Kornfield et al., 1999; Swartjes et al., 2003).

5.5 Conclusions and future trends

In the production of fibers, understanding of the relation between processing,
structure and properties is the most important concept for the development
of fibers with distinguishable properties.

There can be two types of research on fiber structure development. One
is the analysis of structure development behavior of polymers under well-
defined conditions, and the other is research on the dynamic behavior of the
fiber processing and structure development in which mutual effects of the
processing and structure development need to be considered.

In the former case, although the degrees of orientation and crystallinity are
considered to be the dominant factors for determining the properties of fibers,
mechanisms of the formation of more complicated hierarchical structures
should be investigated. A typical example proving the importance of this
subject is the control of the amount of ‘shish’ (or tie-molecules), which is
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considered to be closely related to the ultimate mechanical properties of fibers.
Recent researches suggest the importance of molecular entanglement for the
formation of ‘shish-kebab’ structure, and there has been intense discussion
on the mechanism of shish-kebab structure formation such as whether the
shish consists selectively of high molecular weight components (Ogino et
al., 2006; Kimata et al., 2007). Another important subject is the detailed
analysis of structure development behavior at temperatures near 7, where the
material behaves like solid or molten polymer depending on the processing
conditions.

In the latter case, researches on the effect of structure development on
the flowability and deformability of a polymer are an important subject.
The effect of flow history on the viscoelastic properties of polymer melt
has been widely studied; however, researches on the effect of crystallization
on the variation of flowability of polymer melt are limited (Lamberti et al.,
2007).

5.6 Sources of further information and advice

Ziabicki A (1976), Fundamentals of Fibre Formation — The Science of Fibre
Spinning and Drawing, John Wiley & Sons

Ziabicki A and Kawai H, eds (1985) High-speed Fiber Spinning — Science
and Engineering Aspects, John Wiley & Sons

Nakajima T, ed. (1994), Advanced Fiber Spinning Technology, Woodhead
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The structure of polyester fibers

A J EAST, Medical Device Concept Center, USA

Abstract: The chemistry of condensation polymers and ring-opening
polymerization is described. The polyesters discussed include both aromatic
and aliphatic polyesters and their chemical and thermal stability. Polymer
morphology, amorphous and semi-crystalline polymers and the concept of Tg
are discussed and how chemical structure governs fiber properties. Processes
like melt-spinning and drawing, and texturizing are summarized.

Key words: polyesters, polycondensation, ring opening polymerization, PET,
PEN PBT, PTT, polylactide, biodegradable polyesters.

6.1 Introduction

Polyesters comprise the largest amount of totally synthetic polymer produced
in the world. A press report (1) in March 2007 estimated the total global
production to be 25 million tonnes, growing at a rate of 5% p.a. Polyester
accounts for 75% of all man-made fibers in the world. The vast majority is
polyethylene terephthalate (PET) and while most of this goes into fibers, a
substantial portion (between 10 and 20%) now goes into PET beverage bottles.
Other polyesters such as poly(butylene terephthalate) (PBT), poly(trimethylene
terephthalate) (PTT) and polyethylene naphthalate (PEN) are miniscule in
volume compared with PET, but have their particular markets, as we shall
see (2, 3).

Polyesters are condensation polymers or step-growth polymers and as such
are quite different in polymerization chemistry, molecular structure and polymer
architecture from addition polymers such as polyethylene, polypropylene and
polyvinyl chloride (PVC). Polymers, from the Greek for ‘many parts’, are
long-chain molecules built up systematically from smaller molecules called
monomers (Greek ‘one part’). Condensation polymers are usually made by a
polycondensation reaction. Taking PET as typical, two monomers, which are
both bifunctional (i.e. two reactive groups) react together to split out a third
component, usually a small molecule, such as water. It was this elimination
of water that originally gave rise to the name polycondensation. The reaction
used to form PET uses so-called AA, BB monomers. The reactive groups
are of two types, A and B, which in this case are [-COOH] and [-OH], and
each monomer molecule contains two identical groups, either A or B. Other
monomers are of the AB type, where each monomer has one each of group A
and B at opposite ends. It will be appreciated that to obtain a long molecular
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chain, and hence a high molecular weight (mass), exactly the same number
of A and B groups must be present. Polymer chemists call this stoichiometric
balance. If there is any imbalance, eventually an extra A or B group will
‘play gooseberry at the dance’ and have no partner with which to link up,
hence the growing polymer chain will come to a dead end. AB monomers
have the advantage that correct stoichiometry is automatic, unless one of
the reactive ends decomposes before it can fully react. However, often the
molecular architecture for the desired fiber end-use requires a polymer of
the AA, BB type.

There is another type of polyester-forming monomer, related to the AB
type, which uses a different polymerization reaction. This is the ring-opening
polymerization (ROP) reaction. The monomer is a cyclic ester called a
lactone (the name is derived from lactic acid) with the reactive groups A
and B already combined to make a preformed ester link as part of a ring.
In the presence of certain catalysts, the rings split open at the ester group
and the nascent A, B groups rejoin to form a long polymer chain joined by
new ester linkages. Nothing is split out and no substances are evolved. The
polymer is identical in structure to the linear polyester made by from an AB
monomer but ROP polymerizations have different kinetics and molecular
weight distributions. It is possible to make extremely high MW polymers
in this way, and in some ways the ROP reaction is more akin to a double
bond addition polymerization. If you think of a double bond as a two-atom
ring, the parallel is clearer. Typical polyester monomers that polymerize
by ROP reactions are glycollide, lactide and e-caprolactone. The polymers
are aliphatic polyesters and these are used in biodegradable or bio-erodable
polymers, either for biomedical applications (like soluble sutures) or in
environmentally friendly, disposable items which will degrade into harmless
products on exposure to the weather.

Polyesters, as their name indicates, are made by forming ester units as
the link-forming reaction, so the ester units (-CO-O-) form an integral
part of the polymer chain. PET is made up from terephthalic acid, which is
benzene 1,4-dicarboxylic acid, and ethane-1,2-diol, usually called ethylene
glycol. This was once familiar as automotive antifreeze, but is now being
replaced by less toxic materials. In formal terms, the two monomers split
out a molecule of water and form a link in the polyester chain, but this is
an oversimplification. In practice, the chemical process is more complex, as
we shall see.

There are many other kinds of condensation polymers besides polyesters.
Depending on the linking group, these include polyamides (-CONH-),
polyurethanes (-NH-CO-O-), polycarbonates (-O—-CO-0O-), polythioesters
(-CO-S-), polyureas (-NH-CO-NH-), polyhydrazides (-NH-NH-CO-),
polyazomethines (-CH=N-); in fact any molecular grouping that is readily
formed by a condensation reaction can be adapted to make a polymer. Some
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linkages are too costly or too thermally unstable to be satisfactory and the
main commercial condensation polymers are chiefly polyesters, polyamides,
polycarbonates and polyurethanes.

One important consideration is the type of chemistry involved in making
the polymer links. The overriding consideration is that the reaction must go
in 100% yield; if it does not, we shall not obtain high molecular weights.
Thus for polyesters, we must examine all the ways to make ester links in
high yield. These include direct esterification of an acid with an alcohol, ester
exchange, and more exotic methods such as reaction of an acid chloride with
a hydroxyl group, often in the presence of a base to remove the hydrogen
chloride by-product. The most convenient reactions are those which do not
evolve corrosive by-products and can be carried out in the liquid phase,
preferably in the melt. There are cases where an inert solvent is needed, as
in the case of certain polycarbonates. Here one of the reactants is phosgene, a
gas, which dissolves in the solvent. There is also solid-phase polymerization
which is widely used to increase the molecular weight of polyesters and we
shall meet it later on.

Condensation polymer chemistry started around the early 1930s. Its
‘father’ was Dr Wallace H. Carothers of the DuPont Company (4). He began
a serious study of melt-phase polymerization of various small molecules
with the aim of making large polymeric molecules. This was only 15 years
after the ideas of Hermann Staudinger (5) were published, implying that
polymers were simply very large molecules linked by normal chemical
bonds. This idea may seem obvious now, but was quite revolutionary at the
time and in eventually in 1953, Staudinger was awarded the Nobel Prize for
Chemistry. Carothers used various monomers, including hydroxy-acids (AB
type), diacids and diols (AA, BB type) and in some of his earliest work he
even made polymeric acid anhydrides, such as polysebacic anhydride.

He recognized that his monomers must contain a certain minimum length
of carbon chain or else they would simply react with themselves to form
cyclic esters or lactones. Knowing that five-, six- and seven-membered rings
are the most easily formed, he used omega-hydroxy-acids with 8—10 carbon
atoms. He found that to remove the last traces of volatile by-products like
water or methanol from the polymer melt was difficult and needed elaborate
high vacuum equipment with mercury diffusion pumps. During this work
he established a fundamental rule for condensation polymers, often called
Carothers’ Law, which states that if the extent of a chemical reaction is
p (where 1 > p > 0) then the molecular weight of the polymer varies as
1/(1 = p). In other words, as the extent of reaction approaches 100%,
the MW of the polymer approaches infinity. This means that removing
those last few traces of by-product drive the molecular weight up on a
logarithmic scale. By the same token, extremely pure monomers must be
used, for any non-functional impurity would lower the ultimate molecular
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weight. The importance of his pioneering studies cannot be minimized:
he laid logical foundations for all the studies of polymer chemistry that
have since followed.

Carothers was able to make aliphatic polyesters with a molecular weight
high enough (MW > 9000) and melts that were viscous enough for fibers
to be drawn from the melt. Such fibers could be stretched (cold-drawn)
to become surprisingly strong. But they were very low-melting (around
55-70°C) and easily soluble in chloroform and various dry-cleaning solvents,
thus rendering them useless for textile fibers. He theorized that polyamides
would be higher-melting and also insoluble in such solvents and went on to
discover nylon, the first entirely synthetic fiber to be a commercial success.
Nylon needs no description, but many people may not know that its first
commercial use in the late 1930s was not in hosiery at all, but as an improved
toothbrush bristle!

6.1.1  Polymer viscosity and molecular weight

In discussing polymers, we must know how to characterize them. One of the
major parameters of any polymer is its molecular weight (MW), which is
related to the length of the polymer chain. Generally, the longer the chain,
the stronger and tougher the fiber made from the polymer. MW is a statistical
property because any polymer sample contains many polymer chains of
different individual MWs. One way to get an approximate MW is to measure
the solution viscosity of the polymer. As the MW of the polymer rises, the
more viscous a standard solution of the polymer in a solvent becomes. This
measurement is usually measured in a Ubbelohde viscometer, where a set
volume of polymer solution flows through a capillary tube and the flow time
between two marks is measured. The viscometer is sensitive to changes in
temperature, so it is held at 25°C (+ 0.5°) in a constant temperature bath.
The flow time of a standard solution is compared with the blank flow time
of pure solvent. The polymer concentration ¢ is measured in g/deciliter.
This simple measurement gives the relative viscosity or viscosity ratio (RV
Or 7),.1)- Another parameter is reduced viscosity which is (RV — 1). The
quantity (RV — 1)/c is called the specific viscosity (ny,). Finally, inherent
viscosity, (M) 18 (log. RV)/c. If we plot the values of 7y, and 7;,, against
¢ at increasing dilution, we obtain two converging linear plots which tend
to the same value as ¢ tends to zero. This asymptotic value is the intrinsic
viscosity (IV), [n], and its units are deciliters/g. IV is important because
we can calculate the molecular weight from the IV by the Mark—-Houwink
Equation. This says that:

[n]=KM¢

where M, is the viscosity average MW and K and ¢ are constants which



The structure of polyester fibers 185

depend on the solvent. This is an empirical relation but useful nonetheless.
For absolute values of MW, other methods such as osmometry or light
scattering must be used, which can be time-consuming. By comparing
results, the constants M and o have been calculated for many polymer/
solvent combinations.

Semi-crystalline polymers like PET will only dissolve in agressive solvents
like o-chlorophenol or a mixture of phenol and tetrachloroethane. Acidic
solvents like hexafluoroisopropanol (HFIP) and mixtures of HFIP with
pentafluorophenol (PFP) have been introduced in recent years. They will
dissolve at room temperature highly crystalline polymers, like PBT or PET
that has been subjected to solid-phase polymerization. In earlier days, drastic
conditions such as dichloracetic acid at 100°C were necessary to dissolve
SPP PET and later work showed that these severe conditions degraded the
polymer. In fact, the IV achieved by the SPP process was significantly higher
than at first thought.

6.2 The main types of polyester

Polyethylene terephthalate (PET) was invented in 1941 by J. Rex Whinfield
and J. T. Dickson in England at the Calico Printers Association Laboratories
(6). In addition to PET (2GT), Whinfield and his colleagues also invented
PBT (4GT) and PTT (3GT) and not only made the polymers, but melt-spun
them into fibers and measured their fiber properties. It was a remarkable piece
of work, considering the difficult times during the early days of World War
II. Because of this, there was no possibility at all that these materials could
be developed commercially until the war was over. Around 1946-48, ICI
in England and DuPont in the USA began to develop PET as a commercial
product, called Terylene™ in the Britain and Dacron™ in the USA. With
the benefit of hindsight, it may seem surprising that Carothers did not
investigate PET, but we must remember that terephthalic acid in the 1930s
was a laboratory curiosity of no commercial interest. There is circumstantial
evidence that one of Carothers’ colleagues did try to make PET but the results
were disappointing and the idea was never pursued. Happenstance often
affects innovation in this way. In fact, once the route to making consistently
high MW was developed, PET turned out to have very desirable properties
as a textile fiber. It was strong, flexible and readily melt-spun into very fine
fibers. It had a tensile modulus much higher than nylon, and fabrics made
from PET, once heat-set, were remarkably resistant to creasing. Pleats set
in by steaming maintained their crease, even after washing with hot water.
Fortunately at this time (early 1950s) accordion-pleated ladies’ skirts were
fashionable and PET/wool blend fabrics were very suitable. Likewise wool/
PET men’s suiting fabrics maintained their style without constant pressing.
Pants stayed in crease, jackets kept their drape without wrinkling and PET/
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cotton shirts remained crisp: the phrase ‘wash-and-wear’ began to enter
the common parlance! These fortunate conjunctions in popular taste and
fashion (for both genders) ensured that polyester fiber got off to a good
commercial start.

PBT (4GT) was made using butane-1,4-diol as the glycol in place of
ethylene glycol. In pre-WWII Germany, Dr P. Schlack had developed a melt-
spinnable polyurethane fiber (Perlon-U) based on butanediol. W. J. Reppe at
the I. G. Farbenindustrie had developed a route to butanediol from acetylene
and formaldehyde and this technology became available in the aftermath
of war. It was found that PBT had a lower melting point than PET and as
a result it was easier to melt-spin. The fibers were elastic and much more
resilient than PET, and the fiber was very white and stayed white even after
prolonged weathering. Unlike nylon, it did not yellow with age.

At one time, high hopes were entertained for PBT as a textile fiber but the
only fiber market in which it has ever achieved success is bulked continuous
filament (BCF) polyester carpet yarns, where its resilience and resistance
to staining are superior to those of nylon (7). Butanediol has always been
much more expensive than ethylene glycol and PBT is more expensive than
nylon, let alone PET.

The last polyester that the Whinfield team worked on was polytrimethylene
terephthalate, PTT or 3GT, made from propane-1,3-diol, variously called PDO
or trimethylene glycol (8). This polymer has a remarkable history. It was
recognized, even in Whinfield’s day, that it has superb resilience and excels
in fiber recovery properties. But for 60 years there was no economically
viable route for making PDO, so the polymer languished. In 1962-63, as a
young polymer chemist at ICI Fibers Division, the author was repeatedly
told about the marvelous fiber properties of 3GT!

Recently this picture has dramatically altered. Several chemical routes to
PDO have emerged, one being the Shell Chemicals process by hydroformylation
of ethylene oxide. Shell has done a great amount of work and developed 3GT
as a commercial polyester fiber, particularly for the non-stain polyester carpet
market. More recently still, PDO has been made by a DuPont fermentation
process and the work won a USA Presidential Green Chemistry Award (9).
Several full-size fermentation plants are now in being, utilizing genetically
engineered bacteria to make PDO by fermentation of various grains. The
idea dates back to WWI, where glycerol, an essential material for making
military explosives and propellants, was made extensively by fermentation,
via the biochemical reduction of the intermediate 1,3-dihydroxyacetone. The
new strains of bacteria are able to further reduce the central carbonyl group
to a —CH,— group and thus give PDO. Firms like Invista are making 3GT
on a large scale and it is said that the ‘green-process’ PDO gives a very high
quality product.

PTT (3GT) has been thoroughly investigated as a fiber (see ref. 8). It
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has excellent tread resilience in carpets and gives bulked yarns which make
attractive knitwear fabrics. It dyes at the boil to clear bright colors with
disperse dyes without the need for pressure dyeing, unlike PET. Nylon, being
a polyamide and therefore similar to a protein, has always dyed readily with
acid dyes (so does wool) but because of this very affinity, it stains easily with
tea or coffee and other household spills. By contrast, PTT carpets resists these
staining agents and this is being touted as a major product advantage.

Both PBT and PTT crystallize quickly and readily from the melt, unlike
PET, which crystallizes only reluctantly without a nucleating agent. PBT
has been used since 1970 as an injection molding engineering plastic resin,
especially for automobile and electronic components. PTT is poised to
encroach on this market, as PDO is said to be considerably cheaper than
butanediol, although still more expensive than ethylene glycol. Thus, from
being alone on the shelf for so many years, 3GT has now blossomed with
a vengeance in the commercial world.

The last of the polyester family is polyethylene naphthalate (PEN) which
was discovered at ICI in 1948 (10) and is made from ethylene glycol and
naphthalene-2,6-dicarboxylic acid (NDA). The polymer is sometimes denoted
2GN. This polyester was found to have very desirable physical properties for
industrial fibers. It has a higher melting point than PET, but not so high that
melt-spinning is a problem. Above all, it has a much higher tensile modulus
than PET and is thus very suitable for low-stretch, high-tensile industrial
yarns and tire cords. A bonus is that the fiber has outstanding resistance to
degradation by UV light because the naphthalene rings act as a built-in UV
absorber.

Once again this polymer had to wait until there was an economic source
of the naphthalene diacid. The acid can be made by oxidation of 2,6-dimethyl
naphthalene (11) but this intermediate was not available in a pure form until
the late 1990s when companies in Japan such as Mitsubishi Gas Chemical
developed synthetic routes (12—14). The Mitsubishi route starts with an oxo
reaction between carbon monoxide, 1-butene and toluene to make tolyl-4-isobutyl
ketone, which is reduced to the alcohol and dehydrated to the olefine, which is
finally catalytically cyclized and dehydrogenated to 2,6-dimethylnaphthalene.
Air-oxidation (as for TA) produces NDA see Structure 6.1.

Early in the new millennium, firms like Amoco began to advertise
commercial supplies of the dimethyl ester of NDA and in 2002 Honeywell
Performance Fibers (15) commercialized PEN fibers under the trade name
Pentex™ . The markets are in high-tensile, low-stretch industrial yarns.
PEN films and bottle resins are characterized by low permeability to gases
like CO, and oxygen, and PEN bottles have been used to protect products
sensitive to UV light. PEN has textile opportunities in fabrics for sailcloths
and tentage fabrics where the high modulus and resistance to UV can be
exploited.



188 Handbook of textile fibre structure

—_—
/O *CO+ N7 e
H.C

3
l H,/CuCrO,

|
T

l PYPd, -H,

l 0,/Co™, Br

I I COOH
HOOC

Structure 6.1 Production of 2,6-NDA by the Mitsubishi Gas Chemical/
Amoco process.

Aliphatic polyesters are, so far, a specialized market, largely in biomedical
and drug-release polymers, but there is much effort to develop cheap disposable
and environmentally friendly polymers and fabrics. Polylactic acid is the
polymer of choice, since dilactide, the cyclic dilactone from lactic acid, can
readily be made by a fermentation reaction from corn syrup. In October 2007
anew company called Natureworks was formed by Teijin in Japan and Cargill
in the USA (16) specially to bring to market bio-derived polymers such as
polylactide. Polylactide is made by an ROP reaction from lactide, together
with other monomers such as glycollide, to form copolymers to modify the
properties. Since lactic acid is chiral, there are several stereoisomerides
of dilactide. The stereo-pure homopolymer is highly crystalline and has a
melting point about 178°C, but by using other lactide stereoisomers it is
possible to make less crystalline stereo-copolyesters which are both tougher
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and less brittle. Work is in progress on polylactide fibers as disposable fabrics
which will rapidly degrade to harmless breakdown products. Biodegradable
fibers used in sutures are made by ROP on various cyclic monomers such as
glycollide, lactide, o-caprolactone, the cyclic esters trimethylene carbonate
and 1,4-dioxanone.

The chemical structures and processes involved in the manufacture of
various polyesters will now be covered in a general way. If the reader needs
more detailed descriptions, there are several publications that deal with the
topics in an admirable fashion (see Sources of further information).

6.3 Chemistry of PET

PET is made, as we have seen, from terephthalic acid (TA) and ethylene
glycol (EG) and the formal process is shown in Structure 6.2.

Terephthalic acid is made by the air-oxidation of p-xylene (1,4-dimethyl-
benzene) which is a petrochemical product (17). It is derived from the Cg
aromatic distillate fraction, which includes all three xylenes and ethylbenzene.
Since p-xylene is the most symmetrical molecule in the mixture, it has
the highest melting point and is isolated by fractional crystallization. The
residues can be isomerized into more p-xylene by cationic rearrangements
using Freidel-Crafts type catalysts (18). See Structure 6.3.

The oxidation step uses air under pressure, often in a titanium vessel,
in superheated acetic acid at around 140°C. The catalysts are cobalt and
manganese salts, with a trace of bromide anion (19), and the very insoluble
TA crystallizes out from the hot reaction medium. The crude TA needs to be
purified. Two major impurities are p-toluic acid and 4-carboxybenzaldehyde
(4-CBA). A leading process, developed originally by Amoco, recrystallizes
TA from superheated water under pressure with concomitant catalytic
hydrogenation to remove traces of 4-CBA. The latter is particularly undesirable
in polymer-grade TA. The 4-CBA is reduced to p-toluic acid, which is already
present and easily soluble in superheated water (20). Releasing the pressure

COOH COOCH,CH,0H
CH,0OH
+ ‘ ——> Polymer PET
CH,OH
COOH COOCH,CH,0H
TA BHET

Structure 6.2 Production of the PET monomer bit-(2-hydroxyethyl)
terephthalate (BHET) from terephthalic acid (TA) ethylene glycol (EG).
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Structure 6.3 Production of ethylbenzene and xylenes from the Cg
aromatic fraction.

precipitates TA that is pure enough to allow direct esterification with ethylene
glycol. This process forms bis-(2-hydroxyethyl) terephthalate (BHET), which
is the essential PET monomer.

Older TA processes used aqueous nitric acid to oxidize p-xylene and
the crude product contained various nitrogenous impurities which gave
badly discolored polymer and were difficult to remove. Hence crude TA
was esterified with methanol to make dimethyl terephthalate (DMT) and
the ester was purified by high vacuum distillation and recrystallization to
give polymer-grade DMT. Reaction with glycol under ester-interchange
conditions likewise formed BHET, with evolution of methanol, which was
redistilled and returned to the process stream. The ethylene glycol used in
both processes was made by hydration of ethylene oxide, in turn made by
catalytic air-oxidation of ethylene in the vapor phase. For many years the
DMT process (called the EI process, for ‘ester interchange’) was normal
but by the 1980s most plants had gone over to the direct esterification (DE)
method which saves a whole process step. Interestingly, with the upsurge
in recycled polyester (mainly from beverage bottles) there has been a small
revival of the EI process since glycolysis/methanolysis of recycled bottles
produces DMT as an end-product (21, 22).

The true polymerization of PET is actually a series of ester interchange
reactions involving BHET: two BHET molecules extrude one mole of
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glycol between them and form a PET dimer, and the growing chains add
on monomer units and extrude more glycol. Ideally n moles of BHET give
an n—mer polymer evolving (n — 1) moles of glycol. The polymerization
catalyst is often antimony trioxide, but some countries object to the use of
heavy toxic metals like antimony, and less harmful (but more expensive)
catalysts like germanium dioxide have been used. Titanium alkoxides and
organo-tin compounds are excellent polymerization catalysts, but cause serious
yellowing problems with PET and all polyesters based on ethylene glycol.
They are satisfactory for PTT and PBT. Recently AKZO has introduced a
polysilicon—oxygen—titanium network polymerization catalyst which works
well without yellowing (23 —25). The process is shown in Structure 6.4.
The ester interchange process needs two catalysts, one for the EI step and
one for the polymerization. Antimony trioxide does not become active until
the batch temperature exceeds 200°C, so it can be added at the start of the
reaction with impunity. The EI catalysts are usually weak Lewis bases like
calcium, zinc or manganese acetates (26—28). These are good EI catalysts
but they promote ester group thermal cracking at high temperatures (29),

COOH COOCH,CH,OH
-H,0
+ 2HOCH,CH,OH —
COOH COOCH,CH,OH
BHET
COOCH,CH,OH HOH,CH,COOC

COOCH,

H,COO0C

+ HOCH,CH,OH

Sb,0; catalyst

Structure 6.4 Polymerization of PET from BHET monomer.
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S0 it is necessary to sequester them as insoluble phosphate salts by adding
phosphoric or polyphosphoric acids, or aryl phosphates after the EI is
complete, but before the polymerization stage begins (30).

Polymerizations can be run on a batch process or in a continuous
polymerization process (CP). On a batch process, the reaction is usually run
in two vessels, an esterifier or EI vessel, and a polymerization vessel. The
latter can be large and hold several tonnes of polymer melt; all the vessels
and piping are usually made of 316 stainless steel. The EI or esterifier vessel
is charged with DMT or TA and excess glycol and heated slowly up to
230-240°C under a distillation column with a condenser. Water or methanol
distils up the column and eventually the still-head temperature rises to about
220-230°C to indicate that pure glycol is distilling and the first stage is
complete. The contents of the first vessel are then pumped under nitrogen
pressure into the polymerizer. Sometimes, to save space, one polymerizer
vessel is fed by two smaller esterifier vessels.

The polymerizer can be exhausted to high vacuum and has a large sealed
anchor paddle stirrer, driven by a powerful hydraulic motor whose torque
is monitored. By measuring the rise in torque (J¢) between the start and
the end of polymerization and comparing it with a calibration database, it is
possible to judge the desired melt viscosity fairly accurately and time the end-
point so that each batch has a similar molecular weight. The polymerization
stage operates under high vacuum and the distilled glycol is collected for
purification and reuse. When not under vacuum, the autoclave is sparged
with nitrogen to prevent the molten polymer oxidizing by contact with air. At
the end of the polymerization run, a bottom valve is opened and the viscous
molten polymer forced out under nitrogen gas pressure, often through a die
plate that extrudes it as strands about a quarter-inch (6 mm) in diameter.
The polymer goes through a water quench bath and the solidified strands
are air-dried, chopped in a continuous strand cutter and stored in a drum
ready for polymer drying. The polymerization is usually run at a constant
temperature of 280-285°C. Between successive batches, the polymerization
vessel is usually cleaned out with a mixture of dilute alkali and boiling glycol
to remove the polymer residues from the previous batch.

Aromatic ester groups begin to crack thermally at about 250-260°C, so
the melt polymerization stage is a race between polymer chains growing
and other chains degrading. A complication is the fact that, since the melt
viscosity of PET is ca. 3000 poise at 285°C (at a shear rate of 1000 s™'),
there is significant viscous heating by the agitator paddle and temperatures
can locally rise to 10-15°C above the nominal batch temperature. The
thermal scission of glycol ester groups produces a vinyl ester end, via a
McClafferty reaction (31), which then undergoes ester exchange, releasing
vinyl alcohol, which instantly tautomerizes to acetaldehyde (32). This is
very volatile (B.P. 23°C) and escapes from the melt. Other vinyl ester ends
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thermally polymerize and the products undergo further pyrolysis, producing
yellow-brown polyenes. The intensely yellow complexes that titanium and
tin catalysts form with vinyl esters render such catalysts unsuitable. There
is another degradation problem, which does not cause discoloration but
adversely affects the polymer. This is the formation of diethylene glycol
(DEG) links in the chain by dehydration and ether formation from two
BHET ends (Structure 6.5). All PET contains a small amount of DEG for
this reason and it depresses the polymer’s melting point (33).

6.3.1 CP

The outline process described above is a batch process and, for large amounts
of PET polymer, it would be uneconomic to make polymer in the volumes
needed in this way. Starting around 40 years ago, continuous polymerization
(CP) processes have been developed for PET and have now been brought
to a high level of sophistication. Some of the latest CP lines can make as
much as 20 tonnes of polymer per hour. The actual details of the process
are quite complex and also contain highly proprietary information on such
things as the agitator design, so it is only possible to give a broad overall
description. Several schematic CP process descriptions and diagrams have
been published (34). A schematic diagram of a typical CP unit is shown
in Fig. 6.1.

A typical CP train consists of a series of units, each designed to complete
one part of the polymerization process. The first stage is the esterifier,
where glycol and PTA are reacted in a typical DE process to make BHET
mixed with low oligomers. The output is still fluid and is pumped to the
pre-polymerizer or low polymerizer. In a large unit, the next stage, the

: _COOCH,CH,0H HOH,CH,COOC i
+

-H,0

i _ COOCH,CH,0CH,CH,0CO i

Structure 6.5 Formation of diethylene glycol (DEG) links by
dehydration of BHET ends.
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6.1 Schematic of a typical PET continuous polymerization unit.

intermediate polymerizer, may be itself divided into two stages. Vacuum is
applied and the increasingly viscous melt is pumped to the finishing-stage
or high polymerizer. The melt is agitated, for example, in a wiped-wall
reactor (as shown in Fig. 6.1) so that a continually regenerated, very thin
film of polymer is constantly re-exposed to the high vacuum, to enable rapid
disengagement of volatiles such as excess glycol and traces of water.

One of the key design features of any CP plant is to ensure scrupulously
that there are no ‘dead spaces’ where stagnant polymer can accumulate and
become overheated. This causes it to degrade thermally to a carbonaceous
material which eventually breaks off and contaminates the polymer stream
as ’black specks’. The polymer emerging from the finishing stage has by
now reached the target molecular weight, which is usually of the order of



The structure of polyester fibers 195

IV = 0.65. Molten polymer may be pumped directly to a melt-spinning unit
in a so-called CP-spin-draw unit, which is thus completely integrated. Raw
materials go in at one end; and drawn, finished polyester fiber comes out
at the other. However, to take account of variations in demand and permit
some process flexibility, it is more usual to pass the molten polymer through
a large extruder and strand-cast the molten polymer into a water bath, then
chip and dry it for further processing (e.g. solid phase polymerization, SPP)
or store until needed. Figure 6.1 shows a strand extruder, with an integrated
cutter; the air knife blows off excess water from the wet strands emerging
from the water quench bath.

6.3.2 SPP

SPP is used when a higher molecular weight is needed than is practicable
by melt polymerization. The polymer chips are firstly intensely dried and
annealed at a gradually increasing temperature up to the point of maximum
crystallization rate (160—170°C for PET) to encourage a high level of polymer
chip crystallinity. This process has to be done with care as the water-quenched
polymer chips are almost wholly amorphous and it is most important not
to allow them to fuse or sinter together during the annealing step. Once
the crystallization process starts, it is exothermic and the chips may fuse
locally as a result. The author knows of one instance where several tonnes
of polyester chip in a double-cone SPP unit sintered together so firmly that
men with jack-hammers were needed to break up the mass in order to remove
it! The process of SPP is well explained in textbooks (35). The differential
scanning calorimetry (DSC) diagram shown in Fig. 6.2(a) shows a typical
DSC trace for commercial PET polymer flake. The 7, inflexion is at 83.9°C
and there is a weak endotherm due to a phase transition at 176°C and a T,
at 246°C. Figure 6.2(b) shows the DSC diagram for the same polymer after
it has been quenched (or rapidly chilled) from the melt. Note that now there
is a lower T, transition at 78.2°C, a strong crystallization exotherm peaking
at 167°C and a T, endotherm at 245.8°C. Note that the enthalpy of melting
has fallen from 40.57 J/g in Fig. 6.2(a) to 36.34 J/g in Fig. 6.2(b), as a result
of the lower order of crystallinity.

Annealing raises the effective softening point by many degrees. The
annealed chips are heated in a stream of hot inert gas or else agitated in a
vacuum drier to remove small traces of glycol and other volatiles. Two main
types of SPP apparatus are used: either a fluidized bed reactor where the
polymer chips are agitated using a brisk flow of nitrogen or another inert
gas, or a twin-cone rotary vacuum drier. A system for an integrated annealing
and SPP process has been described (36). One commercial process uses a
steady downward plug flow of polymer chips through a tall tower, up which
a blast of hot inert gas flows in a countercurrent mode (37).
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6.2 (a) A typical DSC trace for commrcial PET polymer flake; (b)
DSC of the same material after quenching from the melt. From W.R.
Sorenson et al., Preparative Methods of Polymer Chemistry, © 2001
john Wiley & Sons, reprinted by permission of john Wiley & Sons,
Inc.

In the solid phase, volatile polymerization by-products have to diffuse
only a short way (typically about 1-2 mm) to the surface of each polymer
chip. When they reach the surface, they are instantly carried away, either by
the gas flow or by high vacuum. The volatiles do not have to form bubbles
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in a deep, viscous melt pool and rise to its surface before they can escape.
Although solid state diffusion is much slower than diffusion through a liquid,
the distances involved are very much shorter; paradoxically, the overall
effect is to rapidly increase molecular weight. Since the reaction temperature
is below the crystallized polymer softening point, the chips do not sinter
together and the lower reaction temperature reduces degradation reactions.
As we have said, melt polymerizations reach an equilibrium state where
the chain-forming and chain-breaking reactions balance each other and no
net chain growth occurs. Solid-state polymerization works so well because
it allows chain growth to proceed while minimizing chain-breaking, owing
to the difference in kinetics and activation energies of two different sets of
reactions. Usually, melt-polymerized PET has an IV (intrinsic viscosity) of
about 0.67 (for the significance of this, see above). It is quite possible by using
the SPP process to raise the IV to 0.80—1.10. High IV polymer is needed for
high tenacity PET fibers for slings and tire cords, and very much so for PET
bottle resin. Bottles are made by a high-speed, stretch blow-molding process
that is mechanically very severe. PET bottle resin polymer has IV ~ 0.92.
Recycled PET bottles are ground up, dried and remelt-spun into polyester
yarn for fiber-fill or for PET carpet yarns. One manufacturer (38) says that
the so-called ‘food grade’ PET, made from recycled bottles, gives a more
hard-wearing polyester carpet yarn. The higher yarn MW, which increases
fiber toughness and work-to-break parameters, is the reason. Normal IV PET
fibers are usually regarded as inferior to nylon for both durability and fiber
resilience in carpets.

6.3.3 QOligomers

All polyesters based upon diacids and diols form cyclic oligomers in small
amounts and 2GT, 3GTand 4GT are no exceptions. PET forms a stable,
high-melting cyclic trimer which exists in an equilibrium concentration of
about 1.8% w/w of polymer (39, 40). It can be extracted from (crystallized)
PET chip with a solvent and isolated as a crystalline solid, but on remelting
the chip, the oligomer simply reforms. The presence of this cyclic trimer
causes awkward problems with fiber and film processing, since it exudes to
the polymer surface, coats spinnerets and godet rolls and can be a nuisance
during the dyeing of polyester yarns, since it floats around in the dyebath and
coats the dyeing equipment. There is little that can be done to remove the
oligomer, so processes must be adapted to cope with it. The author recalls
a process he once worked on many years ago at Harrogate using a novel
non-fuming spin finish which tended to soften the yarn surface. At the hot
drawing stage, there was so much deposition of oligomer on the hot rolls
that the process became inoperable and the new spin finish was eventually
abandoned.
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6.3.4 Morphology of PET

PET is a typical semi-crystalline polymer. The crystal habit is triclinic and
the crystal parameters shown in Table 14.1 are recent and widely accepted
values (41-44). Table 14.2 shows the Mark—Houwink constants for PET in
four solvent systems.

6.4 Chemistry of PBT

A more accurate name for this polymer would be poly (tetramethylene
terephthalate), but ‘PBT”’ is a well-established acronym in the engineering
resins business. It is a polyester that dates back to Whinfield and Dickson’s
time in 1941 and its history has been complex. Originally developed as a
textile fiber, it later became much more important as a thermoplastic injection
molding resin. Nevertheless, it maintains a fiber presence in the market,
chiefly as bulked continuous filament (BCF) carpet fiber, where resilience
is important (46).

The essential raw material for PBT is butane-1,4-diol. It is still made
commercially by the Reppe process dating back to pre-World War II Germany.
One mole of acetylene reacts with two moles of formaldehyde to give

Table 6.1 Physical parameters for PET

Crystal habit Triclinic, one chain per
unit cell

o 100°

B 117°

Y 112°

a 0.444 nm

b 0.591 nm

c 1.067 nm

Cell density, calculated 1.52 g/cm?

T, (DSC) 260-265°C

D H; 140 J/g; 33.5 cal/g

T4 (DSC) solid chip 78°C

Ty drawn fiber 120°C

Table 6.2 Mark-Houwink coefficients for PET in
various solvents (45)

Solvent K(10™* dL/g) o

OCP 6.32 0.658
P/TCE 7.44 0.648
HFIP 5.20 0.723

PFP/HFIP 4.50 0.705




The structure of polyester fibers 199

2-butyne-1,4-diol (HOCH,—C = C—CH,—OH). This is then hydrogenated to
butane-1,4-diol. While the chemistry is simple, a successful process depends
on the details. The catalyst for the formaldehyde reaction is a bismuth/
cuprous acetylide mixture (47) and the reduction step is better done in two
stages with two different catalysts, via the intermediate 2-butene-1,4-diol
(HOCH,-CH=CH-CH,0OH) rather than proceeding directly to the end-
product (48). Another route has been introduced by ARCO (49) based on the
hydroformylation of allyl alcohol over a rhodium catalyst to give 4-hydroxy-
butyraldehyde, HOCH,CH,CH,CHO. This is reduced to butanediol, but the
process needs precise control to prevent side-reactions (50). Allyl alcohol
can be made by rearrangement of propylene oxide, made by air oxidation
of propylene. A third butanediol route has been piloted by Mitsubishi
Chemical Industries (51). They react butadiene with acetic acid and oxygen
over a palladium catalyst to form 1,4-diacetoxy-but-2-ene. This diester is
hydrogenated (52) to 1,4-diacetoxy-butane and subsequently saponified to
butanediol. Whereas ethylene glycol was once used as an antifreeze, butanediol
crystallizes at 20°C, so precautions must be taken to heat trace and insulate
bulk storage and shipping facilities outdoors to prevent it freezing solid in
cold weather.

6.4.1 Manufacture of PBT

PBT is nearly always made using an ester interchange (EI) route from
DMT, because heating TA directly with butanediol causes dehydration to
the volatile cyclic ether, tetrahydrofuran (THF). Both batch and continuous
polymerization processes (53-55) are used. Because vinyl ester ends are
not formed by thermal degradation, titanium catalysts can be used without
the yellowing problem. The final reaction temperature is around 250°C,
so thermal degradation of PBT is reduced compared with PET and higher
molecular weight polymers can be obtained by melt polymerization. PBT
polymerizations are ‘cleaner’ than PET ones because the major thermal
degradation product is THF, which simply boils off. No colorforming
reactions are present, although excessive loss of THF can upset the reaction
stoichiometry. PBT gives a very white polymer. As with PET, cyclic oligomers
are formed in PBT polymer to about the same level, 1.4—-1.8% w/w. In this
case, the oligomers are an equal mixture of dimer and trimer (56) together
with traces of higher cyclic oligomers.

nCH;0CO-C¢H,~COOCH; + (1 + 1)HO—(CH,),~OH —
[~O—~(CH,),~OCO-C4H,~CO-], + 2nCH,0H 6.1

Even though an EI route is used, there is still some loss of butanediol, because
the ester chain ends undergo a ‘backbiting’ reaction and eliminate volatile



200 Handbook of textile fibre structure

THF, which flashes off in the melt. Thus the MW can fall even though no
color-forming reactions occur.

6.4.2 Properties of PBT

PBT exists in two polymorphs, an o-form and a B-form, and mechanical
stress causes them to interchange (57, 58). Both systems are triclinic and
the cell parameters are shown in Table 14.3, with the Mark—-Houwink
parameters shows in Table 6.4. The melting point of PBT is 222-224°C with
a heat of fusion (Hy) of 140 J g‘1 (59). Its T, is quoted (60) as 45°C. The
annealed (highly crystalline) polymer density is about 1.33 g cm™, while the
amorphous polymer has a density (61) of 1.26 g cm™. The relaxed o-form
of the polymer is believed to have the three C—C bonds in the C,4 glycol unit
arranged in a trans—gauche—trans conformation, while the stretched B-form
has an all-trans arrangement of the same bonds (62).

6.5 Chemistry of PTT or PPT

A comprehensive review of poly(trimethylene terephthalate) and its chemistry
and fiber processing has been published (63) by Chuah. Historically, Whinfield
and Dickson in 1941 discovered poly(trimethylene terephthalate) along with
PET and PBT and it is disclosed in their original patent (6). The material was
recognized for many years by textile chemists as a fiber-forming polymer of
outstanding resilience. The lack of an economic source of pure 1,3-propanediol
(PDO) was an insuperable obstacle for many years, but now the situation
has changed dramatically and 3GT fibers are a commercial fact.

Table 6.3 Crystal parameters for PBT

Cell parameter Alpha-form (stretched) Beta-form (stretched)
a (nm) 0.482 0.469

b (nm) 0.593 0.580

¢ (nm) 1.174 (1.165)* 1.3000

[I(degrees) 100 (98.8)* 102

B (degrees) 115.5 (116.6)* 120.5

v (degrees) 111 105

Cell density, g/cm? 1.41 1.37

*These alternative values are from | M Ward and co-workers (58).

Table 6.4 Mark-Houwink parameters for PBT

Parameter K (dL/g) o

OCP solvent 6.62 x 107°° 0.915
Phenol/TCE 1.17 x 107* 0.870
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There is some confusion on an acronym for this polyester. Shell prefers
to use the term PTT (polytrimethylene terephthalate) but DuPont and some
earlier trade literature sources call it PPT [poly(propylene terephthalate)].
The latter is, strictly speaking, inaccurate, since the term ‘propylene glycol’
is conventionally applied to /,2-propanediol. The Shell nomenclature is used
here to avoid ambiguity, because this acronym emphasizes the three-carbon
glycol unit.

6.5.17 The synthesis of PDO

Since PDO is the vital intermediate for PTT, it is worth outlining the
various routes to its production. There are three main ones: two synthetic
and one based on a biochemical (fermentation) route. A detailed report on
the economic prospects for both PDO and PTT polymer was completed in
1999 (64). Degussa and Shell first developed the synthetic methods, which
have now become commercial processes. In the Degussa process, water is
added under pressure to acrolein, using an acidic ion exchange resin to give
3-hydroxypropionaldehyde (65):

CH,=CH-CHO + H,0 - HOCH,CH,CHO 6.2

The hydroxy-aldehyde is not isolated but is hydrogenated in aqueous
solution over a Raney nickel catalyst (66). Acrolein has been manufactured
by Degussa since the late 1930s, originally by condensation of acetaldehyde
with formaldehyde, but later by a 1959 process using the air-oxidation of
propylene (67). One problem with the Degussa reaction is the presence
of acrolein dimer (2-formyl-2,3-dihydropyran) which reacts with PDO to
form adducts and hemiacetals that are immiscible with the diol and cause
turbidity. One method of removing these impurities is solvent extraction
with cyclohexane (68).

The more recent Shell process uses hydroformylation (carbon monoxide
plus hydrogen) of ethylene oxide to give 3-hydroxypropionaldehyde using
synthesis gas and a transition metal catalyst. The aldehyde is then reduced to
PDO. One of the first processes was by Beavers (Eastman Kodak) who used
arhodium or ruthenium catalyst (69). Shell improved upon this with a cobalt
catalyst and there has been much patent activity on improved catalysts and
conditions (70-73). The hydrogenation of 3-hydroxypropanal to PDO has
been improved with better catalysts. Haas (74) uses a platinum or ruthenium
catalyst, while Shell workers disclose nickel-molybdenum (75). The first
commercial PDO plant using the Shell technology was actually opened in
2000 in Geismar, Louisiana. In 2003 it was announced (76) that it would be
uprated to supply PDO to a new 50/50 venture formed between Shell and the
Société Générale de Financement du Québec called PTT Poly Canada who
are building a 95 000 tonne/year PTT polymer plant in Montreal (77).
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A somewhat different process has been described in a 2001 Shell patent
(78) where the starting material is methyl 3-hydroxypropionate rather than
3-hydroxy-propanal. The ester is made by reacting ethylene oxide with
carbon monoxide and methanol using cobalt octacarbonyl as the catalyst.
The hydroxy-ester is hydrogenated, without isolation, using a copper—zinc
oxide catalyst. Greater efficiency is claimed, because esters do not form
acetals and hemiacetals which contaminate the final product.

DuPont has taken a bold step for its source of PDO. The DuPont process
is a modified enzymatic fermentation route using corn sugars (largely
glucose) as feedstock to give PDO directly (79, 80), an ambitious application
of ‘green chemistry’. Yeast converts sugars into the phosphate ester of
dihydroxyacetone and thence to glycerol. It has long been known that certain
bacteria can reduce glycerol to PDO (81) under anaerobic conditions. The
difficulty lies in running a high-yield fermentation process without poisoning
the bacteria with high levels of PDO. There is much patent activity in this
area (82-85).

In collaboration with Genencor International, DuPont used genetic
engineering to produce novel strains of the common bacterium Escherichia
coli, genetically modified with genes from baker’s yeast (Saccharomyces
cerevisiae) and the bacterium Klebsiella pneumoniae, to give improved
conversions. A recent patent (86) claims a microorganism that will operate
at PDO levels of 105 g/liter.

Isolation of PDO from the fermentation broth involves either solvent
extraction or distillation. Several routes have been patented. One method,
due to Archer Daniels Midland Co., uses ion exclusion resins (87) while
a recent DuPont patent claims the use of molecular sieves (88). In June
2003, DuPont was awarded a Presidential Green Chemistry Challenge
Award (89) for the PDO biosynthetic process. In May 2004 a new joint US
venture called DuPont Tate & Lyle Bio-Products LLC was announced to
manufacture industrial intermediates from renewable resources (e.g. corn,
wheat) rather than petroleum. The product is named Bio- PDO™ and the
$100 million plant at Loudon, Tennessee, opened in mid-2006. According to
a DuPont press release, the first saleable batch of Bio-PDO™ was shipped
on 27 November 2006 (90). As well as using PDO for polymers like 3GT,
it is also marketed as a high grade, low toxicity, biodegradable diol for
personal care products called Zemea™ and other grades are being used
industrially under the trade name Susterra™. The manufacturers claim that
their bio-process plant uses 40% less energy and emits 20% less greenhouse
gases than an equivalent operation using petroleum-based chemistry. It is
also said to be free from any toxins and carcinogens that could be present
in synthetic PDO.
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6.5.2 PTT polymerization

PTT is polymerized in a significantly different way from PET (63). Either TA
or DMT can be used, but Shell prefers the direct esterification route based
upon TA. So far the process is like that for PET. However, unlike for PET,
active metals such as titanium or tin can be used as polymerization catalysts
(91-93) since yellowing is not a problem, because there are no vinyl ester
ends. Unusually, the reaction is carried out semi-batchwise using a molten
‘heel” of low MW polymer, left behind from the previous batch, as a reaction
medium for the next batch. Whereas in the cases of PET, TA is soluble in
hot ethylene glycol, it is not soluble in hot PDO, which boils at 214°C, so
the uncatalyzed DE step must be run at 250-270°C under pressure. When
esterification is complete, the mixture of oligomers is partially transferred to
a polymerization vessel, leaving the ‘heel’ behind for the next esterification.
The tin or titanium catalyst is then added and the final polymerization step
is run under vacuum at 260-270°C. The polymer IV is 0.70-1.00. For IVs
exceeding 1.0, polymer chips can be annealed and crystallized at 180-210°C
and solid phase polymerized at 180-210°C in a current of inert gas. DuPont
used a continuous polymerization process (94) in their plant at Kingston,
NC.

As usual, there are side reactions. Two harmful degradation products result
from the McLafferty rearrangement and pyrolysis of the PTT ester links,
analogous to the degradation of PET (95). The products are allyl alcohol
and its oxidation product, acrolein. Both are toxic and irritant, acrolein
being particularly unpleasant. Addition of triaryl phosphites and hindered
phenol antioxidants is claimed (96) to minimize acrolein formation. Special
precautions must be taken to dispose of the vapors of such by-products during
polymer processing. PTT also forms cyclic oligomers: in this case the dimer,
which can be isolated as a crystalline solid, melting point 254°C. As with
DEG formation in PET, ether-link formation takes place by dehydration of
3-hydroxypropyl ester ends, and this leads to bis(3-oxypropyl) ether links
in the main chain, which lower the polymer melting point, just like DEG
links in PET.

6.5.3 PTT morphology

PTT has a particularly interesting crystal structure. Once again the crystal
system is triclinic, but along the c axis, two polymer chains lie with the glycol
units twisted into gauche—gauche conformations so that the chains form tight
zigzags as seen in the ac and bc planes. Crystal parameters (97-99) are given
in Table 6.5. PTT has T,, = 228°C; AH; = 30 kJ/mol repeat unit (146 J/g);
T, = 45°C; cold crystallization temperature = 68°C (100-103).
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Table 6.5 Crystal parameters for PTT

Parameter Value

a (nm) 0.459

b (nm) 0.621

¢ (nm) 1.831

o (degrees) 98

B (degrees) 90

v (degrees) 112

Crystal density 1.441 g/cm?®

Table 6.6 Mark-Houwink constants for PTT

Solvent Temperature (°C) K (107* dL/g) o

HFIP 35 5.51 0.71
50/50 phenol/TCE 30 8.20 0.63
60/40 phenol/TCE 20 5.36 0.69

6.5.4 Polymer molecular weight

PTT crystallizes much faster then PET, although not quite as fast as PBT.
This means that the quenched polymer chips are highly crystalline and do not
dissolve at all easily in the usual polyester solvents. As a result, Shell uses
hexafluoroisopropanol (HFIP) at room temperature as a viscometry solvent.
A phenol-tetrachlorethane mixture can be used, but the temperature has to
be carefully raised to 110°C to ensure complete dissolution. Mark—Houwink
constants (104, 105) are shown in Table 6.6 for three solvent systems.

6.5.5 PTT resilience

Of the three major polyester fibers, PTT has by far the best resilience, that
is, the best elastic recovery from deformations (106). According to DuPont
information (107) on their PTT fiber Sorona®, PTT flat yarn recovers 100%
from elongations as high as 120%. It is vastly superior to PET and 2-3 times
better than nylon-6,6 in this respect. PBT fiber, by comparison, recovers
100% from elongations of about 112%. Resilience is a valuable property in
both textiles and carpet fibers. It was found the hard way, in the very early
days of PET fiber development, that fine denier polyester filament yarns
made into ladies’ hose were a disaster because they quickly went ‘baggy’
around the knees! PTT would be expected to perform much better. DuPont
information says that PTT gives extremely high fiber bulk in conventional
draw texturing processes and thus yields superior covering power for the
same weight of fiber.

The reason for the excellent recovery properties of PTT is due to its
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crystal structure. It has a very low crystal modulus (108) (2.59 GPa, 550
psi) and the zig-zag structures (see Fig. 6.3) give a tightly wound helical
structure to the polymer chains so that they can be imagined as behaving
like coil springs on elongation. This is a naive explanation, but it is roughly
true and easily understood. It is the double-gauche conformation of the two
C—C bonds in the trimethylene chain that allows this structure to form. By
contrast, PET is more fully extended and its crystal modulus (109) is much
higher (107 GPa, 1.55 x 10° psi). PBT is an intermediate case: it is more
elastic than PET because the four-carbon chains are not fully extended and
likewise contain gauche conformations.
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6.3 (a, b) X-ray study of PPT polymer crystal structure. Reprinted
from 1.J. Desborough, I.H. Hall and J.Z. Neisser, ‘The structure
of poly(trimethylene terephthalate)’, Polymer, 1979, 20, 545, with
permission from Elsevier.
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6.6 Chemistry of PEN

A comprehensive review of PEN polymer chemistry and its use in film, fibers
and molded articles was published in 2004 by Sakellarides (110). As already
described, the diacid NDA is made by oxidation of 2,6-dimethylnaphthalene,
but the majority of PEN polymer is made via the dimethyl ester of NDA
(called NDC) because, like TA in the early days, it is not yet possible to
make NDA of sufficient purity for direct esterification economically. The
oxidation of dimethylnaphthalene is not as simple as that of p-xylene,
because of extra side-reactions that do not occur with one benzene ring.
Naphthalene molecules necessarily have one benzene ring and a quinonoid
ring, which is more vulnerable to nuclear oxidation. Hence it is not surprising
that trimellitic acid (benzene 1,2,4-tricarboxylic acid) is produced, as well
as trimellitic anhydride (111). Another problem is that the bromide anion, a
co-catalyst in the oxidation, brominates the naphthalene ring and one of the
NDA impurities is a monobromo-NDA. In the early 1990s, Amoco built a
plant to make NDC at Decatur, Illinois, and production of PEN began on
a sizeable scale. Most of the output goes into high performance films, but
blow-molded bottles and high modulus, low stretch fibers like Pentex™ are
also made.

PEN has a higher T}, and T, than PET. Table 6.7 compares directly PET,
PBT and PEN, while PBN, the fast-crystallizing polymer from NDA and
4G, is included for comparison purposes.

6.6.1 Melt polymerization process

PEN can be made either by a batch or a continuous melt-phase polymerization
(CP) process using NDC ester and ethylene glycol, very much like PET. The
reactivities of DMT and NDC are similar and the same catalysts for both EI
and polymerization are used; in fact PEN can be made on PET equipment
with minor alterations in process temperature. Both batch and continuous
polymerization processes have been used (112). Typically for PEN, the final

Table 6.7 Comparison of T,, and T4 for
various polymers

Homopolymer Tm (°C) T, (°C)
PET 250 80
PEN 268 125
PBT 223 46
PBN 242 82

Source: data supplied by BP Amoco
Chemical Co. (110).
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melt stage would be at 295°C. The melt viscosity of PEN is significantly
higher than that of PET, even at lower IV values, and melt polymers usually
have an IV in the range 0.4-0.6 dL/g. For many PEN end-uses, particularly
bottle resin, SPP is necessary to raise the IV. The crystallization temperature
is higher, around 180-220°C, as the T, is higher and the SPP process is run
at 240-260°C rather than at 210-240°C as for PET. Typical PEN polymers
after SPP have IV values in the range 0.55-0.70 dL/g (113).

6.6.2 Properties and morphology of PEN

PEN is a semi-crystalline polyester, but it resembles PET in that quenching
from the melt gives an amorphous phase with a density of 1.325 g/cm?, slightly
lower than that of amorphous PET, which is 1.333 g/cm?. Like PBT and unlike
PET, PEN forms two distinct polymorphic forms, called the o-form and the
B-form. Both are triclinic (like PET) but the cell coefficients are different.
Table 6.8 gives a direct comparison between the three unit cells.

PEN is used increasingly in high-performance polyester films and for high
softening-point blow-molded bottles and containers. It was commercialized
in 2002 by Honeywell Performance Fibers (formerly Allied Signal) as a
high-performance fiber under the name Pentex® for industrial uses such
as tire cord, belting, cordage and high-performance sailcloth, all markets
where its high modulus, low stretch and good UV resistance have obvious
advantages. The fiber is presently marketed in several gages from 560 dtex/70
fils to 1670 dtex/210 fils. The quoted tensile values for tenacity, modulus and
elongation are 8.0 cN dtex™! (9.1 g/den), 220 cN dtex! (250 g/den) and 6%
respectively 116). The UV resistance is due to the naphthalene ring, which
absorbs radiation about 18-20 times more strongly and over a wider range
of wavelengths (300-390 nm) compared with PET.

Table 6.8 Comparison of three unit cells

Parameter PET o-PEN* B-PEN'
Form Triclinic Triclinic Triclinic
a (nm) 0.456 0.651 1.314
b (nm) 0.594 0.575 0.904
¢ (nm) 1.075 1.320 1.219
o (°) 98.5 81.2 129.31
B (°) 118 144 88.62
v (°) 112 100 90.77
Calculated 1.455 1.407 1.436

density (g/cm®)

Sources: *Ref. 114, T Ref 115.
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6.6.3 Melt-processing PEN

The main uses (70%) of PEN polymer are in high-performance, low-shrink
polyester films with a smaller market, particularly in Japan, for blow-molded
bottles for hot-fill end uses and as a UV-protective container for drugs and
vitamins such as Vitamin C. Cosmetics are also packaged in clear PEN
molded containers. However, although the scale is only about 15% of total
PEN production, PEN fibers are produced. As well as Pentex™, Teijin in
Japan, Kosa in Europe and Hyosung in Korea make PEN fiber. One market
for PEN fibers is tire cord, where its high modulus, tenacity, low heat
shrinkage and good heat-resisting properties are eminently suitable. The
starting polymer is usually made to high IV, about 0.90, made by an SPP
process. Physical properties of various competing high-strength polymers
are compared in Table 6.9.

In 1999 Pirelli, the well-known Italian tire manufacturer, began to
market tires made with PEN cords for both high-performance automobiles
and motorcycles. The properties of PEN fiber are well suited to high-stress
applications like these. Bridgestone Tires also make tires with PEN fiber.
Reduction in tire weight becomes possible and the stiffness and rigidity of
PEN cord reduces rolling resistance and improves gas mileage. It also reduces
road noise, so that such tires are specified for up-market, high-end vehicles
like the Lexus. There is also a drive to replace steel radial tire belts with a
high-performance synthetic polymer to reduce weight, an elusive target pursued
for 30 years or more. Aramid fibers have been used on racing cars, but they
are too expensive for general use except for the most luxurious automobiles.
PEN offers advantages, notably that it has good fatigue properties at low
twist levels and a better compressive modulus than aramid fibers.

Another in-rubber market for high performance PEN fibers is belt and
hose reinforcement fibers in automobile engines. As internal combustion
engines grow more efficient and produce more power for their size, working

Table 6.9 Physical properties of various high-strength polymers (references in
brackets)

Parameter PEN PET Nylon 66 Rayon Aramid
(117) (116) (118) (119)
Density 1.36 1.39 1.14 1.52 1.44
Tenacity (N/tex) 0.9 0.8 0.8 0.44 2.0
(120, 121)
Modulus (N/tex) 32 (120) 9.7 4.4 11 49
Elongation (%) 8 (121) 14 15 12 4
BWS* 1(120) 5 8 Decomp. <0.1
DHS' 4 (120) 8 10 6 <0.1

* Boiling water shrinkage.
" Dry heat shrinkage.
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temperatures rise appreciably. The physical and chemical properties of PEN
fiber resist mechanical and chemical stress in hot, wet environments and
the fibers adhere well to rubber. Their modulus and fatigue resistance is
outstanding and on a price/performance basis they outperform both aramids
and PET cords.

Marine cordage and sailcloth are related areas where PEN fibers ought
to excel, with a combination of high modulus, low stretch and a built-in
resistance to UV radiation from sunlight. Pentex™ high tenacity PEN fiber
was introduced into sailcloth in 1997 (122). Aramids have poor UV resistance:
in fact, in extreme cases where sailboats race in major competition, sails
may be replaced after each run (123).

6.7 Chemistry of aliphatic polyesters

Polyesters from hydroxyacetic acid (glycolic acid) were investigated early in
the twentieth century since hydroxyacetic acid is potentially cheap, but their
easy hydrolysis made them unsuitable for use as textiles and industrial yarns.
Very much later, in the 1960s, it was realized that this apparent weakness
could be exploited in the rapidly growing specialized area of biomedical
polymers. A good review of synthetic biodegradable polymers has been
published by Middleton and Tipton (124). Other reviews of environmentally
friendly degradable polymers and specific biomedical polymers are available
(125, 126).

The first market opportunity was dissolvable sutures, which need no
surgical removal. Suture materials have strict requirements if they are to be
‘safe and effective’ in FDA terms. These are listed below:

1. The suture must maintain integrity until the tissues heal.

2. The suture must not be so strong that it tears the tissue: its strength must
be compatible with its end-use.

The material must not cause inflammatory or toxic reactions.

4. The suture must dissolve without trace, and not produce harmful
metabolites.

The material should be readily processable into high-grade sutures.

It should have a long shelf-life.

7. Sutures must withstand sterilization regimes without degradation.

e

AN

The earliest biomaterials were all polyesters but other polymers (notably
polyurethanes and polyanhydrides) have since been developed, particularly
in the area of controlled drug release, though these do not concern us here.
A summary of the main monomers and the properties of their homopolymers
is set out in Table 6.10. Degradation times are usually measured under
so-called ‘physiological conditions’, i.e. pH 7.4 with a phosphate buffer at
37°C.
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Table 6.10 Biodegradable polyester properties (homopolymers)

Polymer Twm(°C) T4(°C) Modulus Degradation
(GPa) time (months)
Polyglycolide 225-230 35-40 7.0 6-12
Poly-L-lactide 173-178 60-65 2.7 > 24
Poly-bL-lactide Amorphous 55-60 1.9 12-16
Polycaprolactone 58-63 -65 0.4 > 24
Polydioxanone Depolymerizes -10 1.5 6-12
0} O H3C o) 0
(6] /vr//
0 0" o7 "rcH,
Glycollide Lactide
0
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Structure 6.6 Monomers for biodegradable polyesters.

6.7.1  Monomers

Structure 6.6 shows the five monomers most often used in degradable
polyesters. All are polymerized by ring-opening mechanisms, often with a tin
catalyst such as stannous octoate or dibutyltin dilaurate. We will go through
the properties of polymers derived from each of these monomers in turn.

6.7.2 Polyglycolide (PGA)

The polyester from self-condensation of hydroxyacetic acid is usually called
polyglycolide after its dimeric lactone, glycolide. Polymerization is done
by ring-opening (127), often with a Sn(II) salt such as stannous octoate.
PGA is a highly crystalline polymer that melts at 225-230°C and has a T,
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of 35-40°C. It is a strong, stiff polymer with a modulus of about 7.0 GPa.
PGA was first commercialized as a suture material under the name Dexon®
in the late 1960s by Davis & Geck (now Sherwood-Davis & Geck). Because
of its high crystallinity, it is insoluble in common polyester solvents, except
very acidic ones such as hexafluoroisopropanol. It loses about 50% of its
initial strength in 2 weeks and 100% in 4 weeks but takes 4-6 months to
vanish completely. PGA is simply too stiff to make single filament (monofil)
sutures; braided sutures of finer multifilaments are more flexible. A bio-
erodible ABA tri-block copolyesterether with a polyethylene glycol (PEG)
block capped at both ends by PGA segments gives a satisfactory flexible
monofil suture (128). This is made by a double-ended ROP reaction using
a di-anion of the PEG segment.

6.7.3 Polylactide (PLA)

Polylactide is derived from the dimeric lactone of lactic acid (lactide), which
can exist in D, L, racemic (DL) and meso forms. The naturally occurring variety
is the L-form. The racemic form is a synthetic mixture of D- and L-lactides,
while the meso form is made up of one molecule of b and one of L in a cyclic
dimer. Only the stereochemically pure forms give highly crystalline polyesters.
They have structures analogous to isotactic polypropylene. Poly (DL)-lactide
is amorphous and is more easily degraded, which makes it more attractive
in drug-delivery systems. Pure poly-L-lactide is about 37% crystalline and
melts at 175-178°C. It degrades much more slowly than the amorphous form
and can take up to 2 years to disappear completely. Copolymers of L-lactide
and DL-lactide are used to graduate the biodegradation rate. The relationship
between biodegradation rate and polymer composition is nonlinear. For
example, a copolymer of 50% glycolide and 50% DL-lactide degrades faster
than either homopolymer. Copolymers of glycolide with L-lactide containing
25-70% glycolide are amorphous owing to the disruption of chain regularity
because of the copolymer effect. Ethicon markets a suture material made
from 90% glycolide and 10% L-lactide under the trade name Vicryl®. This
is absorbed completely in 3—4 months, but its strength retention is longer
than that of pure glycolide (129, 130). A typical synthesis of polylactide
or lactide—glycolide copolymers is given in a US Patent by Okuzumi and
co-workers (131).

6.7.4 Polycaprolactone (PCL)

Caprolactone is the seven-membered ring lactone of epsilon-hydroxycaproic
acid, made by a Baeyer—Villiger oxidation of cyclohexanone. In the presence
of a stannous octoate catalyst it undergoes ROP to the homopolymer
polycaprolactone. This melts at 59-64°C and has a very low T, (-60°C). It
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has a low modulus but forms strong, elastic, biocompatible fibers. Because
it is more hydrophobic than either lactide or glycolide polymers, it has a
long degradation time, of the order of 2-3 years. It is often combined with
other monomers to reduce the degradation time. A block copolymer of
caprolactone and glycolide is marketed by Ethicon (132, 133) under the
brand name Monacryl®.

6.7.5 Polydioxanone

Another monomer that undergoes ROP is 2-dioxanone, originally made by
the reaction of disodium glycoloxide with chloracetic acid. This monomer is
polymerized with organometallic catalysts such as diethylzinc or zirconium
acetylacetonate. It gives an alternating polyester—ether structure and forms
a highly crystalline (55%) polymer with a low T, (-10°C). It makes soft
and flexible fibers well suited for sutures, but it has the disadvantage of
depolymerizing readily on heating and thus it has to be melt-spun at as low
a temperature as possible. It is a very biocompatible material which loses
about 50% of its strength in 3 weeks; it is fully absorbed in 6 months. It is
marketed by Ethicon as ‘PDS filament for sutures’. (134)

6.7.6  Polytrimethylene carbonate (TMC)

The cyclic carbonate of trimethylene glycol is readily synthesized by reacting
trimethylene glycol with phosgene, an alkyl chloroformate or dimethyl
carbonate (135-137). It easily undergoes ROP reaction and forms useful
copolymers with glycolide and lactide. Typically these are made as ABA
tri-block copolymers with terminal PGA segments. Davis & Geck market a
glycolide-TMC copolymer suture under the name Maxon®. These copolymers
are more flexible than pure PGA and lose 80% of their strength in 2 weeks
but then decline more slowly, maintaining 25% of their strength after 7
weeks. They are fully absorbed within about 12 months.

6.7.7 Sterilization and packaging

All suture materials must be rendered sterile (124) before packaging ready
for implantation and this is done either by chemical treatment (ethylene
oxide gas) or by irradiation (gamma rays or electron beam, called E-beam).
Ethylene oxide is effective but highly toxic, and all traces must be removed
from the suture package before it is sealed.

Irradiation with ionizing radiation causes damage to all a-hydroxyacid
polymers, and the level must be held to no more than about 2 Mrad. Since
the degradation of these materials is primarily due to hydrolysis, they must
be kept scrupulously dry. Packaged sterilized sutures are thoroughly vacuum-
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dried and maintained in an anhydrous state by internal desiccants. They are
usually stored in a freezer at around —20°C to ensure adequate shelf-life.

6.7.8 Mechanism of degradation

The actual breakdown of the polyesters in vivo is quite complex, although
it is simpler for sutures than it is for drug release polymers because fibers
have a much higher surface/volume ratio. Basically there are two mechanisms
operating: bulk erosion and surface erosion, and these have different kinetic
effects on strength loss. The process is described in a comprehensive article
(138) by von Burkersroda et al. There are always two separate processes
operating. One is the rate of diffusion of water into the material in vivo, and
the other is the rate of chain-breaking reactions (hydrolysis). If the rate of
hydrolysis is faster than the rate of water ingress, the polymer will surface-
erode, a desirable state of affairs for a drug-release polymer. If the rate of
chain breaking is slower than the rate of water diffusing into the material, then
the latter becomes the rate-determining step and bulk erosion takes place. All
commercial sutures degrade by bulk erosion, but the exact route of strength
loss is a complicated process. All sutures are semicrystalline materials, so
hydrolytic attack occurs first in the amorphous regions since these are more
easily penetrated. The fiber is held together by those crystalline domains which
remain unattacked, even though the overall molecular weight may have fallen
appreciably. Eventually, after a catastrophic loss of strength, the structure
falls apart. The fragments of monomer and oligomers are slowly broken
down and metabolized in the body into harmless by-products, eventually to
carbon dioxide and water. This is why the final disappearance can take many
months, even though the zero-strength time may be only a few weeks.

6.8 Chemistry of disposable fibers

A new area for biodegradable polymeric materials based upon non-petroleum
source biomass-derived raw materials has started to develop. The topic has
been comprehensively reviewed by Stevens (125). There are two distinct
areas here — polymeric materials that are compostable and environmen-
tally friendly and minimize environmental damage, and those derived
from natural renewable resources (biomass). These areas often overlap. A
significant market for biodegradable fiber-forming polyesters has opened up
with the emergence of Cargill Dow Polymers as a large-scale manufacturer
of cheap L-lactide, derived from fermentation of cornstarch (139). Poly(L-
lactide) is highly crystalline, and a less brittle fiber and film result if a little
imperfection is introduced into the polymer chain to break up the regularity
(140). The lactide was originally intended for biodegradable and compostable
polylactide packaging film materials under the name Natureworks®, but one
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fiber manufacturer at least (FIT, Inc.) is interested in the implications for
disposable fabrics (such as towels, diapers, wipes, etc.), where nonwovens
predominate. J. Dugan, of that company, says that polylactide fiber has many
good textile properties and could have a significant market in the disposable
fabrics area. He has also used lactide polymer as a matrix for an ‘islands
in a sea’ type of bicomponent fiber with PET to make PET microfibers by
hydrolysis of the lactide. (141)

Another naturally derived polymer is Biopol®, a copolymer made up
of various poly-B-hydroxyacid ester units, notably the copolyester from
3-hydroxybutyric acid (PHB) and 3-hydroxyvaleric acid (PHV). These polymers
belong to a class of polyesters called poly(3-hydroxyalkanoates) and the
area has been recently reviewed by Ramsay and Ramsay (142). It has been
known since the 1920s that certain bacteria, when starved of nitrogen, will
make poly(hydroxybutyric acid) and store it as an energy source in the form
of solid granules in the cells, much as higher organisms store fat globules.
An early patent reference (143) to PHB is one by Baptist of W R Grace in
1962. Biopol® was originally made from bacterial sources by ICI on Teesside,
UK, in the early 1970s, when ICI was developing large-scale fermentation
reactors to produce single-cell bacterial protein for cattle feed. This project
was not a commercial success, so the protein fermentation pilot plant was
adapted to produce bacterial polyester on a comparatively large production
scale (144). The chief microorganism used was Alcaligenes eutrophus, and
the food source was usually glucose (145—148). As much as 80% dry weight
of cells was polyester under optimal fermentation conditions. In 1990 ICI
underwent a corporate reorganization and Biopol was eventually acquired
by Monsanto, who continued the work and made important changes. Most
notably, they found that PHB could be made from genetically modified higher
plants such as Arabidopsis thaliana (leaves) and Brassica napus (seeds) and
harvested by simple solvent extraction or expression, as used for rapeseed
oil. But eventually Monsanto divested itself of the product in 1998, and it
has now been taken up by Metabolix Inc. in Cambridge, MA, who obtained
a US Department of Energy grant in 2001 to continue the studies (149).

Biopol is a crystalline thermoplastic with a melting point in the range
170-190°C. Its structure is much like isotactic polypropylene, since all the
side groups project on the same side of every chain. Like a peptide, the chain
has a helical conformation, but unlike peptides, this is due to non-bonded
interactions between the carbonyls and the methyl groups. There are no
hydrogen bonds, and this helix formation is unique. Biopol has a problem in
that it tends to embrittle by secondary interlamellar crystallization. Biopol to
date can hardly be called a commercial success, but it has been thoroughly
investigated. A review of PHB polymer and copolymer production by Poirier
et al. (150) was published in 1995. PHB has not been widely investigated
as a fiber-forming polymer, although one idea is monofils for biodegradable
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fishing nets. It is not suitable for sutures, since it does not break down by
simple hydrolysis in vivo. It degrades both aerobically and anaerobically
when exposed to certain lipases, as when composted or exposed to marine
environments. It is likely to be of greater use as a disposable, environmentally
friendly, thermoplastic polymer. A recent patent (151) describes the use of
copolymers of 3-hydroxy and 4-hydroxalkanoates in medical devices such
as bone screws, etc. These materials have been described by Hori et al.
(152) and can be produced by a biosynthetic route (153) using recombinant
bacteria such as Escherichia coli.

6.9 Melt-spinning polyester fibers and associated
fiber processing

6.9.1 Introduction

This is a large topic and, for detailed descriptions, the reader is referred to
specialized publications dealing with the subject. Good accounts will be found
in Davis and Hill’s article (154) on fiber spinning. The present chapter will
give only a broad outline, and will deal only with PET melt spinning, by
virtue of its huge volume. All synthetic fibers fall into two main categories:
continuous filament yarn (F/Y) and staple fiber, which is discontinuous and
cut to short lengths for blending with natural fibers like wool and cotton.
This blending is done just prior to carding, and the blended and carded
(combed) fibers are then twisted together (‘spun’) in modern versions of a
process that dates back several millennia.

6.9.2 Filament yarn melt-spinning

Filament and staple polyester are melt-spun under different conditions, and
their subsequent fiber processing is quite different. The melt-spinning process
is simple in theory, yet complex in practice if optimum fiber properties are
to be achieved. A diagram of a schematic F/Y melt spinner is shown in Fig.
6.4.

Rigorously dried polymer (moisture content < 30 ppm), stored in a sealed
feed hopper and sparged with dry nitrogen, is melted at a temperature some
15-25°C above its crystalline 7, in a device such as a screw-extruder. The
melt passes from the extruder under a positive back-pressure into the melt
block. A coarse screen filter is interposed between the end of the screw
extruder and the block. The heated block has a number (usually 2-8) of
spinning packs within it, although only one is shown in the diagram. Each
spinning pack has its own pump, auxiliary filter and spinneret assembly.
The polymer melt is precisely metered by a positive displacement gear
pump which delivers a fixed amount of polymer per revolution. The melt is
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6.4 Schematic diagram of a typical F/Y melt spinner.

filtered just prior to the spinneret (to remove foreign bodies that might plug
spinneret holes) by forcing it through either a filter bed made of particles
of silica or aluminum oxide, or a shattered metal filter. Finally the melt is
forced through tiny holes, typically 0.007-0.015 inch (0.180-0.400 mm)
in diameter in a spinneret plate. The whole pack assembly is heated to the
spinning temperature (usually 280-300°C) so the pack seals and gaskets
are designed to function at this high temperature and prevent polymer leaks
under pressures that can approach 5000 psi. Ideally, the thermal history of
the whole polymer melt is uniform, with no dead spots, stagnant zones or
circuitous melt pathways. Differing thermal histories lead to different thermal
degradations along the yarn. This leads to unacceptable non-uniformity in
the final dyed fabric.

The molten threadlines emerge from the spinneret and solidify as they
fall. The cooling process is accelerated by a controlled flow of non-turbulent
quenching air. Passing next around a take-off roll or ‘godet’, the bundle of
filaments are wound up on a yarn package or sent directly to other processing
steps. One very important parameter is the thickness of the as-spun filament,
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and this is measured by the denier count, which is the weight in grams of 9
km of yarn. The official metric system uses the decitex count, which is the
weight of 10 km of yarn (hence decitex is 1.11 x denier); but it seems that
the textile industry in much of the world (including the USA) resolutely
retains the denier count, an archaic measurement dating back to the Lyon
silk industry in eighteenth-century France!

Denier is decided by a combination of polymer density, polymer throughput
in grams per hole per minute (fixed by the number of holes and the metering
pump calibration and speed) and the wind-up speed in meters per minute at
the godet surface. The polymer throughput per hole is usually in the range
1.0-5.0 g/hole/min. The linear speed (jetting velocity) of the polymer emerging
from the spinneret is appreciably less than the haul-off speed at the godet:
the ratio is called the draw-down factor. This stretching as the polymer cools
induces molecular order and orientation in the fiber and develops tensile
properties. The degree of orientation is measured on the spun filament by
determining the optical birefringence. This is often done manually on a small
sample of fiber with a polarizing microscope and a device called a Berek
Compensator. As the wind-up speed increases, so does the birefringence in
an exponential curve: at a wind-up speed of 3500 m min~!, a typical PET
spun yarn has a birefringence of about 50 x 103 units (154).

There are three regimes of F/Y spinning speed: slow speed is below 1000
m/min; medium-speed is run at 1000-4000 m/min, while high-speed spinning
is run at over 4000 m/min. Very high spinning speeds introduce so much
molecular orientation that the yarn needs little further drawing (155). This
process is called ‘POY’, from the acronym for ‘partially oriented yarn’. One
of the major technical breakthroughs in the 1970s was the introduction of
high-speed yarn winders that made large yarn packages or ‘cheeses’ (typically
7 kg of yarn) and would run at over 4000 m/min (150 mph). The yarn traverse
device was the stumbling block, for without a high-speed traverse to keep
pace with the wind-up speeds, the process could not run. The problem was
to reverse the traverse instantaneously at the end of each cross-stroke with
no trace of ‘dwell’, or else the package would build up at the edges and
the yarn simply slough off the package. Engineering solutions were found;
nowadays, take-up speeds are even higher, as much as 8000 m/min (300
mph) (156-158).

Filament yarn drawing

Although molecular orientation is partly introduced by the drawdown,
the main increase in order is brought about by a separate drawing process
(159). All fiber-forming polymers of adequate molecular weight show the
phenomenon of cold drawing on stretching. The undrawn fiber (or a strip
of film) necks down and elongates, and crystallization often occurs, evident
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from a change in luster in the drawn filament, due to its optical anisotropy.
PET fibers in the as-spun state are generally amorphous. They have molecular
orientation but only become crystalline with oriented crystallites when fully
drawn. Polymers such as PBT and nylon 6,6 form crystalline spun fibers,
but they still need a drawing stage to develop full molecular orientation. It
is the combination of molecular orientation and the presence of polymer
chain crystallites to ‘lock’ this orientation into place, which governs such
important parameters as tenacity, elongation at break and heat-shrinkage. In
order for drawing to be effective, the fiber has to be elongated considerably,
the ratio of yarn feed to draw-roll haul-off speed being the draw ratio. It
can be anything from 1.5 up to 6.0 times. At higher draw ratios the yarn
shrinkage falls and so does the elongation to break. The draw point where
fiber necking takes place must be stabilized at a fixed point. In the early
days this was done by a stationary heated metal pin, around which the yarn
passed. The pin drawing temperature is set at about 10°C above T (i.e. about
85-90°C for PET) since at this temperature the polymer is in a rubbery state.
The polymer chains are thus free to move and can reorganize and reorient
themselves under the mechanical stress of the drawing process. Drawing is
notably exothermic, as can easily be demonstrated by cold-drawing a narrow
strip of undrawn PET film and carefully touching the film to the lower lip.
Cold-drawing is somewhat thermodynamically analogous to the adiabatic
compression of a gas. Once the drawing process starts, little heat is needed to
keep it going. To stop the drawn yarn from having an unacceptable degree of
heat shrinkage, the yarn has to be heat-set by passing it over a long hotplate
at about 130-140°C, which is well above the effective T, (125°C) of the
drawn, oriented and crystallized yarn. The heat-setting stage encourages the
final development of maximum molecular order and crystallinity; it may be
considered as a continuous annealing process.

A diagram of the morphology of an oriented, partly crystalline PET fiber
is shown in Fig. 6.5. This simple system was adequate when draw speeds
were low (500 m/min) but as speeds rose, separately heated feed rolls and
draw rolls were needed to achieve the same effect. The heated rolls allowed
longer contact times for thermal transfer, the yarn being usually wrapped
four or five times around each roll and a small idler roll. The draw ratio has
a major effect on yarn elongation and tenacity. As one might expect, high
draw ratios give high-tenacity yarns with higher yarn moduli and lower
extensions; low draw ratios give lower tenacities with much more extension.
A semi-empirical rule connecting elongation to break (e,) and engineering
tenacity (#) has been established (160) which says:

t=Klef

where K and o are constants. Experimentally, o ~ 0.3. K is a measure of
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6.5 Morphology of PET fiber showing various features. Reprinted
from H.F. Mark, ‘Polyester fibers’, in Encyclopedia of Polymer Science
and Technology, © 2003 John Wiley & Sons, reprinted by permission
of John Wiley & Sons, Inc.

the inherent fiber strength and is related to the molecular weight, hence
polymer IV.

Heavy-duty industrial yarns for tire cords and for uses such as car safety
belts are drawn under conditions favoring maximum yarn modulus and
tenacity and minimum stretch.

Filament yarn texturizing

Drawn filament yarn can be treated in any number of ways. It may simply
be wound onto a yarn package, or twisted on a ring frame as ‘flat yarn’ or
sent for a yarn texturizing process. Many apparel yarns must be texturized
or ‘bulked’ to give desirable aesthetics and textile properties, particularly
for women’s wear markets. This may be done in a separate operation or
combined with the drawing process (‘draw-bulking’). Draw-bulking or ‘draw
textured-yarn’ (DTY) often uses POY yarns as a feedstock, since the required
draw ratio is low, only about 1.6-fold. The topic of yarn bulking is highly
specialized and related to textile yarn processing. Readers wanting detailed
process descriptions are advised to consult reputable specialist sources. Several
excellent books (161) and various websites (162, 163) are available.



220 Handbook of textile fibre structure

Industrial filament yarn

High-tenacity filament yarns for industrial use, such as tire cord, have to
be melt-spun and drawn to give a high-modulus, low-heat-shrinkage, low-
extension, high-tenacity product (usually called HMLS yarns) and special
spinning and drawing conditions are needed. Some industrial yarns are
made by a continuous polymerization spin-draw route (CP-spin-draw). Since
industrial yarns are made to higher IV than apparel yarns, higher spinning
temperatures are needed. To develop the high tensile properties, the yarn
drawing may need to be done in a two-stage process to develop the exact
characteristics required (164, 165).

Very low work loss (hysteresis) is important in car tires running at high
speeds, because the constant flexing of the cord could build up serious tire
heating if cord internal work loss were excessive. Tire cord is a highly
specialized product. Other uses for high-strength polyester industrial yarns
are reinforcing fibers for V-belts, hoses, and crane slings and automobile
seat belts.

6.9.3 Staple fiber

The demands of staple fiber production are very different from those of
filament yarns. The fibers are melt-spun using a large diameter, high-throughput
extruder as the polymer melter. The melt is then metered via a high-capacity
metering pump through a filtered staple spinning pack with a spinneret plate
containing a large number of holes, many hundreds at a time. The bundle of
fibers is hauled off via a bank of multiple godets (to prevent slippage) but
it is not wound up; instead, the yarn is deposited loosely via an air-ejector
into a large yarn drum or ‘can’. When the yarn can is full, the fiber bundles
from many cans are combined into a thick ‘tow’ which may have a yarn
count of 1-5 million decitex.

This thick bundle of fibers is then drawn on a massively constructed
drawframe (because the mechanical forces involved in drawing such a thick
bundle of fibers are very considerable) using multiple feed rolls and draw
rolls. It is heat-set in a steam-heated hot-box. The drawing is often done in
two or even three stages. The drawn tow then passes to a crimper, often of
the stuffer-box type. Here the tow is over-fed into a heated wedge-shaped
compartment which compresses it into a concertina crimp. The stuffer box
has a weighted or sprung trap door so that excess amounts of yarn are
released mechanically and in this way the degree of crimp is controlled (166).
The bulked tow is finally cut to the desired staple length by one of several
proprietary designs of continuous staple cutter (167). The loose cut fiber is
then compressed with a hydraulic press into bales. A schematic diagram of
a staple line is shown in Fig. 6.6. A large staple unit can produce 200-300
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tonnes of staple fiber per day, which is later blended with cotton, wool or
other natural fibers.

6.9.4 Spin finishes

All fibers need to be treated with a surface finish that alters the frictional
characteristics of the yarn surface. Without it, the various processing steps
such as drawing, texturizing and textile processing would be impossible,
because so many of the processes rely on specific frictional properties of the
fiber (for example, friction disk texturizing). Spin finishes are often water
emulsions of various surfactants, either nonionic or anionic, with various
lubricant mineral oils. Finish formulation is complex and something of an
art as well as a science (168). Application of the finish is made early in the
process, before the cooling threadline from the melt spinner hits the first
godet. In early days, the finish was usually applied as a water emulsion
from a smooth lick roll rotating slowly in a bath of spin finish. As spinning
speeds increased, the finish was applied directly via a hollow ceramic guide
as a neat oil formulation and metered at precise levels from a positive-feed
metering pump. High-speed yarn texturizing processes have particularly
difficult finish requirements: they cannot fume nor pyrolyze in the heater
tubes of the texturizing machine. Polysiloxane oils are often used in these
special formulations (169). Staple fiber is usually sprayed with emulsified
finishes or else the whole tow is immersed in a bath of finish, and this
may need to be repeated at intervals along the process chain. Some staple
processes locate the drawing stage with the tow immersed in a hot bath of
emulsified spin finish.

6.10 Effect of fiber structure on properties

The relationship between the polymer chemical structure and the physical
properties of the resulting fiber is an area of continuing fascination for fiber
scientists. Even after many decades, we have only sketchy ideas about the
exact relationships. That said, some principles are well understood. The best
fiber-forming polymers are linear, crystalline polymers with some mechanism
to stiffen the chains and hold them together. Polyamides like nylon rely on
inter-chain hydrogen bonds, while polyesters like PET rely on stiff rings
in the chain. Polyesters like polycaprolactone are very ‘floppy’, although
they are crystalline. The long aliphatic methylene chain has weak chain-to-
chain forces, thus giving a low 7}, (63°C) and a very low T, (-60°C) On
the other hand, polycaprolactam (nylon-6), which differs only by having
a —CONH- group in place of —COO-, melts at 215°C. This illustrates the
effectiveness of inter-chain hydrogen bonding. Nylon-6,6 melts at 260°C,
very close to PET. Again hydrogen bonds are the reason. If the hydrogen
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bonds are reduced by making a partially N-alkylated nylon, there is a serious
fall in polymer softening point and the polymer becomes partly amorphous
and becomes more soluble in solvents (170). PET has no hydrogen bonds
but it does have many stiff 1,4-disubstituted benzene rings and these make
the chains much more rigid, hence the high polymer melting point and 7.
PBT and PTT melt at lower temperatures than PET and have a lower 7,
because they have longer and more flexible alkylene chains. If we combine
terephthalic acid with ethylene diamine, we get nylon-2T which has both
stiff rings and hydrogen bonds. Not surprisingly, this nylon melts at well
over 400°C (171).

The effectiveness of stiff in-chain rings is well demonstrated by DuPont’s
Qiana™ fiber, a somewhat exotic nylon introduced in the 1970s made from
diaminodicyclohexylmethane (PACM) and dodecane-1,12-dioic acid. The
alicylic diamine group has trans—trans, cis—trans and cis—cis rings in the
polymer. It melted at 290°C (172). By the same token the rigid naphthalic
acid group in PEN causes a significant rise in Ty, and 7, over PET. PEN also
shows the effect of structural anisotropy in the chain: the 2,6-naphthalene-
dicarboxylic acid increases substantially the aspect ratio of the acid group
over terephthalic acid, which causes a significant rise in fiber modulus.
A copolymer of 50/50 PEN and PEBB (from 4,4’-bibenzoic acid) gave a
polyester with a tensile modulus of over 300 g/denier (173). This copolymer
enters the region of thermotropic liquid crystal aromatic polyesters which
form nematic melts and can give extremely high tensile properties (174).

While some empirical rules for high fiber modulus have been established,
it is not so easy to predict good fiber resilience. As we have seen already, the
particularly good recovery properties of PTT (which are better than nylon)
seem to be due to the unique crystalline structure of PTT.

6.11 Conclusions

6.11.1 World markets, future trends and
thoughts for the future

The total world market for polyester is about 25 million tonnes. Consumption
is still growing, although at the time of writing (2008) the rate of increase
is smaller than the 5-8% per year that was common hitherto. Over the past
20 years, there have been cataclysmic changes in the polyester producing
fiber business. There has been a gradual eclipse of the textile industry in
the USA and Western Europe, and it has shifted to Asia and other places,
such as Central America and parts of Eastern Europe. The old-established,
integrated synthetic fiber firms which were offshoots of chemical companies,
such as DuPont, ICI, Hoechst and Monsanto, have vanished. In 2002 DuPont
hived off its fiber interests as Invista, which was merged with KoSa in April
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2004. KoSa and Invista are part of Koch Industries, and Invista, which is
independently managed, is one of the world’s largest integrated fiber and
polymer producers. Alone of the old companies, Eastman maintains a US
presence, although most of its fiber output is cellulose acetate.

The new fiber producers buy polyester polymer on the open market as a
commodity item and convert it into fiber and yarn. They have revolutionized
the polyester market and superseded the old order. Invista, for example,
buys 3GT polymer from Shell and spins Corterra® fibers and markets them,
although Shell retains the trademark. KoSa announced in late 2002 a plan
to expand the former Hoechst facility in Mexico (175) to make tire cord.
Giant firms such as Wellman Industries and Invista in the USA and others in
the Far East now dominate the picture. The emergence of China as a major
consumer and as a growing producer of polyester fiber will have a further
large effect on world markets.

The market for polyester fiber will certainly continue to grow overall,
although as a major commodity item it is likely to be affected very much
more than in the past by global economics and trade cycles. Certainly, the
steep price increase of raw materials such as crude oil and natural gas will
have a serious effect on process costs and markets. Nevertheless, there is
still a trend to replace other fibers, both natural and synthetic, with polyester.
Nylon is still losing overall markets to polyester. At present, nylon dominates
polyester in domestic carpet yarns, but PET has a growing share of the
contract carpet trade because it is cheaper. The new polyester microfibers
and easy-to-dye polyesters with excellent resilience are expected to make
big inroads into floor coverings and the apparel markets over the next few
years.

A major change will be surely be the drive to replace petrochemical sources
with renewable bio-derived materials. DuPont’s decision to invest in a large-
scale plant for a fermentation route to PDO now looks like highly prescient
foresight! Looking ahead, there are new non-oil-based biomass-derived
processes in commercial production for making not just the intermediates
for polyesters, but even the polymers themselves. The effect of a resurgence
of recycling such valuable materials as polyester bottles into fiberfill and
carpet yarns may also have unpredictable consequences.

There are likely to be surprising innovations in both fibers and fabrics.
Thermochromic dyes, perhaps based on cholesteric liquid crystals (developed
for LCD TV screens) which could change a fabric’s color with ambient
temperature, are one idea, as well as luminous fabrics (using OLED technology)
and ones that change their luster and iridescence. Fibers that change their
bulk inversely with temperature could lead to high comfort insulation when
conditions are cold, changing to a less bulky, cooler material when it becomes
warm again. Polyesters are likely to play a significant part in such innovative
materials because of their price/performance ratio.
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There has been a popular sentiment for many years that polyesters are
an inferior substitute for the supposedly superior ‘natural’ fibers. This is a
fallacy, since natural fibers have many deficiencies: cotton shrinks, linen
wrinkles, wool shrinks, creases and is susceptible to moths! Polyester has
boosted the overall performance of natural fibers in the form of blended
yarns and fabrics ever since it was commercially available in the late 1940s!
The latest generation of polyester fibers now emerging, such as polyester
microfibers and the highly resilient and stain-resistant PTT fibers, and others
that will follow, will meet, in their own right, the market demands of a new
generation of fiber consumers in a constantly changing world.

6.12 Sources of further information

There are a number of good books that contain instructive reading on the
subject of synthetic fibers in general and polyester fibers in particular. Two
recent ones are Synthetic Fibers, Nylon, Polyester, Acrylic, Polyolefin, edited
by J. E. Maclntyre (Woodhead Publishing, 2005) and Handbook of Fiber
Chemistry, third edition, edited by M. Lewin (Taylor & Francis 2007).
Much valuable and specific information can be found in reference books,
notably the Encyclopedia of Polymer Science and Technology, third edition
(John Wiley & Sons) and the Kirk-Othmer Encyclopedia of Science and
Technology, fourth edition (John Wiley & Sons). For those who want to
learn about yarn texturizing, there is Yarn Texturing Technology by Hearle,
Hollick and Wilson (Woodhead, 2001); and for others interested in fiber and
fabric dyeing, a very comprehensive work is The Chemistry and Application
of Dyes by Waring and Hallas (Plenum Publishing, 1994).
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Polyamide fiber formation: structure,
properties and characterization

N VASANTHAN, Long Island University, USA

Abstract: The production of polyamide fibers by various spinning
techniques yields fibers with a variety of microstructures. The chemical,
physical and mechanical properties of these fibers depend on microstructure
properties. This chapter reviews polyamide fiber formation and how various
spinning methods affect the fiber microstructure, heat setting and mechanical
properties. The chapter first discusses the various spinning techniques to
form fibers and then discusses various characterization techniques to measure
microstructure properties such as crystallinity, crystalline and amorphous
orientation. Finally, the chapter reviews how microstructure properties would
influence heat setting, dye diffusion and mechanical properties of polyamide
fibers.

Key words: polyamides, fiber spinning, FTIR spectroscopy, molecular
orientation, heat setting and dye diffusion.

7.1 Introduction

Polyamides (PAs) or nylons were among the first synthetic polymers used
for fiber applications. Polyamide fibers are used for a variety of different
applications ranging from textiles and carpets to reinforcement of tires.'> PAs
are polymers where the repeat units are held together by an amide linkage.
PAs can be classified into aromatic polyamides and aliphatic polyamides.
Aliphatic PAs consist of only aliphatic chains whilst aromatic PAs consist of
aromatic rings in the main chain.? Most of the aliphatic PAs are synthesized by
either condensation polymerization or ring opening polymerization. Aromatic
PAs are difficult to synthesize using diacids and diamines due to the lower
reactivity of aromatic amines compared to aliphatic amines, and therefore
aromatic PAs are usually made from diamine and diacid chloride.*
Aliphatic polyamides can be further classified into several groups based
on the length of the diamine and diacid monomer. They can be designated
as either PA-x or PA-xy where x and y represent the number of carbon atoms
between nitrogen atoms.’ PA66 is produced from hexamethylene diamine
and adipic acid while PA6 is synthesized by ring-opening polymerization of
e-caprolactam. PA66 and PAG6 fibers are moderately crystalline (35%) and
crystallinity of these fibers can be increased by either heat setting, spinning at
higher speed or drawing. More than 3.25 billion pounds of PAs are produced
annually and 90% of them are either PA66 or PA6. Mostly PA66 or PA6 are
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used for fiber application due to their good combination of tensile strength,
flexibility and abrasion resistance.® Therefore we limit our discussion to
PA66 and PAG fibers in this chapter.

The covalent bonds in the polymer are responsible for the high strength.
However, man-made polymers generally do not exhibit the corresponding
potential high modulus.® High modulus and strength may result from structural
perfection, crystallinity, crystalline and amorphous orientation.> It is well
known that the highest elastic moduli reported for linear polymers are
generally much smaller than their theoretical values. Moduli of ultra-drawn
high molecular weight polyethylene (UHMW PE), isotactic polypropylene and
Kevlar were reported as close to the theoretical values. Only one twentieth
of their theoretical modulus value was obtained for PA fibers.°

PAs have hydrogen bonds between amide groups of neighboring polymer
chains as well as dipole—dipole interactions. These hydrogen bonds play
an important role in drawing of PAs.® Hydrogen bonding prohibits high
draw ratios in the PAs, which have a maximum draw ratio of only ~5.7%
A number of research groups investigated the role of hydrogen bonding in
controlling the tensile deformation behavior of PA66 and PA6 fibers.”™3 It
was demonstrated that a high draw ratio can only possibly be made through
tensile drawing by either suppression of crystallinity or modification of the
number and strength of the hydrogen bonds within the polymer crystals.
Many researchers attempted to overcome low extensibility by adding various
plasticizers.” '3

7.2 Fiber formation

Unlike polyethylene, polyamides have a high melting temperature, molecular
rigidity and intermolecular hydrogen bonding. Hydrogen bonds play an
important role in PA fiber formation. A number of attempts to produce high
modulus fibers from PAs have been made either by various spinning methods
or by solid state co-extrusion with various plasticizers. These methods
transform conventional semicrystalline polymers that usually have relatively
low modulus and strength into highly oriented fibers with relatively high
modulus. Spinning and drawing is the main technique for developing oriented
and extended polymer structures.'*'® Aliphatic polyamides are usually melt
spun while aromatic polyamides are not melt spun. Aromatic polyamides are
therefore outside the scope of this discussion. Melt spinning is one of the
easiest spinning methods to make PA fibers. But it is not good for spinning
of high molecular weight polymers, and therefore other spinning methods
such as solution spinning, dry spinning, wet spinning, gel spinning and
zone drawing and annealing have also been used to produce high modulus
fibers.!”"!” PAG fibers have received much more attention compared to PA66
due to PA6’s slow crystallization rate.?’
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Both PA66 and PAG6 are semicrystalline polymers that are able to crystallize
well due to strong intermolecular forces (hydrogen bonding) and that are
held together by van der Waals interactions in a three-dimensional lattice.
PAG6 crystallizes into two well-known crystal forms o and 7y, while PA66
only crystallizes into an o crystal form (Fig. 7.1). It is generally recognized

7.1 Crystal structures of PA66 and PAB, reprinted from ref. 21.
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that the o crystal form is composed of extended chains and the y form
consists of pleated chains. Hydrogen bonding is parallel in the o form but
perpendicular in the y form. In PA6, spinning conditions affect the formation
of o or y or both crystal forms. Drawing of as-spun fiber leads to molecular
orientation along the fiber axis and leads to higher crystallinity. Various
spinning methods used to enhance crystallinity and molecular orientation
of PA fibers are discussed below.

7.2.1  Melt spinning

The melt spinning process is an important method based on continuous
steady-state elongational flow of processing. Typical industrial melt spinning
apparatus is shown in Fig. 7.2.* In this method, molten polymer is extruded
through spinnerets followed by rapid quenching, causing solidification. Fibers
can then be stretched and annealed to obtain high mechanical properties.*>

Polymer pellets
or chips

l

Electrically heated
melt-grid

Pump
------- Filter
Spinneret

Cold air —»

Steam (to
condition —»
fibers) ‘
0O,
O]

7.2 Industrial-scale melt spinning apparatus, adapted from ref. 4.
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It is usually carried out by melt spinning either into air or through an air
gap into a cold water bath. PA66 and PAG6 fibers are generally obtained
by melt spinning.? Ziabicki and Kedzierska studied melt spinning of PA6
fibers at spinning speeds of about 3500 to 4000 m/min using WAXD and
birefringence.’>?} It was shown that PAG6 fibers are initially amorphous
and crystallize in the environment in a psuedohexagonal form. An increase
in birefringence was observed with an increasing take-up stress, further
confirming the formation of a poorly developed psuedohexagonal form.
Online measurement of birefringence was measured as a function of spinline
position as shown in Fig. 7.3.2* An increase in the birefringence due to
increase in the temperature of the melt around the spinline has been shown
to occur for PAG6.

On-line measurement of birefringence and X-ray pattern of PA66 fibers
were measured at lower spinning speeds.?> Online X-ray diffraction showed
the formation of the o triclinic structure at a lower speed, which was different
from the melt spinning of PA6, due to a higher crystallization rate. On the
other hand, at higher spinning speeds, paracrystalline structures similar to
the high-temperature y form of PA66 were formed. Subsequent annealing
under humid conditions converted the paracrystalline structure into an o

© 100 m/min
20~ |m 200 m/min
V300 m/min
® 556 m/min
A 1000 m/min A
16 -
=
X
812
c
(]
(<)
£
®
m 8|
4
0 ) . I .
0 40 80 120 160

Distance, cm

7.3 On-line birefringence vs distance of spinneret, reprinted from ref.
25.
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form and increased crystallinity. The density of as-spun filaments showed
an increase with increasing spinning speeds.

7.2.2 Dry spinning

Dry spinning involves the extrusion of polymer solutions through a spinneret
into a hot air stream that evaporates the solvent and leaves the polymer fiber.’
High modulus PAG6 fibers were prepared by dry spinning of PA6 solution in
cosolvent mixtures of formic acid and chloroform followed by hot drawing.
Tensile strength at break and initial moduli of PAG6 fibers prepared by this
method were reported as 1 GPa and 16-19 GPa, respectively, compared to
0.5 GPa and 5 GPa for PAG6 fibers prepared by melt spinning. It was also
shown that mechanical properties of PA6 fibers strongly depend on draw
ratio, molecular weight, concentration of polymer and solvent ratio.?® Smook
et al. described dry spinning of PA6 using solvent mixtures of formic acid
and dichloromethane and failed to achieve draw ratios above 5 and better
mechanical properties than PA6 fibers obtained by melt spinning.?’

7.2.3 Wet spinning

Solution spinning is the oldest method used to prepare synthetic fibers. This
method has been successfully used to manufacture fibers from polar polymers
such as polyacrylonitrile and polyvinyl alcohol on an industrial scale.?>*
Industrial scale wet spinning apparatus is shown in Fig. 7.4. In this method,

Polymer
solution

<+— Pump To washing,

orientation, or
......... «— Filter wind-up

—>

1] ¢
Coagulation | _ ]
bath 7| I}
Spinneret

7.4 Equipment for the wet spinning of fibers, adapted from ref. 4.
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a viscous solution of a polymer is extruded into a continuous filament and
coagulation of the filament is usually carried out using a nonsolvent for the
polymer. Hancock et al. studied the wet spinning of PAs in the 1970s.*
Tensile properties obtained for the wet spun PA fibers were much lower than
those obtained from dry and gel spinning, which was attributed to the lower
molecular weight of the polymer (30 000 g/mole) used for wet spinning. The
advantage of solution spinning is the ability to use high molecular weight
polymer, as molecular weight plays an important role in the tensile strength
of fibers. The disadvantages of this process are that it is difficult to obtain
fibers with uniform diameter and it is not possible to spin fibers at higher
spinning speed.

7.2.4  Gel spinning

Pennings et al. described the formation of ultra-high modulus polyethylene
fibers by using gel spinning.’! A similar method was used to prepare PA
fibers. Cho et al. studied the preparation and drawing mechanism for high
strength PA6 fibers by the gel spinning/drawing technique using benzyl
alcohol as a solvent. When gel spun fibers were drawn to draw ratio of
5.3 it was found that they had an initial modulus of 6.2 GPa.?> Matsuo et
al. studied the deformation mechanism of PA6 films prepared by gelation/
crystallization from solutions with three different solvent types — cosolvent
mixtures of formic acid—chloroform, trifluoroethanol, and benzyl alcohol—
and deformation of these films were compared with a melt pressed film.>
Cosolvent mixtures of formic acid—chloroform yielded the best mechanical
properties, but a relatively low modulus of 4 GPa and poor drawability with
a maximum draw ratio of 4 was obtained.

7.2.5 Zone drawing and zone annealing

The zone drawing—annealing process is composed of two steps: zone
drawing and zone annealing. In the zone drawing stage, the fiber has a high
orientation and as low a crystallinity as possible. This spinning process
is usually performed by taking a standard tensile tester and attaching a 2
mm wide band heater to the crosshead. The temperature and speed of the
band heater are controlled and tension is applied to the lower fiber end by
using a suitable weight. Drawing is accomplished below the crystallization
temperature and above the glass transition temperature of the polymer. Kunugi
et al. investigated the production of high modulus PAG6 fibers obtained by the
zone-annealing method. Tensile strengths up to 1 GPa and moduli up to 10
GPa were obtained for PA6 fibers prepared by this method. PA66 fibers with
improved mechanical properties were also prepared by this method and tensile
strengths up to 1.2 GPa and moduli up to 8 GPa were obtained.>*~’
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7.2.6 Spinning with plasticizers

Zachariades and Porter investigated solid-state coextrusion of PA6 plasticized
with ammonia and obtained fibers with enhanced moduli, up to 13 GPa. The
plasticizer, ammonia, changed only the amorphous regions of PA6, whilst
iodine can change both crystalline and amorphous regions of PA6.%® Melt
spinning of PAG fibers from PA6/lithium bromide or PA6/lithium chloride
mixtures yielded fibers with moduli in the range 9—13 GPa.** More recently,
PAG66 fibers were obtained from melt spinning of a PA66/GaCl; complex.
Draw ratios of 7-13 were achieved for complexed fibers, under low strain rate
stretching. PA66 fibers made from the GaCl; complexed state, using a high
molecular weight polymer, provided initial moduli up to 13 GPa, compared
to initial moduli of 6 GPa reported for commercial PA66 fibers.*

7.2.7 Electrospinning

Electrospinning can produce PA6 and PA66 nanofibers in the submicron or
nanometer scale.*'~* In this method, a solution or melt is placed in a syringe
and an electrical force at the surface of polymer solution or polymer melt
overcomes the surface tension, and a charged jet is ejected from the droplet.
The jet travels a set distance and is collected on a counter electrode in the
form of a membrane, as shown in Fig. 7.5.% The tensile deformation of PA66
nanofibers has been studied and compared with melt extruded microfibers.*?
PAG6 nanofibers ranging from 10 to a 100 nm have been successfully electrospun

Positive electrode

[

Polymer
Power supply

solution

Negative electrode

Motor

7.5 Schematic representation of electrospinning set-up, adapted from
ref. 43.

Collector
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from hexafluroisoproanol solution. Electrospinning of PA6 yielded a y form
of PA6 nanofibers, similar to high speed spinning. An orientation parallel to
the fiber axis was confirmed using WAXD. Annealing PA6 nanofibers above
170°C transformed the 7 crystalline phase into an o crystalline phase.*’

7.3 Characterization

7.3.1  Density and birefringence

Density increase is associated with crystallization of semicrystalline polymers
where interchain distances become smaller. Crystallinity of semicrystalline
polymers can be obtained using the crystalline and the amorphous densities.
For most polymers the amorphous densities can be obtained by rapid
quenching from the melt. The crystalline density can be calculated using unit
cell parameters obtained from the WAXD pattern. Crystallinity obtained by
density measurements is often used to study thermally induced crystallization
and stress-induced crystallization of PA fibers. Density has also been used
to study fiber formation on the spinline.

The density of PA66 fibers spun at different speeds increased with
increasing spinning speed and always above the amorphous density of PA66,
suggested that PA66 crystallizes at a lower spinning speed.? Vasanthan and
Salem recently studied thermally induced crystallization of PA66 and PA6
fibers.***> Crystalline fractions obtained by density measurements of PA66
fibers heat treated for two minutes at temperatures of 40, 80, 120, 160, 200
and 240°C are reported in Fig. 7.6. Similar studies have been conducted for
PAG fibers. It is not easy to correlate directly the density with the crystallinity
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7.6 Volume fraction crystallinity as a function of heat-setting
temperature for PA66 (®) and PA6 (O) fibers, adapted from ref. 74.
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for PA6 due to the presence of two different crystal modifications, which have
different density values. Density increases could occur either by additional
crystallization or by transformation from one crystal form to the other (y to
o). Crystalline fractions of PA6, determined by IR and density, versus heat
setting temperatures are also shown in Fig. 7.6. Crystalline fraction values
were almost constant up to a temperature of 150°C and then increased once
the heat treatment temperature exceeded this value. It was demonstrated
that thermally induced crystallization of PA fibers was quite strongly time-
dependent.**

Crystallinity of three sets of PA66 fibers drawn to different draw ratios
below T, are shown in Fig. 7.7. No change in crystallinity with increasing
draw ratio was observed. Below T, the efficiency of chain orientation was
high, but crystallinity stayed almost the same or even decreased due to
disruption of crystallites. Drawing above T, does not produce significant
orientation, but crystallinity increased significantly due to thermally induced
crystallization.*® Fractions of the o, y and amorphous phases of PA6 fibers
drawn to different draw ratios (1 to 4) at room temperature were measured by
density and IR spectroscopy by Vasanthan and Salem, and o, Y and amorphous
phase fractions versus draw ratio are depicted in Fig. 7.8. Crystallinity
increases were attributed to changes in crystal form from y to o as well as
stress-induced crystallization of additional amorphous phases.*’ Density
and birefringence of PAG fibers spun at different speeds showed an increase
up to a spinning speed of 5000 m/min and then leveled off, suggested that
orientation-induced crystallization occurs at lower spinning speeds.*®
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7.7 Volume fraction crystallinity as a function of draw ratio for PA66
fibers, adapted from ref. 46.
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7.8 Volume fraction o, y and amorphous fraction as a function of
draw ratio for PAG6 fibers, reprinted from ref. 47.

7.3.2 IR spectroscopy

Infrared spectroscopy has been used extensively to investigate the structure
development of PA films and relatively few studies have been made on PA
fibers.*>° Band assignments for PA66 and PA6 were reported by a number
of different groups.’'™> Quintanilla attributed the bands at 936 and 1144
cm™' to the frans and gauche conformations of methylene segments in
PA66.% Using these bands, trans and gauche conformations of methylene
segments in PA66 were quantified. Having found much ambiguity in the
infrared band assignments for PA66, Vasanthan and Salem revisited some
of these band assignments in their recent work.** It was demonstrated that
earlier assignments of the bands at 1144 and 1180 cm™' to the noncrystalline
phase of PA66 were found to be incorrect, whereas the bands at 924 and
1136 cm™! were assigned to the noncrystalline phase. Bands at 936 and 1200
cm™! were also confirmed as crystalline bands whilst the 924 cm™ band was
confirmed as an amorphous band. Normalized absorbance of bands at 1200,
936 and 924 cm™' were plotted against fiber density and the extinction of
the crystalline and amorphous sensitive bands corresponded to the reported
amorphous and crystalline density values. Determination of PA66 crystallinity
has been carried out by using an infrared method.** The values from this
study are shown in Table 7.1 along with crystallinity obtained by DSC and
density measurement; all three methods showed a reasonable agreement
with each other.*

The 936 cm™ crystalline band has been used to determine the crystalline
orientation of PA66 fibers as a function of spinning speed and molecular
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Table 7.1 Crystallinity values obtained from three different methods (T,
and T, are Preset and Reset temperatures)

Ty T, % Crystallinity
Density IR DSC
25 25 30.9 31.2 40.1
40 30.7 29.8 43.6
80 30.9 30.7 40.4
120 30.2 27.6 40.5
160 32.6 30.6 40.3
200 38.4 32.1 42.6
240 48.3 42.3 43.6
150 25 34.8 35.2 44.0
40 35.0 34.4
80 34.8 38.6
120 35.1 35.1
160 35.3 33.2
200 38.3 38.1
240 49.0 415
200 25 45.4 42.1
40 45.9 42.3
80 46.1 43.2
120 46.1 45.1
160 46.9 48.6
200 46.4 43.7
240 48.7 43.7

weight and as a function of draw ratio.**>* The transition moment angle
of the 936 cm™ vibration has been determined using X-ray and polarized
ATR-FTIR spectroscopy for high viscosity and low viscosity PA66 as 39°
and 41°.°* The crystalline orientation values obtained by IR and amorphous
orientation obtained by combination of IR and birefringence as a function
of spinning speed were compared. Crystalline orientation obtained by IR
was in agreement with crystalline orientation obtained by X-ray diffraction.
A sharp increase in crystalline orientation was observed at lower spinning
speed and a practically insignificant increase in amorphous orientation
was observed at lower spinning speed. Polarized IR spectroscopy in the
transmission mode was used to measure the transition moment angle of the
vibrations at 936 cm™', and was found to be 48°.%° Crystalline orientation
was determined from the band at 936 cm™', and the increase in orientation
with increasing draw ratio was observed (Fig. 7.9). Amorphous orientation
obtained using a combination of birefringence and crystalline orientation
obtained by polarized IR is also shown in Fig. 7.9. It was found that the
amorphous orientation develops more slowly than the crystalline orientation,
which is typical behavior for flexible chain polymers.
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7.9 Crystalline and amorphous orientation of PA66 fibers versus
draw ratio, reprinted from ref. 46.

In PA6, the bands at 930 and 960 cm™' have been attributed to o crystalline
phase, the bands at 919 and 973 cm™! have been assigned to ycrystalline
phase and the 983 cm™! band has been attributed to the amorphous phase.*’-°
Unpolarized spectra taken for drawn fibers having o, y and amorphous
phases are shown in Fig. 7.10. Depending upon the thermal and mechanical
treatment, the fractions of the o, y and amorphous phases can change
dramatically. The bands at 930 and 973 cm™! have been used to measure the
crystalline orientation of o and 7y crystalline phases, respectively. Since the
direction of the transition moment is not known for the amorphous phase,
only the dichroic ratio of the 983 cm™' band was reported.’® Other problems
with the band at 983 cm™ are its low intensity and the fact that it is highly
submerged by strong overlapping bands, so that reliable curve fitting is often
impossible. A band at 1124 cm™ associated with C—C skeletal vibrations was
recently used to determine the amorphous orientation of PA6. Figure 7.11
shows the o crystalline orientation obtained by infrared spectroscopy and
X-ray diffraction along with amorphous orientation obtained using the IR
band at 1124 cm™' and amorphous orientation obtained by combination of IR
spectroscopy and birefringence. It was shown that the amorphous orientation
stays constant at lower draw ratios, and increases at higher draw ratios.*’

Bower used Raman spectroscopy to determine molecular orientation.>’ He
showed that for samples with uniaxial symmetry it is necessary to measure
five independent components of the scattered radiation. Unlike infrared
dichroism and birefringence, Raman spectroscopy can yield the fourth
moment of the orientation distribution in addition to the second moment.
However, Raman spectroscopy has not been used extensively to investigate
oriented PA fibers, and only a few papers exist in the literature.’’° One of
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7.10 Unpolarized IR spectra in the region from 1050 to 850 cm™' of
PAG6: (a) high o content; (b) high y content; (c) highly amorphous;
adapted from ref. 56.

the major experimental problems is polarization scrambling that arises from
multiple reflections and refractions of the incident and scattered radiation
near the surface of the sample, and it is necessary to employ special sampling
techniques to reduce this effect.’’->® The anisotropic scattering properties of
oriented PA6 fibers have been studied by polarized Raman spectroscopy and
a complete assignment of Raman bands for PA6 has been made.>

7.3.3 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is another form of absorption
spectroscopy that can be applied to investigate PA fibers. In strong magnetic
fields at excitation frequencies in the radio frequency region, materials can
absorb electromagnetic radiation at frequencies governed by the characteristics
of the atomic nuclei and their chemical or structural environment. This effect
is restricted to nuclei with nuclear spin not equal to zero. Since the nuclear
spin differs from zero only if the number of protons and/or neutrons are
odd, nuclei having an equal number of protons and neutrons (e.g., '*C and
'“N) cannot be measured and nuclei with spin - are favored (e.g. °C, 'H,
5N and '°F). Nuclei with higher spin possess a quadrapole moment, which
leads to unfavorable line broadening. The NMR spectra of spin + nuclei are
commonly used to study polymer structure. %
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7.11 Comparison of o crystalline and amorphous orientation obtained
by X-ray and FTIR methods: a crystalline orientation from FTIR (O), o
crystalline orientation from WAXD (@), amorphous orientation from
FTIR (V) and amorphous orientation from WAXD and birefringence
(V), reprinted from ref. 47.

It is relatively straightforward to obtain high resolution NMR spectra
from fibers dissolved in solution because of rapid local motion of polymer
chains. PA fibers should be characterized in the solid state NMR and a number
of different methods and pulse sequences were developed. ‘Magic angle’
spinning and cross-polarization from protons must be applied to remove
line broadening due to chemical-shift anisotropy and signal enhancement,
respectively. The introduction of two-dimensional NMR has greatly enhanced
the power and versatility of the NMR technique.®!

A few solid state NMR spectra of PA fibers are reported. Solid state *C
and >N NMR spectra of the o, y and amorphous phases of PA6 have been
obtained.>®* The observed chemical shift differences were discussed in
terms of hydrogen bonding and chain packing. It was shown that hydrogen
bonding interaction is stronger in the y phase than in the o phase. The effect
of drawing on structure and orientation has been studied by Schreiber ef al.%*
and solid state '3C NMR spectra of PA6 fibers drawn to different draw ratios
are shown in Fig. 7.12. It appears that undrawn PA6 fiber shows chemical
shifts associated with an o crystalline phase and a 7y crystalline phase which is
completely converted to an o crystalline phase at high draw ratio. From this
investigation, orientations of the rigid (crystalline and rigid amorphous) and
mobile phase (amorphous) was determined, the results of which are shown
in Fig. 7.13. It is clear from Fig. 7.13 that the orientation of the rigid phase
increases rapidly up to a draw ratio of 3.5, and levels off at higher draw
ratios, whilst the mobile amorphous phase stayed disordered at low draw
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7.13 Effect of draw ratio on the orientation parameter <P,> of PA6

fibers by solid state NMR spectroscopy, adapted from ref. 64.

ratios and increased rapidly at higher draw ratios. Two-dimensional solid
state NMR spectroscopy has been used to investigate the average molecular
orientation of hot-drawn PAG6 fibers at draw ratios in the range 1 to 5.5 at
175°C. Average orientation here included the ordered crystalline and less

ordered amorphous phase.®

Spin-lattice relaxation times using a rotating frame (7;,) measurement
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were reported for PA6 fibers spun at different spinning speeds. Three
different relaxation times were identified and attributed to crystalline, rigid
amorphous and amorphous phases. Correlation times determined for each
phase provided information about the mobility of each phase at various
spinning speeds. The fraction of each phase for PA6 fibers spun at different
speeds was determined from correlation times and the results are shown in
Fig. 7.14.6:67

7.4 Influence of microstructure on properties
7.4.1 Heat setting

PA fibers undergo various heat-setting processes during spinning, drawing,
texturing, and fabric finishing and dyeing. Knowledge of the relation
between thermal history, processing conditions and microstructure changes
of these fibers is very important in order to control mechanical properties
and dimensional stability. Annealing is usually applied to modify the
microstructure and impart permanent set to semicrystalline polymers. Structural
changes during heat setting of PA66 and PA6 fibers were investigated in
detail 370 It was concluded that heat setting of PA fibers increases the
crystallinity, crystallite size and crystal perfection. It has recently been
shown that polymers of lower crystallinity, such as oriented PET and PA66
fibers, can show strongly time-dependent stress-relaxation behavior.”!~7?
Moreover, there are some intriguing indications that simple time—temperature
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7.14 Phase fraction of the individual phases of PA6 fibers as a
function of spinning speed, reprinted from ref. 67.
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superposition may be applicable to these polymers despite their crystallinity
and the development of additional crystallinity during the stress relaxation
process. Heat setting of PA66 fibers was investigated by measuring fractional
‘twist” recovery f with temperature and time. The decay in fractional ‘twist’
recovery f with heat setting temperature 7 for a partially oriented PA66 yarn
is shown in Fig. 7.15, in which the heat setting time #, at each heat-setting
temperature is 2 minutes. For an as-received yarn f decreases monotonically
with increasing 7, whereas yarns that were pretreated at 150°C and 200°C
for 30 minutes show a distinct plateau followed by a higher temperature
setting process. It was shown that fractional recovery ( f) depends on heat
setting temperatures, and time and crystallinity provide partial crosslinking
that delays the onset of the flow regime and increases the time constant of
relaxation at a given temperature.’* Heat setting of PA fibers is complicated
by polymorphic transition and moisture sorption, and a detailed study is in
progress in our laboratory.

7.4.2 Mechanical properties

The mechanical properties of PA66 and PAG6 fibers depend on crystallinity
and orientation. Heat setting of PA66 and PAG6 fibers at fixed length increases
crystallinity, crystallite size and crystalline perfection.” The initial modulus
of the fibers was determined from the slope of the stress—strain curve at
small strains and these data for PA66 and PAG6 fibers showed no significant
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7.15 Fractional recovery versus heat-setting temperature of PA66
fibers after various presetting treatments.
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changes with various presetting and heat setting conditions. Significant
effects on the terminal modulus, breaking load and elongation at break with
presetting were, however, observed.”* It has also been shown that tensile
properties such as elongation at break and modulus correlate reasonably well
with birefringence. For example, mechanical properties of high speed spun
PAG fibers show an increase in initial modulus, tenacity and yield strength
up to 5000 m/min and a decrease above 5000 m/min.

The terminal modulus of PA66 and PA 6 fibers has been shown to depend
on heat setting temperatures, 7. It has also been shown that terminal
modulus depends on presetting temperatures, 7,. Terminal modulus of as-
received and preset (at 150°C) PA 66 and PA 6 yarns have approximately
the same value up to the heat setting temperature, 7, of 160°C. The terminal
modulus is dramatically reduced for PA6 and PA66 fibers preset at 200°C.
Average extension at break (%) as a function of presetting and heat setting
temperatures showed a decrease with increasing presetting as well as heat
setting temperatures. A very good correlation between crystallinity and
terminal modulus and extension at break has been established (Figs 7.16
and 7.17).”

7.4.3 Dyeing behavior

The rate of dye diffusion in PA fibers is highly dependent on the microstructural
state of the polymer. For example, small changes in crystallinity, amorphous
orientation and crystal chain folding appear to produce very large changes in
the dye diffusion coefficient. The sensitivity of the dye diffusion coefficient
to small structural changes has always presented problems in commercial
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7.16 Terminal modulus versus crystalline fraction for PA66 (@) and
PAG6 (A) fibers.
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practice, because minor fluctuations in fiber processing condition such as
spinning, drawing, texturing or heat setting can lead to significant changes
in dyeing properties, and consequently to non-uniform dyeing of the end
product. In PA fiber, dye uptake has been shown to decrease with increasing
dry heat setting temperature. It was believed that small molecules diffuse into
the amorphous matrix of a fiber through voids due to segmental mobility.
The rate of dye diffusion in partially oriented yarns is highly dependent
on the microstructural state of the polymer that influences the segmental
mobility.”®7’

Dye uptake and diffusion of disperse and acid dyes in PA66 and PA6 fibers
have been recently studied.”®”” Dye uptake has been shown to decrease with
increasing heat setting temperature and this was attributed to an increase
in crystallinity. The diffusion coefficient of acid and dispersed dye in PA66
fibers showed a decrease with increasing heat setting temperature. On the
other hand the diffusion coefficient of acid dye in PAG6 fibers decreased as the
heat setting temperature increased, reaching a minimum and then increasing
very sharply at high temperatures. Dye uptake was approximately the same
for all draw ratios, though diffusion coefficient decreased with increasing
draw ratios. A sharp decrease in diffusion coefficient with increasing draw
ratio of the PA66 and PA6 yarn was correlated with an increasing amorphous
orientation.

7.5 Conclusions

It has been shown that PA fibers can be spun by number of different techniques.
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However, melt spinning is the most common method. Microstructural properties
of these PA fibers can be manipulated after processing, by either heat setting
or drawing. Knowledge of the relation between thermal history, processing
conditions and microstructural changes of these fibers is very important in
order to control their mechanical properties and dimensional stability for
various end uses. This can only be accomplished by measuring structural
parameters of density, birefringence, crystalline and amorphous orientation
by infrared spectroscopy and solid state NMR spectroscopy. These methods
have been discussed in this chapter.

7.6 Future trends

It is well known that the highest elastic moduli reported for synthetic polymers
are much smaller than their theoretical values. Ultra-drawn high molecular
weight polyethylene and Kevlar are the only fibers that showed moduli close to
theoretical values. Moduli observed for PAs are one-twentieth of the theoretical
values. Of particular interest is obtaining high-modulus fibers from PAs either
by modifying the processing methods or by incorporating nanoparicles in
the polymer matrix. These high-modulus fibers will be highly beneficial
for applications that need high-strength fibers. Attempts have been made to
some extent to prepare high-strength PA fibers by temporarily eliminating
hydrogen bonds during processing by complexing with additives. Recently
we reported a method to prepare PA66 fibers using Lewis acid. Several new
and innovative methods to produce high strength PA fibers are presently being
investigated. Another approach will be preparing PA fibers from various PA
hybrids obtained from montmorillonite and carbon nanotubes. Development
of nano-engineered fibers would provide exceptional strength and transport
properties; however, this would require reasonable understanding of the many
process and structure properties of fibers derived from PA hybrids. Research
is likely to continue in this field for many years to come.
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Yarn imaging and advances in measuring
yarn characteristics

R. FANGUEIRO and F. SOUTINHO, University of
Minho, Portugal

Abstract: This chapter discusses two integrated fields, the imaging
techniques applied to yarn structures, and the latest advances in measuring
yarn characteristics. The chapter first reviews the use of digital image
processing in yarns, considering its importance, applications and recent
advances. The chapter then discusses new developments in measuring yarn
characteristics and online systems for measuring yarn quality.

Key words: yarn imaging, digital image processing, special measurements,
online systems.

8.1 Introduction

Image processing and analysis can be defined as the act of examining
images for the purpose of identifying objects and judging their significance.
[1] Image analysis studies remotely sensed data, using logical processes to
detect, identify, classify, measure and evaluate the significance of physical
objects, their patterns and spatial relationships.

8.1.1 The concept of image

An image contains descriptive information about the object it represents.
Images occur in various forms, some visible and others not, some abstract
and others physical, some suitable for computer analysis and others not. It
is thus important to be aware of the different types of images. [2]

Images can be classified into several types, based on their form or their
method of generation. [2] It is instructive to employ a set theory approach.
If a set of objects is considered, and images form a subset thereof, there is a
correspondence between each image in the subset and the object represented.
Within the set of images itself, there is a very important subset containing
all the visible images — those which can be seen and perceived by the eye.
Within this set again, there are several subsets representing the various
methods of generating the image. These include photographs, drawings and
paintings. Another subset contains optical images, that is, those formed with
lenses, gratings and holograms. Figure 8.1 represents this schematically.
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8.1 Image classification.

8.1.2 Importance of image processing in industrial
processes

Image processing techniques are based on using analogue or digital
optoelectronic devices and systems that allow an image with specific
information distribution to be placed at the input or output of the system. [3]
In the past, many tasks in manufacturing, such as inspection and assembly,
were performed by human operators. Systematic assembly and inspection
operations performed in an appropriate sequence or implemented in parallel
lend themselves to image-controlled automation.
The necessary functions for imaging equipment include: [4]

Exploiting and imposing environmental constraints

Capturing an image

Analysing the image

Recognizing certain objects within it

Initiating subsequent actions in order to complete the task at hand.

Remotely sensed data are analysed using various image processing techniques
and methods, including analogue image processing and digital image
processing. [1]

Visual/analogue processing techniques are applied to hard-copy data such
as photographs or printouts, and interpret particular elements of the image.
Whether analogue or digital, the image processing technique includes image
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recognition and computer graphics. Image analysis is connected with image
detection and processing, projection, transmission and storage, as well as
image recognition and generation.

Important applications of image processing include industrial machine
vision applications (automated visual inspection, process control, parts
identification, robotic guidance and control), space exploration, astronomy,
diagnostic medical imaging (medical image processing, medical image
reconstruction) and scientific analysis. [4] Nowadays, image processing
techniques are developing rapidly due to advances in informatics (information
science and technology) and microprocessing technology.

8.1.3 Digital image processing

Digital image processing comprises a collection of techniques for manipulating
digital images using computers [2] and has been applied to almost every
type of imagery, with different degrees of success. Digital image techniques
have been used in textiles for years [5], mainly for examining and analysing
the structural parameters of yarns.

At its most basic level, digital image processing requires a computer to
process images and two pieces of special equipment, an image digitizer and
an image display device. In their standard form, images are not directly
amenable to computer analysis. Since computers work with numerical (rather
than pictorial) data, an image must be converted to numerical form before
it can be processed by a computer. Figure 8.2 shows a proposed system for
image processing. The digital image produced by the digitizer goes into
temporary storage on a suitable device. In response to instructions from
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8.2 System for image processing [3].
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the operator, the computer executes image-processing programs on images
called up from a library. During execution, the input image is read into the
computer line by line.

Digital analysis can be used for identifying and measuring the geometrical
dimensions of textile objects with very small dimensions; in particular, it
enables the structure of the objects investigated to be analysed. [6]

8.2 Image processing techniques in fibrous
material structures

8.2.1 Introduction to image processing techniques in
fibrous materials structures

Computer vision is becoming more affordable both as a research tool and
in process quality control. It has the advantage of providing more extensive
characterization of the test product, at high speeds and resolutions, as well
as being non-contact. [7] Electronic images contain more visual information
than the human eye can discern. After a textile product is imaged, procedures
may be used to yield more detailed structural conformation and to calculate
different parameters. [8]

Image processing techniques have been applied to pilling evaluation, fabric
texture and defect recognition, drape analysis, morphological measurements
of fibre, and grading yarn appearance. [9] Digital image analysis also permits
a more detailed study of the basic structural parameters of linear textile
products, such as thickness, hairiness and number of twists. [6] In addition,
this technique enables the above characteristics and others, such as twist
parameter and linear density coefficient, to be estimated.

Image processing techniques can be used to image longitudinal and
transverse cross-sections of fibres, fibre diameters, and linear textile products,
which allows possible yarn faults and their causes to be determined. The
images obtained can help to create two-dimensional (2D) and three-dimensional
(3D) textile products. Digital image processing of textile product images is
mainly concerned with processing 2D images.

Imaging techniques can be used to obtain detailed information about
fibrous structures in the laboratory as well as in the production environment.
Such evaluation has positive implications for measuring textile quality during
production. [8]

8.2.2 Basic concepts used for digital image processing
in fibrous material structures

Digital analysis of 2D images is based on processing the image acquired
using a computer. The image is described by a 2D matrix of real or imaginary
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numbers represented by a definite number of bytes. [3] Digital image
processing includes: [3]

e Image acquisition and modelling

e Improving image quality and highlighting distinguishing features

e Reinstating the desired image features

e Compressing image data.

Image modelling is based on digitizing the real image. This process consists
of sampling and quantifying the image. The digital image is defined by
spatial image and grey-level resolution. The smallest element of the digital
image is called a pixel. The number of pixels and the number of levels of
brightness may be unlimited. [3]

Improving image quality and highlighting distinguishing features are the
most commonly used techniques in image processing. The process of improving
image quality does not increase the essential information represented by
the image data, but increases the dynamic range of selected features of the
acquired object, which facilitates their detection. [3]

Reinstating desired image features is connected with eliminating and
minimizing any image features which lower its quality. Acquiring images
by optical, optoelectronic or electronic methods involves the unavoidable
degradation of some image features during the detection process. Aberrations,
internal noise in the image sensor, blurring caused by camera defocusing,
as well as turbulence and air pollution in the surrounding atmosphere, may
affect quality. [3]

Image data compression is based on minimizing the number of bytes needed
to represent the image. The compression effect is achieved by transforming
the given digital image to a different number table in such a manner that the
preliminary information is packed into a smaller number of samples. [3]

The main problem with analysing the structural parameters of textiles is
the quality of the samples. [10] Numerous computer methods for identifying
the structural parameters of fibrous structures can be found. However, they
can only be applied to high-quality samples of products with relatively
simple structures and low density. They are useless for samples damaged or
partially destroyed due to deformation, burning or milling, as archaeological
textiles often are. Another problem is that some fabric parameters, such as
yarn crimp, cannot be determined using traditional methods due to unclear
fabric cross-section and brittleness of the yarn and fibres.

8.3 Yarn characterization
8.3.1 State of the art

The correct and accurate evaluation of yarns is of major importance to the
textile industry, as final fabric quality depends directly on yarn quality. Several
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companies have developed equipment for testing yarns. The Tester 5 from
Uster and the Multitester from Zweigle are notable for their contributions to
the development of quantitative yarn characterization. However, these machines
are expensive, require a considerable amount of space for installation and
present limited resolution and precision for evaluating certain yarn parameters.
As aresult, some yarn producers do not have their own yarn testing facilities
and instead subcontract to dedicated testing laboratories. [11]

Yarn can be analysed for different characteristics using image analysis,
such as blend characteristics, thickness, diameter, hairiness, number of twists,
geometrical dimensions and irregularity.

Numerous researchers have introduced different illumination and image
processing techniques for yarn characterization. [12] For example, scanning
electron microscopy (SEM) can be used to examine the physical characteristics
of the fibres in a yarn. SEM allows specimens to be examined without
coating and drying, and also permits structural changes in textile materials
to be observed under different conditions, such as wetting and heating. [8]

Cybulska and colleagues [6, 10, 13] proposed a method for estimating
yarn structure using digital image analysis. The yarn’s basic structural
parameters, such as thickness, hairiness and twist, are assessed by applying
image processing techniques expanded by numerical methods. Numerical
structural characteristics are obtained at every point of the yarn length, as
well as acceptable average values and dispersion measures for the yarn’s
structural parameters. The first stage of analysis is to reconstruct an image
of the sample itself, which involves multiplied application of the appropriate
filtering and non-linear image transformations to obtain an image that recovers
the texture of the fabric. It is necessary to take into account changes in the
sample, such as shrinkage and other deformations due to ageing in hazardous
environments. Two different methods for yarn modelling are presented.
The first consists of forming the yarn from previously created 3D models
of fibres by wrapping, twisting or nodding them. The method allows some
predetermined features to be set, such as yarn unevenness or hairiness for
staple yarns. The second method consists of giving the linear element texture
with properties determined by the yarn’s structural properties. The presence
of fibres is reflected by concavities and convexities on the cylindrical yarn
surface. The method can be used to simplify the first method or as an
alternative way to form the virtual yarn.

Kopias et al. [14] used image digitization to evaluate pneumatically
spliced polyurethane and textured yarns. For image digitization, they applied
a method based on a scanner connected to a computer equipped with software
programs designed for automatic object recognition. Abnormalities in the
automatic image recognition process were eliminated manually.

Computer vision techniques have been used for yarn characterization
research for more than 20 years. Several studies have been reported using
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computer vision to measure one or more characteristics simultaneously. The
commercial testers Uster Tester 4SX and Lawson Hemphill YPT were the
first equipped with testing modules with CCD sensors. Computer vision
probably provides the widest range of possibilities for hairiness assessment,
enabling both simulation of current indices and development of new ones.
[12]

8.3.2 Measuring yarn irregularity

The production of a yarn is not completely controllable if the amount of fibre
in the processes is variable. Moreover, fibres are not regular in shape and
geometry, and can be blended with foreign elements. The principal causes
of yarn irregularity may be summarized as: [15]

Variations in fibre characteristics

Random arrangements of fibres

Non-random arrangement of fibres caused by faulty production
Irregular twisting

Existence of foreign elements in the fibre.

The regularity of a yarn fundamentally depends on the fibres and their
arrangement within the yarn. [15] The main sources of yarn irregularity are
random fibre arrangement and fibre-length effects, drafting waves, twist
variation and foreign elements. [16] Figure 8.3 shows a yarn with thick
and thin points. Two methods are commonly used in the textile industry
for measuring yarn irregularity, one employing optical sensors to measure
irregularity in diameter and the other using capacitive sensors to measure
variation in mass. Charge-couple device (CCD) sensors are likely to replace
conventional optical sensors owing to their much higher resolution capabilities
and versatility. [12]

In capacitive measurement, the irregularity of the yarn is detected from
variations in electric capacitance generated as the yarn specimen moves
through the gap of a fixed air condenser. In photoelectric measurement, the
irregularity is measured from fluctuations in light intensity or shadow on the
sensor caused by a light beam passing across the yarn cross-section. Table
8.1 compares optical and capacitive methods.

8.3 Thick and thin points in the yarn.
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Table 8.1 Comparison between optical and capacitive methods

Method Advantages Disadvantages
Optical e Sees like eye e Discrete sampling causing
e Suitable for hairiness determination lower resolution

e Irregular shape of yarn
e More sensitive for diameter variations cross-section
e The fibre material does not affect e Inhomogeneous radiant
measurement due to conductivity intensity
e Sensitive to vibrations
during measuring

Capacitive e Continues sampling e Sensitive to both
temperature and humidity
e Not suitable for hairiness
calculation
e Sensitive to fibre material

Source: Ref. 16.

One of the early methods used to measure diameter irregularity was
to compare the amount of light measured by a photocell before and after
insertion of a yarn, the difference being proportional to the diameter. The
photocell readings were calibrated using wires with known diameters. This
technique was, however, affected by surface hairs, resulting in a significant
and inconsistent rise in diameter measurements. [12] Another common
method was direct manual measurement of yarn diameter, using magnified
images obtained from a microscope or by projecting the shadow on a screen
through magnifying lenses. However, this method was not favoured due to
its tedious nature.

Another approach to determining diameter irregularity is optical filtering.
Rodrigues et al. [17] explain that it is possible to separate the hairs from the
core yarn using a special filtering mask with coherent dark-field imaging.
Chu and Tsai [18] introduced an area compensation method to overcome
inhomogeneous light intensity, one of the main restrictions in traditional
optical methods that use photoelectric sensors.

It is evident that the light and illumination arrangement play an important
role in acquiring and pre-processing yarn images. According to the literature,
illumination methods for yarn imaging can be categorized in three main
groups: back-lit (e.g., Zweigle G565), front-lit (e.g., Cybulska [13]), and
dark field (e.g., Uster Tester Hairiness Attachment). Back-lit illumination
is the most common method, especially for measuring diameter. [12]

The main problem in image processing for yarn irregularity is defining
the boundaries between the core and the surrounding hairs. For back-lit and
front-lit images, the most common approach is to set a certain threshold
value and identify the longest interval of yarn pixels as the core. However,
the diameter measured will be strongly affected by this threshold level. In
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addition, when using high resolutions, assuming that the longer duration
signals represent the core can sometimes cause hairs lying along the scan
line to be identified as the core. At high resolutions, there is also typically no
significant change in the intensity of the CCD signal between highly dense
surface fibres and the core. This increases the core diameter measurement if
a single threshold is applied. Cybulska [13] presented a technique to define
core boundaries for front-lit yarn images. The method initially found the core
edges from the connected intervals of foreground pixels having the greatest
length by scanning each line in the image perpendicular to the core axis.
These initial boundaries were then corrected according to some predefined
curves along which points generating the edge of the yarn core are assumed
to be randomly distributed.

8.3.3 Measuring yarn hairiness

Hairiness is the result of fibres escaping from the strand. It is generally
desirable to reduce yarn hairiness as much as possible since it causes significant
problems in both yarn production and in subsequent textile operations.
Such problems include higher friction during spinning, greater fly fibres,
and increased yarn breaking during weaving. Yarn production costs need
to be minimized while maintaining yarn hairiness and yarn strength within
required limits. [19]

Measuring yarn hairiness (Fig. 8.4) is traditionally based on microscopic,
weighing and photoelectric methods. [20] Image processing methods are
still under development, but to classify hairiness accurately, they require a
well-defined algorithm to distinguish the hairs from the main core, a camera
with a high level of optical magnification and a computer-based system with
high computational resources to process results within an acceptable time.
These characteristics severely increase the cost. [20]

8.4 Hairiness in the yarn.
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8.3.4 Yarn System Quality (YSQ)

Yarn System Quality (YSQ) is presented as an innovative, low-cost,
portable and high-precision yarn evaluation tester for quality control of
yarn characteristics under laboratory conditions. [11, 20] It has a modular
format, which can integrate yarn hairiness, mass, regularity and diameter
measurements simultaneously, and enables the determination of some yarn
production characteristics.

Quantifying yarn hairiness and diameter variation (with a sampling
resolution length of 1 mm) is carried out using photodiodes. Diameter
characterization, based on samples 0.5 mm wide, uses a linear photodiode
array. Measurement of mass variation, based on samples of 1 mm, employs
a parallel plate capacitive sensor. In YSQ measurement parameters based
on optical sensors, a coherent signal processing technique with Fourier
analysis is used to obtain linear and consistent output signal variations, and
the measurement systems are automatically calibrated. YSQ introduces new
statistical yarn parameters and new signal processing approaches for periodic
error analysis, and establishes a reliable method of yarn characterization,
as, depending on the resolution used, it is possible to obtain parameters by
direct measurement. [20] YSQ is thus a system that reduces equipment costs
and offers superior product quality and high production efficiency.

In comparison with available commercial systems, YSQ presents several new
characteristics. These include the simultaneous use of coherent optical signal
processing for characterizing yarn hairiness and diameter; auto-calibration
procedures for determining yarn hairiness reference and diameter; direct
detection of nep irregularities via integration and measurement of yarn mass
variation based on 1 mm capacitive sensors; determining new parameters
in yarn analysis allowing highly precise yarn characterization; use of three
signal processing techniques; enabling accurate characterization of periodic
errors; automatic determination of yarn production characteristics; modular
integration of yarn mass measurement, hairiness measurement, diameter
variation measurement and precise diameter determination; high portability
due to its smaller size; and suitability for yarn quality control use in the
laboratory or industry environment. [11, 20]

8.3.56 Computer vision for textured yarn interlacements

False-twist textured yarns lack inter-filament cohesion, and consequently a
number of difficulties are observed during unwinding and fabric-forming
processes. One modern technique for imparting cohesion in false-twist
textured yarns is air-intermingling (interlacing). Air-intermingling uses a
nozzle to create a very turbulent, high-speed airflow. This creates regular
but intermittently entangled nodes in the open structure of the textured yarn,
commonly known in the industry as ‘nips’.
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The frequency and regularity of nips and their stability under applied
loads are important criteria in assessing the performance of mingling nozzles
and the quality of the intermingled yarns. A system has been developed that
automatically detects nips in yarns with or without applied tension, which
can otherwise be seen by the naked eye in the absence of tension. [7]

The system is divided into two main parts, the yarn transport section
and the yarn imaging/analysis section. [7] For each part, a separate PC is
used, but the two are connected. The imaging PC controls all operations,
and sends instructions to the transport control PC, which can operate in a
stand-alone fashion if necessary. The yarn is imaged using a 1024 pixel line
scan CCD camera that scans up to 10 kHz. For a yarn travelling at 10 m/s
the scan-to-scan resolution is 1 mm. Two orthogonal views of the yarn in
the same cross-sectional plane are used to characterize the yarn. A mirror
inclined at 45° to the viewing plane achieves this, as shown in Fig. 8.5. This
technique has been shown to provide more accurate evenness data for staple
fibre yarns.

8.3.6 Image processing to control nanofibre production

Nanotechnology is an emergent technology that is developing quickly and is
gaining greater importance in many fields. Nanotechnology can be defined as
the science and technology related to understanding and controlling matter
at the nanoscale, mainly oriented towards the research and development of
materials, devices and systems with novel properties and functions due to
their dimensions or components. Nanomaterials are generally characterized
as materials with dimensions of 100 nm or less. Electrospinning is a process
that creates polymer nanofibres with diameters in the range of nanometres to
a few microns. [12] The fibre diameter, structure and physical characteristics

@Light source

Field lens

45° camera

Mirror

8.5 System to control textured yarn interlace [7].
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of nanofibres can be effectively tailored by controlling various parameters
that affect the electrospinning process. [21]

Although electrospinning is based on quite simple principles, a lot of
work has been done to understand how various parameters influence the
process and the characteristics of the resulting nanofibres. Research into
electrospinning under different conditions has used SEM to examine different
aspects, including fibre diameter, porous fibre surface, arrangement of the
fibres, etc. [21]

Classical methods of analysis, such as water retention, deliver quantitative
information about pore structure, and inverse volume exclusion chromatography
provides information about pore size distribution, but neither provides any
information on their spatial distribution. [22] Real-time observations of the
electrospinning process have been made, using high-speed, high-magnification
imaging techniques. Yarns electrospun from polyethylene oxide have been
analysed using wide-angle X-ray diffraction (WAXD), optical microscopy,
and environmental scanning electron microscopy (ESEM). [23] The internal
morphology of the main artificial fibres can be visualized by applying
fluorescence and transmission electron microscopy to fibre cross-sections.
A more detailed examination of the internal pore structure of fibres can be
made by combining information about pore accessibility (from fluorescence
microscopy) and the visualized pore structure. [24]

8.3.7 Commercially available yarn characterization
testers

The following yarn characterization testers are used by yarn manufacturers
to evaluate the different properties of yarns.

Multitester® from Zweigle

Zweigle’s Multitester® consists of three individual modules: ZT 5, OASYS®
and G 567. The MT-Multitester can be customized as an individual stand-
alone module or in sets of two or three. This system presents three different
sensors to give an all-round picture of sliver, roving and yarn evenness and
hairiness.

The G 567 Yarn Hairiness Tester measures hairiness using a newly
developed optical measuring head with a laser light source, which has an
extremely long working life at constant light output. The G 567 covers nine
fibre length zones, from 1 mm to 15 mm, in one pass, producing objective,
reproducible data. It is controlled by a PC that also analyses the test results.
Any desired number of measurements can be made on a bobbin. The G 567
becomes a fully automated tester by adding a bobbin changer with 24-bobbin
capacity. The G 567 operates independently. [25]
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The ZT 5 module is an evenness tester with capacitive sensors. For
measuring yarns, either measuring channel of the capacitive yarn sensor
may be used, depending on the yarn count. For users intending only to test
yarns, the sensor on the left, intended for rovings and slivers, may be omitted.
[25]

The OASYS® module is an optical system for visually assessing yarns in
woven and knitted fabrics. The system operates on the principle of absolute
optical measurement using infrared light. [26] The structure of a yarn is
subject to variations of a periodic or random character. The measuring system
compares the yarn diameter with the constant reference mean and records
variations in length and diameter. The reference mean is established in the
first 100 m of testing. This system uses an infrared light sensor operating
with a precision of 1/100 mm over a measuring field length of 2 mm and
at a sampling interval also of 2 mm. The speed of measurement may be
selected on a graduated scale between 100 and 400 m/min. The sensor is
unaffected by ageing of the light source, extraneous light, contamination,
temperature or humidity. It is also unaffected by yarn characteristics such
as colour, conductivity and lustre. Defects are classified in respect of their
length and their variation in diameter. The system provides the coefficient
of variation of the diameter values, CV(%), a CV(L) curve, a histogram that
shows diameter distribution, and a spectrogram that shows wavelengths of
the periodic defects in the yarn. [26] The essential function of the OASYS®
system lies in its ability to simulate yarn irregularities on boards and woven
and knitted fabrics using previously measured yarn data.

Uster Tester 5

The Uster Tester 5 is an offline yarn testing device that has six sensor options
and provides a detailed yarn profile in less than 60 seconds. The Uster
Tester 5-S800, the most recent design, measures the most important quality
parameters, such as evenness and yarn imperfections, with high precision at
800 m/min testing speed. This system uses capacitive and optical sensors,
and can determine the evenness, number of thin places, thick places and
neps, periodic mass variations, variance—length curve, hairiness, remaining
dust and other contaminating particles in yarns, diameter, diameter variation,
roundness, density, number of foreign fibres, and count. [27]
The Uster Tester 5 apparatus is characterized by: [27]

OH Sensor: hairiness — a perceptive indication of touch and wear
OM Sensor: diameter and shape — advanced prediction of appearance
OI Sensor: accurate measurement of dust and other contaminants
FM Sensor: classification of foreign fibres

KBS: advanced identification of machine defects.
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Keisokki KET-80 and Laserspot

The Keisokki KET-80 and Laserspot [16] are two types of evenness tester
based on capacitive and optical measurement principles, respectively. Like
the Uster Tester, KET-80 provides a U% and a CV(%), a CV(L) curve, and
a spectrogram. It also provides a deviation rate, DR%, which is defined as
the percentage of the summed-up length of all partial irregularities exceeding
the preset cross-sectional level to the test length. In practice, however, the
yarn signal is primarily processed by the moving average method for a
certain reference length. As a result, long-term irregularities are likely to be
detected. The Laserspot evenness and hairiness instrument uses laser light
and is based on the Fresnel diffraction principle. With this principle, the
yarn core is separated from hairs, allowing yarn diameter and hairiness to
be measured at the same time.

Flying Laser Spot Scanning System

The Flying Laser Spot Scanning System [16] consists of three parts: the
sensor head, the specimen feeding device, and the data analysis system.
When an object is placed in the scanning area, the flying spot generates a
synchronization pulse that triggers the sampling. The width between the
edge of the first and last light segments determines the diameter of the yarn.
Depending on the spot size and specimen feeding speed, the measurement
values may vary, therefore it is important to calibrate the system for the
feeding speed and the spot size.

8.4 Special advances in measuring yarn
characteristics

8.4.1 Introduction to special advances in measuring yarn
characteristics

Growing international competition, increasing cost pressure, customer demand
for high and consistent product quality, the variety of products and the need
to quickly satisfy customer demand make modern and efficient quality control
systems extremely important. [26] Quality control should be applied to every
process in the textile production line and not just to the finished fabric. The
goal is early determination and elimination of faults. One important part of
quality control is textile inspection. Fast, continuous quality inspection and
the increasing number of fibre materials and applications require modern,
efficient test and analytical methods.
Quality inspection can be separated into two different fields: [26]

e Offline inspection, which is used to check the properties of the finished
product (e.g. bobbin) in testing laboratories
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e Online inspection, which is used to monitor process parameters (e.g.
yarn tension, yarn speed) on the production line.

Quality control is related to measuring yarn characteristics, and both methods
of quality inspection can involve analysing the yarn at the macro- and
micro-level. [26]

Special techniques for measuring yarn characteristics have been developed in
recent years and applied to analysing yarn structures. Physical characteristics are
checked at the macro-level and molecular properties at the micro-level. Figure
8.6 shows the different quality inspection methods for artificial fibres.

The methods currently used to measure yarn characteristics include a
multiplicity of offline measurement systems which test physical properties
as well as molecular structures and morphologies. Online methods are only
used for determining physical properties, although using online determinations
to obtain information on the molecular structure and morphology would be
beneficial. Table 8.2 presents different techniques used to measure the main
yarn characteristics at macro- and micro-levels offline. [26]

8.4.2 Yarn quality in the spinning process

Yarn production is the first procedure in textile formation. As yarn is the
basis for all subsequent procedures, the following yarn properties must be
optimized fibre fineness, fibre staple length, yarn strength, elongation, purity
and rigidity. [28] During yarn production, yarn characteristics must be quality
controlled at the following levels: [28]

| Measuring of yarn characteristics |

l l

Online Offline
Macro-level Micro-level Macro-level Micro-level

] -
| |

Yarn properties

8.6 Fields of quality inspection methods for man-made fibres.
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Table 8.2 Macro-and micro-level tests

Macro-level (offline) Micro-level (offline)

Yarn count Differential scanning calorimetry (DSC)

Fibre diameter Scanning electron microscopy (SEM)

Yarn evenness Birefringence measurement

Stress—strain behaviour Infrared spectroscopy (IR spectroscopy)
Mechanical crimp Wide angle X-ray scattering (WAXS)

Shrinkage behaviour Small angle X-ray scattering (SAXS)

Interlacing of textured and Near-infrared (NIR spectroscopy)

flat filaments Nuclear magnetic resonance (NMR spectroscopy)

Source: Ref. 26.

e Opening, cleaning and blending of raw materials: uniform opening,
more detailed opening gradually, continuous formation of new levels
during cleaning, appropriate feeding of the material, correct placing of
the material for blending

e Carding: removing neps and very short fibres, making fibres parallel

e Combing: uniformity of the sliver produced, condition of combs, neps,
static electricity, weight of incoming or outgoing sliver
Drafting: cylinder diameter, draft, pressure on the rollers
Sliver formation: sliver uniformity, draft, twist
Spinning: draft, twist, sliver quality and weight, adjustments, yarn
uniformity, yarn strength
Package preparation: breaks, machine speed, knots
Twisting and steaming of the yarn: breaks, twists, single yarn defects,
time.

The majority of fabric defects are caused by defects in the yarns. Table
8.3 presents the potential causes of different defects. Yarn defects may
be defined as yarn irregularities that can lead to difficulties in subsequent
production stages, or to defects in the fabric. These faults can be divided
into three main classes: thick points, thin points and neps. [29]

Developing electronic imaging capable of predicting the visual quality
of woven or knitted fabrics is expected to enhance the quality of yarn and
fabric development processes in the textile industry.

8.5 Online systems for measuring yarn quality

8.56.1 State of the art concerning online systems for
measuring yarn quality

Introducing image analysis techniques in the textile industry could enhance
quality through the efficient use of metrology and control. There is a body
of research on the online quality control of textile substrates. [15]
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Table 8.3 Potential causes for different types of defects

Defect

Potential causes

Spinning defects

Yarn including

foreign particles

Corkscrews

Greasy yarns

Wrinkles

Pilled yarn

Yarns with adjacent
foreign particles

Yarn imperfections

Neps

Double yarns

Yarn piecing at the ring spinning machine; piecing character
— aleatory;

Lint in yarn

Arraying of fibres flattened and paralleled, adjacent of wound
round the yarn

Thickening

Foreign additions

Waste deposition on parts of the spinning machines
Improper carding
Strand incorrect drafting on ring spinning machine

Non-correlation of torsion coefficient with yarn application
(for high torsion coefficient)
Presence in the yarn of thin areas accumulates high torsions

Excessive oiling of spinning machine parts
Yarn handling with dirty hands (binding)

Too small division in the drafting assembly

Eccentrically disposed arms and cylinders at drafters
Improper parameters of humidity and temperature in the
working shed

Usage of blends with fibres having high differences between
their characteristics (length density, length)

Worn out parts of spinning machines, producing accentuated
yarn frictions

Non-correlation of divisions with mean length of processed
fibres

Microclimate parameters below normal limits

Improper cleaning of fibrous stock during unpacking,
opening and blending operations

Insufficient cleaning of operating parts (especially of card
rollers covering)

Usage of inferior quality raw materials, with a high impurity
content

Improper technological processing

Eccentric up and down cylinders in the drafting assembly
Insufficient pressure at upper cylinder level

Improper carding presence of a large number of neps in the
card web

Improper combing

Improper technological parameters for spinning preparation
operations

Improper quality of semi-products (carded silver, drafted
silver, top, roving)

Simultaneous feeding of two slivers at the ring spinning
machine
Improper yarn piecing

Source: Ref. 28.
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Online methods are only used for determining physical properties. It would
be beneficial if online determination could be used to obtain information on
molecular structure and morphology, because physical properties could then
be derived from these parameters [26]. Being able to use a measurement
system for more than one yarn property would lead to cost reduction in
quality control. Computers, microprocessors and online measurement and
monitoring of different parameters in the preparatory and spinning processes
have become common features of modern spinning machines. Greater emphasis
on diversification and manufacturing of yarns for export means that online
measurement of evenness and yarn faults is now essential, but it requires
expensive instruments and software. [29]

According to Suh et al. [30], no commercial system exists for predicting or
visualizing fabric qualities directly from yarn diameter or mass measurements
taken online. The systems currently available (such as CYROS®, Uster®
EXPERT® and OASYS®), visualize yarn and fabric qualities through various
types of images created directly from yarn profiles captured from measurement
systems. However, these systems are not completely satisfactory due to the
way the yarn data are converted to fabric images and because the images
often have to be judged visually in the absence of a quantitative measure.
Nor do any of the existing systems ‘map’ or ‘fingerprint’ the quality of a
woven or knitted fabric for an entire roll or at any specific location within
a roll. Therefore, there are no methods for judging and ranking the visual or
physical qualities of fabric rolls produced by a given machine at different
time points or from different yarns, or from more than one machine. Another
unsolved technical issue is defining and measuring the ‘most ideal yarn
signals’, whether optical, capacitive, or ‘fused’ opto-capacitive, that best
depict the true fabric image. The optical and capacitive methods currently
being used are known to be grossly inadequate due to distortion of actual
yarn images within a fabric.

Suh et al. [30] present a system for electronically imaging the quality
attributes (weight, uniformity of appearance, physical properties, etc.)
of woven and knitted fabrics directly from an online yarn mass/diameter
measurement system without having to go through the actual fabrication
processes. They have examined and expanded mathematical theories and
the corresponding algorithms for image simulation, data reduction and data
mapping onto the structural geometry of woven and knitted fabrics, at both
micro- and macro-scales. According to Suh et al. two different yarn profile
measurement systems have been developed [16, 30]:

e Data fusion: This system comprises measuring, combining and analysing
data from multiple sensors. Although data fusion has been implemented
in many engineering systems, it has not been widely used in textiles
due to the non-linear interaction of multiple inputs to multiple outputs.
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Additionally, different sensors have different sampling rates, precision,
accuracy, bandwidth, etc., which makes combining measurements difficult.
A line-scan camera and a mass sensor capture yarn data in real time.
For each millimetre of yarn, the counter generates a pulse, triggering
the camera and the mass sensor. The data from the camera and mass
sensor are collected and stored in an array. The size of the array is cross-
checked with the location information provided by the counter. A new
hardware system that enables input tension and speed to be controlled
while simultaneously measuring output tension, yarn diameter (every 1
mm) and capacitance (every 8 mm) has been developed.

e Multiple yarn diameter measurement: This is a new system for measuring
yarn diameters at more than one angle to obtain a better average for the
diameter and compute the overall ‘eccentricity index’ of the yarn along
the axis. First, assuming the yarn is circular, the yarn is held between the
camera and the light source and rotated clockwise in 12 steps each of 30
degrees for a full rotation. At each step, a picture of the yarn diameter
is taken to examine the yarn profile. The data are analysed by a Matlab
program to produce a cross-sectional image of the yarn. Software has
been developed that communicates with the hardware to collect data
and store them in a file for further analysis.

Lotka and Jackowski [31] present an online system for analysing the
quality parameters of yarns formed in rotor spinning, which is carried out by
means of a computer measuring system and pays particular attention to yarn
tension. Yarn tension is a phenomenon inseparably connected with spinning,
and is also of fundamental importance in rotor yarn formation. The problem
of dynamic yarn tension fluctuations is of paramount importance, because
they may cause a decrease in yarn quality parameters, such as irregularity
of linear density, elongation and tenacity, and therefore an increase in the
number of faults.

The system allows continual recording of linear density of the yarn, linear
density of the sliver and yarn tension. The basic elements of this system are
a computer and three measuring heads connected to the computer by means
of a measuring interface. The T-measuring head (based on a tensometric
gauge) measures yarn tension, and two Uster electro-capacity measuring
heads determine irregularities in linear density. Figure 8.7 presents a block
schematic of the computer measuring system. The measuring interface
consists of an analogue-to-digital converter module, filters, amplifiers, and
a voltage supply module. The system is flexible and adaptable to any PC.
The software permits the spinning process to be controlled, and visualizes
the parameters measured, as well as conducting data capture, processing and
retrieving.

YSQ (see also Section 8.3.4) represents a low-cost system for determining
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8.7 Block schema of the computer measuring system. T: yarn tension
measuring head; CVy: yarn linear density measuring head; CVg: sliver
linear density measuring head; A/C: analogue-to-digital converter

[32].
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8.8 YSQ system schematic [20].

yarn production characteristics. The system includes a USB web camera
associated with a microscope and using monochromatic illumination. The
image processing technique was developed using IMAQ Vision software
from National Instruments. The custom application analyses an image source
and determines the desired yarn production characteristics, namely, the fibre
twist orientation, the twist step and twist orientation in folded yarns, and
the number of cables (folded or spun yarn). The system was validated by
comparing the results with electron microscope images. [20] It is illustrated
in Fig. 8.8.

8.5.2 Commercially available devices for measuring yarn
quality

Uster solutions
Uster Sliverguard®

The Uster Sliverguard® is an automatic, modular online system for quality
control in sliver production. The system monitors measurement fluctuations,
unevenness and periodic faults on the production line directly. As soon as
the defined limits are exceeded, an alarm or a machine stop is triggered. This
modular online monitoring and auto-levelling system is used in spinning
preparation for short staple spinning mills. It is sold as a retrofit sliver
monitoring solution for drawframes, combers and cards, and also as an OEM
product for monitoring and auto-levelling. The system permits continuous
monitoring of all major visible sliver quality parameters: linear mass (A%),
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evenness (CV%, CVL%), periodic faults in spectrogram form, and short
thick-places (>1.5 cm length). [27]

The conventional offline method of sliver quality monitoring involves
checking count and unevenness values, and visually checking the spectrogram
only two to three times per shift. This creates problems because only a
very short sliver production is supervised (less than 0.02%), the moment
a machine fault produces poor sliver quality is not known, thick places in
the sliver cannot be captured and, in the case of auto-levelling drawframes,
performance is not continuously supervised. [27] The Uster Sliverguard®
system can be introduced on drawframe, card and camber machines as a
retrofit solution.

Uster Quantum 2®

The Uster Quantum 2% is considered as a yarn clearer, and is integrated
with intelligent advanced sensing technology such as Computer Aided Yarn
(CAY) clearing. This system monitors online quality options in a package
comprising Uster Quantum Expert®, Uster CAY, true hairiness measurement,
vegetable filter, splice classification and Classimat. [27] The system separates
critical quality outlier bobbins and quantifies them for the entire production
on a continuous basis. Some product highlights include: [27]

Combination of capacitive basic clearing with foreign fibre clearing

e Advanced clearing limit optimization using CAY (Computer Aided
Yarn) clearing
Detection of foreign fibres at low intensity

e Vegetable filter, to filter out vegetable matter that disappears after
bleaching

e Total testing — quality monitoring of the complete production on the
same basis as the Uster Tester and Uster Classimat Quantum

e Splice classification per position with CAY

e Detection of white and coloured polypropylene.

Uster Ring Expert

Uster Ring Expert is used for online quality and production monitoring and
monitors machine settings, production data and quality data simultaneously.
The system monitors each individual spinning position. The information
supplied is used for process optimization. It is designed to monitor individual
spindles for reliable measurement of end breaks and traveller speed. End
break frequency, slipping spindles, production, efficiency and stoppages are
systematically monitored. [27]
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Barco solutions

BarcoProfile is a system with applications in online yarn quality control on
air-jet and friction spinning machines, on winders for technical yarns and
also on air-jet texturing machines and in spinning blow-room preparation
and ring spinning.

Application in rotor spinning machines

BarcoProfile, also known as Schlafhorst’s Corolab, is an optical yarn
measurement system used on rotor spinning machines. The system measures
the yarn diameter for every millimetre of yarn. It can also perform all the
above-mentioned open-end (OE) yarn clearer functions, together with
detection of foreign fibre material, and allows OE yarn spinners to deliver
contamination-free yarn to their customers. [32]

The BarcoProfile optical yarn clearer is available for all kinds of OE
spinning machines. Apart from the yarn clearer functions, BarcoProfile also
substitutes for time-consuming laboratory-based spot checks, because of its
built-in 100% online and real-time quality assurance functions. [32] The
sensor measures the shadow cast by the yarn on the photoreceiver. State-of-
the-art opto-electronics ensure supreme stability in even the most adverse
environments. This allows an absolute measurement and leads to a detector
capable of detecting even the faintest gradual diameter changes. Based on
the measured diameter values, software algorithms reconstruct and analyse
the yarn profile. Positions are stopped based on user-selectable criteria.

Application in air-jet texturing

BarcoProfile is also used as a quality monitoring system for air-jet texturing.
Using conventional opto-electronics, the receiver signals are converted into
an absolute and accurate diameter value, which serves as the basis for several
types of analysis. [32] The standard measuring accuracy is 0.01 mm, with an
optional increase to 0.005 mm. This allows the detection of even the faintest
changes in textured yarn diameter. The processed information, together
with the most important production data, is sent to a central unit where it
is stored in a local database. Via a WindowsCE®-based software interface,
the users of the BarcoProfile system get online and real-time information
on both textured yarn quality and production.

BarcoProfile halts production when something is wrong, and reports on
the quality being produced, which positions are approaching off-quality
tolerances, and where the exceptions are. [32] The most important analyses
performed by the BarcoProfile system are the online calculation of CV%, the
thick and thin yarn count channel (for this channel, BarcoProfile makes use
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of the direct correlation between yarn count and measured yarn diameter)
and the detection and classification of thick and thin defects. [32]

8.6 Future trends

Image processing techniques are applied to yarn structure to measure some
structural and morphological characteristics like irregularity, hairiness, number
of twists and yarn appearance. Moreover, image processing is used in special
on-line systems to measure yarn quality during the spinning process. In the
last few years the rapid evolution in the equipment used for image capturing
and analysis has provided an important input for the development of the
digital image processing, especially for scientific analysis situations.

One of the most important trends that will lead the development of image
processing techniques in the near future is the analysis of yarns containing
fibres with special structures, like different cross-sections, and functionalities,
mainly provided by the incorporation of certain agents during their production
steps. The arrangement of these types of fibres in the yarns and their influence
on the yarn parameters will result in new achievements in image analysis.
Furthermore, techniques for analysing yarns based in micro and, mainly,
nanofibers and their on-line quality control are an important future trend.

Yarn structure is being customized according to the needs of each particular
application, mostly for technical purposes. This trend seems to be one of the
most important issues to be faced by image analysis.

Besides, it is expected that the advances in informatics and image acquisition
and modelling, in general, will contribute positively in this particular area
of yarn analysis technique. These advances, combined with image quality
and image compression improvements, will be particularly relevant in yarn
production environments.

8.7 Sources of further information and advice

The objective of this chapter has been to present, in an integrated and concise
form, the imaging techniques applied to yarn structures, and the latest advances
in measuring yarn characteristics. For further information the reader should
consult more specialized literature, like those suggested below:

Image Processing and Analysis, Vol. 2, Y.J. Zhang (1999)

e [ntroduction to Image Processing and Analysis, John C. Russ and J.
Christan Russ, CRC Press (2008)

e Adaptive Image Processing: A Computational Intelligence Perspective,
K.H. Yap, L. Guan, S.W. Perry and H.S. Wong, 2nd edn, CRC Press
(2009)

o Image Engineering: Processing, Analysis, and Understanding, Y.J.
Zhang, Cengage (2005)
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8.8

10.

11.

12.

13.

14.

Image Processing and Pattern Recognition: Fundamentals and Techniques,
F.Y. Shih, Wiley (2009)

Mathematics of Digital Images, S. Hoggar, Cambridge University Press
(2006)

GIS Tutorials: http://www.gisdevelopment.net/tutorials/tuman005.htm
USTER Company: http://www.uster.com/Ul/default.aspx

Image processing: http://en.wikipedia.org/wiki/Image_processing
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The structure of polyolefin fibres

R R MATHER, Heriot-Watt University, UK

Abstract: The structure of polyolefin fibres is considered at various levels,
with particular reference to polypropylene and polyethylene fibres. At the
macromolecular level, the architecture of the polymer chains is discussed:
chemical structure, molar mass and molar mass distribution. On a larger
scale, the arrangements of these chains within the fibre are also discussed.
In addition, fibre profile is considered: fibre size and cross-sectional shape,
hollow fibres, bicomponent fibres, fibre blends, and crimp. The final sections
include influences of processing conditions on polyolefin fibre structure, gas
plasma treatments of polyolefin fibres and auxetic polyolefin fibres.

Key words: polypropylene, polyethylene, crystal morphology, fibre profile.

9.1 Introduction

Polyolefin fibres consist essentially of saturated aliphatic hydrocarbon
macromolecules. In Textile Terms and Definitions, a polyolefin fibre is
defined as a manufactured fibre in which the fibre-forming substance is any
long-chain synthetic polymer composed of at least 85% by mass of ethene,
propene or other olefin units.! By far the most prominent polyolefin fibre
commercially is polypropylene (PP). However, polyethylene (PE) fibres
also enjoy commercial usage. Many of these fibres are produced by gel
spinning, which is the subject of a separate chapter in this book, and there
is commercial interest too in PE fibres produced by solid-state extrusion.’
The chemical structures of PP and PE are given in Table 9.1.

This chapter is, therefore, largely confined to PP and PE fibres. Other
polyolefin fibres have been produced, notably from poly(4-methyl-1-pentene),
poly(1-butene) and poly(3-methyl-1-butene). Poly(1-butene) has found some
use in film and pipe applications and poly(4-methyl-1-pentene) in medical
equipment and microwave oven trays,* but the commercial interest in processing
fibres from these higher molar mass polyolefins is marginal. The chemical
structures of these polyolefins are also given in Table 9.1. In addition, some
fibres are produced from copolymeric polyolefins, such as ethene—propene,
ethene—octene and even ethene—propene—butene copolymers. Fibres containing
mixtures of different polyolefins are also produced commercially, such as
bicomponent multifilaments where each filament contains a PP core and a
PE sheath. When the fibres are heated, the PE sheath can melt and so bond
the multifilaments into resilient monofilament yarns. PP/PE bicomponent
fibres are widely used for producing non-woven fabrics, whereby fibres are

276
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Table 9.1 Structures of some polyolefins

Polymer Repeat unit

Polyethylene —(CH,—CH,)-
Polypropylene —(CH,—CH)-
|

Poly(4-methyl-1-pentene) —(CH,—CH)-
|

Poly(1-butene) —(CHZ—ICH)—
CH2
|
CHs

Poly(3-methyl-1-butene) —(CH,-CH)-
|

bonded by the air-through-type thermal bonding process. Still other types of
polyolefin fibre consist of different grades of the same polyolefin. Such fibres
can, for example, be readily crimped, as discussed in Section 9.6.5. Fibres
from blends of PP with other polymers, such as polyamide and polyester,
are also available.

It can be seen then that, as a result of the wide variety of compositions
that can occur among polyolefin fibres, together with the versatility available
in their processing conditions, a considerable range of fibre structures can be
produced. In this chapter, the structure of polyolefin fibres is considered at
various levels. At the macromolecular level, the architecture of the constituent
polymer chains is important: chemical structure, molar mass and molar
mass distribution (polydispersity). On a larger scale, the arrangements of
these macromolecular chains within the fibre are also significant. Finally,
the appearance of the fibre must be considered: fibre cross-section, fibre
size, hollow fibres, and crimp. In the following sections, these aspects of
polyolefin fibre structure are treated in turn.

9.2 Structures and configurations of
polyolefin chains

With the exception of PE, polyolefins are in practice polymers of a-olefins
of general formula, CH,=CHX, where X represents an alkyl group. Thus,
every other carbon atom along the main chain is asymmetric. The size and
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complexity of X largely govern the configuration of the polymer chain. Indeed,
the nature of X indirectly governs the crystalline properties of the polymer
and the changes undergone by the crystals during elongational strain, such
as occurs in fibre formation.

The various forms of commercial PE also in practice possess some
asymmetric carbon atoms. These asymmetric carbon atoms arise from chain
branching of the polymer, notably in low density polyethylene (LDPE) and
in linear low density polyethylene (LLDPE). PE fibres are, however, very
largely produced by melt extrusion of high density polyethylene (HDPE) or
gel spinning of ultra-high molecular weight polyethylene (UHMWPE), and
in both cases, the incidence of chain branching is low.

PE chains, which contain no asymmetric carbon atoms, tend to adopt a
zig-zag conformation, as illustrated in Fig. 9.1. The polymer chains of PP
and other o-olefin polymers can adopt a variety of configurations. As an
example, the three different stereoisomeric forms which PP chains may assume
are shown schematically in Fig. 9.2 in fully extended planar projections.
In planar projections of isotactic PP chains, all the methyl side groups are
situated uniformly on the same side of each chain. In practice, the chains
normally adopt a three-dimensional helical configuration (Fig. 9.3). This highly
regular structure favours the formation of PP fibres with superior mechanical
properties: the use of isotactic grades of PP is, therefore, commercially very
important. In syndiotactic PP chains, the methyl groups alternate in a regular
fashion between the two sides of each chain. Syndiotactic PP chains can
also adopt a helical configuration. In atactic PP chains, the methyl groups
are arranged randomly on the two sides of the chain.

An important characteristic of a polymer is its dispersity, a term defined
as the ratio of the weight-average molar mass, M, to the number-average
molar mass, M,. The higher the dispersity, the greater is the distribution of
chain lengths in the polymer. Many polyolefins are produced using Ziegler—
Natta catalysts,”® and their dispersities are generally high, a feature which
renders melt processing more demanding and tends to reduce the mechanical
performance of the fibres produced from them. The dispersities of HDPE

9.1 Schematic illustration of a PE chain.
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Isotactic — methyl groups same side

o CHs HiC H Ha  CHs HeC H H CH,

Syndiotactic — methyl groups alternate

Ha  oCHs HiC H  HC H H <CHs HiC H

Atactic — methyl groups randomly arranged

9.2 Stereoisomeric structures of polypropylene (reprinted from
Synthetic Fibres: Nylon, Polyester, Acrylic, Polyolefin, ed. J.E.
Mclintyre, Woodhead Publishing, Cambridge, 2005).

grades produced using Ziegler—Natta catalysts normally range between 5
and 20. M,, can be as high as 1 000 000 g mol™' but fibres can be produced
from grades of such high molar mass only by gel spinning.>’ For HPDE
gradel:s7which can be melt-spun, the highest value of M, is about 200 000 g
mol ™.

The dispersities of PP grades normally range between 4 and 8. Thermal
cracking of these grades gives rise to a reduction in molar mass and a lower
range of dispersities, 3—6, due primarily to the elimination of the high molar
mass ‘tail” in the molar mass distribution. These modified PP grades, often
called controlled-rheology (CR) grades, are especially suitable for fibre
formation. For most fibre applications, M,, is in the range 200 000-350 000
g mol™'. However, for the production of monofilaments, M,, may be as high
as 600 000 g mol~!, and for the production of meltblown nonwovens, as low
as 150 000 g mol~!. The melt flow index, MFI, of PP fibres generally lies
between 10 and 40, but for PP monofilaments the MFI is normally 1-11,
and for meltblown nonwovens it is in the range 100—1500.

More recently, fibres consisting of isotactic PP produced using metallocene
catalysts have been attracting increasing interest. Metallocene catalysts
are more specific and more active than Ziegler—Natta catalysts and can be
designed in such a way that only chains of isotactic PP are produced. By
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9.3 Helical configuration of an isotactic PP polymer chain (reprinted
from Synthetic Fibres: Nylon, Polyester, Acrylic, Polyolefin, ed. J.E.
Mclintyre, Woodhead Publishing, Cambridge, 2005).

contrast, isotactic grades of PP made using Ziegler—Natta catalysts contain
small proportions of atactic PP, typically up to 5%. Moreover, metallocene
grades of PP possess a narrower molar mass distribution, of dispersity ca.
2.5. However, due to small local irregularities in the polymer chains, where
individual propene monomers have been inserted in a reverse manner, the
melting points of commercial metallocene grades of PP are often about 15°C
lower than PP grades produced using conventional Ziegler—Natta catalysts.
Metallocene catalysts are also applied to the formation of speciality polyolefin
elastomers, which can be used for the production of highly elastic spun-bond,
and even meltblown non-woven fabrics.

9.3 Arrangements of polyolefin chains

As with other polymer fibres, there are in polyolefin fibres various degrees of
organisation both within and between the constituent polymer chains. These
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degrees of organisation range from crystalline regions, where segments of
the polymer chains are arranged into well-defined lattice structures, through
to amorphous regions, consisting of assemblies of random interpenetrating
polymer chains.

Various concepts have been put forward for considering the different
extents of organisation which the polymer chains may adopt within a fibre.
Several decades ago, Hearle listed 10 structural forms that can be considered
to occur in linear polymers,” most of which, he suggested, are relevant to
fibre structure. He also pointed out that ‘the structure of man-made fibres
is likely to be a mess’, certainly in the case of commercial fibres.® A very
full review of the complexities of models for the organisation of polymer
fibre chains, especially in polyamide and polyester fibres, has also much
more recently been written by Hearle.!® Even with polyolefin fibres, where
complications from any polar interactions hardly arise, the arrangements of
these chains will still be complex.

Nevertheless, the range of degrees of organisation that the polymer chains
in commercial polyolefins can adopt needs to be taken on board, and in this
respect the concept of a spectrum of order/disorder, described by Tomka et
al., would appear to be particularly useful.!' At one extreme of the spectrum
is the truly amorphous structure, and at the other end is the ideal crystalline
structure. Among the many structures in between these two extremes is one
that may have particular relevance to PP fibre technology. In this structure,
regular polymer chain conformations are envisaged, in which the chains are
parallel but displaced along their axes, but the chains’ lateral packing remains
irregular. This degree of ordering may be of the type primarily responsible
for paracrystallinity in PP fibres, and indeed paracrystallinity has also been
observed in PE.!?

In addition to the concept of the order/disorder spectrum, there are a
number of other important factors. The locations within each fibre of the
regions comprising the various levels of order and disorder should be taken
into account. So too should the degree of orientation of the polyolefin
chains in the direction of the fibre axis and the degree of orientation of
the bonds and segments constituting the chains. The resolution of all these
aspects experimentally is an ambitious task, although the advent of advanced
microscopy techniques, such as scanning probe microscopy and environmental
scanning electron microscopy, may well assist progress. Molecular and
microstructural modelling techniques may be useful too.'!

Because of all these factors, the concept of degree of crystallinity when
applied to polyolefin fibres must be treated with caution. A variety of
techniques is available for determining degree of crystallinity, such as X-ray
diffraction, fibre density, heats of fusion and Raman spectroscopy,®'*'* but
the different techniques can give rise to different values.



282 Handbook of textile fibre structure

9.4 Crystalline structures
9.4.1 Polyethylene

PE usually adopts an orthorhombic crystal cell structure. The cell dimensions
are a = 0.741 nm, b = 0.494 nm and ¢ = 0.255 nm. Because there are no
alkyl groups projecting at regular intervals from the backbones of the PE
chains, they can approach one another much more closely than is the case
with other polyolefin chains. As a result, there is close packing of the PE
chains, which all lie in a planar zig-zag fashion in the direction of the c-axis.
The a and b dimensions, therefore, characterise the side-by-side packing of
the PE chains.'?

Another crystal form, the pseudo-monoclinic, is formed during stretching
of HDPE at low temperatures, such as may occur in some types of PE
fibre processing. For example, gel-spun UHMWPE fibres contain mostly
orthorhombic domains, but some monoclinic domains are also present.’
The cell parameters of the pseudo-monoclinic form are a = 0.405 nm, b =
0.485 nm, ¢ =0.254 nm, o = f=90° and y = 105°. Above 50°C, this crystal
form tends to revert to the orthorhombic form. A third crystal form of PE,
triclinic, has also been identified: a = 0.4285 nm, b = 0.480 nm, ¢ = 0.254
nm, o = 90°, f=110° and y = 108°.

9.4.2 Polypropylene

For PP, three distinct crystalline forms have been identified: a-monoclinic,
B-trigonal and y-orthorhombic. A common feature of all three forms is
the helical conformation of the constituent PP chains. The forms display
narrow, sharp peaks in wide-angle X-ray scattering (WAXS) patterns (Fig.
9.4). However, they also display some features which are highly unusual in
polymer crystallography. An excellent review of the structure and morphology
has been written by Lotz et al.'®

The o-form is the most stable and also the most important in the context
of PP fibres. Its monoclinic lattice has unit cell dimensions a = 0.665 nm,
b =0.2096 nm, ¢ = 0.650 nm, o= y=90° and = 99.3°. The PP chains lie
in the direction of the c-axis. The structure contains both left-handed and
right-handed helical PP chains, and any given helix for the most part lies
next to helices of the opposite chirality. '’

Crystals of the S-form can be obtained with the use of special nucleating
agents. Initially, it was considered that the S-cell structure was hexagonal,'®
but it is now recognised that the cell structure is trigonal: a = » = 0.1101
nm and ¢ = 0.650 nm.'>? An unexpected feature of the S-structure is that
it is frustrated:'®?! the structure does not follow the normal crystallographic
convention of structural equivalency. Frustrated structures are usually
associated with the crystal lattices of magnetic systems.
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9.4 WAXS patterns of a, B, y and paracrystalline polypropylene
(reprinted from Synthetic Fibres: Nylon, Polyester, Acrylic, Polyolefin,
ed. J.E. McIntyre, Woodhead Publishing, Cambridge, 2005).

The orthorhombic y-form can be obtained by crystallisation of PP at high
pressure or of PP with a small proportion of comonomer at low pressure. The
y-form may also be observed in WAXS patterns of isotactic PP with shorter
chain lengths. It is hence of interest too in connection with metallocene PP,
in which there are shorter isotactic chain lengths on account of occasional
regio-irregularities in the chains.® Although the y-form had originally been
considered to consist of triclinic cells, it was revealed by Bruckner and
Meille? that the triclinic cell is a subcell of a much larger orthorhombic
cell: a = 0.854 nm, b = 0.993 nm and ¢ = 4.241 nm. A strange feature of
the y-form structure is that it consists of a series of bilayers of antichiral
PP chains in a crossed pattern. The chains are tilted at 80° or 100° to one
another. '

A paracrystalline, or ‘smectic’, form has also been identified, whose WAXS
peaks are broad and more poorly defined, and only of moderate intensity (Fig.
9.4). The PP chains within the paracrystalline structure also adopt a helical
conformation.?* A liquid crystalline model for the paracrystalline structure
is becoming increasingly accepted, proposing a ‘liquid-like’ lateral packing
of parallel PP helical chains, together with a high degree of registry in the
direction of the chains.?* This model correlates with one of the structures
in the order/disorder spectrum discussed in Section 9.3.

9.4.3  Other polyolefins

The crystal cell structures of the other polyolefins in Table 9.1 are of interest,
in comparison to those of PE and PP. Poly(1-butene) exhibits extensive crystal
polymorphism: the crystal forms include I (hexagonal), II (tetragonal), I1I
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(orthorhombic) and T (hexagonal). Form T is thermodynamically the most
stable, but form II is the form produced on rapid cooling from the melt. Form
IT then transforms to form I, a process which takes several days at ambient
temperatures. Forms III and I’ can be obtained by crystallisation from suitable
solvents and are transformed to form I on heating. These crystal changes
have severely restricted the commercial potential of poly(1-butene).

Poly(3-methyl-1-butene) possesses two crystalline forms: monoclinic
and pseudo-orthorhombic. Poly(4-methyl-1-pentene) possesses tetragonal
crystals.

9.5 Crystal morphology

The crystallinity in freestanding PE and PP arises from the presence of
crystallites, generally of dimension less than 100 nm. The crystallites are
made up of thin lamellae, and the direction of the polymer chains lies across
the thickness of each lamella. Thus, the chains within each crystallite are
folded many times in order that it can accommodate them. The lamellae,
in turn, are arranged into spherulitic structures, whose diameter can be as
high as a few millimetres. Each spherulite grows in a radial manner from
a nucleus. The arrangement of the polymer chains will be denser and more
regular within the spherulites than in the regions between them, so that
clearly defined boundaries are observable.

It is noteworthy that isotactic o-PP crystals exhibit branching of lamellae,
a feature which appears to be unique in polymer crystallography.'® Extensive
evidence has now been assembled that this lamellar branching is an intrinsic
property of isotactic a-PP. Each daughter lamella branches away from its
mother lamella at an angle of ca. 80°. In PP fibre extrusion, for example,
an additional component whose chain axis is approximately at right angles
to the fibre direction may sometimes develop.'®

When under elongational strain, as in fibre formation, the spherulitic
morphology generally gives way progressively to a fibrillar morphology,
although recently the coexistence of undeformed spherulites adjacent to
fibrils has been observed.?® Two distinct models have been proposed for this
transformation. One approach consists of the rupture of lamellae and their
subsequent reorganisation; the other invokes crystal melting and subsequent
reorganisation.

The first approach has been put forward by Samuels, dealing mostly
with PP fibres?® and by Peterlin, based mainly on studies of PE.?” Under
elongational strain, the spherulites stretch out into ellipsoids. This deformation
process is maintained until the lamellae within the spherulites can no longer
accommodate the stress imposed on them, and the folded polymer chains
within the lamellae slip, twist and even unfold.?’” Spherulitic deformation
eventually results in the formation of small fibrils,”® ranging from tens of
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nanometres to microns.”*" In addition, those polymer chains originally
present in the less dense regions outside the spherulites become much more
stretched along the fibre axis and hence closely aligned to one another. Strain-
induced crystallisation can then occur, with the formation of new crystalline
domains. Greater deformation causes the fibrils to slide past one another,
and the tie molecules, which link the fibrils, are also stretched. Eventually,
the deformation stress is too great for the fibre to support, and the sample
breaks.

The other model was originally proposed by Flory and Yoon.?! They
suggested that localised melting may occur due to the stress applied to the
spherulites, and this melting is then followed by recrystallisation. Although
the model of Flory and Yoon has generally found less favour since it was
first proposed, much more recent work by Li and Cheung on the deformation
of B-PP provides some support for this model.>?

It is interesting to note that in the formation of PP fibrils, the appearance
of ‘shish-kebab’ structures has been reported,”" in which a central core
consisting of extended PP chains (shish) is surrounded by sections with
folded chain crystals (kebab). Shish-kebab PE structures have also been
reported.® Shish-kebabs are formed by a two-stage crystallisation process.>>-*
The first stage, shish formation, comprises the nucleation and formation of
fibrils aligned parallel to the direction of strain. In the second stage, kebab
formation, there is epitaxial overgrowth of lamellae in the fibrils, with the
latter acting as nuclei. Figure 9.5 shows a schematic illustration of a shish-
kebab structure.

9.6 Fibre profile
9.6.1 Fibre cross-section

Most polyolefin fibres are extruded as filaments with circular cross-sections.
However, these filaments possess a waxy handle, which is perhaps not
surprising when it is recalled that polyolefins are polymeric hydrocarbons.
This waxy handle can be reduced, or even virtually eliminated in fibres
with suitable non-circular cross-sections, and indeed a variety of fibres are
produced with cross-sections such as triangular, multilobal and cross-shaped,
as illustrated schematically in Fig. 9.6.

Not only does cross-sectional shape influence fibre handle, but it also
affects fibre bulk, insulation ability, resilience and lustre. Thus, fibres with
more exotic cross-sectional shapes often pack more loosely than those with
circular cross-sections: hence, fibre bulk is correspondingly increased, and
better insulation is provided. In addition, fibres with non-circular cross-
sections will tend to bend more readily in some directions than in others, and
give rise to improved resilience. The scattering of light from the surfaces of
fibres with more complex cross-sections is less uniform, and the appearance
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9.6 Examples of non-circular filament cross-sections: a triangular, b
bilobal, ¢ trilobal, d cross-shaped.

of these fibres is consequently softened. Moreover, the extent of soiling,
if moderate, is much better concealed in fibres of complex cross-section,
although soiling becomes more apparent when the channels become filled
with soil particles.

Melt spinning of non-circular polyolefin fibres requires special spinneret
profiles for extrusion. There are three principal considerations in designing
spinneret holes for producing profiled filaments: die-swell, melt viscosity
of the polyolefin and the surface tension of the extruded molten filaments.>
Die-swell is especially significant in polyolefin fibre extrusion: the dilation on
egress from the spinneret hole can be as high as two to three times. Moreover,
die-swell from non-circular spinneret holes is uneven. For example, there
is more die-swell from the longer sides of a rectangular spinneret hole than
from 5}616 shorter sides, whilst at the corners there is virtually no die-swell
at all.
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Surface tension tends to promote more rounded configurations in extruded
melt filaments. However, the surface tensions of polyolefin melts are low,
a factor that renders the formation of more complex cross-sections more
readily achievable than for many other types of melt spun fibre. Indeed,
depending on the grade of polyolefin used and the processing conditions
applied, fibre cross-sections of varying degrees of sharpness can be produced.
Factors promoting sharper profiles are throughput, lower melt flow index and
spinning temperature, coupled with rapid cooling of the molten filaments and
low draw-down ratio.>> However, the drawability of the as-spun fibres thus
produced is also lower, and so drawing conditions have to be correspondingly
adjusted.

96.2 Hollow fibres

Not only have polyolefin fibres with exotic cross-sections attracted commercial
interest, so too have hollow polyolefin fibres. These fibres are well suited to
applications where heat insulation and enhanced bulk are important, as in
sleeping bags, pillows and mattresses. Hollow fibres appear too to be less
prone to soiling and pilling, and they possess a subdued lustre. They can
also incorporate a variety of chemicals: hence they can be used as filters
for removing unwanted substances or as agents for the controlled release of
specific chemical compounds, such as antimicrobial products. Fibres with
two or more holes are sometimes preferred, as they are less prone to flatten
under pressure. As an example, one commercially available PP fibre product,
Asota® AFC, whose fibre cross-sections are characterised by three circular
holes, arranged equidistantly from one another, is used to minimise shrinkage
cracks in concrete as it hardens and to reduce fire damage in it.*’

Hollow PP fibres with very narrow pores in their walls are used in
mechanical lungs. A mechanical lung is essentially a gas exchanger, which
supplies oxygen to the blood and removes carbon dioxide from it. Both
gases pass freely through the pores in the walls of the hollow fibre, but
the passage of blood through them is impeded by the narrow cross-section
(< 50 nm) and the hydrophobicity of PP.

Although hollow fibres can be processed by indirect extrusion techniques,
based on the ‘islands-in-the-sea’ concept,® they are often processed by direct
spinning techniques, using spinneret holes of suitable designs. Indeed, like
non-circular polyolefin fibres, polyolefin hollow fibres are well suited to
production by direct spinning techniques.

9.6.3 Bicomponent fibres

Bicomponent fibres consist of two polymers arranged in clearly defined
phase morphologies. Examples are side-by-side and sheath-core structures,
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but much more complex structures have also been formed, as illustrated in
Fig. 9.7. In the case of polyolefin fibres, the two components would comprise
a polyolefin and another chemically distinct polymer. The second polymer
could be a different polyolefin: for example, fibres consisting of a PP core
and a PE sheath are used in the production of spun-bonded nonwoven fabrics
using a thermal bonding process. Moreover, two different grades of the same
type of polyolefin could also strictly be considered to form bicomponent
fibres, provided the two grades exist in clearly different bulk phases within
each fibre. However, bicomponent fibres are usually considered to consist
of polymers of different chemical composition. The term conjugate fibres
tends to be given to fibres where there are structural differences between
components of the same chemical composition.

Bicomponent fibres can possess a number of advantages over fibres
consisting of just one component. In polyolefin bicomponent fibres, the
second component may improve aspects of mechanical performance, such
as the provision of reduced creep and reduced thermal shrinkage at elevated
temperatures. Since polyolefin fibres cannot be dyed, unless a suitable
additive has been blended with the polyolefin prior to extrusion, the second
polymer may enable successful dyeing. Bicomponent polyolefin fibres are
also produced for the purpose of imparting crimp. In the previous section,
it was mentioned that hollow fibres can be produced from ‘islands-in-the-
sea’ fibres. These represent further examples of bicomponent fibres, from
which the island component can be dissolved to render the resulting fibre
hollow. The dissolved component needs to diffuse through the walls of the
sea component. Alternatively, if polyolefin island fibres of narrow cross-
section are present, removal of the sea component gives rise to polyolefin
microfibres.

Of particular importance in the behaviour of bicomponent fibres is the
nature of the interface between the two polymer phases. In order to avoid
splitting of the fibre into the two separate polymer phases, the adhesion
between them across the interface must be strong enough to withstand
further processing of the fibre, its subsequent fabrication into product, and
the wear and tear to which the product may be subjected. However, because
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side, b simple sheath-core, ¢ more complex sheath—core, d cross-
shaped ‘core’.
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of the hydrocarbon nature of polyolefins, their affinity for other types of
common fibre-forming polymer, such as polyamide and polyester, is low.
Thus, where imparting crimp is sought through differences in shrinkage, the
internal stresses that result at the interface may well be sufficient to cause
splitting. This problem is more acute where the extent of the interface is
small, as in simple side-by-side bicomponent structures, illustrated in Fig.
9.7a. Insufficient cohesion is even likely to occur between two different
types of polyolefin, e.g. PE and PP. It has been observed too between two
different grades of PP, where different phases exist within the fibre because
of the widely differing molar masses of the grades.® (Although such fibres
would be considered to be conjugate fibres rather than bicomponent fibres, it
may be argued nevertheless that the widely different average polymer chain
lengths in the two phases render them chemically distinct anyway!)

To overcome this problem, a variety of approaches are available. The
underlying strategies involve modifying the chemistry of the interface and
increasing the area of the interface. A fibre structure in which one component
protrudes into the other, or even one where both components protrude into each
other, markedly increases the area of the interface and hence correspondingly
increases the extent of adhesion across it. Chemical modification of the
interface may be achieved through the use of a compatibilising agent, a
polymer whose structure contains segments similar to those in each component.
Compatibilising agents act in essentially the same manner that surfactants
(such as detergents) act to emulsify oils in water.

For some types of process, however, splitting of the components may
be advantageous. Thus, where polyolefin microfibres are to be produced
from ‘segmented pie’ morphologies involving two components, splitting is
required for the removal of the unwanted component. In this respect, the low
interfacial adhesion between the two component polymers renders polyolefins
attractive for the formation of microfibres.

9.6.4 Fibres from polyolefin blends

Fibres based on polyolefin blends, containing a smaller proportion of a
second component, often display matrix-fibril morphologies, as illustrated
in Fig. 9.8. Such fibres are also called ‘biconstituent fibres’. Whereas the
production of bicomponent fibres requires specialised extrusion equipment,
blended fibres can be produced by conventional single-screw equipment.
Over the past two decades, there has been interest in reinforcing PP fibres
with fibrils of thermotropic liquid crystalline polymers (TLCPs). ** Whilst
the initial modulus of PP fibres is commonly 6 GPa or less, that of TLCPs
is generally as high as 50-60 GPa, and some TLCPs possess moduli >100
GPa. The structures that give rise to such high moduli in TLCPs are discussed
in Chapter 14. Although TLCPs are far more expensive than PP, there is
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9.8 Schematic representation of a matrix—fibril morphology.

considerable attraction in the potential for marked improvements in PP fibre
mechanical performance from the addition of only a small proportion of
TLCP. Furthermore, TLCPs exhibit surprisingly low viscosities when in the
liquid crystalline state, a property that would facilitate PP fibre extrusion.

To be effective as a reinforcing agent, the TLCP should exist as fibrils
aligned along the fibre axis. One of the main factors governing the morphology
of the TLCP constituent is the proportion of TLCP. Thus, in one report,*
it was noted that at very low concentrations (2.5%), a TLCP that was an
aromatic copolyester of 6-hydroxy-2-naphthoic acid and p-benzoic acid
exists primarily as small particles in the as-spun fibre. At concentrations of
5-10% the TLCP was present as long fibrils oriented along the fibre axis.
However, at 15%, the TLCP formed a network structure, rendering the fibre
brittle. Other important factors influencing TLCP fibre morphology are the
conditions of extrusion and the properties of the PP/TLCP interfaces.

One difficulty, however, arises from the high melt temperatures of many
TLCPs (even as high as 280°C or more), so that the PP matrix tends to be
degraded during extrusion. A further complication may arise when the as-spun
fibres are drawn, for the TLCP fibres can tend to fragment. One approach
to overcoming this latter difficulty is the use of a polymeric compatibilising
agent, which is itself liquid crystalline at the drawing temperatures used.*!
The compatibilising agent acts as a lubricant at the PP/TLCP interfaces
during drawing but promotes interfacial adhesion in the final drawn fibre.
It has been suggested too that, where fibril fragmentation is not detected
in the drawn fibres, the improvement in fibre modulus arises not just from
the TLCP fibrils but also from increases in PP crystallinity and PP chain
orientation.*?
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9.6.5 Crimp

The introduction of crimp into polyolefin fibres can be achieved by
thermomechanical means — as with many other melt spun fibres. Straight
filaments are mechanically deformed into a crimped structure, which is then
heat set. The thermal relaxation of the stresses produced from mechanical
deformation allows a permanent crimp. On a commercial scale, the stress
relaxation process must occur sufficiently quickly not to slow down production.
However, in the case of PP fibres, for example, stress relaxation is usually too
slow. In addition, crimp in the two most important polyolefins, PE and PP,
may not in practice be permanent, because their glass transition temperatures
are below ambient temperatures.

An alternative approach is to produce polyolefin fibres that possess crimp
as an integral part of their structure. These fibres consist of two phases,
which have different lengths. The difference in length is usually achieved
as a result of different shrinkage during processing. Such fibres may be
bicomponent fibres, as discussed in Section 9.6.3, but equally self-crimping
may be achieved in conjugate fibres, where the emphasis is on differences
in polyolefin structure rather than in chemical composition.

The extent of curvature in the crimped fibre is proportional to the magnitude
of the difference in shrinkage between the two components during relaxation.
The component with the greater shrinkage is on the inside of the helical coil
that is formed. The extent of shrinkage of each component depends on its
structural morphology, the influence of any additives in the component, the
degree of fibre extension during spinning and drawing, and the conditions
of fibre relaxation. For good crimp in PP fibres, the two components should
differ in length by 10-20% after shrinkage.’> The maximum curvature of
crimp that can generally be obtained in practice is 4-5 times the filament
cross-section.

The nature of the distributions between the two polyolefin components in
a conjugate fibre greatly influences its potential for crimping. The greatest
crimp can be achieved in conjugate fibres with only one interface, with the
maximum potential for crimp through the centre of the fibre cross-section.*
Thus, in Fig. 9.9, a conjugate fibre of cross-sectional character a is likely to
achieve greater crimp than one of character b. Furthermore, crimp is unlikely

*H

9.9 Schematic representations of distributions in conjugate fibres.
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to be achieved in the more complex segmented structure illustrated in c. In
addition, greater crimp is likely to result where the interface is straight; thus,
fibres of character a will achieve greater crimp than those with character
d.

It has already been noted that crimp arises from structural asymmetry
across the filament cross-section: there are variations in overall polymer
chain orientation, the extents of different organisation which these chains
may adopt (as discussed in Section 9.3) and the nature of the constituent
crystallites. A key factor too is the degree of row nucleated (or strain induced)
crystallinity*® induced on cooling of the filament after leaving the spinneret.
Indeed, the presence of row nucleated crystallinity in at least one component
of the conjugate fibre is a necessary condition for self-crimping.*’

Self-crimp can be produced by a number of means, and details of these
processes are amply discussed elsewhere.’> Many require the extrusion of
two polyolefin melt streams side by side. The streams may differ in the grade
of polymer (different molar masses or different molar mass distributions), or
spinning temperature. They may alternatively differ in the type of additive
present in the polymer, such as plasticiser to alter the rheology, or nucleating
agent to affect the crystallisation characteristics on subsequent cooling of
the filaments. However, such approaches require more complex extrusion
equipment. One ingenious approach that has been tried with the use of a
conventional single extruder is to spin filaments with a bilobal cross-section
(notably a figure-of-eight cross-section, as depicted in Fig 9.6b).>° The smaller
lobe of the filament will cool more quickly than the larger lobe. Crimping
results on relaxation of the filament, with the smaller lobe on the inside of
the coil. In another approach, the Autocrimp® process, the polyolefin melt
is forced through the spinneret such that stress differences are built into
opposing sides of the freshly extruded filaments.**

A widely adopted approach is the differential cooling of the individual
filaments during draw-down, achieved by asymmetrical quenching from a
flow of air directed at rightangles to the filaments. Increasing the velocity of
the air flow tends to increase the crimp obtained.*> The part of the filament
directly exposed to the airflow solidifies more quickly than the part on the
opposite side of the filament, where there is some protection from the airflow.
Thus, the exposed side becomes more difficult to attenuate, with the result
that it acquires greater row nucleated crystallinity and smaller crystallite
size. In consequence, the filament becomes crimped, and indeed the crimp is
often further enhanced on cold drawing. It has also been observed that for a
given filament cross-section, there is an optimum fibre density for maximum
crimp in an as-spun filament.*

As with a bicomponent fibre, the difference in the potential for shrinkage
between the two components in a conjugate fibre may induce splitting. Means
of overcoming this difficulty include increasing the area of the interface
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separating the two components and applying a third component that adheres
well to both polymers. Both these approaches resemble those adopted to
avoid splitting in bicomponent fibres (Section 9.6.3). For conjugate fibres,
a third approach is also available. An asymmetric sheath-core structure, as
illustrated in Fig 9.9d, often serves to prevent splitting, although the degree
of crimp in the fibre will be appreciably reduced.®

9.6.6 Thick cross-sections and thin cross-sections

Introduction

The majority of polyolefin fibres produced are in the form of multifilaments,
either as continuous filaments or staple. Nevertheless, there is a well-established
market in thicker polyolefin fibres and, increasingly, in polyolefin microfibres
and even nanofibres. The market for monofilaments (count > 100 dtex) was
the first commercial market to be penetrated by PP fibres, in view of the
high tenacity that could be produced at relatively low cost. Microfibres are
used extensively in nonwoven technologies; but nanofibres of still smaller
cross-section are commanding rapidly increasing interest, again primarily
for nonwoven applications.

Monofilaments

Monofilaments can be produced by broadly the same methods as those used
for the production of multifilaments. However, monofilaments produced in
this way tend to curl,® and this tendency renders them unsuitable for many
applications. Processing at low speeds and extrusion into water overcomes
curling.

Some studies on the morphologies of PP monofilaments have been
published. It has been reported, for example, that the diameter of a PP
monofilament varies markedly with draw-down ratio after extrusion, but
is less dependent on the subsequent draw ratio applied (drawing was
conducted at 90°C).*¢ In another study, crystal morphology was investigated
in both as-spun and drawn monofilaments.*® With increasing draw-down,
progressive deformation from spherulitic to fibrillar morphology was noted
at the filament surface, with some shish-kebab morphology also being
observed. At very low draw-down, the centres of the spherulites at the
filament surface were raised rather than depressed, and it was tentatively
suggested that these spherulites contained B-PP crystals instead of the
expected o-form. Increasing draw-down also produced a progressive
change in the filament bulk from o-form crystallinity to paracrystallinity.
The nature of the fibrillar structures in the drawn filaments depended on
the drawing conditions. Filaments drawn at elevated temperatures contained
a-PP crystals. However, wide-angle X-ray scattering indicated that a cold-



294 Handbook of textile fibre structure

drawn filament appeared to exhibit a form of paracrystallinity, though
different from that shown in Fig. 9.4d.

Thin cross-sections

Microfibres (count < 1 dtex) and increasingly nanofibres (count < 0.3 dtex)
are assuming steadily increasing importance in polyolefin fibre technology.
Microfibres can be produced directly by melt extrusion, although extrusion
rate has to be reduced and extensive draw-down is required. Filaments
consisting of microfibres produced in this way may suffer from extensive
variation in thickness as a result of variability in cross-section of the
constituent microfibres. An alternative method for producing microfibres is
by the ‘islands-in-the-sea’ approach, in which the ‘sea’ is dissolved to leave
behind the microfibres. Melt-blowing also produces microfibres, and indeed
fibres of fineness as low as 0.01-0.2 dtex are often produced; such fibres can
thus be considered as nanofibres. Nanofibrillation may also perhaps become
an established technique for producing polyolefin nanofibres.

Polyolefin nanofibres can be produced by electrospinning, a technique
discussed at length in Chapter 17. Techniques have been reported, for
example, for electrospinning polyolefin nanofibres from solution and from
the melt. Thus, poly(1-butene) and poly(4-methyl-1-pentene) have recently
been successfully spun from mixed solvent systems at room temperature.*’*3
In the case of poly(4-methyl-1-pentene), the fibre morphology was found
to be strongly influenced by the nature of the solvent system, whilst with
poly(1-butene) different crystalline structures resulted depending on the
processing conditions used. In PP fibres produced by melt electrospinning,*’
it was observed that those with the highest molar mass possessed the largest
cross-sections. Fibres of low molar mass could possess cross-sections as small
as 1 c<m, or even slightly lower. In addition, fibre cross-section decreased
with increasing strength of the applied electric field.

9.7 Processing-structure relationships
9.7.1 Introduction

In application, the structure of polyolefin fibres (at all levels!) determines
their physical, thermal and mechanical properties and is a major influence
on the technological performance of the fabrics produced from them. In turn,
structure in a synthetic fibre is governed by the grade of polymer from which
it has been processed (and the additives present in the polymer) and the
processing conditions applied to produce this structure. As has been discussed
in some of the previous sections, the cross-sectional profile is controlled by
the profiles of the spinneret holes. The size of the cross-section is largely
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governed by the extent of draw-down during the extrusion process and the
elongation achieved during subsequent drawing. Other dimensional factors,
such as crimp frequency, result from finishing processes such as texturing,
or from the presence of two (or more) components in the fibre.

Ideally, the most desirable structure for a synthetic fibre is one of invariant
cross-section in which the polymer chains are extended and aligned in perfect
orientation along the fibre axis. For polyolefin fibres probably the nearest
to this ideal chain alignment has been achieved through the gel spinning of
UHMWPE, discussed in Chapter 12 of this book. After melt spinning, however,
the polyolefin chains are extensively folded. Indeed, it is far from clear that
the alignment of polyolefin chains can be improved in fibres derived from
melt-spinning and subsequent drawing, because of the chain entanglements
occurring in the melt, which are then retained in the solid fibres.

For discussion of the relationships between processing and structure in
polyolefin fibres, the processing stages may be conveniently considered as
follows: processing of the melt, solidification of the melt and draw-down
of the filaments formed, and finally the subsequent drawing process.

9.7.2  The polyolefin melt

Detailed discussions of the passage of a polyolefin through a melt extruder
have been provided elsewhere.*>>° What is of concern here is the nature
of the melt as it leaves the spinneret holes. Just prior to the egress of the
melt from a narrow spinneret hole, the melt undergoes shear flow, but on
egress, there is a rapid change to elongational flow, for the melt is no longer
constrained by the walls of the spinneret hole. As the melt then starts to
cool, there is an increase in its viscosity. The release of elastic energy, as
the melt emerges from the spinneret hole, gives rise to extensive die-swell,
which has a profound effect on spinning speed.

Distortions of the extruded polyolefin fibre can sometimes result at this
stage of the melt extrusion process. One type of distortion is melt fracture,
which refers to the distortion of the surface of the extruded melt. It arises from
oscillations in the output of polymer through the spinneret hole. Extruded PP
melts are particularly susceptible to this phenomenon. The fluctuations give
rise to variations in cross-section along the length of the extruded filament,
often in the form of helical indentations. Severe melt fracture renders filament
extrusion impossible. Factors that intensify melt fracture include higher flow
rates through the spinneret hole, a decrease in the ratio of hole length to
hole diameter, reduced temperature of the melt and increased molar mass.>’
Molar mass distribution has also been shown to exert a pronounced effect
on susceptibility to melt fracture in PP melts.>!

Some fibres emerge exhibiting a sharkskin, which has the form of ridges
running approximately at rightangles to the fibre axis. The cross-section of
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the fibre remains, however, virtually uniform; the defects are confined to the
fibre surface. As the melt leaves a spinneret hole, so the surface of the filament
undergoes an extensional acceleration. The surface stress thus generated is
larger, the higher the viscosity of the melt. Moreover, filaments with high
modulus will also tend to give high surface stress. For this reason, polyolefin
grades of higher molar mass are more prone to sharkskin, and furthermore
narrow molar mass distribution also appears to promote it.>> Other processing
conditions that promote sharkskin are low extrusion temperatures and high
extrusion velocities.

Another source of instability in the filament melt emerging from the
spinneret is draw resonance. This term refers to periodic fluctuations in
diameter in the filament melt. Whereas melt fracture appears to commence at
a particular value of throughput rate, draw resonance will occur only when the
filament is being stretched.’”> Draw resonance begins, therefore, at a critical
draw-down ratio. Both PP and HDPE are prone to draw resonance, but it
appears to be less of a problem with LDPE. The intensity of draw resonance
is influenced by the molar mass distribution of the polyolefin and also by
the shear deformation of the melt in the spinneret holes. The presence of
additives, such as pigments and stabilisers, can also promote draw resonance.
Moreover, additives that exist in solid particulate form during fibre extrusion
may cause knots (short irregular sections) in as-spun fibres.

9.7.3 Solidification of the filament melt and filament
draw-down

Crystallinity

After the polymer melt has emerged in the form of filaments from the spinneret
holes, it rapidly cools. At the same time, the extruded filaments are attenuated
due to the extensional force applied to them during draw-down. On solidification,
the rate of crystallisation of polyolefins is innately high, yet it is beneficial if
an extensive crystalline structure is formed only after the subsequent drawing
stage (discussed in Section 9.7.4), to allow a high draw ratio to be achieved.
With PP fibres, this apparent paradox can be resolved by choosing extrusion
conditions that produce paracrystalline as-spun fibres.>™> Paracrystalline
PP fibres can be readily obtained by rapid cooling of the melt into a water
bath,®> whereas quenching by air often produces PP fibres in the a-monoclinic
state. However, under carefully controlled conditions, paracrystalline fibres
can also be obtained by air quenching.>® >® As-spun PE fibres are formed with
a well defined orthorhombic crystalline structure, irrespective of spinning
conditions.>” Poly(1-butene) fibres are formed with a well defined hexagonal
structure in air, but rapid quenching gives instead a tetragonal structure, which
then ages to the more stable hexagonal form.>” As-spun poly(4-methyl-1-
pentene) fibres possess a well defined tetragonal structure.’’
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The extent of crystallinity in as-spun fibres depends both on the grade
of polymer extruded and the extrusion processing conditions.’® ¥ The
magnitude of the spinline stress has been noted as particularly important in
this respect.”*>% It has been observed that an increase in spinline stress
increases the overall crystallinity of the as-spun fibres produced. In turn,
spinline stress can be increased by raising cooling rate and winding speed
and by lowering metering pump speed and spinning temperature. In contrast
to this observation, however, work on the extrusion of PP monofilament has
revealed that crystallinity can decrease with increase in winding speed.® The
effects of filament speed on crystallinity are discussed in detail in Chapter
5.

Spinning temperature also plays a part. Lower spinning temperatures favour
the onset of crystallisation but reduce the mobility of the polyolefin chains.
The degree of crystallinity increases with increasing molar mass as well. Molar
mass distribution is another important factor: a greater proportion of longer
chains in PP fibres, for example, promotes the formation of o-monoclinic
crystals and raises the degree of crystallinity.

It is noteworthy too that the presence of pigment particles can affect the
crystalline structures of synthetic fibres.®! Thus, as-spun PP fibres coloured
with a phthalocyanine pigment have been observed to be in the oi-monoclinic
form, even when extruded under conditions where the uncoloured fibres are
in a paracrystalline state. As-spun PP fibres coloured with a quinacridone
pigment can contain both o- and S-forms, though on heating of the fibres,
the S-form transforms to the o-form.

Orientation

The overall orientation of the polyolefin chains in as-spun fibres is largely
determined by the degree of stretching during draw-down (the draw-down
ratio). Kitao et al. reported that, at lower draw-down ratios, the chain
orientation in as-spun polyolefin fibres increases with increasing draw-down
ratio.®? At draw-down ratios between 8 and 80, however, they reported no
further increase in chain orientation in PE and PP fibres, although there is an
increase in poly(1-butene) fibres. They also concluded that crystalline regions
contribute more to overall orientation than non-crystalline regions. Moreover,
in addition to the orientation of crystals along the fibre axis, orientation at
rightangles to the fibre axis may occur at draw-down ratios of <50. These
conclusions have been largely confirmed by Choi and White,”” who have
also reported that crystal orientation is correlated better with spinline stress
than with draw-down ratio. They report that at a given spinline stress, the
ranking of the crystal orientation is:

poly(4-methyl-1-pentene) > poly(1-butene) > PP > PE
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9.7.4 Fibre drawing

The structures of drawn polyolefin fibres are markedly influenced by the
structures of the precursor as-spun fibres and by the drawing conditions
employed,®*> notably draw ratio and draw temperature.

Polyolefin fibres can deform in a draw stage either inhomogeneously, where
there is a marked necking effect, or homogeneously, without any necking.
In PP fibres, neck formation is favoured by lower temperatures, increased
draw speeds, higher orientation of the polymer chains and the presence of
monoclinic crystals in the as-spun fibre.*> Drawing of fibres with larger
cross-sections is also more likely to involve necking.

Neck formation arises from variation in the distribution of stress along
a filament, as a result of tensile deformation during drawing. Such stress
variation may arise from small variations in cross-sectional area or from
other inhomogeneities along the length of the filament. Once a neck has
formed, however, it is essential that the thin portion maintains a constant
cross-section, through strain hardening. Strain hardening will occur if there
is increased orientation of the polyolefin molecules in the direction of the
fibre axis. In this respect, the angle of the neck is likely to be important. If
there is a sharp neck angle, leading to a more pronounced necking effect,
there will be a higher degree of overall chain orientation. However, the draw
process may also become unstable.

Draw ratio has a considerable influence on the character of the drawn
fibres, and several empirical relations have been proposed to relate draw
ratio to overall chain orientation.%® % Draw temperature is also an important
factor, because temperature influences the mobility of the structural units
during deformation. Drawing at ambient temperatures, for example, converts
as-spun PP fibres with a-monoclinic crystalline structures into more oriented,
yet less ordered structures with reduced crystallite size, increased lattice
strains and defects that are similar to the paracrystalline form.®> Subsequent
annealing, however, transforms this disordered structure into a highly ordered
o-monoclinic structure, with a high overall chain orientation.

Drawing at low temperature can induce the formation of microvoids,
which elongate in the direction of the fibre axis as a result of the tensile force
applied.®® The formation of these microvoids occurs in the interspherulitic
regions.67 The number of microvoids can, however, be considerably reduced
by annealing. Drawing at more elevated temperatures can be considered to
be similar to a combination of cold drawing followed by annealing.® Fibres
with highly ordered and highly oriented structures are formed. In contrast
to cold drawing, there is no formation of necks and a steady reduction in
filament cross-section is observed. The structural changes occurring during
drawing at higher temperatures include healing of crystal defects, a reduction
in the number of tie molecules, relaxation of the non-crystalline material
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in each fibre and increased mobility of the polymer chains throughout the
fibre.?’

The development of flaws and defects during the drawing of polyolefins,
particularly to high draw ratio, has been the subject of extensive investigation. In
the drawing of paracrystalline PP fibres at 60°C, for example, the development
of longitudinal defects, often several um long, has been demonstrated.®®
Moreover, at higher draw ratios (=7), the drawn fibres were observed to
contain transverse bands of defects, which alternate with homogeneous
sections along the length of each fibre. As the draw ratio increases, the defect
bands increase in length and proportion until they occupy very nearly all of
the fibre. The defects were identified as regions of reduced density.

A similar distinct longitudinal morphology was observed in some highly
drawn polyethylenes.®%° A regular morphology of alternating transverse
bands and rows of etched pockets was observed, termed Pisa structure by
the authors on account of their resemblance to the facade of the Leaning
Tower. In addition, transverse sections of the highly drawn fibres revealed
large voids and some featureless patches. This morphology was termed mesa
structure by the authors, in view of its resemblance to features of the North
American desert.

9.8 Plasma treatments and auxetic fibres

9.8.1 Plasma treatments

One of the most exciting developments currently occurring in textile technology
is the application of gas plasmas,’® and in this respect, polyolefin fibres are no
exception. Although gas plasma treatments were first applied some decades ago,
it is only much more recently that they have been developed on a commercial
scale. Gas plasmas are energetic sources of radiation and chemical species
that have a complexity of interactions both with one another and with the
substrate being treated. The plasma atmosphere consists of a mixture of ions,
free radicals, electrons and UV radiation. Through the application of gas
plasmas, polyolefin fibre surface topography — and also surface chemistry —
may be altered, whilst the fibre bulk remains unaffected.

Plasma treatments may be given at atmospheric pressure or at very low
pressure. A variety of different gases may be applied, and mixtures of gases
have also been used. Depending on the type of gas and the conditions under
which the plasma is generated, different effects may be experienced by a
polyolefin fibre. Thus, plasma treatment with a noble gas, such as helium or
argon, may alter the detailed topography of the surface, to generate roughness
on a micro or even nano scale, and also increased surface porosity. Plasma
treatment may, moreover, alter the chemical nature of the surface through
the introduction of various functional groups to the polyolefin chains at
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the fibre surface. Gases such as oxygen, nitrogen and ammonia may give
this effect. In addition, suitable chemical modification of the fibre surface
allows the grafting of polymer chains to provide still further modification.
Alternatively, plasma treatment may cause deposition on the fibre surface of
a thin polymeric coating with a crosslinked structure. Thus, fluorocarbons can
bring about plasma polymerisation and render the polyolefin fibre surfaces
highly resistant to oils, as well as aqueous media. More detailed accounts
of the effects of plasma treatments on polyolefin fibre surfaces can be found
in companion volumes. "7

9.8.2 Auxetic fibres

Auxetic materials possess negative Poisson’s ratios, v: in contrast to most
materials, they become thicker when stretched, with an increase in void
volume. A wide variety of auxetic materials have been produced over the
past 20 years or so, and these materials include auxetic PP fibres.

It has been shown that auxetic fibres can be produced by melt spinning,
but with some modifications. In particular, a lower processing temperature
seems to be required throughout the extrusion equipment. For example, it has
been reported that a temperature as low as 159°C can achieve the extrusion of
auxetic PP fibres, for which v =-0.60 + 0.05.”! Characterisation by scanning
electron microscopy revealed that the PP fibres possessed a modified version
of the typical auxetic polymeric microstructure of nodules interconnected
by fibrils. More recently, a method has been reported for producing auxetic
PP fibres with tailored values of v.”?

9.9 Conclusion

This chapter has very largely centred on PP fibres and, to a lesser extent,
on PE fibres too. The emphasis on these two types of fibre reflects their
commercial dominance in relation to other polyolefin fibres. Polyolefin fibre
structure has been discussed from a molecular level to a visible level, and
the features of fibre processing that give rise to particular fibre structures
have also been considered. Although polyolefin fibres have been known for
many decades, the variety of structures that they adopt continues to multiply.
The advent of polyolefin nanofibres represents an especially exciting field
of study. So too do the structural features of auxetic fibres and the scope
for altering the chemistry and topography of polyolefin fibre surfaces. The
influence of the incorporation of nanoparticles, such as clays and carbon
nanotubes, on polyolefin fibre structure will become increasingly important
in a commercial context.

A significant challenge is the direct production of polyolefin fibres actually
during olefin polymerisation. It has, however, already been reported that PE
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nanofibres are formed during ethene polymerisation in a mesoporous silica
using a titanium based metallocene catalyst.”® It is intriguing too that the
crystals of these PE nanofibres consist of extended polymer chains rather
than the folded chains that are normally encountered.

9.10 Sources of further information

Reference 35 includes detailed accounts of many structural aspects of
PP fibres, and a few of these aspects are also discussed in reference 51.
Reference 50 includes discussion of polyolefin fibres structures generally. All
three references highlight, in addition, fibre processing and fibre properties.
Polyolefin fibres are also featured extensively in Structure Formation in
Polymeric Fibers, edited by D.R. Salem, Hanser, Munich, 2000.
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The structure of acrylic, polyvinylalcohol and
polyvinylchloride fibers

H C KIM, Chonbuk National University, South Korea

Abstracts: This chapter discusses acrylic, modacrylic, polyvinylalcohol
(PVA) and polyvinylchloride (PVC) fibers which are prepared by the
addition polymerization method. The chapter first reviews the history of
the development of the fibers and describes the chemical structures of the
polymers. The chapter then describes the detailed spinning methods to
manufacture the fibers, and finally discusses the properties of the fibers.

Key words: acrylic fiber, modacrylic fiber, polyvinylalcohol (PVA) fiber,
polyvinylchloride (PVC) fiber.

10.1  Acrylic and modacrylic fibers

10.1.1 Chemical structure

Polyacrylonitrile is synthesized through the polymerization of an acrylonitrile
monomer. The polymer is difficult to process because it decomposes before
reaching its melting point and is insoluble in general solvents. Acrylic fibers
are mainly obtained by solution spinning, which requires another comonomer
to enhance the solubility in the solvent.

Acrylic fibers are defined as a fiber containing more than 85% of acrylonitrile
(AN). Other comonomers used in the copolymerization are methylacrylate
(MA), vinylacetate (VAc), methylmethacrylate (MMA), etc.! Figure 10.1
shows the chemical structures of acrylonitrile and these comonomers.

Control of the copolymer composition is difficult because the solubility,
resonance characteristics and dipole moment of the comonomers are
significantly different from that of acrylonitrile. Combinations of acrylonitrile—

CH,
CH,=CH CH,=CH CH,=C CH2=(|I
t=n t—o 5 t=o
(|)CH3 é=o (|)CH3
b,
AN MA VAc MMA

10.1 Chemical structures of acrylonitrile and the comonomers used
in acrylic fibers.
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methylacrylate are widely used because they have similar polymerization
factors.

Modacrylic fibers are defined as a fiber containing less than 85% but more
than 35% acrylonitrile. Modacrylic fibers generally contain substantial levels
of halogen-containing comonomers such as vinyl chloride, and the fiber is
intended to have flame retardant properties.” Vinyon, Dynel and Kanekalon
contain 60% of acrylonitrile (n) and 40% of vinyl chloride (m), as shown
in Fig. 10.2.

There are three types of comonomers used in acrylic and modacrylic fibers:
neutral comonomers, ionic comonomers and halogen-containing comonomers.
Neutral comonomers, such as MA, VAc and MMA, are copolymerized to
increase the solubility in a spinning solution and improve the diffusivity
of the dye in fiber molecules. Ionic comonomers, such as sodium styrene
sulfonate and sodium methallyl sulfonate, are used to impart cationic dyeing
sites. Acrylic fibers generally obtain their dyeing sites from sulfonate and
sulfate initiator fragments at the polymer chain ends. The molecular weight
of the polymer needs to be sufficiently high to exhibit reasonable dope
viscosity, but low enough to provide many dyeing sites. When dyeability is
not achieved, high molecular weight sulfonate monomers are copolymerized
to provide additional cationic dyeing sites. Halogen-containing comonomers,
usually vinyl chloride, vinylidene chloride and vinyl bromide, confer flame
retardant properties to the fiber. Acrylic fibers do not include these copolymers
but almost all modacrylic fibers include a high level of halogen-containing
comonomers to impart flame retardant properties.

Acrylic fibers were first produced by duPont under the trade name of
Orlon in 1944.% Other acrylic fibers developed shortly after include Acrilan
(Monsanto), Dolan (Hoechst) and Dalon (Bayer). Modacrylic fibers were
first introduced by Union Carbide under the trade name of Vinyon N. Other
modacrylic fibers include Dynel (Union Carbide), Vernel (Eastman), Teklan
(Courtaulds) and Kanekalon (Kaneka).

10.1.2 Preparation

All commercial acrylic fibers are prepared using wet or dry spinning methods.
Melt spinning cannot be applied because the acrylic polymers degrade upon
heating. Polymers are dissolved in the appropriate solvent to form a spinning
dope. In the wet spinning process, the spinning dope is extruded into a
coagulation bath containing the non-solvent and then washed, stretched,

—(-CHZ—(l:H-),,—(-CHz—Cer-)m—
C=N Cl

10.2 Chemical structure of typical modacrylic fiber.
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annealed and subjected to additional processing.* In the dry spinning process,
the spinning dope is extruded into the air heated above the boiling point of
the solvent. The solidified fiber is then washed free of solvent and processed
like wet-spun fibers.

There are strong dipolar bonds between the nitrile groups of an acrylic
polymer. The solvents for acrylic polymers should contain functional groups
that react with nitrile groups and break the strong dipolar bonds, thereby
allowing dissolution to occur.’ N,N’-dimethylformamide (DMF) is a good
solvent for this purpose. Dimethylacetamide (DMAc) and dimethylsulfoxide
(DMSO) are also used. A concentrated aqueous solution of inorganic salts
such as NaSCN and ZnCl, can also dissolve the acrylic polymer. DMF is
the most important solvent because it is used in both wet and dry spinnings.
All the other solvents are used in wet spinning with DMAc being the
second major solvent. Aqueous solutions of NaSCN and HNOj5 are the most
commonly used inorganic solvents for wet spinning. The proportions of
DMF, DMAc, NaSCN and HNO3 consumed in the commercial production
of acrylic fibers are 24%, 24%, 20% and 10%. Table 10.1 shows the typical
polymer concentrations of various solvents.

There are three methods in solution spinning to produce acrylic fiber:
dry spinning, wet spinning and air-gap wet spinning.%’ Figure 10.3 shows
schematic diagrams of these methods.

In dry spinning, DMF is used mainly as a solvent on account of its low
boiling point and low cost.® The air temperature is heated to 200°C in order
to evaporate the DMF. However, DMF is not completely removed and 5-25%
of the DMF remains in the undrawn fiber. The quantity of solvent remaining
is dependent on the air temperature, column length and take-up speed. The
remaining DMF helps orientate the molecular chains in the following drawing
process. The rate of solvent evaporation in the fiber increases with increasing
air temperature but the orientation of the molecular chain decreases.

In the wet spinning method, the spinning dope is extruded through a
spinneret containing 20 000-100 000 holes with diameters of 0.05-0.25
mm. The spinneret is immersed in the coagulation bath and the fibers are
solidified as they are removed from the spinneret through the substitution of
solvent and non-solvent in the fiber. The solidification speed is affected by the

Table 10.1 Typical polymer concentrations

Solvents Concentration
DMF (dry spun) 25-32%

DMF, DMAc, DMSO (wet spun) 20-28%
NaSCN, 45-55% in water (wet spun) 10-15%
ZnCl9, 55-65% in water (wet spun) 8-12%

HNO3, 65-75% in water (wet spun) 8-12%
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10.3 Schematic diagrams of the spinning methods.

concentration of the spinning dope, the ratio of solvent/non-solvent and the
temperature of the coagulation bath. The rate of solidification increases with
increasing concentration of the spinning dope and amount of non-solvent in
the coagulation bath. The temperature of the spinning dope and coagulation
bath is generally 25-125°C and 0-50°C, respectively.

Air-gap wet spinning is a modification of wet spinning and the spinneret is
placed approximately 1 cm above the coagulation bath.” Since the spinneret
is not immersed in the coagulation bath, the temperature of the spinning dope
can be controlled independently regardless of the coagulation bath temperature.
Molecular chains in the fiber can be highly oriented because coagulation
does not occur immediately after extrusion and there is no resistance in the
coagulation bath. Therefore, the high take-up speed and high tenacity fiber
can be obtained by air-gap wet spinning.

The fibers obtained from either a wet spinning coagulation bath or a dry
spinning column have low strength and high elongation. Such undrawn fibers
should be drawn in order to have reasonable mechanical properties. Drawing
causes the polymer chains to become oriented along the fiber axis, resulting
in a high modulus and strength. The fibers are easily stretched in water or
steam that is held close to 100°C because the glass transition temperature
of the wet acrylic fiber is 75°C.
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10.1.3 Properties

In wet spinning, the structure of the freshly coagulated fiber is determined
by the conditions in the coagulation bath.'%"!3 The density of the coagulate
fiber is 0.4-0.5 g/cm?, which is much smaller than the 1.17 g/cm?® of the
original polymer. This indicates that the fiber is extremely porous. The
fiber structure is a result of counter-diffusion of the solvent and non-solvent
as well as phase separation of the acrylic polymer. A cross-section of the
coagulated fiber shows tear-shaped voids known as macro-voids, which begin
near the outer edge of the fiber and extended to the center. The void size is
determined by the rate of diffusion and phase separation. It increases with
increasing rate of diffusion and phase separation. The number and size of
the voids have a major influence on the fiber properties, such as the tensile
strength and abrasion strength.

The voids are stretched during the drawing process, and are finally
eliminated in the collapsing process. In the collapsing process, the fibers
are passed through heated zones and/or hot rollers, and the water is driven
from the internal fibrillar network and eliminated. Acrylic fibers generally
have a strength of 2—4 g/d and an elongation of 30—-60%.

The cross-section of the wet spun acrylic fiber is quite different. Each
manufacturer uses a different spinning process, which gives rise to a
characteristic cross-section. The cross-section of the fiber might be determined
by changing the coagulation bath conditions such as the solvent/non-solvent
ratio and temperature. Figure 10.4 shows various cross-sections of acrylic
fibers.

When a round-shaped cross-section spinneret is used, the cross-section of
the fiber will be either round or dumbbell in shape.'* The dumbbell-shaped
fiber is obtained when a weak skin is formed through coagulation and the
volume is reduced by solvent diffusion from the center of the fiber. A round
fiber is obtained either by increasing the coagulation rate to build up a thick
skin for maintaining a round shape during solvent diffusion, or by decreasing
the coagulation rate to build up a thin skin for uniform solvent diffusion.
The other modified shapes such as the star-shape, C-shape and H-shape are
produced with shaped spinnerets and coagulation conditions to maintain the
desired cross-sections.

In dry spinning, the solvent is removed by heat and the outer parts
solidify faster than the inner parts, resulting in a skin/core structure. As the
solvents are diffused further from the core, the skin reduces inward to give
either a circular or a dumbbell-shaped cross-section. Figure 10.5 shows the
mechanism for the formation of the cross-section during solidification. A
circular cross-section is formed when the rate of evaporation is equal to or
smaller than the rate of diffusion. However, the skin collapses to a dumbbell
shape when the rate of evaporation is greater than the rate of diffusion.
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10.4 Cross-sectional shapes of the acrylic fibers.

(a) Evaporation rate ” diffusion rate

(b) Evaporation rate > diffusion rate

|

|

10.5 Changes in the cross-sections during evaporation in dry
spinning.
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Acrylic fibers are mainly produced as staple fibers. The production quantity
of acrylic filaments is low because there are no good methods for adding
texture to an acrylic filament. The fiber should be heated to the melting point
of the polymer to allow successful texturing but the acrylic polymer does
not melt.

Table 10.2 summarizes the physical properties of some acrylic fibers. '
The fibers are chosen to represent different processes, end uses and deniers.
The tenacity ranges are 2.2-3.6 g/d and the elongation ranges are 33-64%.
As the denier increases, the tenacity decreases and elongation increases,
which suggests that the molecular orientation decreases with increasing fiber
thickness. The boiling water shrinkage of acrylic fiber is quite low.

The tensile properties of acrylic staple fiber were compared with those
of other staple fibers and are listed in Table 10.3.'® Compared with nylon
and polyester fibers, acrylic fiber has a lower elongation and lower work of
rupture, which suggests that the mechanical properties of acrylic fibers are
inferior to those of nylon or polyester. However, the work of rupture of an

Table 10.2 Physical properties of the acrylic fibers

Fiber Acrilan Orlon 42 Euroacril Courtelle Dow type Acrilan Zefran
B-16 500 B-96 253A
Producer Monsanto du Pont ANIC Courtaulds Dow Monsanto Dow
End use Textile Textile Textile  Textile Industrial Carpet Carpet
Denier 1.2 3.4 3.1 4.5 6.0 15.0 15.0
Tenacity 3.6 3.0 2.7 2.5 3.5 2.2 2.3
(g/d)
Elongation 42 33 35 64 33 56 62
(%)
Initial 44 45 41 37 21 20
modulus
(g/d)
Boiling 1.0 0.7 0.7 1.2 1.0 1.0 1.0
water
shrinkage

(%)

Table 10.3 Comparison of the mechanical properties of acrylic fiber with the other
fibers

Fiber Tenacity Elongation Work of rupture  Initial modulus
(g/d) (%) (g/d) (g/d)

Acrylic 3.05 25 0.53 70

Nylon 66 4.18 43 1.14 11.3

Polyester 4.31 37 1.34 99

Cotton 5.09 6.5 0.17 82.5

Wool 1.24 42.5 0.35 26
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acrylic fiber is higher than that of wool, which is significant because acrylic
fibers have replaced wool in many markets.

Polyacrylonitrile fiber is recognized as the most important and promising
precursor for the manufacture of carbon fibers. The advantages are a high
degree of molecular orientation, a higher melting point and a greater yield
of the carbon fiber. Acrylic fibers form a thermally stable, highly oriented
molecular structure when subjected to a low-temperature heat treatment,
which is not significantly disrupted during the carbonization treatment at
higher temperatures, giving rise to a carbon fiber with good mechanical
properties.

10.2 Polyvinylalcohol fiber
10.2.1 Chemical structure

Polyvinylalcohol (PVA) is believed to be obtained by the polymerization of
a vinylalcohol monomer. However, vinylalcohol is unstable and cannot be
isolated at high concentrations. Instead of the polymerization of a vinylalcohol
monomer, PVA is alternatively prepared by the hydrolysis of polyvinylacetate
(PVAc), as shown in Fig. 10.6.

Vinyl acetate is produced either by the vapor phase reaction of acetylene
and acetic acid or by a reaction of ethylene, acetic acid and oxygen. The
polymerization of vinyl acetate to produce PVAc proceeds through a free-
radical mechanism.

The hydrolysis of PVAc to obtain PVA was first reported by Herman
and Haehnel in 1924.'7 Later Herman et al.'® produced PVA fiber using a
solution spinning method and reported that the water resistance of the fiber
can be improved using various physical and chemical treatments. Using their
techniques, commercial PVA fiber was produced under the name of Synthofil,
but production was soon stopped on account of the product’s insufficient
water resistance.

In 1939, Sakurada et al. at Kyoto University!® and Yazawa er al. at
Kanekafugi Spinning Co., Ltd* developed a boiling water-insoluble PVA
fiber through heat treatment and formalization. They produced PVA fiber
using a wet spinning method. The fibers were not attacked by boiling water
after a formalization reaction followed by heat treatment. Soon after World

nH,C=CH —— —CH,—CH¥; — —CH,—CH¥;

OﬁH3 O(|:|H3 OH
(6} (6}
Vinylacetate PVAc PVA

10.6 Process to synthesize polyvinylalcohol.
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War II, Kurashiki Rayon Co., Ltd (now Kuraray Co., Ltd) began producing
commercial PVA fiber. The PVA fiber was called ‘vinylon’ in Japan and
‘vinal” in the USA.

10.2.2 Preparation

PVA fiber is manufactured by solution spinning. Since PVA is difficult to
melt by heat, melt spinning cannot be applied to obtain PVA fiber. Wet
spinning, dry spinning or air-gap wet spinning, where an air gap is placed
between spinneret and coagulation bath, can be used.

Wet spinning

PVA fibers are mainly manufactured by dissolving PVA in hot water to make a
spinning solution and by coagulating it in a sodium sulfate bath.?! Figure 10.7
shows the typical wet spinning process for manufacturing PVA fibers.

For the industrial production of PVA fibers, a 1500-2000 degree of
polymerization is mostly used as the raw materials. PVA is mixed with
water and heated to 100°C with steam. The mixture is maintained at this
temperature for several hours while it is stirred until the PVA is dissolved
completely. The concentration of PVA in the solution for commercial
production is usually approximately 10-20%.

An aqueous PV A solution is filtered, deaerated, and transferred to a spinning
machine. The vertical spinning machine shown in Fig. 10.8 is effective for
PVA spinning because coagulated fibers tend to float in the bath due to their
lower density of PVA fiber compared with that of a sodium sulfate solution
bath. Moreover, the coagulation speed of PVA is much slower and vertical
spinning machine has the advantage of extending the dip length.

Many chemicals have been tested as coagulants with the most effective
being sodium sulfate.”! The solubility of sodium sulfate in water reaches
its maximum between 40°C and 50°C. Hence, the temperature of the
coagulation bath is usually maintained in this range. After the fiber is spun
in the coagulation bath, it is washed and dried. The dried fiber is hot-drawn
to increase its tenacity, and heat-set to increase its hot water resistance.
Both the hot-drawing and heat-set processes are carried out at temperatures
between 210°C and 240°C.

Dissolution Filtration Deaeration

l—v Coagulation » Drawing

10.7 Flow diagram to obtain PVA fiber by wet spinning.
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10.8 Diagram of vertical spinning machine.
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10.9 The change in crystallinity as a function of the heat treatment
temperature.

Heat-setting is a process used to improve the hot-water resistance. In the
heat-setting process, the crystallinity of a PVA fiber increases as a result of
the removal of water and the formation of a new hydrogen bond between the
molecules. As shown in Fig. 10.9, the crystallinity increases with increasing
heat-set temperature.??

Heat-set fibers are resistant to hot water at 90°C but this is not sufficient in
some applications. When better hot-water resistance is required, formalization
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is carried out to impart intermolecular cross-linking between the two hydroxyl
groups, as shown in Fig. 10.10.

In the formalization process, the PVA fiber is immersed in a bath
containing an aqueous solution of formalin, sulfuric acid and sodium sulfate.
The fiber becomes resistant to boiling water when 30-40% formalization is
achieved.

The cross-sections have a dumbbell shape with a double layer structure
with an apparently porous inner portion, as shown in Fig. 10.11. The circular
cross-section becomes crushed as the water is removed. Moreover, dehydration
and coagulation of the skin layer occurs rapidly whilst that of the core layer
is delayed. Therefore, a dumbbell shape skin/core structure is formed.

Another wet spinning method is to coagulate an aqueous PVA solution
in an alkaline bath such as sodium hydroxide. Sodium hydroxide quickly
penetrates and reduces the rate of dehydration, which results in the coagulated
filament forming a gel-like structure. The filament can be drawn at a higher
draw ratio, and the fibers prepared using this method are characterized by the
high tenacity, low elongation and circular cross-section. However, since spun
fibers tend to stick together, the number of spinneret holes cannot exceed
1000. Therefore, this spinning method is not applied commercially.

The above problem is solved using the cross-linking wet spinning method
with boric acid.?>* In the cross-linking spinning method, a small amount

-H,0
—CHZ—(llH—CHz—CllH— + HCHO —2—» —CHZ—?H—CHZ—ClH—

OH OH

o\CHZ/o

10.10 Chemical reaction for the formalization of PVA fibers.

10.11 Dumbbell shape skin/core structure of PVA fiber.
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of boric acid is added to the aqueous PVA solution, and the spinning dope
is extruded in the alkaline coagulation bath. NMR reveals the formation of
borate ion-aided cross-linking based on the mono-diol complex in the spinning
dope, as shown in Fig. 10.12. Cross-linking is formed through an ionic bond
between the PVA-bound borated ion and the PVA-chelated sodium ion.?

After a PVA-bound borated ion is formed in the spinning dope, it is spun
in the alkaline coagulation bath. The alkali quickly penetrates the PVA fiber
immediately after spinning, and cross-linking is formed between the oriented
molecular chains. As a result, a gel is formed and the entanglements of the
PVA chains are minimized. This allows the fiber to be drawn at a higher
draw ratio. However, cross-linking between the PVA chains increases the
difficulty in drawing the fiber. Hence, the cross-links should be broken
before drawing using an acid bath treatment. The tenacity of the fiber can
be increased to 20 g/d using this method.

Dry spinning

In the dry spinning process, a PVA fiber is obtained by spinning a concentrated
aqueous solution of PVA from a spinneret into air.?® The concentration is
usually 40-45% for low-draft spinning where the draft ratio is approximately
1, and 20-40% for high draft spinning where the draft ratio is from 1 to
several tens.

The solution is solid at room temperature, which means that the spinning
process is similar to melt spinning. Mixtures of PVA powder and water
are converted to granules and then subjected to spinning. The granules are
melted in an extruder, and the solution is filtered, deaerated and transferred
to a spinneret. The spun fibers are solidified by hot air and the solidified
fibers are fed immediately to a drying machine. The fibers are completely
dried and taken up by a winder.

The take-up speed of dry spinning is 300-600 m/min, which is higher
than that of wet spinning, where the take-up speed is approximately 50

O\,/O
Ho/"._\OH

Na?
’ N

HO' OH

10.12 Borated ion-aided cross-linking.
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m/min. Nitivy Co. in Japan produces PVA filaments at 9.5 tons/day under
the brand name of ‘Solvron’ using a dry spinning method. Solvron is soluble
in water at temperatures between 20°C and 100°C.

Air-gap wet spinning

One of the main characteristics of PVA fibers is their high tenacity. A tenacity
of 10-13g/d can be obtained using the conventional wet spinning method.
However, various methods have been investigated to obtain high tenacity
fibers up to 30g/d, which is similar to the tenacity of aramid fiber.

Air-gap wet spinning is a useful technique for producing high tenacity
fibers via gel spinning.?’ In air-gap wet spinning, PVA is dissolved in
dimethylsulfoxide (DMSO) at a concentration of 13—-17%, and spun in a
methanol coagulation bath.?® There is a 10-20 mm air gap between the
spinneret and the coagulation bath, and the air gap acts as an adiabatic layer.
The potential lateral interaction between PVA chains through the hydroxyl
group leads to quicker gelation. As the PVA solution (e.g. 140°C) is cooled
by immersion in methanol at a sufficiently low temperature, such as —20°C,
the PVA chains can quickly undergo mobility reduction, resulting in the
formation of small crystals. These crystals act as physical cross-links in the
PVA gel, and the fiber may have a low entanglement density, which can
result in the formation of a highly drawable PV A fiber.

In order to obtain high tenacity fiber, the as-spun fibers are drawn at a
draw ratio as high as possible at temperatures above 175°C. The hot-drawn
filament is characterized by its high tenacity and low elongation. When the
fiber is drawn at higher temperatures, it has superior hot-water resistance
without formalization.

Recently, Kuraray developed a low cost process known as the K-II process.
One of the disadvantages of air-gap wet spinning is the sticking of fibers in
the air. After the fibers are spun they do not immediately coagulate in air,
which means that the fibers have a tendency to stick together. Therefore,
the pitch of the spinneret hole should be greater in order to avoid sticking,
which increases the production cost due to the lower number of holes in the
spinneret.

In the K-II process, PVA is dissolved in DMSO and spun in a methanol
coagulation bath where the spinneret is immersed. Since the spun fibers
coagulate quickly, there is less tendency to stick together and the pitch of the
nozzle hole can be closer. As a result, production cost decreases. The main
technique of the K-II process is the complete insulation of the spinneret.
Insulation of the spinneret is very important because a high-temperature
spinning dope is spun in a low-temperature coagulation bath to form a
gel.
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10.2.3 Properties

PVA fibers are divided into two categories: water-soluble and water-insoluble
fibers. Water-insoluble fibers are mainly used in textiles, and are produced
by heat treatment and formalization. Approximately 80% of PVA fibers are
a staple fiber and approximately 20% are filament fibers. Since PVA fibers
have excellent physical and chemical properties, such as strength, modulus,
heat resistance and adhesive strength, 90% of PV A fibers are highly adaptable
for industrial uses. In recent years, apparel applications have constituted only
a small percentage of PVA fiber total consumption.

Commercial PV A fibers have a wide range of strength and elongation. The
strength of high tenacity PVA fiber is up to 17 g/de, and an even a higher
tenacity of 30 g/de, which corresponds to the tenacity of aramid fiber, has
recently been reported.?” High tenacity PVA fiber has a lower elongation at
break than high tenacity fibers made from polyester or nylon. PVA fibers
are used as ropes, sewing thread and fishing nets on account of their high
tenacity and low elongation.

Good adhesion to rubber, abrasion resistance and heat stability, as well
as low heat shrinkage and resistance to chemicals, are generally required for
applications in the rubber industry. Since PV A fibers contain hydroxyl groups
in the chemical structure, latex is easily attached to form a rubber compound.
Hence, PV A fibers have excellent characteristics for such requirements, and
are largely used in the rubber industry as rubber hoses, conveyer belts and
tire cords.”

PVA cut fibers are also used as reinforcing fibers in FRC (fiber reinforced
cement). Asbestos fibers were used as fibers for FRC in the past but are
strongly prohibited by law in many countries nowadays due to health problems.
Applications in the field of FRC require strong adhesion force with cement
and high chemical resistance to alkali. PVA fibers meet such requirements
and are considered to be a suitable replacement for asbestos fibers.*

10.3  Polyvinylchloride fiber
10.3.1 Chemical structure

Polyvinylchloride (PVC) fiber is made from PVC polymer. PVC is polymerized
by radical polymerization using a vinyl chloride monomer, as shown in Fig.
10.13.

nH2C=(|IH — —(-HZC—(llH-);
cl of

10.13 Polymerization of polyvinylchloride.
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PVC polymer was first synthesized by Regnault in 1938.3! The main usage
of PVC is not as a fiber. It is mainly used as an engineering plastic and is
one of four major plastic materials. PVC fibers were produced commercially
in the 1930s using a melt spinning method. However, the process was
unacceptable due to the problems caused by the high melt viscosity and
thermal degradation during melt spinning.>> A wet spinning method was
also attempted using solvents such as cyclohexanone, tetrahydrofuran or
dimethylformamide, but these were commercially unsuccessful.

Progress in making PVC fibers by a dry spinning method was brought
about using common solvents.>> In Germany, an acetone-soluble polymer
was obtained by the chlorination of PVC, and Pe-Ce fiber was produced
in 1934. In the United States, a vinyl chloride and acetate copolymer was
synthesized, and Vinyon was produced using an acetone solvent in 1935.

The PVC fibers currently on the market are Rhovyl and Teviron. Rhovyl
was first produced in France in 1949 using a dry spinning method in a mixture
solvent of acetone—carbon disulfide. In 1956, Teijin, a Japanese company,
found that an acetone—benzene binary mixture dissolves PVC at elevated
temperatures and produced Teviron using a dry spinning method.

Currently, PVC fibers are also used as wig fibers on account of their flame
retardant property due to the presence of chlorine in the chemical structure.
Fibers of the thickness of human hair are not generally obtained using a
solution spinning method because the solvent is difficult to remove when
the fiber is thick. However, fibers of this thickness are obtained using a melt
spinning method. Toyokalon and Kanekalon AD-70 are manufactured in
Japan, and Falang is manufactured by Uno & Company in Korea to produce
wig fibers using a melt spinning method.

10.3.2 Preparation

Dry spinning
Most PVC fibers are produced using a dry spinning method, with Teviron and
Rhovyl being the most representative fibers. PVC polymer is dissolved in a
solvent, and the spinning dope is deaerated and filtered. The spinning dope is
fed into the spinneret through a gear pump and spun out to a hot atmosphere.
The undrawn fiber is obtained by evaporating the solvent, then drawn to
increase the strength, and heat-set to reduce the level of thermal shrinkage.

Teviron is spun from an acetone—benzene mixture solvent. When PVC
is treated with an acetone—benzene solvent at room temperature it does not
dissolve but swells. The degree of swelling depends on the ratio of acetone
and benzene.** Figure 10.14 shows the effect of the mixture ratio on the
degree of swelling. As shown in the figure, the maximum degree of swelling
is obtained at a ratio of 40% acetone and 60% benzene.

If the temperature is increased, swollen PVC is dissolved and the viscosity
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10.14 Effect of the acetone content in a binary mixture of acetone-
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10.15 Changes in viscosity in the three different solvents as a
function of temperature.

of the solution decreases. Figure 10.15 shows the temperature dependence
of a PVC solution in three different solvents. As the temperature increases,
the viscosity of the PVC solution decreases rapidly regardless of the solvent
used.

In the case of Rhovyl, the fiber was spun from a mixed acetone—carbon
dioxide solvent. After dissolution, the polymer solution is spun into a hot
air chamber. The temperature of the heating zone of the spinning chamber
is 120°C. The solvent is evaporated by heating, and the undrawn fiber is
taken up at a winding speed of 170 m/min. It is then drawn in boiling water
to align the molecules and give the fibers their mechanical properties. After
drawing, the fibers have a shrinkage potential of 25% to 55% at 98°C. In
order to reduce the level of thermal shrinkage, boiling water and steam
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treatments are applied to the drawn fiber. Thermovyl, Fibravyl and Isovyl
fibers are classified according to the degree of thermal shrinkage.*®

Melt spinning

PVC fibers are used as wig fiber on account of the flame retardant property of a
vinyl containing polymer, and such a thick fiber is produced by melt spinning.
The main difficulties with melt spinning are the thermal degradation and low
fluidity of the PVC melt. The degradation temperature of PVC is about 210°C,
slightly higher than the melt processing temperature (170—180°C); hence,
PVC tends to decompose easily during a melt process. Moreover, since the
viscosity of the molten polymer is quite high, it is difficult to manufacture
a fiber through a small diameter spinneret. Therefore, the selection of an
excellent heat stabilizer and lubricant is quite important for the successful
melt spinning of a PVC fiber.?’

Cadmium/zinc® or organo-tin®” heat stabilizers are widely used to produce
PVC fiber. Recently, Calcium/zinc stabilizers have been used as a substitute
for the previous stabilizers because cadmium is toxic and an organo-tin
stabilizer is too expensive. A lubricant is also necessary to enhance the
fluidity of a molten polymer in the spinneret. Montan wax, stearic acid and
hydrocarbon wax are useful lubricants. The addition of a processing aid is
helpful for preventing ‘fish eyes’ in the drawn fiber.

PVC fiber is produced by melt spinning using the following method.
PVC powder and various additives are mixed together in a super mixer
and dry blended. The dry blend is fed into an extruder and the extrudate is
pelletized using a hot cutting method. The pellet is fed into a melt spinning
machine and the fibers are produced while passing through a spinneret. The
fiber is wound up using a take-up device, and the undrawn fiber is obtained.
The undrawn fiber is then drawn using a drawing machine to enhance the
mechanical properties and the drawn fiber is heat-set to decrease the level
of thermal shrinkage.

10.3.3 Properties

The PVC fiber has several characteristics that distinguish it from other
fibers. As mentioned earlider, PVC fiber is an outstanding flame retardant
fiber because of its chlorine-containing chemical structure. It is also used as
a material for health energy-saving because of its excellent heat retention,
moisture permeability and negative electrostatic properties.

When PVC fiber is exposed to fire, it burns slightly and most of it scorches.
However, it extinguishes itself as soon as it is removed from the fire. The
limiting oxygen index (LOI) is a highly revealing index of the fire retardant
qualities of fibers, and Table 10.4 shows the LOI of various fibers.*’
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PVC fibers do not produce any incandescent droplets that can be dangerous
when they come in contact with the skin. Therefore, PVC fiber avoids
multiplication of heat sources and flame spreading. PVC fibers are an almost
non-hygroscopic fiber, and are readily affected by static electricity. Figure
10.16 shows a triboelectric series of various fibers, in which PVC fiber is
negatively charged when rubbed with other fibers.

The high electrical insulation of PVC fibers gives them exceptional
triboelectrical properties, which make them feel very comfortable when worn
as clothing. The negative electrical charge due to textile rubbing against the
skin is kept on the surface of the fiber. In contact with skin, the static electricity
causes slight vaso-dilatation, which gives the sensation of warmth. Figure
10.17 shows the heat-retaining quality of PVC fibers. PVC is undoubtedly

Table 10.4 LOI of various fibers

Fiber LOI (%) Ignition point (°C)
PVC 36 503
Aramid 29-33 471
Modacryl 26-28 315
Wool 25 500
Polyester 21 416
Nylon 21 420
Polypropylene 19 400
- charge + charge

Modacryl Polyester Acryl Acetate Cotton Silk Rayon Wool Nylon Human hair

10.16 Triboelectric series of various fibers.
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10.17 Comparison of the heat-retaining capacity.
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superior to wool.*! Therefore, PVC fiber is the most suitable fiber for use in
textiles requiring good heat-retention qualities, such as underwear, blankets
and winter wear.
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The processing, structure and properties of
elastomeric fibers

J U OTAIGBE S and A MADBOULY, The University of
Southern Mississippi, USA

Abstract: This chapter surveys the recent progress in the science and
technology of elastomeric fibers in a number of applications in the

textile and allied industry. The chemical structure, fiber formation and

the relationship between structure and properties of a few representative
examples of technologically important elastomeric fibers such as
polyurethane, styrene block copolymers, polyolefin, and elastomeric polymer
alloys are described to illustrate the benefits of the science and technology
of elastomeric fibers that may provide a basis for future progress in this
important technological field.

Key words: elastomeric fibers, Spandex®, polymer alloy fibers,
electrospinning, nanofiber, copolymer fibers, mechanical properties, elastic
recovery and extensibility, processing, polyurethanes, textiles and sportswear.

11.1 Introduction

Only a few of the plethora of commercial natural and synthetic polymers
can be made into useful fibers. This is because a polymer must meet certain
requirements before it can be successfully and efficiently converted into a
fibrous product. Some of these important requirements are: (i) the polymer
must have long, linear, and flexible chains; (ii) the side groups of the
polymer chains should be polar and small in size; (iii) the polymers should
be dissolvable in a common organic solvent or meltable for extrusion; and
(iv) the polymer chains should be capable of being oriented or crystallized
under elongational and shear flow conditions during the extrusion process.

Elastomeric fibers are typically synthetic fibers containing at least 85 wt%
of a segmented polyurethane (Oertel, 1994; Rubin, 1990). In general the fibers
are characterized by high elastic recovery (up to 99% recovery) and high
extensibility (up to 500%), to an extent that depends on their exact chemical
composition and fabrication method used to produce them. Unlike rubber
fibers that are produced as monofilaments, these relatively thin elastomeric
fibers are used in modern style and high comfort clothing. Elastomeric
fibers were first produced commercially in 1930 by DuPont Company and
marketed under the tradename of Spandex® (or Elastane®). Current producers
of elastomeric fibers include RadicGroup (RadiciSpendex ™), Dow Plastics
Co. (Pellathane®), Hysoung Company (Creora®), and DuPont Company

325
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(Lycra® Spandex). The special properties of elastomeric fibers include
superior oxidation resistance, excellent resistance to dry-cleaning solvents,
good dyeability, excellent retention of properties after exposure to ultraviolet
light, excellent resistance to body oils, and excellent toughness that avoids
the need for fiber protection during knitting. In a number of elastic textile
applications, these characteristics of modern elastomeric fibers make them
the materials of choice in elastic textile applications, replacing rubber fibers
and creating new markets such as active sportswear, medical textile, and
comfort stretch garments. As will be described later in this chapter, it is
worthy to note that the characteristic properties of elastomeric fibers can be
tailored to specific applications by varying the chemical composition, the
polymerization and fiber production method used.

Recent advancements in production techniques have spurred new and
successful uses in manufacturing textile products for a number of functional
application areas. As already mentioned elastomeric fibers can be elongated
for more than 100% regardless of any crimp, and when stretched and released,
retract quickly and forcibly to substantially their original length. The fibers are
either composed of homopolymers, such as polybutadiene and polyisoprene,
or made by copolymerizing two or more monomers, using either block or
graft polymerization techniques. Typically, one of the monomers forms the
hard or crystalline segment that functions as a thermally stable component
which softens and flows under shear, as opposed to the chemical crosslinks
between polymeric chains in a conventional, thermosetting rubber. The
other monomer forms the soft or amorphous segment that contributes the
rubbery characteristic. The fiber properties can be controlled by varying the
ratio of the monomers and the lengths of the hard and soft segments. Block
copolymerization techniques are used to create long-chain molecules that
have various sequences or block copolymers of hard and soft segments while
graft polymerization methods involve grafting one polymer chain to another
as branches. The grafting techniques just mentioned offer more possibilities
to varying the resulting copolymer composition and properties because both
the backbone monomer and the grafted branches can be made to be rubbery,
glassy (i.e., hard), or some relative composition of both.

There are four traditional thermoplastic elastomer types that can be used to
produce elastomeric fibers, i.e., polyurethanes, polyester copolymers, styrene
copolymers, and the olefinics. Mechanical properties of fibers produced from
the first two types are generally better than those of the last two. Recent
thermoplastic elastomers used in fiber manufacture may be divided into two
classes of high-performance materials, namely thermoplastic polyamide
(nylon) elastomers and elastomeric alloys. The latter consists of polymer
alloys of an olefinic resin and rubber while the polyamide thermoplastic
elastomers are low-density, high-elongation materials with good solvent
and abrasion resistance. Although elastomeric alloys are based on olefins,
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their proprietary manufacturing methods give them better properties than
conventional thermoplastic olefins.

To illustrate the science and technology of elastomeric fibers that may
provide a basis for future progress in this important technological field, the
chemical structure, fiber formation and the relationship between structure
and properties of a few representative examples of elastomeric fibers such as
polyurethane, styrene block copolymers, polyolefin, and elastomeric polymer
alloys are described in the following sections of this chapter. Because of
space limitations, a number of published papers and monographs in this field
have been omitted but the interested reader might find them in the references
of the cited bibliography.

11.2 Polyurethane fibers

As already mentioned, polyurethane fiber (Spandex® or Elastane®) is a
synthetic fiber known for its exceptional elasticity (or stretchability). Spandex®
is stronger, lighter, and more versatile and durable than rubber. In fact,
Spandex® fibers can be stretched to almost 500% of their length. The
Spandex® fiber technology was invented in 1959, and when first introduced
it revolutionized many areas of the clothing industry and found a number
of important replacement applications for rubbers previously used in many
applications. Spandex® is the preferred trade name in North America, while
Elastane® is most often used elsewhere. Two well-known trademarks for
Spandex® or Elastane® are Invista’s brand names Lycra® and Elaspan®.
Spandex® fiber is round in cross-section, thus offering extra elasticity and
good elongation. The material has superior resistance to degradation caused
by sunlight, perspiration and chlorine, making it ideal for various kinds of
active wear and swimwear.

The special elastic property and wide industrial application of Spandex®
fibers is a direct result of the material’s polyurethane (PU) chemical structure
that is a multiblock copolymer comprising alternating soft polyester or
polyether and hard polyurethane—urea segments. These two segments undergo
microphase separation into hard and soft phases, respectively, below and above
their glass transition temperatures. This microphase separation is responsible
for the excellent elastomeric properties of PU. By varying the structure, the
molecular weight of the segments, and the ratio of the soft to the hard segments,
a broad range of physical properties can be obtained. The materials can be
hard and brittle, soft and tacky, or anywhere in between. Figure 11.1 depicts
schematically the structure of PU elastomer as multiblock hard segments
(urethane) and soft segments (polyester or polyether diol). The TEM shows
how these two segments can phase-separate into nanoscale morphology. The
very small dark particles in the micrograph are the hard segments and the
bright matrix is the soft segments (Madbouly et al., 2007).
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11.1 Schematic diagram of the hard and soft segments of PU
structure. The TEM shows microphase separation morphology for
the hard segments (dark particles) and polyester soft segments
(bright matrix). Adapted from Madbouly et al., 2007.

Various types of diisocyanates can be used to synthesize PU (Madbouly
and Otaigbe, 2009). The diisocyanates can be either aromatic or aliphatic
with different chemical reactivities. The aromatic diisocyanates are more
reactive than aliphatic ones, which can only be used if their reactivities
match the specific polymer reaction and special properties desired in the final
product. For example, polyurethane fibers made from aliphatic isocyanates
are stable to light (Oertel, 1994; Szycher et al., 1983; Schollenberger and
Stewart, 1972; Brauman et al., 1981), while fibers made from an aromatic
isocyanate will undergo photo-degradation (Schollenberger et al., 1958;
Adams and Anderson, 1950; Hepburn, 1992).

The soft segments used in polyurethane elastomers are typically dihydroxy
terminated long chain macroglycols with low molecular weight (M,, =
500-5000 g/mol) such as polyethers, polyesters, polydienes and polyolefins.
Polyester-based urethanes have relatively good material properties but are
susceptible to hydrolytic cleavage of the ester linkage, while polyether-
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based urethanes have relatively high resistance to hydrolytic chain scission.
Caprolactones offer a good compromise between the polyether and polyester
types. Polyethylene oxide (PEO)-based urethanes exhibit poor water resistance
due to the hydrophilic nature of the ethylene oxide. Polypropylene oxide
(PPO) has also been widely used because of its low cost and reasonable
hydrolytic stability (Frisch and Dieter, 1975). Abrasion resistance of the
urethanes is outstanding among elastomers, low-temperature flexibility is
good, oil resistance is excellent up to approximately 82°C, and load-bearing
capability ranks with the best of the elastomers. Additives can be used to
improve dimensional stability (or heat resistance), reduce friction, or increase
flame retardancy and fungus resistance (or weatherability).

The low molecular weight diol and diamine chain extenders play a
very important role in polyurethanes properties and applications. Without
a chain extender, a polyurethane formed by directly reacting diisocyanate
and polyol generally has very poor physical properties and often does not
exhibit microphase separation. Thus, the introduction of a chain extender
can increase the hard segment length to permit hard-segment segregation,
resulting in excellent mechanical properties such as an increase in the modulus
and an increase in the hard-segment glass transition temperature (7,) of the
polymer fiber. Polyurethane chain extenders can be categorized into two
classes: aromatic diol and diamine, and the corresponding aliphatic diol and
diamine. In general, polyurethanes that are chain-extended with an aliphatic
diol or diamine produce softer materials than do their aromatic chain-extended
counterparts (Dieterich et al., 1993). The chemical structure of Spandex®
is very complicated because it has both urea and urethane linkages in the
backbone of the main chain, as depicted in Structure 11.1.

11.3  Production of polyurethane fibers

11.3.1 Solution dry spinning method

Spandex® fibers are traditionally produced using four different methods,
namely: (i) melt extrusion, (ii) reaction spinning, (iii) solution dry spinning,
and (iv) solution wet spinning. The first step of these four methods involves

Soft segment Hard segment
ﬁ I I
—HO—CHZ—CHZI—C—C—N—< —CH;—<{ H—N—C—N—N—C—N—(_)—CHs—
]f I : I [ I :

Structure 11.1 Chemical structure of spandex®.
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the chemical reaction of the monomers to produce a prepolymer. The resulting
prepolymer undergoes further reaction in various ways, and is subsequently
drawn out to produce a long fiber. Solution dry spinning is used to produce
the main industrial products of Spandex® (i.e. up to 90% of the world’s
Spandex® fibers are dry-spun from solution). Figure 11.2 shows a schematic
diagram for the solution dry spinning method. In this method the production
of the prepolymer is done initially by mixing polyol with a diisocyanate
(DIC) monomer. The reactants are mixed in a reaction vessel and under the
right conditions they react to form a prepolymer. Because the ratio of the
component materials produces fibers with varying characteristics, it is strictly
controlled. A typical ratio of polyol to diisocyanate may be 1:2. The prepolymer
is further reacted with an equal amount of diamine to increase the molecular
weight in a chain extension step as already mentioned. The resulting solution
is diluted with a solvent to produce the spinning solution. The solvent (e.g.
THF) helps to make the solution thinner and more easily handled so that it
can then be pumped into the fiber production cell. The spinning solution is
pumped into a cylindrical spinning cell where it is cured and subsequently
converted into fibers. In this cell, the polymer solution is forced through a
metal plate with small holes called a spinneret. This production step causes
the solution to be aligned into strands of liquid polymer. As the strands pass
through the cell, they are heated in the presence of nitrogen and solvent gas,
making the liquid polymer to chemically react and form solid strands. Specific
amount of the solid strands are bundled together as the fibers exit the cell to
produce the desired thickness. A compressed air device is normally used to
twist the fibers together. Each fiber of Spandex® is made up of many small
individual fibers that adhere to one another due to the natural stickiness
of their surfaces. The fibers are then treated with a finishing agent such as
magnesium stearate or another polymer such as poly(dimethyl siloxane). These
finishing materials prevent the fibers from sticking together, an important
and desirable requirement in textile manufacture. After this treatment, the
fibers are passed through a series of rollers onto a spool or bobbin.

11.3.2 Electrospinning method

The polyurethane (PU) fibers can also be produced via the electrospinning
process (Predicini and Farris, 2003). This method has been known since 1934.
In this method fiber properties depend on electric field uniformity, polymer
viscosity, electric field strength and distance between the nozzle and collector.
The idea of the electrospinning process is based on an external electric field
applied to charged polymer fluids or melts. This external electric field leads
to electric charges on the polymer surface that overcome the surface tension,
and consequently a jet is produced. This electrical force can also lead to a
very thin jet as it travels. In the case of polymer fluid, the common organic
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solvent is evaporated extremely fast (millisecond timescale) to produce
electrically charged nanofibers. The technique is valid only for charged
polymer solutions or melts with sufficient molecular entanglements. In the
electrospinning process, a charged droplet of solution suspended at the end
of a capillary deforms into a conical shape, or Taylor cone, when subjected
to a Coulombic force (Taylor, 1969). The Taylor cone is formed due to a
balancing of the repulsive nature of the charge distribution on the droplet’s
surface and the surface tension of the liquid (Reneker ez al., 2000). As the
charge is increased above a critical voltage, a stable jet is discharged from
the tip of the Taylor cone. A jet of low molecular weight fluid breaks up
into small droplets, a phenomenon termed electrospraying, while a polymer
solution with sufficient chain overlap and entanglements does not break
up but undergoes the so-called bending instability that causes a whiplike
motion between the capillary tip and the grounded target (Hohman et al.,
2001). The instabilities of the electrically forced jet in the electrospinning
technique have been studied (Shin et al., 2001). One theoretical model for
interpreting the relationship between bending instability, electric field, and
solution flow rate has been reported (Shin er al., 2001). It is this bending
instability that accounts for the high degree of single fiber drawing, resulting
in submicrometer-sized fibers.

Figure 11.3 shows a schematic diagram of the electrospinning process. The
resulting electrospun nonwoven fiber mats have a high specific surface area,

Grounded collection plate

Polymer solution

\

Charged fibers

High voltage
power supply

It

11.3 Schematic diagram of electrospinning process. Adapted from
Hao and Zhang, 2007.
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high porosity, and small pore size. This process normally produces fiber with
diameters of nanometers to submicrometers. Fibers with ranges of diameters
less than 1000 nm are very difficult to obtain from other conventional fiber
production techniques. The nanofibers obtained by the electrospinning process
can be used for many applications such as filtration devices, membranes,
optics, vascular grafts, protective clothing, molecular templates, and tissue
scaffolds (Bhattarai et al., 2004; Kim et al.; 2004; Ma et al., 2005).

The morphology of PU fibers strongly depends on the chemical structure,
the molecular weight and the percentage of hard and soft segments. Linear and
branched PU will produce different fiber morphologies. For example, linear
PU (M,, = 42 000 g/mol and M, /M, = 1.56) based on poly(tetramethylene
oxide) polyester (soft segment) with 2000 g/mol and 35 wt% hard segment
produces fibers with average diameters of 5.5 £ 1.8 e<m (Figure 11.4a). In
contrast, a highly branched PU fiber (M, = 91 900 g/mol and M /M, =5.78)
based on poly(tetramethylene oxide) polyester (soft segment) with 2000 g/
mol and 30 wt% hard segment produces fibers with average diameters of 4.0
+1.5 c«m as shown in Figure 11.4b. The two types of PU fibers shown in
Fig. 11.4 were obtained using the electrospinning method at 20 kV, 10 ml/h
volumetric flow rate, and 20 cm from the syringe needle to the collecting
target (McKee et al., 2005). Although there is a significant change in the
morphology of the two samples, both of them can be used to obtain nonwoven
fiber mat of approximately 10 x 10 cm? without any bead defects (McKee
et al., 2005).

The rheological behavior of the linear and branched PU fiber solutions
in THF (10 wt% PU) is considerably different. Although the viscosities of
the solutions of the two different fibers show Newtonian behavior over the
entire range of shear flow, the zero-shear viscosity of the linear PU (M, =
42 000 g/mol) solution is more than twice that of the branched one (M,, =

I A AT

(b)

11.4 FESEM (field emission scanning electron microscopy) images

of electrospun (a) linear poly(urethane urea) and (b) highly branched
poly(urethane urea) fibers described in the text. Adapted from McKee
et al., 2005.
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91 900 g/mol) (i.e. 420 and 160 cP, respectively) as clearly shown in Fig.
11.5. The lower value of zero-shear viscosity of the branched PU fiber
solution is attributed to the fact that the branched polymer chain has small
hydrodynamic volume compared to that of the linear PU fiber solution
(McKee et al., 2005).

The tensile stress—strain properties of the two fibers just described are
compared with that of linear PU films in Fig. 11.11a. The measurements
were made according to ASTM D 3368 using an Instron® tensile tester
operating at a crosshead displacement rate of 15 mm/min (McKee et al.,
2005). Clearly, Fig. 11.6 show that different mechanical properties can be
obtained for the three different samples (i.e., the branched PU fibers shows
the highest degree of elongation at break compared to that of the linear PU
fibers and film). The branched PU fibers can be elongated up to 1300%
strain at break, while the linear fiber and film reached 970% and 830%
strain at break, respectively. The high value of elongation of the electrospun
fibers is related to the increased tear resistance of the fiber mats compared
to that of the neat PU film. The interconnected network of the electrospun
fibers hinders tear propagation, resulting in higher elongation prior to break
(McKee et al., 2005). It is also clear that the microporous character of the
electrospun fibers is a direct reason for the very low Young’s modulus of
the electrospun fibers (i.e., 1 and 4 MPa for branched and linear PU fibers,
respectively) compared to that of the linear PU film (17 MPa).
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11.5 Shear rate dependence of viscosity for linear polyurethane and
highly branched polyurethane solutions. Modified from McKee et al.,
2005.
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11.6 (a) Stress—strain curves for linear, highly branched polyurethane
fibers and linear polyurethane film. Modified from McKee et al., 2005.
(b) The hysteresis behavior for PU elastraneric yarn. Modified from
Blazhaitis et al., 1970.

The hysteresis or extension and recovery characterization of polyurethane
elastomeric yarn was investigated by Blazhaitis er al. (1970) as shown in
Fig. 11.6b. The hysteresis loop of the fifth cycle (curves 3 and 4) shows that
the losses are very small. The performance loss of high-elastic yarn in the
recovery after extension are considerable in the first 3—4 cycles, after which
the loss becomes stable and less marked.
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11.4 Polyester copolymer fibers

The poly(ether ester) (PEE) fiber is one of the most important materials
that can be used for a number of potential applications. Poly(ether ester) is
multiblock (or segmented-block) copolymers of the (AB) type comprising
semicrystalline polyester (hard) segments and noncrystalline polyether (soft)
segments. Their excellent characteristics as thermoplastic elastomers as well
as their morphology are well studied, particularly in the case of PEE based
on poly(butyleneterephthalate) (PBT) and poly(tetramethylene oxide). Fiber
formation from the melt of a copolymer based on PBT and PEG 1000 was
studied by Gogeva et al. (1990). The characteristics of the starting polymer,
the processing conditions and the properties of the final fibers were considered
(Gogeva et al., 1990). The surface of the fiber was investigated by SEM as
shown in Fig. 11.7. The processing of this fiber from the melt was carried
out at a spun rate of 800 m/min and stretching of approximately 3.64 times
at a rate of 1195 m/min at 80°C. Clearly, a regular structure with a period
of about 390 nm is observed perpendicular to the fiber axis (Figs 11.7a and

—_— l

11.7 TEM micrographs of the surface of a poly(ether ester) fiber (66
wt% PBT): (a) and (b) as-stretched (spun at 800 m/min and stretched
3.64 times at a rate of 1195 m/min and 80°C); (c) and (d) fracture
surface as obtained from the tenacity measurements. Adapted from
Gogeva et al., 1990.
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11.7b). The fracture surface of the fiber (Figs 11.7c and 11.7d) confirms the
elastic nature of the copolymer.

11.5 Styrene copolymers elastomeric fibers

The styrenics are the lowest-priced thermoplastic elastomers. They are block
copolymers produced with hard polystyrene segments interconnected with soft
segments of a matrix such as polybutadiene, polyisoprene, ethylene—propylene,
or ethylene—butylene. These elastomers are commercially available from
Shell (Kraton®) in several molding and extrusion grades ranging in hardness
from 28 to 95 Shore A. The tensile strength of these materials is lower, the
elongation is higher than that of styrene—butadiene—rubber (SBR) or natural
rubber, and the weather resistance is about the same. The weather resistance
characteristics can be improved by the addition of resins such as polypropylene
or ethylene—vinyl acetate. The styrenic elastoplastics resist water, alcohols,
and dilute alkalis and acids. They are soluble in, or are swelled by, strong
acids, chlorinated solvents, esters, and ketones. They also have excellent
low-temperature flexibility down to —85°C (-120°F).

11.5.1 Styrene-butadiene—styrene (SBS) triblock
copolymer fiber

SBS triblock copolymer is a typical microphase-separated thermoplastic
elastomer. When the polystyrene concentration is relatively low, the domains
are spherical; with increasing concentration, the domains become cylindrical
and then lamellar (or plate-like). Such well-developed morphology requires
careful sample preparation. In general, the morphology is irregular and its
degree of complexity depends on the thermal and mechanical history of the
preparation, as well as the interactions between each block (Helfand and
Wasserman, 1976). Thermodynamic theories reported by Leibler (1980) and
Matsen and Schick (1994) explain miscibility of block copolymers and the
resultant morphologies. The rubbery butadiene chains interconnect glass
polystyrene domains which act as reinforcing fillers or physical crosslinks.
A typical TEM of SBS film morphology is shown in Fig. 11.8 (Yang et al.,
2006). Note that solution casting from toluene was used to obtain the SBS
film depicted in Fig. 11.8. The polybutadiene (PB) domains can be selectively
stained by OsO, vapor; the bright and dark regions in the TEM micrograph
represent the PS and PB domains, respectively. Cylindrical SBS morphology
can be clearly seen in Fig. 11.8. This morphology can be easily modified
not only by varying the concentration of the blocks but also by controlling
the processing conditions such as type of solvents used for casting films,
method of extrusion, annealing temperatures, and blending with suitable
homopolymers (Gohil, 1986). A difference in the interaction between blocks
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11.8 TEM photograph for SBS triblock copolymer. Modified from
Yang et al., 2006.
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of a polymer ultimately affects its morphology. This is evident from the
morphological changes in block copolymer films prepared from solvents
having different solvent powers (Gohil, 1986).

Fong and Reneker (1999) produced SBS electrospun fiber (Kraton D1101,
31 wt% PS with M and M /M 151 000 g/mol and 1.12, respectively)
from a mixture of 75 wt% tetrahydrofuran and 25 wt% dimethylformamide
with 14 wt% polymer concentration. Tetrahydrofuran is a good solvent
for both polystyrene and polybutadiene blocks, and the addition of 25%
dimethylformamide improves the stability of the electrospinning jet. The
electrospinning apparatus used by Fong and Reneker had a high-voltage
power supply (160 uA at 30 kV). They applied positive high voltage
through a copper wire to the SBS solution inside a glass pipette and placed
a grounded copper sheet 30 cm below the tip of the glass pipette. Several
glass microscope slides covered by films of evaporated graphite were placed
on the copper sheet. The pipette was tilted a few degrees from the horizontal
so that surface tension maintained a small droplet of the solution at the
tip without dripping. As the electrical potential was gradually increased to
24 kV, a jet was created. The jet, formed by electrical forces, followed a
complicated stretching and looping trajectory as it dried and solidified. The
resulting electrically charged nanofibers were collected on films of graphite
for electron microscopy, or on a rotating drum covered with aluminum foil to
produce a nonwoven elastomeric fabric. The mass flow rate of the polymer
solution, carried by the jet, was around 50 mg/min (Fong and Reneker,
1999).

Typically, diameters of SBS electrospun nanofibers are about 100 nm.
The aligned SBS nanofibers can be elongated to more than three times
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their original lengths without breaking. Figure 11.9 shows SBS nanofibers
as the sample was observed between crossed polarizers, and then rotated.
In the upper picture, fibers A—A and B-B are bright. Turning the sample
clockwise by about 45° causes these nanofibers to become dark, as shown
in the bottom picture. The bright and dark segments in the looped nanofiber
move along the loops and remain approximately parallel to each other as the
sample is rotated. These observations show that the electrospun nanofibers
are birefringent. Both the elongational flow (Mackley and Keller, 1975;
Perkins et al., 1997) and the rubberlike strain of the molecular network may
contribute to the birefringence of Fig. 11.9.

In addition to the smooth nanofibers, very thin nanofibers with small beads
are sometimes obtained in practice. Beads form, while the jet is still fluid, if
the force that tends to extend the nanofiber is reduced, for example by the

11.9 The birefringence of electrospun SBS fibers. Adapted from Fong
and Reneker, 1999.
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neutralization of the excess charge on the fibers with ions created in air by
a corona discharge. Surface tension in the small fiber creates a pressure that
forces the solution into the beads (Fong and Reneker, 1999; Yarin, 1993).
An electron micrograph of an example of a beaded fiber reported by Fong
and Reneker is shown in Fig. 11.10. This figure shows beads with diameters
of about 60 nm that were elongated in the direction of the fiber axis. The
distance between the beads is around 100 nm.

11.6 Polyolefin elastomeric fibers

The market for polyolefins manufactured with metallocene technology
is growing exponentially as they are increasingly meeting commercial
expectations. The continued success of the polyolefins is due to producers
positioning themselves for success through consolidation and the introduction
of new products. Metallocene-catalyzed polymers represent a significant
advance in polymer synthesis and production. Unlike other catalyzed polymers,
the structure and molecular weight of metallocene-catalyzed polymers
are relatively easy to control. These characteristics enable production of
precisely structured polymers in large, regulated amounts. Global demand for
metallocene-based polyolefins was several billion pounds in 2000, according
to a new study by Houston-based Chemical Market Resources Inc. (CMR).
North America and Europe accounts for 47% (or 1075 million pounds) and
25% (or 579 million pounds) of that demand, respectively.

Thermoplastic olefin (TPO) elastomers are available in several grades,

11.10 Beaded nanofiber of SBS copolymer, stained with osmium
tetroxide. Adapted from Fong and Reneker, 1999.
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having room-temperature hardnesses ranging from 60 Shore A to 60 Shore
D. These polyolefin-based materials have the lowest specific gravities of all
thermoplastic elastomers. They are uncured or have low levels of crosslinking.
Material cost is mid-range among the elastoplastics. These elastomers remain
flexible down to —50°C and are not brittle at approximately —70°C. They
are autoclaveable and can be used at service temperatures as high as 135°C
in air. The TPOs have good resistance to some acids, most bases, and many
organic materials such as butyl alcohol, ethyl acetate, formaldehyde, and
nitrobenzene. They are attacked by chlorinated hydrocarbon solvents.

11.6.1 Polybutadiene elastomeric fibers

Polybutadiene was one of the first types of synthetic elastomer, or rubber, to
be invented. It is good for uses that require exposure to low temperatures. Tire
threads are often made of polybutadiene copolymers. Belts, hoses, gaskets and
other automobile parts are made from polybutadiene because it can withstand
cold temperatures better than other elastomers. Syndiotactic 1,2-polybutadiene
(s-PB) elastomeric fibers produced using an electrospinning technique from
dichloromethane solutions (CH,Cl,) have been recently reported (Hao and
Zhang, 2007). Dichloromethane is the best common solvent which can be
used to produce nanofibers of s-PB via the electrospinning technique. The
other solvents have very poor fiber-forming ability. The effects of processing
variables (including applied voltage, tip to target distance, and feed rate of
the solution to the capillary tip) and solution properties (solvent, viscosity,
concentration, conductivity, surface tension, etc.) on electrospun fiber
morphology have been extensively investigated in the literature for a variety
of polymeric systems (Reneker and Chun, 1996; Megelski et al., 2002; Lee
et al., 2002). It has been shown for a number of polymer/solvent systems
that increasing the solution concentration or viscosity decreases the number
of bead defects and increases the overall fiber diameter of the electrospun
fibers (Zong et al., 2002a). Moreover, researchers have electrospun polymer
solutions with varying concentrations and viscosities to yield fibers with
various structures and textures (Zong et al., 2002b; Jun et al., 2003). Figure
11.11 depicts the SEM morphologies of s-PB nano-elastomeric fibers obtained
from electrospinning of different concentrations of s-PB in CH,Cl, (Hao and
Zhang, 2007). Clearly, the figure shows that the concentration of s-PB in
CH,Cl, can significantly affect the morphology and fiber formation. When
the concentration of s-PB is <3 wt% no good fibers can be produced. For
1 wt% s-PB, half spheres with porous structure about 15 mm in diameter
can be clearly seen in Fig. 11.11a. Morphologies like fiber-beads have been
observed for 2 and 3 wt% s-PB samples. Typical s-PB elastomeric fibers
can be seen for = 4 wt% s-PB in Figs 11.11d-f.
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11.11 Electroprocessed structures from: (a) 1 wt%, (b) 2 wt%, (c) 3
wt%, (d) 4 wt%, (e) 5 wt%, and (f) 6 wt% s-PB in dichloromethane.
Adapted from Hao and Zhang, 2007.

11.7 Elastomeric polymer alloy fibers

This class of thermoplastic elastomers consists of mixtures of two or more
polymers that have received a proprietary treatment to give them properties
significantly superior to those of simple blends of the same constituents. The
two types of commercial elastomeric alloys are melt-processible rubbers
(MPRs) and thermoplastic vulcanizates (TPVs). MPRs have a single phase
while TPVs have two phases. Thermoplastic vulcanizates are essentially a fine
dispersion of highly vulcanized rubber in a continuous phase of a polyolefin.
Critical to the properties of a TPV are the degree of vulcanization of the
rubber and the quality of its dispersion. The crosslinking and fine dispersion
of the rubber phase give a TPV with high tensile strength (7.58-26.89 MPa),
high elongation (375-600%), resistance to compression and tension set, oil
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resistance, and resistance to flex fatigue. TPVs have excellent resistance
to attack by polar fluids, fair-to-good resistance to hydrocarbon fluids,
and a maximum service temperature of 135°C (275°F). Elastomeric alloys
are available in the 55A to 50D hardness range and with ultimate tensile
strengths ranging from 5.5 to 27.5 MPa. The specific gravity of MPRs and
TPVs respectively ranges from 1.2 to 1.3 and from 0.9 to 1.0. Commercial
applications of elastomeric alloys include automotive protective boots, hose
covering, electrical insulation, seals, gaskets, medical tubing and syringe
plungers, architectural glazing seals, and roofing sheet. Fibers from these
materials are described in the following two sections.

11.7.1 Olefinic/EPDM alloy fiber alloy

Commercial olefin-based thermoplastic elastomers obtained by dynamic
vulcanization with EPDM rubber (density 0.94 g/cm?, hardness 40D) has
been used to produce monofilaments through the traditional melt spinning
extrusion technique (Spiridonov et al., 2005). The elementary steps for
producing elastomeric fibers from this material are depicted in Fig. 11.12
with the following descriptions: (1) an extruder with a constant value of
compression ratio is used to melt the elastomeric belts; (2) one or more
spinning gear pumps receive the molten polymer and send it through the
spinning pack to homogenize the product; (3) quenching of the extruded
filaments into a cooling water tank; (4) stretching the fibers through the
rollers sets; (5) immersing the fibers in a hot water bath; (6) stretching the
fibers again; (7) relaxation of the fibers; (8) stretching again; and (9) winding
of the fibers through the winding machine. Extrusion dies of 10 and 16 mm
in diameter are typically used for this process. The stretching ratio is set
from 2:1 to 7:1. The fibers with a stretching ratio 1:1 are obtained without
a stretching step right after the cooling tank. The monofilament diameters
obtained from this process typically range from 2 to 5 mm.
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11.12 Melt spinning extrusion process: 1 extruder, 2 spinneret, 3
cooling water tank, 4 first stretching zone, 5 hot water bath, 6 second
stretching zone, 7 relaxation zone (heater), 8 third stretching zone, 9
winding device. Modified from Spiridonov et al., 2005.
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Figure 11.13 illustrates the stretching ratio dependence of stress at break
for olefinic/EPDM elastomeric fiber alloy. Obviously, the stress increases
exponentially with increasing value of stretching ratio. However, the percent
elongation decreases strongly with increasing stretching ratio as shown in Fig.
11.14. This behavior is related to the orientation of the polymeric chains of
the fiber parallel to the stretching force (Roff and Scott, 1971; Fried, 1995).
When the fibers are stretched the polymeric chains are oriented partially and
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11.13 Stretching ratio dependence of tensile stress of olefinic/EPDM
elastomeric fiber alloy. Modified from Spiridonov et al., 2005.
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11.14 Stretching ratio dependence of percent elongation of olefinic/
EPDM elastomeric fiber alloy. Modified from Spiridonov et al., 2005.
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consequently the fibers maintain their elastic behavior. The stretching ratio
of these fibers can reach up to 7:1, after which the fiber starts to break. At
a stretching ratio value of 6:1 a so-called ‘rough and peel’ surface structure
of the fiber is observed. The diameters and cross-sectional area of the
monofilaments are also changed significantly with increasing stretching ratio,
i.e. the fiber diameters and the cross-sectional area decrease strongly with
increasing stretching ratio as shown in Figs 11.15 and 11.16, respectively.

Fiber diameter/mm

1 2 3 4 5 6
Stretching ratio

11.15 Stretching ratio dependence of fiber diameter of olefinic/EPDM
elastomeric fiber alloy. Modified from Spiridonov et al., 2005.

100

Reduction of cross-section area %

Stretching ratio

11.16 Stretching ratio dependence of percent reduction of the cross-
section area of olefinic/EPDM elastomeric fiber alloy. Modified from
Spiridonov et al., 2005.
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11.7.2 PU/PAN alloy fibers

Another example of thermoplastic polymer alloys that can be used to produce
nanofibers is a mixture of crosslinkable elastomeric polyester urethane (PEU)
with a thermoplastic polyacrylonitrile (PAN) (Fang et al., 2007). Either
crosslinking a polymer phase or interlocking both polymers to form a so-called
‘interpenetrating network’ has been an established strategy to compatibilize an
immiscible polymer blend (Brown, 2002). In addition, a slightly crosslinked
elastomer has been found to be more effective in toughening a thermoplastic
material than its noncrosslinked counterpart (Lee, 1993).

Electrospinning of PEU/PAN polymer blend without any crosslinking
reaction has also been used to produce fibrous structures (Fang et al., 2007).
When the overall concentration of PEU/PAN blend was kept at the same
value in dimethylformamide (9 wt%), the ratio between the PEU and the
PAN was found to influence the fiber morphology. As illustrated in Fig.
11.17, three different PEU/PAN ratios (PEU/PAN = 2:1, 1:1, 1:2 w/w)
resulted in different fiber morphology. When the PEU/PAN ratio is 2:1, the
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11.17 SEM images of noncrosslinked nanofibers: (a) PEU 6 wt% and

H1um
PAN 3 wt% (PEU/PAN ratio w/w 2:1); (b) PEU 4.5 wt% and PAN 4.5
wt% (PEU/PAN ratio w/w 1:1); (c) PEU 3 wt% and PAN 6 wt% (PEU/
PAN ratio w/w 1:2); and (d) PEU 0% and PAN 9 wt%. Adapted from
Fang et al., 2007.
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PEU concentration is 6 wt%. Electrospinning of such a polymer solution
resulted in a fibrous product, though the fibers tended to stick together to
form an interconnected web structure (Fang et al., 2007). This suggests
that the addition of PAN to the PEU solution has facilitated the formation
of nanofibers in electrospinning. When the PEU concentration is reduced to
4.5 wt% (PEU/PAN ratio = 1:1), individual fibers containing a small amount
of fiber beads are produced. Further reduction of the PEU concentration to
3 wt% (PEU/ PAN ratio = 1:2) leads to nonsticky and uniform fibers (Fang
et al., 2007). The fiber diameter from the different PEU/PAN ratios is in the
range of 200-300 nm. By comparison, the pure PAN nanofibers electrospun
with the same overall concentration have fiber diameters in the range of
354-664 nm (Fig. 11.17d). The PEU/PAN ratio also influences the fiber
diameter by slightly decreasing it with an increase in the PEU component,
even if the same overall polymer concentration is used. The change in the
fiber diameter can be attributed to the effect of the PEU/PAN ratio on the
solution properties.

The crosslinked PEU/PAN fibers just described were prepared by Fang
et al. (2007) by adding a crosslinker (Imprafix VP LS 2323, Bayer Mat.
Sci., Germany) and catalyst (Imprafix TH LSG, Bayer Mat. Sci., Germany)
(2.5 wt% each based on the weight of PEU) to the PEU/PAN solutions
prior to electrospinning. As soon as the crosslinker and catalyst are added
to the PEU/PAN solutions, the PEU chains starts to crosslink (Fang et al.,
2007). The presence of the crosslinker and catalyst has a little effect on the
fiber morphology. As shown in Fig. 11.18, the crosslinked PEU/PAN fibers
have similar fiber morphology to the noncrosslinked fibers, except that the
crosslinked fibers from the PEU/PAN (2:1) solution are less interconnected
than the noncrosslinked fiber mat. The presence of the crosslinker leads to
a fiber diameter increase when the solution contains a higher composition
of PEU (i.e., PEU/PAN = 2:1 and 1:1). In contrast the fiber diameter is
observed to decrease slightly when the PEU composition is low (i.e., PEU/
PAN = 1:2) (Fang et al., 2007).

The tensile stress—strain curves for the noncrosslinked and the crosslinked
electrospun fiber mats with PEU/PAN = 2:1 ratio are shown in Fig. 11.19.
With the same PEU/PAN ratio, the tensile strength of the crosslinked fiber
mats is more than 50% greater than that of the noncrosslinked fiber mats,
and the crosslinked fiber mats have a higher elongation at break than the
noncrosslinked ones (Fang et al., 2007). The crosslinking reaction leads to
a 79% increase in the tensile strength and a 29% increase in the elongation
at break for this composition ratio (PEU/PAN ratio = 2:1). These results
indicate that the crosslinking reaction enhances the interaction between PEU
and PAN chains.
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11.18 SEM images of crosslinked PEU/PAN fibers: (a) PEU/PAN = 2:1;
(b) PEU/PAN = 1:1; (c) PEU/PAN = 1:2. Adapted from Fang et al., 2007.
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11.19 Stress-strain curves for noncrosslinked and crosslinked
electrospun fiber mats with PEU/PAN = 2:1 ratio. Modified from Fang
et al., 2007.
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11.8 Conclusions and future trends

This chapter surveys the current science and technology of elastomeric fibers
with enhanced benefits in a number of applications in the textile and allied
industries. In general, the quality of elastomeric fibers has shown significant
improvements since they were first developed. Strict quality control tests,
according to industry standards, on the starting materials and final products
are essential to ensure production of a consistent end product with prescribed
properties. Future advances in polymer (fiber) science and engineering will
help continue their improvement. For example, researchers have found that
by changing the starting raw materials and the fiber production method in a
clever way they can develop fibers which have even better properties such as
stretching and weathering characteristics. Other characteristics of elastomer
fibers can be improved by using various fillers and polymer additives.
Because of the desirable characteristics of elastomeric fibers, it is likely
that increased research and development attention will be focused in the
future on these complex but important industrial materials. For example, it
is likely that advanced textile fabrics will be produced which incorporate the
versatile Spandex® fibers with conventional fibers such as in the commercially
available polyamide/Spandex fiber blends described above. Industry efforts
to improve cost-to-performance ratio of elastomeric fibers and products
made from them may spur discovery of new manufacturing processes that
will focus on producing fibers faster and more efficiently.

11.9 Acknowledgements

Professor Otaigbe thanks the US National Science Foundation for its financial
support through contract grants CBET 0752150 and 0317646; and he is
indebted to a number of collaborators in industry with whom he had the
privilege to work on projects cited in this chapter.

11.10 References

Adams R, Anderson J L (1950), ‘Quinone imines. II. p-Quinone diacyl- and diaroylimines’,
J Am Chem Soc, 72, 5154-5157.

Bhattarai S R, Bhattarai N, Yi H K, Hwang P H, Cha D I, Kim H Y (2004), ‘Novel
biodegradable electrospun membrane: scaffold for tissue engineering’, Biomaterials,
25, 2595.

Blazhaitis G I, Kaplanas V I, Pashkyavichus V V (1970), ‘Finishing technology and
range of fabrics from polyurethane elastomeric yarns’, translated from Khimicheskie
Volokna, 2, 65-67.

Brauman S K, Mayorga G D, Heller J (1981), ‘Light stability and discoloration of
segmented polyether urethanes’, Annals Biom Eng, 9 (1), 45-58.

Brown S B (2002), in Polymer Blends Handbook, ed. L. A. Utracki, Kluwer Academic,
Dordrecht, The Netherlands.



350 Handbook of textile fibre structure

Dieterich D, Schmelzer H, Oertel G (1993), Polyurethane Handbook, 2nd edn, Hanser
Publishers, Munich.

FangJ, Lin T, Tian W, Sharma A, Wang X (2007), ‘Toughened electrospun nanofibers from
crosslinked elastomer—thermoplastic blends’, J Appl Polym Sci, 105, 2321-2326.
Fong H, Reneker D H (1999), ‘Elastomeric nanofibers of styrene—butadiene—styrene

triblock copolymer’, J Polym Sci, Part B: Polym Phys, 37, 3488-3493.

Fong H, Chun I, Reneker D H (1999), ‘Beaded nanofibers formed during electrospinning’,
Polymer, 40, 4585-4592.

Fried J R (1995), Polymer Science and Technology, Prentice Hall, Englewood Cliffs,
NJ.

Frisch K C, Dieter J A (1975), ‘Overview of urethane elastomers’, Polym-Plast Tech
Eng, 4 (1), 1-21.

Gogeva T, Fakirov S, Mishinev J, Sarkisova L (1990), ‘Poly(ether ester) fibers’, Acta
Polymerica, 41(1), 31-36.

Gohil R M (1986), ‘Electron microscopic studies of SBS block copolymers. I. A method
to study the temperature dependence of phase separation’, Coll Polym Sci, 264,
847-853.

Hao X, Zhang X (2007), ‘Syndiotactic 1,2-polybutadiene fibers produced by
electrospinning’, Mater Lett, 61, 1319-1322.

Helfand E, Wasserman Z R (1976), ‘Block copolymer theory. 4. Narrow interphase
approximation’, Macromolecules, 9, 879-888.

Hepburn C (1992), Polyurethane Elastomers, 2nd edn, Elsevier Applied Science, New
York.

Hohman M M, Shin M, Rutledge G, Brenner M P (2001), ‘Electrospinning and electrically
forced jets. I. Stability theory’, Phys Fluids, 13, 2201.

Jun Z, Hou H, Schaper A, Wendorff J H, Greiner A (2003), ‘Poly-L-lactide nanofibers
by electrospinning: influence of solution viscosity and electrical conductivity on fiber
diameter and fiber morphology’, e-Polymers, 2003.

Kim K, Luu Y K, Chang C, Fang D, Hsiao B S, Chu B, Hadjiargyrou M (2004), ‘Incorporation
and controlled release of a hydrophilic antibiotic using poly(lactide- co-glycolide)-
based electrospun nanofibrous scaffolds’, J Controlled Release, 98, 47-56.

Lee KH,KimH Y,LaY M, Lee D R, Sung N H (2002), ‘Influence of a mixing solvent
with tetrahydrofuran and N,N-dimethyl formamide on electrospun poly(vinyl chloride)
nonwoven mats’, J Polym Sci, Part B: Polym Phys, 40, 2259-2268.

Lee W H (1993), in Polymer Blends and Alloys, ed. M.J. Folkes and P.S. Hope, Blackie
Academic & Professional, London.

Leibler L (1980), ‘Theory of microphase separation in block copolymers’, Macromolecules,
13, 1602-1617.

Ma Z, Kotaki M, Ramakrishna S (2005), ‘Electrospun cellulose nanofiber as affinity
membrane’, J Memb Sci, 256, 115-123.

Mackley M R, Keller A (1975), ‘Flow-induced polymer chain extension and its relation
to fibrous crystallization’, Phil Trans Roy Soc London, Ser A: Math, Phys Eng Sci,
278, 29-66.

Madbouly S A, Otaigbe J U (2009), ‘Recent advances in synthesis characterization and
rheological properties of polyurethanes and POSS/polyurethane nanocomposites
despersions and films’, Prog Polym Sci, 2009 (in press).

Madbouly S A, Otaigbe J U, Nanda A K, Wicks D A (2007), ‘Rheological behavior of
POSS/polyurethane—urea nanocomposite films prepared by homogeneous solution
polymerization in aqueous dispersions’, Macromolecules, 40, 4982—-4991.



The processing, structure and properties of elastomeric fibers 351

Matsen M W, Schick M (1994), ‘Lamellar phase of a symmetric triblock copolymer’,
Macromolecules, 27, 187-192.

McKee M G, Park T, Unal S, Yilgor I, Long T E (2005), ‘Electrospinning of linear and
highly branched segmented poly(urethaneurea)’, Polymer, 46, 2011-2015.

Megelski S, Stephens J S, Chase D B, Rabolt J F (2002), ‘Micro- and nanostructure surface
morphology on electrospun polymer fibers’, Macromolecules, 35, 8456—8466.

Oertel G (1994), Polyurethane Handbook, 2nd edn, Hanser Publishers, New York.

Perkins T T, Smith D E, Chu S (1997), ‘Single polymer dynamics in an elongational
flow’, Science, 276, 2016-2021.

Predicini A, Farris R J (2003), ‘Mechanical behavior of electrospun polyurethane’,
Polymer, 44, 6857-6862.

Reneker D H, Chun I (1996), ‘Nanometer diameter fibers of polymer, produced by
electrospinning’, Nanotechnology, 7, 216-223.

Reneker D H, Yarin A L, Fong H, Koombhongse S (2000), ‘Bending instability of
electrically charged liquid jets of polymer solutions in electrospinning’, J App! Phys,
87, 4531.

Roff W J, Scott J R (1971), Film Plastics and Rubbers: a Handbook of Common Polymers,
Butterworths, London.

Rubin 11, editor (1990), ‘Handbook of Plastics Materials and Technology: Wiley, New
York.

Schollenberger C S, Stewart F D (1972), ‘Thermoplastic urethane structure and ultraviolet
stability’, J Elastoplastics, 4, 294-331.

Schollenberger C S, Scott H, Moore G R (1958), ‘Polyurethan VC, a virtually cross-
linked elastomer’, Rubber World, 137, 549-555.

Shin Y M, Hohman M M, Brenner M P, Rutledge G C (2001), ‘Experimental characterization
of electrospinning: the electrically forced jet and instabilities’, Polymer, 42, 9955.

Spiridonov P, Lambrinos E, Peng Z (2005), ‘Extrusion of monofilaments of thermoplastic
elastomers’, Synthetic Metals, 152, 61-64.

Szycher M, Poirier V L, Dempsey D J (1983), ‘Development of an aliphatic biomedical-
grade polyurethane elastomer’, J Elast Plast, 15 (2), 81-95.

Taylor G I (1969), Proc Roy Soc London, Ser A, 313, 453.

Yang H, Sa U, Kang M, Ryu H S, Ryu C Y, Cho K (2006), ‘Near-surface morphology
effect on tack behavior of poly(styrene-b-butadiene-b-styrene) triblock copolymer/
rosin films’, Polymer, 47, 3889-3895.

Yarin A L (1993), Free Liquid Jets and Films: Hydrodynamics and Rheology, Longman,
Harlow, and Wiley, New York.

Zong X, Kim K, Fang D, Ran S, Hsiao B S, Chu B (2002a), ‘Structure and process
relationship of electrospun bioabsorbable nanofiber membranes’, Polymer, 43,
4403-4412.

Zong X Fang D, Kim K, Ran S, Hsiao B S, Chu B, Brathwaite C, Li S, Chen E (2002b),
‘Nonwoven nanofiber membranes of poly(lactide) and poly(glycolide-co-lactide) via
electrospinning and application for anti-adhesions’, Polymer Preprints (ACS), 43,
659-660.



12

Production and properties of high-
modulus and high-strength
polyethylene fibres

I M WARD, University of Leeds, UK and P ] LEMSTRA,
Technical University Eindhoven, The Netherlands

Abstract: The production and properties of high-modulus and high-strength
polyethylene fibres are described. Low molecular weight (LMW-PE)

fibres are produced by melt spinning of fibres with controlled morphology,
followed by hot drawing to a high draw ratio. Ultra high molecular

weight (UHMW-PE) fibres of high stiffness and strength are produced by
solution(gel)-spinning followed by drawing to high draw ratios. Solvent-

free processing routes and solid/melt routes for UHMW-PE fibres are also
described. Commercial applications for both LMW-PE and UHMW-PE fibres
are discussed.

Key words: high-modulus, high-strength, polyethylene fibres, melt spinning,
solution(gel)-spinning.

12.1 Introduction

In the period from 1966 to 1970, there was increasing interest in the
possibility of producing oriented polymers with high tensile stiffness (>40
GPa) and strength (>1 GPa). Two routes were envisaged to achieve this:
synthesis of normal polymers with very rigid units in the polymer chain,
and novel processing to give fully extended molecular chains from flexible
polymers. These two routes have both been successful, the first most notably
by synthesis of the aramids (Kevlar and Twaron) and the second by highly
drawn polyethylene (Certran, Dyneema and Spectra).

Although it was well known in the fibre industry that stiffness and
strength related to the molecular alignment achieved in tensile drawing, the
draw ratios for commercial fibres such as polyester (Terylene and Dacron)
and nylon were comparatively low (~ 4—6) and the properties fell far short
of theoretical estimates. For polyethylene, for example, Treloar' had given
estimates of at least 200 GPa for the Young’s modulus, which compared
with values of a few GPa measured for drawn films.
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12.2 Melt spun high-modulus polyethylene fibres
12.2.1 Tensile drawing

The development of high-modulus polyethylene fibres can be said to have
been initiated by some interesting results obtained by Andrews and Ward?
on the tensile drawing behaviour of a range of polyethylenes with different
molecular weight distributions, collected as a result of GPC studies of degraded
polyethylenes for morphological studies. Because only a few grams of these
samples were available, a small-scale fibre spinning facility was constructed
and small quantities of the spun fibres were stretched in an Instron tensile
testing machine. In spite of considerable scatter in the results, two very
important conclusions were reached. First, the draw ratio was sensitive to
the weight average molecular weight M,, in that higher M,, polymers showed
lower draw ratios. Secondly, there was a very good correlation between the
Young’s modulus of the drawn fibres and the draw ratio, irrespective of the
molecular weight and molecular weight distribution of the samples. Very
encouragingly the Young’s modulus increased from 4 to 20 GPa as the draw
ratio increased from 7 to 13.

These initial studies suggested that it would be worthwhile to undertake a
detailed study of the tensile drawing behaviour of polyethylene with a view
to obtaining higher-modulus materials, with the suggestion that this required a
significantly higher draw ratio. The strategy adopted was to obtain a range of
polyethylene homopolymers with different molecular weight characteristics,
varying both M,, and M,, and carefully controlling the initial morphology
and maintaining identical tensile drawing conditions (temperature and strain
rate) for all the samples in the first instance. A convenient procedure was to
produce thin sheets by compression moulding with a mould temperature of
160°C and adopting controlled cooling conditions which varied from rapid
quenching directly into water at ambient temperature to slow cooling at about
8°/min to 110°C followed by quenching into water. This latter treatment
was selected to permit the crystallization to occur at low supercooling. It
was appreciated that low supercooling might be advantageous for three
reasons:

1. Fatou and Mandelkern’s® studies of the crystallization rates of different
molecular weight polyethylenes showed that differences of rate were
only observed at low degrees of supercooling. For high supercooling the
crystallization rates were very rapid for all species so that no distinction
could be observed.

2. Previous studies on polyethylene by Way and Atkinson* suggested that
the segregation of low molecular weight species could be important, and
might act as a plasticizer in the subsequent drawing process. In much
later research Barham and Keller® confirmed this result by removing low
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molecular weight material from polyethylenes prior to tensile drawing.
The issue here is that at low degrees of supercooling the polymer is at a
temperature above the melting point of the low molecular weight species
so that segregation occurs irrespective of the rates of crystallization.
By crystallizing at low supercooling, the overall rate of crystallization is
slow, and this leads to a different morphology, which can be clearly seen
in optical micrographs. Whereas rapidly quenched materials show the
characteristic banded spherulitic structure (Fig. 12.1a) the slow cooled
polymer shows regions of homogeneous orientation (Fig. 12.1b). Later
studies of this morphology by SAXS, Raman spectroscopy and nitric
acid etching followed by GPC confirmed the regular lamellar texture of
these slow cooled materials.°

(b)

12.1 Optical micrographs (crossed polarizers) of thin sections (20
pm) obtained from (a) quenched and (b) slow cooled sheets of
linear polyethylene of low molecular weight (Reproduced with kind
permission of John Wiley & Sons Inc.)
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In the initial study by Andrews and Ward, the tensile drawing was undertaken
in an Instron tensile testing machine where the polymer draws through a
neck, as in the case of poly(ethylene terephthalate) and nylon, where the
initial cross-section is reduced to the final cross-section by deformation in the
neck only, so that there is a ‘natural draw ratio’ which defines the limiting
extensibility of the material. Capaccio and Ward recognized two key issues
regarding tensile drawing:

1. In general there is continuous drawing of material beyond the neck if
the overall sample continues to be stretched, i.e. the draw ratio varies
along the sample from unity in the extreme of the undrawn cross-section
to a maximum value in the central section of the drawn material. The
maximum draw ratio therefore increases with time until eventually failure
occurs.

2. It is important to undertake the tensile drawing at above ambient
temperature if the highest draw ratio is to be achieved for a given polymer
in terms of both molecular weight and morphology.

With all these ideas in mind Ward and his colleagues’~'* undertook a series

of experiments on the tensile drawing of polyethylene with a wide range of
molecular weights. Ideally for each grade of polymer the draw temperature
should be chosen to give adequate molecular mobility without the onset of
‘flow drawing’ where deformation occurs without any significant alignment
of molecules in the polymer. It is essential that the molecular chains can
slide through the crystals, i.e., there is a direct link with the o-relaxation
process, and later studies by Wilding and Ward!"® showed that this process
played a key role in yield and creep behaviour.

A key set of results was obtained by adopting a standard procedure for
tensile drawing of a range of polyethylene homopolymers. Sheets were prepared
by compression moulding at 160°C followed by either direct quenching
into cold water or slow cooling to 120°C followed by quenching into cold
water. Dumbbell samples with 2 cm gauge length were then drawn in air at
75°C in an Instron tensile testing machine at a cross-head speed of 10 cm/
min, the drawing continuing until failure occurred. As described above, the
draw ratio varied along the length of the extended sample with a region in
the centre where it reached a maximum constant value. Specimens were cut
from this region for measurement of Young’s modulus by a dead-loading
creep experiment. This was determined by the secant modulus calculated
from the 10 s isochronal stress strain curve at a strain of 107>.

The key results are shown in two figures. Figure 12.2 shows the draw
ratio (A) as a function of time of draw. Two features are especially noticeable.
First, for low molecular weight samples spectacularly high draw ratios were
observed, and the time of draw for these to be achieved differed markedly
for the two different initial thermal treatments. These results confirm the
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ideas presented above reporting the importance of molecular weight and
morphology on the deformation behaviour. Secondly, there is an overall effect
of molecular weight with the high draw ratios limited to the lower molecular
weight samples. These results had to be reviewed in the light of the choice
of a comparatively low draw temperature, and will be discussed later.

Figure 12.3 shows the Young’s modulus as a function of draw ratio, and
these results clearly confirm and extend the results of Andrews and Ward,
showing that to a very good approximation the modulus relates only to the
draw ratio, irrespective of the molecular weight and initial morphology of the
sample (although, of course, these affect the extent of draw). This conclusion
was novel at the time, but is now commonplace and well accepted.

The easiest drawing was shown by the slow-cooled low molecular weight
material and is attributed to the easier unfolding of a more regular lamellar
texture (similar to the comparatively easy draw of polymer single crystals
reflected by Porter and co-workers'®), the reduction in tie molecules between
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and slow-cooled (solid symbols) samples (Reproduced with kind
permission of John Wiley & Sons Inc.)
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lamellae due to the slower crystallization at low degrees of supercooling, and
the segregation of low molecular weight material (seen by the appearance
of a narrow line component in the NMR spectrum'”). This segregation of
low molecular weight material also leads to easier draw for the lower M,
materials as shown in Fig. 12.1.

The results presented in Fig. 12.2 are for a drawing at 75°C at a comparatively
slow strain rate (10 cm/min on 2 cm samples | 0.6 s™') and bring out very
clearly differences due to molecular weight. Further research showed that by
increasing the draw temperature higher molecular weight samples could be
drawn to high draw ratios'*. For example, a sample with M,, = 8 x 10’ can be
drawn to draw ratio 40. However, as shown in Fig. 12.4, above 120°C flow
drawing occurs where there is a reduction in cross-section but the molecular
network is not being extended effectively to produce strain-hardening and
increased modulus.

At this stage of the researches it was concluded that the drawing process
for high-modulus polyethylene related to the deformation of a molecular
network, as had been concluded for polyethylene terephthalate.'® The
importance of physical entanglements was emphasized by the limitation that
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12.4 Plots of maximum draw ratio attainable (O) vs. draw
temperature for high molecular weight (M,, = 8 x 10°) linear
polyethylene. The values of the corresponding room-temperature
moduli (A) for the different draw ratios are also shown (Reproduced
with kind permission of John Wiley & Sons Inc.)
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very high molecular weight polymers could not be drawn to high draw ratio.
The importance of morphology was seen to be important for low molecular
weight polymers so that the initial structures can be unravelled easily.

The Leeds research on high draw polyethylene was the subject of a patent
portfolio which was held by BTG and the technology was licensed first to
SNIA (Italy) and then to Hoechst Celanese (USA) with whom the Leeds
group collaborated (in addition to some preliminary development work
with ICI Fibres). The fibres were marketed under the trade names Tenfor
(SNIA) and Certran (Hoechst-Celanese) until Hoechst decided to focus on
pharmaceuticals. The guidelines for the practical processing in the two stage
melt spinning and hot drawing process can be summarized as follows:

1. The spun yarn morphology should follow the understanding described
above for compression moulded sheets. This involves identifying a
polyethylene homopolymer with the correct molecular weight distribution
and placing a heated shroud immediately below the spinneret to ensure
that the initial crystallization occurs at a low degree of supercooling. A
low spun yarn orientation is also essential.

2. Hot drawing is carried out in several stages to ensure adequate heat
transfer and enable successive drawing to take place at increasingly
higher temperatures.

12.2.2 Tensile creep behaviour

The tensile drawing research was consolidated and extended by subsequent
research on the tensile creep and recovery behaviour. It was very soon
appreciated that although very high moduli were being obtained, the drawn
materials showed very significant creep, even at ambient temperatures, so
that there were major limitations with regard to permanent load-bearing
applications. In a series of investigations Wilding and Ward'*->? explored
the effect of molecular weight, copolymer content and crosslinking on the
creep and recovery of drawn polyethylenes. An initial key observation
was that higher draw ratio materials showed reduced creep, and this was
a general rule for all compositions. The interpretation of the data was in
terms of spring and dashpot models and these were successful in providing
adequate descriptions of both creep and recovery and later stress relaxation
as well as giving a basis for some degree of physical understanding. In the
first instance the model shown in Fig. 12.5a describes the distinction seen
between recoverable creep for short-time loading and unloading (the Voigt
element) and non-recoverable creep (the Maxwell element) for longer-time
loading.

An important observation was that whereas the comparatively short-time
behaviour was linearly dependent on the stress (the Voigt element), the long-
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12.5 Mechanical models for creep and recovery (Reproduced with
kind permission of Elsevier Limited)

time permanent creep was not linearly dependent on the stress and could be
modelled by the Eyring equation for thermally activated processes, where
the creep rate & is given by

. AHN(
£, = £ (exp - k—T) (smh ]f—;) 12.1

for a stress o, where AH and v are the activation energy and the activation
volume respectively.

Wilding and Ward followed the methodology proposed by Sherby and
Dorn? of plotting creep rate (rather than creep strain) as a function of time
or strain. For different stress levels this gives a series of curves such as
shown in Fig. 12.6a, where for high stress the creep rate reaches a constant
value, which was termed the plateau creep rate, but for low stress the creep
rate falls steadily and within the measurement time no plateau strain rate is
observed. It proved instructive to plot the plateau strain rates as a function of
applied stress as shown in Fig. 12.6b. Such plots can be used for two major
purposes. First, the plateau creep rates fall very rapidly for decreasing stress
so that it is possible to define an applied stress level as a ‘critical stress’,
below which permanent deformation can be regarded as negligible. This has
been used for engineering applications such as geotextiles. Secondly, these
plots provide clear discrimination between different samples. For example,
as shown in Fig. 12.6(b) copolymers show better creep behaviour than
homopolymers. This observation led to the examination as to whether there
was a definitive link between the creep behaviour and tensile drawing, and
it was shown that the yield stress observed in a constant strain rate test was
equivalent to the creep rate in a constant applied stress experiment. This is
shown schematically in Figure 12.6(c). Creep and yield are found to be best
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12.6 (a) €, as a function of ¢, for low molecular weight (C, D, E) and
high molecular weight (A, B) samples of oriented linear polyethylene;
the lines are visual fits. Stress level: A, 0.2; B, 0.15; C, 0.2; D, 0.15;

E, 0.1 GPa (Reproduced with kind permission of Elsevier Limited). (b)
Log plateau strain rate versus stress for linear polyethylene (O) and
copolymers (A, () (Reproduced with kind permission of John wiley
& Sons Inc.). (c) Yield stress in constant strain rate test (A) compared
with plateau strain rate for different applied stress for oriented
polyethylene (©) (Reproduced with kind permission of Elsevier
Limited)
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described by the two-process model of Figure 12.5(b), where the plateau
creep rates relate to the deformation of two thermally activated processes
acting in parallel, exactly as proposed previously for yield behaviour by
Bauwens and others.?*%’

Detailed modelling showed that the two activated processes in Fig.
12.5(b) represented by 7, and 7, are very different in that the dashpot 7,
has a larger activation volume and a smaller pre-exponential factor &, than
the corresponding quantities for the dashpot 7,.

Detailed measurements for these high-modulus polyethylene materials,
carried out over a range of stresses and temperatures, showed that the
activation volume for the low activation value process 7, was in the range
of 100 A® and the activation energy of the order of 30 kcal/mol. The result
suggested that this key process involves slip in the crystalline regions and
has kinship with the a-relaxation process observed in dynamic mechanical
measurements. Any physical interpretation of the larger activation value process
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(1, is of the order of 500 A%) is much more tentative but it is interesting to
speculate that this relates to the molecular network acting in parallel with
the crystalline material in the structure. The idea is attractive because it has
been shown that this process makes a much greater relative contribution in
the creep behaviour for samples of higher molecular weights, for crosslinked
samples and for copolymers where the crystal slip process can be inhibited
by the presence of branch points. As might be expected, these differences
can also be identified in the tensile drawing behaviour.?®

It was shown that major improvements in the creep behaviour could be
obtained by use of electron or y-irradiation to give a significant degree of
crosslinking. Woods, Busfield and Ward?” showed that this was best achieved
by irradiation in an atmosphere of acetylene. The crosslinking mechanisms
were analysed in detail in a series of studies by Jones, Salmon, Ward and
coworkers.?® 32 It was shown by electron spin resonance and ultraviolet
spectroscopy measurements that irradiation in acetylene gave rise to the
formation of diene, triene and tetraene groups. It was proposed that polymer
bridges, mostly involving the diene groups, form crosslinks between radical
pairs.?’ Computer modelling of amorphous polyethylene chains showed
that this proposal of diene bridges is consistent with predicted radical pair
distances of about 5.6 A between adjacent polyethylene chains.

12.2.3 Fibre strength

Whereas for considerations of achieving high-modulus PE fibres it has
been appropriate to discuss the two processing routes for the melt-spun and
gel-spun fibres separately, it is more instructive with regard to fibre tensile
strength to consider both together.

It is well known for polymeric fibres that fibre strength can be related to
molecular weight, and that for both polymeric and inorganic fibres, such as
glass fibre, strength can also relate to fibre diameter. A key fundamental issue
is therefore how to distinguish between limitations in strength due to intrinsic
factors such as molecular weight and molecular orientation (more generally
morphology) and extrinsic factors such as flaws or fibre diameter.

It is convenient to discuss the effects of molecular weight, including results
for both melt-spun and gel-spun fibres. Following the seminal research of
Flory,® it is accepted that fibre tensile strength relates to the number average
molecular weight M, where the strength ¢ is given by

c=A_-25 12.2

n

Flory showed that this relationship implies that the tensile strength of a
blend of different molecular weight fractions relates to the weight average
summation of the strengths of the individual components.
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An important practical result is that the gel-spun fibres show very much
greater tensile strengths than the melt-spun fibres, with tensile strengths
reaching as great as 8 GPa, compared with maximum values in the range
1-2 GPa for melt-spun fibres. Smith, Lemstra and Pijpers®* made a key
comparison between melt-spun and drawn fibres, gel-spun and drawn fibres,
solid state extruded materials and surface growth fibres. To obtain equivalence
between the different processing methods, in each case the ratio of tensile
strength to modulus was determined. Although there could be some cases
such as solid-state extruded materials where the strength was limited by
flaws, it was important that no significant differences were seen between
melt-spun and gel-spun fibres when both routes were used for polymer of
identical moleculars weight. These researches together with other researches
by Smith and Lemstra® suggested strong molecular weight effects, but with
some reservations regarding M, or M,, as the key variable. In another study,
for melt-spun and drawn fibres Wu and Black™® concluded very firmly that
tensile strength related to M, with no positive effects attributable to M,, or
polydispersity.

Somewhat later studies by Ward and co-workers addressed these issues of
molecular weight dependence for melt-spun and drawn fibres.?”* The tensile
strength was measured at —55°C to ensure that in all cases brittle fracture
occurred with no element of ductility. Fibres were produced at fixed modulus
by drawing to fixed draw ratio to ensure that similar structures were obtained.
Measurements for draw ratios 15 and 20 are shown in Figs 12.7(a) and
12.7(b) to illustrate the dependence of tensile strength on the polydispersity
M, /M, for different values of M,,. It can be seen that the Flory equation
(12.2) above is confirmed to a good approximation. Next, by extrapolating
the data in Figs 12.7(a) and 12.7(b) to M/M, = 1, the theoretical strength
of monodisperse samples can be predicted, and this gave the relationship

o = KM 12.3

where K = 68 MPa for draw ratio 15 and 78 MPa for draw ratio 20.

Furthermore, it was then possible to follow Flory’s procedure of assuming
that a blend of different molecular weight fractions can be assumed to be
predicted by the weight average summation. Hallam er al.*® therefore used
the molecular weight distribution obtained by GPC to predict the tensile
strength for their melt-spun and drawn samples. The comparison between
these predictions and experimental results is shown in Fig. 12.8. It can be
seen that there is a reasonable correlation, which confirms the Flory equation
and also a theoretical model for the tensile strength of binary mixtures of
high and low molecular weight polyethylene proposed by Termonia, Greene
and Smith.”

So far it has been accepted that it is possible to relate fibre strength
to intrinsic factors, on the assumption of comparing samples of similar
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12.7 The dependence of -55°C tensile strength on molecular weight
ratio(M,,/M,), for a draw ratio (1) of (a) 15 and (b) 20. The symbols
indicate different M,, values: (®) 60000, (O) 100000, (C1) 222000,
() 330000. (a) draw ratio A = 15 (b) A = 20 (Reproduced with kind
permission of Springer Science and Business Media)
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values: (O) 1 = 15, (M) 1 = 20. (Reproduced with kind permission of
Springer Science and Business Media)
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processing in terms of draw ratio, hence the relevance of comparisons for
samples of identical modulus. Next, we consider the possible relevance of
extrinsic factors, notably fibre diameter and flaws.

Ward and coworkers*’ explored the use of Weibull analysis to determine
whether the strength of melt-spun and drawn fibres is determined by flaws,
and whether these are surface or volume flaws. For low draw ratio fibres,
Weibull plots of failure probability versus strength show a high Weibull
modulus, corresponding to a narrow distribution of strengths, which is
consistent with failure being determined by the intrinsic factors of molecular
weight and draw ratio. On the other hand, high-modulus melt-spun and
drawn fibres, especially for low molecular weight samples, showed a lower
value of the Weibull modulus in good agreement with that obtained from
plots of In(tensile strength) versus In(diameter) corresponding to a volume
distribution of flaws. Results for high molecular weight melt-spun and drawn
fibres were not so clear and hinted at the effects of surface flaws rather than
volume flaws. In one respect the results for these melt spun-fibres agreed
with those for the gel-spun fibres in confirming significant effects of fibre
diameter. The SNIA fibre process relied on low-diameter drawn filaments
to give adequate strengths, although these were still only in the range of 1.5
GPa.

Results presented by Smook et al.”" suggested that as the fibre diameter
in gel-spun and drawn samples is reduced from 120 pwm to 20 pm the tensile
strength is increased from 2 GPa to 4.5 GPa. Assuming the classic Griffith

l.4l
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12.9 Linear strength—diameter relationship observed for fully oriented
UHMW PE filaments (Reproduced with kind permission of Springer
Science and Business Media).
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relationship o o< 1/d""? this corresponded remarkably well with the data of
Smook et al. as shown in Fig. 12.9. It can be seen that extrapolation to zero
diameter gives a strength value of 26 GPa which was suggested to be close
to the theoretical estimate of 25 GPa based on the C—C bond strength.

Although the suggestion that the tensile strength of gel-spun fibre is
diameter-dependent agrees with the Weibull analysis of Amornsakchai er al.*’
on commercial gel-spun fibres, it is in conflict with the result of Bastiaansen.*
Bastiaansen compared the tensile strength of different diameter gel-spun fibres
at constant modulus, having established that for his samples the relationship
between tensile strength and modulus is the same for all samples, irrespective
of diameter. Smook ez al.,*' on the other hand, compared fibres of different
diameter in which the modulus increased as the diameter decreased. The
fibres of Smook et al., similar to those used by Bastiaansen, had a similar
modulus—tensile strength relationship to that shown by Smith ez al.** This
suggests that the increased strength of the lower diameter gel-spun fibres
can be attributed to their higher modulus and need not be due to their lower
diameter.

It can be concluded that mechanism of failure of gel-spun fibres may
not follow the flaw-induced mechanism of melt-spun fibres. This is an area
worthy of further study.

12.2.4 Dynamic mechanical behaviour and structure of
melt-spun and drawn fibres

Understanding of the structure of high-modulus melt-spun and drawn fibres
rests on a combination of structural data based primarily on wide-angle and
small-angle X-ray diffraction and electron microscopy, and dynamic mechanical
measurements. The mechanical measurements show very considerable
temperature dependence (Fig. 12.10) with two clear relaxation processes,
the o-relaxation ca. 105°C attributed to crystal slip (discussed above as the
principal mechanism for yield and high temperature creep) and the y-relaxation
conventionally associated with local internal rotations of the polymer chain.
At —200°C, the storage modulus is 160 GPa, approaching the value of 240
GPa predicted (and determined experimentally by X-ray measurements) for
the extended chain modulus of polyethylene. The first model proposed by
Barham and Arridge*’ to explain the very high modulus of these materials
proposed that the fibres were akin to a fibre-reinforced composite with long
needle-like crystals in a lower modulus matrix. This model gave a good
representation of the increasing modulus with increasing draw ratio in terms
of increasing the aspect ratio of the crystals, which were assumed to deform
affinely. However, later research by Gibson, Davies and Ward,** confirmed
by more recent work by Sadler and Barham,* led to an alternative model
which is more consistent with both structural and mechanical data.



368 Handbook of textile fibre structure

150

100 =

50

Dynamic modulus (GPa)

-200 -100 0 100
Temperature (°C)

12.10 (a) Dynamic modulus and (b) tan 6 plotted against temperature
for drawn LPE at indicated draw ratio (1) (Reproduced with kind
permission of Phil. Trans R. Soc. A).

Although the two-point SAXS pattern is still observed in these highly
drawn fibres even at the highest draw ratios, the average crystal length (the
longitudinal crystal thickness) determined from the integral breadth of the
WAXS 002 reflection and from dark field electron microscopy increases
from ~200 A to 500-600 A with increasing draw ratio.*® The long period,
determined from the SAXS pattern, remains approximately constant at
150-250 A depending on draw temperature. This result is consistent with
a structure where the alternating blocks of crystalline and amorphous
material, which are the essence of the Takayanagi and Peterlin models for
the structure of oriented crystalline polymers, become linked by crystalline
bridges as shown schematically in Fig. 12.11. This model forms the basis
for a simple Takayanagi model where the proportion of crystalline bridges
which gives continuity to the structure can be determined quantitatively from
a combination of WAXS and SAXS measurements on the assumption that
the formation of the bridges is a random process analogous to condensation
polymerization and defined by a parameter p which describes the probability
of a crystalline sequence traversing the intercrystalline region to link two
adjacent lamellae. This model can also be considered to generate a structure
akin to a fibre composite where the crystalline bridge sequences act as the
reinforcing fibres, but it has a different genesis from the Barham and Arridge
model in that drawing increases the proportion of the reinforcing fibres, not
just their aspect ratio.
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12.11 A schematic representation of the structure of the crystalline
phase of highly oriented linear polyethylene (Reproduced with kind
permission of Elsevier Limited)

12.2.5 Thermal properties

The thermal properties of the high-modulus melt-spun PE fibres provide
further insight into their structure and the underpinning studies of their
production. Capaccio and Ward*’ showed that the irreversible shrinkage
and the shrinkage forces observed at temperatures up to and including the
melting point are consistent with the stretching of a molecular network. On
heating above the melting point complete contraction was observed. This
continuity of structure through the drawing process is confirmed by neutron
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scattering results of Sadler and Barham® and by electron microscopy studies
of Bassett and coworkers*® on the Leeds-produced materials.

The thermal expansion behaviour of the compression-moulded and hot-drawn
samples is remarkable in showing very high negative thermal coefficients of
expansion. Orchard et al.*’ proposed that these arise because of the effects
of frozen-in material stresses due to the highly stretched molecular network
which will wish to retract at temperatures where there is sufficient internal
mobility. A simple model was able to correlate the negative thermal expansion
to the shrinkage stresses measured by Capaccio and Ward.

Finally, with regard to thermal properties, the large superheating effects
shown by the high draw ratio fibre and films are worthy of mention, and
were studied in some detail by Clements et al.’*>! These are attributed to
the conformational constraints on the amorphous regions and can lead to
melting temperatures as high as 145°C.

12.2.6 Commercialisation of melt-spun high-modulus
PE fibres

The commercialisation of the melt-spun route for PE fibres was started by SNIA
Fibres, Italy, after some initial involvement of ICI Fibres, Harrogate, UK. In
the early 1990s the SNIA production plant was transported to Charlotte, North
Carolina, and the fibres were subsequently marketed by Hoechst-Celanese
under the trade name Certran (renamed from the SNIA Tenfor). The tensile
properties were 40 GPa for modulus and 1.4 GPa for tensile strength and
the primary applications included safety belts, ropes, dental floss, fishing
nets, sail cloth, sewing thread and protective clothing.>?

In an attempt to expand the market for the Certran fibres, the Leeds
University group explored their potential for composite materials, initially by
considering the production of fibre/resin composites. It was found necessary
to develop plasma treatment of the fibres preferably in an oxygen atmosphere,
to improve the fibre—resin adhesion. This led to a series of researches by
Ladizesky, Ward and coworkers,>*~® showing that the plasma treatment led
to general oxidation and crosslinking of the fibre surfaces in addition to
extensive surface pitting which provided mechanical keying. Plasma treatment
has also been applied to self-spun fibres by other workers, including Hild
and Schwartz®” and Li and Netravali.®

Ladizesky and Ward®!*? found that epoxy and polyester resin composites
incorporating the Certran fibres showed high values of stiffness and strength,
together with excellent performance in Charpy impact tests. Hybrid composites
with glass or carbon fibres were also produced, and these showed some very
good combinations of mechanical properties, including damage tolerance
and in the case of glass fibres adequate compressive strengths.®?
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These studies of polyethylene fibre composites led to a new development
which has proved to be of both scientific interest and capable of commercial
exploitation. It was recognized that for some applications such as ballistics and
radome covers, it would be valuable to have very high fibre concentrations, in
the latter case 100% if possible. The Leeds group showed that it was possible
to produce 100% PE composites by a simple hot compaction process. An
array of fibres or tapes perhaps layers of fabric, is heated to a temperature
in the range of 137-140°C, which is just below the peak melting point of
the PE fibres. This produces a thin skin of melted polymer on the surface
of the fibres or tapes which on cooling recrystallizes epitaxially to form the
matrix of a self-reinforced fibre composite®*®* (Fig. 12.12).

With financial support from Hoechst-Celanese a small spin-off commercial
company, Vantage Polymers Ltd, was set up with the first author as Managing
Director. A continuous process for making hot compacted sheets was devised,
incorporating a double-belt press, and conditions were established for
postforming these sheets into a range of products from protective clothing to
loudspeaker cones. The commercial activities have focused on hot compacted
polypropylene, and full-scale commercial operations commenced within
BP Amoco (now Propex Fabrics GmbH), at Gronau, Germany, in 2000,
where there is a good fit with the production of woven polypropylene for
geotextiles and carpet backing. Hoechst-Celanese is no longer manufacturing

12.12 Morphology of hot compacted PE fibre sheet (Reproduced with
kind permission of Springer Science and Business Media)
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Table 12.1 A comparison of typical properties of compacted PET, PE and PP sheets

ASTM standard PET Polypropylene PE

text

Density (kg/m?3) 1400 910 970
Tensile modulus (GPa) D638M 5.82 5.06 28
Tensile strength (MPa) D638M 130 182 370
Heat deflection temperature

(1820 kPa) (°C) D648 108 102 132
Thermal expansion (x 10%/°C) D696 26.4 41 -1.5
Notched Izod strength

(20°C) (J/m) D256 2020 4760 1340

the Certran fibres, having decided to focus its commercial activities on
pharmaceuticals.

It is, however, of some interest to conclude this section with a table
(Table 12.1) comparing key properties of hot compacted sheets from PE,
PP and PET. Although PP shows the most outstanding impact performance,
PE has a very good balance of properties, and hot compacted PE sheets are
a contender for some commercial applications such as ballistics, radome
covers and medical imaging screens. Extensive reviews of the hot compaction
research have been presented elsewhere.5%%’

12.3 Fibres based on ultra-high-molecular weight
polyethylene

12.3.1 Solution(gel)-spinning

As discussed in the previous sections, the production of high-modulus
polyethylene fibres via melt-spinning followed by subsequent and optimized
drawing in the solid state, as pioneered by Ward et al., has a ‘natural’ limit
with respect to the molecular weight, notably the weight-average molar mass
M,,. The limiting factors are:

*  Melt-viscosity. The viscosity of polymer melts increases strongly with
increasing molar mass, in general the so-called zero-shear viscosity scaling
with M,,*#, and processing high molar mass polyethylenes via the melt
becomes increasingly difficult with increasing M,,. In fact, polyethylenes
with M,, > 10° g/mol, the so-called UHMW-PE grades (ultra-high
molecular weight polyethylenes), are considered to be intractable like
other high molar mass polymers, e.g. PTFE. Processing of UHMW-PE
is performed by compression-moulding and subsequent machining into
parts or via (slow) ram-extrusion processes into simple profiles.

e Limited drawability in the solid state. It was shown convincingly by
Ward et al., as discussed earlier in this chapter, that the drawability of
melt-crystallized polyethylenes decreases with increasing molar mass
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towards a limiting natural draw ratio of approximately 5 for UHMW-PE
grades. The limited draw ratio, accompanied by marked strain hardening
upon draw, makes UHMW-PE the most wear resistant polymer used in
demanding applications such as artificial hip-joints, i.e. UHMW-PE is
highly resistant to draw and, consequently, molecules cannot be aligned
in parallel or chain-extended as a result of tensile draw.

The processing limitations of intractable polymers, possessing either too
high a molar mass, limited thermal stability or too high a melting temperature,
can be overcome in practice by using solvents, i.e. solution-spinning rather
than melt-spinning, and is common practice in the production of fibres of
poly(vinyl alcohol), poly(acrylonitrile) and the aromatic polyamides Kevlar®
and Twaron®, to name a few examples. There were some early reports in
the 1960s by Zwick (see Zwick et al.%®) on solution-spinning of UHMW-
PE, but the intention at that time was shaping of UHMW-PE into fibres and
tapes; no attempt was made to pursue chain-extension which, in retrospect,
is quite remarkable, since the fact that an extended PE chain possesses an
E modulus close to 200 GPa had been known since Treloar’s seminal paper
of 1960.!

In fact, the development of oriented PE fibres via solution routes took
quite a tortuous path until finally, at the end of the 1970s, the so-called
solution(gel)-spinning route for producing high-strength and high-modulus
PE fibres possessing tenacity of 3—4 GPa and E modulus > 100 GPa was
discovered at DSM (see below).

The first observation of chain-extension of long polyethylene chains in
solutions was made by Mitsuhashi using a simple Couette apparatus in the
early 1960s. He reported the formation of fibrous ‘string-like’ polyethylene
structures upon stirring linear polyethylene in xylene. His findings remained
largely unnoticed because the results were published in a local Japanese
journal.®

In the 1960s, Pennings, van der Mark and Kiel”® performed experiments
to fractionate polyethylenes at the DSM central laboratories in Geleen, the
Netherlands, starting from UHMW-PE in dilute solutions. They observed
structures similar to those reported by Mitsuhashi but with much more
detail and they coined the term ‘shish-kebab’ morphologies (see Fig. 12.13)
characterized by a core of (partly) extended chain molecules on which lamellar
crystals precipitate (nucleate). In numerous parallel studies by Peterlin’! and
Keller and Odell,”* substantiated theoretically by Frank’* and de Gennes,”*
the development of shish-kebab structures in stirred dilute solutions of
UHMW-PE was understood. In an elongational flow field, e.g. in vortices
in the Couette apparatus, the individual chains will stretch out fully beyond
a critical strain rate £, and this critical strain rate &, depends on the molar
mass, scaling with M~'. Consequently, longer chains are more readily
extensible. In the case of stirring dilute supercooled solutions of UHMW-PE,
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12.13 Structure of ‘shish-kebab’, courtesy Dr Mary Hill, Bristol
University.

the high(er) molar mass tail will be extended and crystallize in supercooled
solutions, whereas the lower mass fraction will use the extended-chain core
as an (epitaxial) nucleus to form the so-called lamellar overgrowth. The
observation of shish-kebab structures has been an important step towards
understanding chain-extension in processing supercooled polymers, and
also in melt-processing of polyethylenes. However, the presence of lamellar
overgrowth is prohibitive for obtaining high-modulus fibres/tapes since
only a fraction (the ‘shish’) of the polymer is (more or less) extended. The
maximum £ modulus reported for consolidated ‘shish-kebab’ structures into
films was in the order of 25 GPa.

Pennings continued his work on UHMW-PE at the University of Groningen
in the early 1970s and his PhD student Arie Zwijnenburg made a remarkable
discovery.” In a Couette-type apparatus (see Fig. 12.14) a dilute supercooled
solution of UHMW-PE in xylene was stirred slowly and from the surface of
the inner rotor a fibrous, tape-like PE structure could be drawn continuously
by immersing a seed fibre to the surface of the inner rotor (polyethylene
or even cotton or nylon) and subsequently slow pulling. These withdrawn
fibrous PE structures possessed an £ modulus > 100 GPa and a tenacity of 3
GPa! This so-called surface growth technique had many disadvantages with
respect to homogeneity of the withdrawn PE ‘fibre’ and the very slow take-
up speed (with a lot of breakage) but it proved that UHMW-PE structures
could be made experimentally, possessing superior mechanical properties.

The mechanism of the surface-growth technique was not well understood at
that time but the explanation came later after the discovery of the solution(gel)-
spinning process of UHMW-PE at DSM laboratories in Geleen in 1979: see
Fig. 12.14.

Attempts have been made to scale up the surface-growth technique by
constructing larger rollers and multiple take-up points from the surface, but
these attempts did not materialize into a real process, mainly due to the
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12.14 The surface growth technique of Zwijnenburg/Pennings and the
rotor technique developed by Mackley.

very slow take-up speeds of the PE filaments in the order of centimetres per
minute. Mackley’® adopted the surface-growth technique for making tapes
using a continuous belt (see Fig. 12.14) around the rotor surface. In this way,
tapes could be produced possessing an £ modulus of approximately 60 GPa
at take-up/roll-off speeds of several metres per minute but this technique
also never materialized into an industrial process.

At the end of the 1970s, Smith and Lemstra conducted some solution-
spinning experiments at DSM Central Laboratories using UHMW-PE and a
simple piston to pump a dilute solution of UHMW-PE, typically 1% w.w. in
decalin, through an orifice of diameter approximately 1 mm. The extruded
filament was quenched into a water bath and a gel-like filament was obtained,
comprising only 1% of UHMW-PE polymer in 99% of solvent! Upon storage
of the as-spun/extruded gel-like filaments syneresis occurred as a result of
(further) crystallization, a well-known phenomenon in polymer gels. Stretching
these gel-like filaments at elevated temperatures, but below the dissolution
temperature, resulted in UHMW-PE fibres with properties similar to those
found by Zwijnenburg and Pennings using the surface-growth technique,
typically with £ modulus > 100 GPa and a tenacity of 3 GPa or more. It was
recognized immediately that the major advantage over the surface-growth
technique was the possibility of a continuous solution-spinning operation,
but the fact that the gel-like filaments were highly stretchable, with draw
ratios typically above 50, did not come as a surprise, since it was shown at
the same time by the Bristol group of Keller and coworkers that polymer
gels were ideal precursors to obtain highly oriented structures by subsequent
drawing of gels, albeit that UHMW-PE was not studied.”’ The large amount
of solvent was considered to act as a plasticizer during draw.
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The remarkable observation was, however, that even after complete removal
of solvent from the as-spun/extruded gel-filaments, e.g. by extracting the
solvent or just by simple evaporation of the solvent decalin, the as-spun/dried
UHMW-PE filaments were still ultra-drawable. In conclusion, the solvent
does not play a significant role in the drawing process but it does generate
a precursor which is highly drawable. Apparently, the constraints which
limit the drawability of melt-crystallized UHMW-PE in the solid state, as
observed by Ward and coworkers, can be removed by spinning or casting
from dilute solutions.

In subsequent studies,’® the influence of the initial polymer concentration
in solution on the drawability of the as-spun/extruded filaments was studied
systematically and it was found that the maximum attainable drawability, A,,«.
scales with the square root of the inverse of the initial polymer concentration

@ as:
lmzalx ~ <P70'5 12.4

From these experimental observations it was concluded that the constraints
which limit the drawability of UHMW-PE in the solid state are the trapped
entanglements which act as semi-permanent crosslinks upon draw. Upon
dissolution, the number of entanglements is reduced roughly proportionally to
the degree of dilution, i.e. the so-called molar mass between entanglements,
M., scales with (M), ~ (M.

The value of (M,) in the case of polyethylenes is typically 1200 g/mol as
derived from the plateau modulus. In a semi-dilute solution, e.g. 1% w/v,
the (M,) value is increased by a factor of approximately 100.

The maximum draw ratio of an individual random coil chain is given
by:

j’max ~ Lext/‘/<R2> 12.5

In equation 12.5, L. is the length of the fully extended chain and \/(R2>
the end-to-end distance of the random coil, in fact the root-mean-square
distance. Since L., scales with M and V(R?) with VM, the maximum draw
ratio scales with VM.

In the case of an entangled system where entanglements act as physical
crosslinks, A,,, scales with \/Me in analogy with crosslinked rubbers, and
consequently:

Aumax ~ VMl 12.6

This simple model of trapped entanglements governing the ultimate drawability
is a simplified model but explains many observations very well, such as:

e The dependence of the maximum draw ratio on the initial polymer
concentration in solution
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e  During slow crystallization from solutions and also melts, as shown by
Ward and coworkers, the drawability in the solid state is enhanced. This
observation demonstrates convincingly that it is not the morphology/
crystallinity that is important for the deformation behaviour in the solid
state but trapped entanglements, since during slow crystallization the
polymer chains are reeled in on the crystal surface, i.e. crystallization
is a disentangling process.

A simple model for the role of trapped entanglements is given in Fig.
12.15, showing the difference in the trapped entanglement density upon
crystallization from respectively (a) the polymer melt, (b) semi-dilute solutions
and (c) infinitely dilute solutions.

In this simplified model, one could conclude that in the case of dilute
solutions, no entanglements are trapped and there is, consequently, no coherence
between the individual single crystals, and one would expect no drawability.
This is, in fact, contradictory to classical experimental observations made
by Statton” that sedimented single-crystal mats can also be drawn rather
easily into oriented structures. Apparently, there are connections between
the individual single crystals which can transfer the applied load during
drawing. This will be explained below in Section 12.3.3.

Nowadays, solution(gel)-spinning of UHMW-PE is optimized and
commercialized, initially by DSM and its licensees Toyobo (Japan) and
Allied (now Honeywell) in the USA. The term solution(gel)-spinning is, in
fact, wrong, suggesting that gels are extruded rather than true solutions in the
thermodynamic sense. The gel-like filaments are formed after extruding the
solutions, upon cooling the as-spun filaments in air or in a quench bath.

Crystallized from:

G

sl

(a) Melt (b) Solution, ¢ > ¢* (c) Solution, ¢ < ¢*

12.15 Simple entanglement model explaining the difference in
entanglement-density upon crystallization from (a) the melt, (b)
semi-dilute solutions and (c) dilute solutions, below the overlap
concentration ¢*.
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Needless to say, extruding dilute solutions of UHMW-PE, in the order
of 1% w/v, is commercially not very attractive, in fact the whole process
becomes a solvent recovery plant rather than a fibre-producing operation. On
a laboratory scale, making homogeneous solutions of UHMW-PE is a tedious
process, due to extensive Weissenberg effects. On an industrial scale, twin-
screw co-rotating extruders are very efficient machines to make homogeneous
semi-dilute solutions of UHMW-PE and the relationship between drawability
vs. initial polymer concentration is still valid. In commercial operations the
aim is to have a high throughput of polymer, with UHMW-PE concentrations
typically of 10% or more, and to compensate for loss of drawability with
increasing concentration, multi-stage drawing is performed to obtain ultimate
chain alignment in the fibre up to the maximum drawing temperature of
155°C. Above this ultimate drawing temperature, PE transforms from an
orthorhombic crystal structure into the hexagonal phase. In the hexagonal
phase, the chains can rotate (rotator phase) and cannot sustain, as an ensemble,
any load.®

It is beyond the scope of this chapter to discuss details of the technology
and, moreover, most of the details are not in the public domain or are hidden
in the patent literature, but recent publications demonstrate that there is a
renewed interest in the formation of shish-kebab structures during spinning
semi-dilute solutions of UHMW-PE in order to maximize fibre properties, e.g.
the recent work of Toyobo R&D members Murase®! and Ohta in cooperation
with others from the University of Kyoto.®? It has to be noted that in this
case the formation of shish kebabs is studied during shear/extension in
semi-dilute solutions and not in dilute solutions as originally pioneered by
Pennings (see above). In the case of semi-dilute solutions, shear-induced phase
separation occurs according to the model proposed by Murase et al.®® and
the phase-separated micro-domains will form the ‘shish’. Upon controlling
the shish-kebab formation the Toyobo company claims to make PE fibres
with tenacities > 6 GPa.

DSM and its licensee Toyobo at the time of writing are by far the biggest
producers of high-performance PE fibres based on UHMW-PE , sold under
the trade name Dyneema®, but Chinese competitors are coming up, e.g.
Ningbo Dacheng. The total production volume of high-performance PE fibres
is approximately 10 000 tonnes per year but is expanding rapidly in areas
such as ropes and in ballistics (helmets, bullet-proof vests). The production
volume is relatively small compared with that of other high-performance fibres
such as the aramids and carbon fibres, but the profit margins are substantial,
especially in niche applications such as fishing lines and medical sutures.

PE fibres never made it in engineering composites due to their highly
anisotropic properties and pronounced creep. In fact, creep and the drawing
process to make PE fibres are rather similar, albeit at a different time—
temperature scale. In the process of ultra-drawing UHMW-PE into extended-
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chain structures, the drawing temperature is close to (but always below) the
melting temperature which has its maximum at 155°C. In this way, the original
folded-chain crystals are transformed finally into chain-extended structures.
During creep tests, the temperature is usually lower and the applied load is
adjusted to prevent premature breakage but chain slippage occurs similar to
the final stage of ultra-drawing. There is no lock-in mechanism in oriented
PE fibres despite many attempts to permanently crosslink the PE fibres
afterwards or to use copolymers to provide internal barriers for extensive
chain slippage. In this respect, UHMW-PE solution(gel)-spun fibres differ
from melt-spun PE fibres as discussed earlier in this chapter, the differences
probably being related to the high degree of crystallinity and less amorphous
parts in the fibre to induce crosslinks, e.g. by using acetylene as used by
Ward and coworkers (see above). Consequently, crosslinking of PE fibres,
after drawing, proved to be not successful whereas the use of copolymers,
e.g. by incorporating a small amount of propylene units in the UHMW-PE
chains, has the effect of lowering creep but also makes ultra-drawing more
difficult.3* As a rule of thumb one can state ‘easy draw = easy creep’. Despite
the problems with creep, UHMW-PE fibres are used as mooring ropes and
notably to anchor deep-sea oil rigs, replacing steel wires. The density of PE
is lower than that of water, whereas the heavy steel wires can break under
their own weight!

In ballistics, UHMW-PE fibres are superior in view of their high strength,
high E modulus and low density (close to but below 1000 kg/m?), resulting
in a high specific impact energy at a low strain-to-break (ca. 4%). The
first large-scale use of synthetic fibres in armour protection was of woven
nylon 6,6 (also called artificial silk) used in combination with steel plates to
produce the ‘flak jackets’ during World War II. Nylons also possess a high
impact energy, approximately the integral of the stress—strain curve, but due
to the low E modulus and the large strain-to-break, the so-called ‘trauma’
(the maximum deformation without perforation that is seen on the rear side
of the protective material) is too large. In this respect, the claim that spider
silk is superior in toughness (impact) might well be true, but due to its low
E modulus, similar to nylon fibres, the trauma is also prohibitive for any
protective application. The aromatic polyamides possess, due to their high
E modulus, a much better ballistic performance compared with the aliphatic
polyamides and the natural polyamide, viz. spider silk, but the specific impact
(performance by weight) is lower than for PE fibres in view of the rather
high density of the aromatic polyamides, ca. 1400 kg/m?>.

The open and patent literature is rather confusing with respect to proper
understanding and modelling of ballistic performance. The state-of-the-art is
the use of unidirectional (UD) cross-ply laminates. In this laminate, straight
fibres are laid in a 0°/90° fibre arrangement and an adhesive resin is used
as the matrix (glue). In a UD laminate the energy distribution along the
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fibres is fast and efficient because the fibres are completely straight without
cross-over points as in woven textiles. Whether PE tapes rather than fibres
could perform better in ballistics, in view of their better packing density, has
not yet been demonstrated convincingly. In this respect it has to be noted
that not only does energy dissipation on impact occur along the fibres, but
delamination of the fibre/matrix interfaces can also contribute significantly,
as demonstrated by nature in the design of shells.

12.3.2 Solvent-free processing routes for UHMW-PE

The main disadvantage of the solution(gel)-spinning route is the use of a
large amount of solvent in processing UHMW-PE, typically >90% of solvent
which is needed to obtain:

e spinnability (low viscosity to make fine-denier yarns), and
e the required disentangled state for high drawability.

Taking for granted that entanglements play a dominant role in ultra-drawing,
the ultimate question is: ‘can disentangled UHMW-PE (precursors) be
generated directly in the reactor, i.e. during polymerization?” UHMW-PE is
usually made in a polymerization reactor at relatively low temperatures (to
obtain a high molar mass) using supported Ziegler—Natta catalyst systems.

The structure and morphology of so-called virgin, i.e. as-polymerized
or nascent, crystallizable polymers has been a topic since the 1960s. Upon
polymerization in dilute and supercooled solutions, which is the case in the
synthesis of high molar mass polyethylenes (relatively low polymerization
temperatures), the growing polymer chain will tend to crystallize since it
experiences a ‘cold environment’, and depending on the number of active sites
on the surface of the catalyst and the local reaction temperature (which is not
necessarily the same as the overall temperature in the reactor), the individual
chain might crystallize before encountering neighbouring chains. Hence
the ideal situation could be reached, of obtaining completely disentangled
UHMW-PE reactor powders.

In a series of papers, Chanzy er al.®>8¢ describe how nascent UHMW-PE
powder consists partly of extended-chain crystals, based on a morphology
study (electron microscopy) and because of the high melting temperature, in
the order of 140—142°C. It was demonstrated by Smith er al.” that UHMW-
PE powders obtained by polymerizing ethylene at low temperature and
consolidated into films below the melting temperature could be ultra-drawn
into high-modulus tapes with £ modulus > 100 GPa, and these films are
ultra-drawable. This proves the concept that solvent-free routes to produce
oriented PE structures directly from UHMW-PE reactor powders are feasible
in principle.
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The exceptionally high melting temperature of UHMW-PE reactor powders,
in the order of 142-144°C, to be compared with 135°C for melt-crystallized
and solution-crystallized (UHMW) polyethylenes, was used as evidence that
during low temperature polymerizations the growing chains at the catalyst
surface crystallize as extended-chain crystals. In fact, these high melting
temperatures are close to the so-called equilibrium melting temperature 7,,°
of polyethylene which is reported to be 145.5°C (or even lower, 141.5°C,
depending on whom to believe) and has its parallel in similar high melting
points observed by Wunderlich ez al.®® for chain-extended PE crystals obtained
by high-pressure crystallization. Next to the observation of a high melting
point, the nascent UHMW-PE reactor powders do not show any long-range
order in SAXS investigations.

In conclusion, the combination of a high melting temperature and absence
of long-range order substantiate the assertion that the PE chains in nascent
(virgin) UHMW-PE reactor powders are (partly) chain-extended.

In later studies, Tervoort-Engelen and Lemstra® studied in more detail
the morphology of UHMW-PE reactor powders by electron-microscopy and
DSC. The conclusion was that UHMW-PE reactor powders consist of highly
meta-stable folded-chain crystals that are randomly present (which explains
why no SAXS long-range order can be detected) and that the high melting
point is not related to the original morphology but is the result of extensive
reorganization processes during heating (in a dynamic calorimeter). The
rationale is that the growing chains on the supported catalyst (Ziegler—Natta)
will form their own crystal, i.e. mono-molecular crystals, and consequently not
only the fold-length is in the order of 10 nm but also the lateral dimensions
are limited in size, giving rise to highly meta-stable crystals which are prone
to reorganize (thicken) during heating.

The melting point 7,, of folded-chain (lamellar) crystals is given by the
well-known Gibbs—Thomson equations:

Ty =T [1 - 20/(cpAH) — 20/(apAH) — 20/(bpAH)] 12.7

In equation 12.7, T, is the observed melting point, T, is the equilibrium
melting point, 0, is the surface energy of the fold plane, o is the lateral surface
free energy, and p is the density. The thickness of the crystal (fold-length) is
expressed by ¢, and a and b are the lateral sizes. Usually a and b >> ¢, and
consequently the last two terms in the parentheses can be ignored. However,
in the case of ‘monomolecular crystals’, a and b are in the order of the fold
length ¢ and give further rise to the meta-stability of the crystals.

The alternative view on reorganization of metastable UHMW-PE crystals
leading to a high (end) melting temperature could not be confirmed by
any microscopy experiment. The lamellar thickness of crystals in annealed
UHMW-PE powders never surpassed a value of 30 nm as shown by Kurelec
et al.*® upon annealing UHMW-PE reactor powders for hours close to the
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melting temperature. Extended-chain PE structures have never been observed
in as-received or annealed UHMW-PE powders. Microscopy studies (ESEM)
revealing fibrillar structures in UHMW-PE reactor powders are misleading
in this respect, because these fibrillar structures could well be the result of
handling the powders after polymerization (e.g. drying in fluid beds) or the
result of chain stretching during the growth of the individual reactor granule
(replication mechanism).

The problems related to morphologies induced by factors others than pure
competition between chain growth from the catalyst surface vs. crystallization
can be overcome by using homogeneous (post)-metallocene type catalysts,
e.g. a living catalyst. In this case a dissolved catalyst molecule initiates the
growth of the polymer chain in solution. Also homogeneous catalysts in
solution produce UHMW-PE powders possessing high melting temperatures,
in the order of 142—-145°C, and upon consolidation into films, obtained by
compression-moulding below the melting temperature, ultra-drawing resulted
in tapes with E modulus values up to 140 GPa.

In a detailed study, combining solid-state NMR, X-rays (WAXS and SAXS)
and (D)DSC, Rastogi and coworkers’' showed convincingly that the high
melting temperature of nascent UHMW-PE is the result of delayed (slow)
melting. Annealing at 135°C, the melting point for melt-crystallized and
solution-crystallized UHMW-PE for prolonged times resulted in progressive
and, at the end, complete melting of UHMW-PE reactor powders.

The ‘mystery’ connected to the high melting temperature of UHMW-
PE reactor powders seems to be solved by now and is explained by the
arrangement, i.e. the topology, of the long UHMW-PE molecule within the
folded-chain crystals. In the case of melt-crystallized UHMW-PE, the topology
of the chains in the crystal is not too far away from the conformation in the
melt, i.e. random coils. The crystallization process results in folded-chain
crystals containing loose loops and non-adjacent re-entry as had been shown
already by Fischer®? in 1979. Fischer showed that in melt-crystallized high
molecular weight polyethylenes, the chain conformation can be considered
to be close to a random coil, based on neutron-scattering experiments.

In the case of nascent UHMW-PE crystals, the loops are tight and adjacent
re-entry prevails as shown by solid-state NMR experiments. Melting upon
annealing occurs by cooperative detachment of chain stems from the crystal
(lateral) surfaces, which is a time-dependent (and time-consuming) process.
Upon fast heating, the melting temperature of nascent UHMW-PE crystals
is higher compared with melt-crystallized analogues, due to a larger gain in
entropy AS (T, = AH/AS).

In recent decades, numerous attempts have been made to utilize the concept
of nascent (virgin) UHMW-PE reactor powders for the production of high-
modulus films and tapes, notably by Porter, Kanamoto and coworkers.”
The outstanding issue is no longer the structure and morphology of nascent
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(virgin) UHMW-PE reactor powders, which is understood by now, but how
to obtain the optimum UHMW-PE reactor powders for consolidation into
films and subsequent ultra-drawing. In this respect it is interesting to note
that the first report on making high-modulus tapes based on nascent UHMW-
PE was a classical commercial UHMW-PE grade: Hercules Hifax 1900.
Apparently this classical UHMW-PE grade already possessed the favourable
characteristics needed for solid-state ultra-drawability.

Nowadays, a multitude of techniques are available to optimize the catalysis
and chemistry towards the optimum structure/morphology of nascent UHMW-
PE reactor powders. A direct approach is to use modern homogeneous (post)
metallocene catalysts, e.g. Mitsui-FI catalyst, to produce UHMW-PE at low
temperatures. These catalysts are to some extent ‘living” and the molar mass
distribution is rather narrow compared with the classical Ziegler—Natta type
catalysts that are used in industry. The main disadvantages are the expense
of these living homogeneous catalyst systems (1 mole of catalyst produces
1 mole of PE, albeit that, using hydrogen, multiple chains can be made by
one catalyst molecule) and notably the occurrence of reactor fouling. The
growing PE chains in the supercooled solutions will crystallize but the process
of crystallization involves at first a nucleation step. Homogeneous nucleation
is rare in polymer systems and, consequently, the long PE chains nucleate on
‘hot’ surfaces such as the stirrer and reactor walls, the intrinsic disadvantage
of a polymerization process initiated by a homogeneous catalyst. Reactor
fouling can be overcome by selecting solvents which promote homogeneous
nucleation but this leaves another problem, the bulk-density of the generated
UHMW-PE reactor powders.

Ideally one produces disentangled UHMW-PE reactor powders on a
supported catalyst to generate powder particles which can be handled in an
industrial operation (free flowing, high bulk density, etc.). Homogeneous
catalyst can be impregnated into a porous support but the danger is that
the active chains are in too close proximity and, hence, the growing chains
become entangled before crystallization.

At the time of writing, companies operating in the field of UHMW-PE, e.g.
Mitsui, Ticona and DSM, are optimizing catalyst systems and polymerization
procedures to generate the optimum precursors for solid-state processing into
high-modulus products (tapes, films). Not much literature is yet available,
neither in the open nor in the patent literature. Kanamoto and coworkers’*
also showed that even with an active Ziegler—Natta heterogeneous catalyst,
UHMW-PE reactor powders could be made showing favourable drawing
characteristics, albeit that the ethylene (monomer) pressure had to be reduced
during polymerization, indicating that the polymerization rate has to be slow
to prevent premature entangling.

In conclusion, solid-state processing of UHMW-PE reactor powders with
an optimum structure/morphology to enhance subsequent drawability into
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chain-extended high-modulus structures could well be an option in the (near)
future as an alternative route for the solution(gel)-spinning process. However,
there are intrinsic disadvantages such as handling polymer powder particles
(flow, uniform distribution, etc.) and solid-state processing below 7, using
expensive devices such as a belt-press to consolidate the reactor powders
into coherent films. Last but not least, tapes are produced which possess a
similar £ modulus compared with PE fibres based on UHMW-PE. Whether
tapes based on UHMW-PE perform better in ballistics has still to be seen.
The strength is lower but the packing density of tapes in UD-laminates is
favourable compared with fibres (see Fig. 12.16).

12.3.3 On the borderline between solid and melt

In the previous two sections, the emphasis was on how to get disentangled
UHMW-PE structures as precursors for subsequent ultra-drawing. Using
a solvent (solution-spinning) is a straightforward method and solid-state
processing, using optimum polymerization conditions, is a more sophisticated
approach.

The next question to be addressed is ‘what happens if (completely)
disentangled UHMW-PE is heated into the melt?’ Is it possible to generate
an initially disentangled UHMW-PE melt possessing a lower viscosity
(due to lack of entanglements) which is favourable for both processing and
subsequent drawing?

This question was already being addressed at the start of the solution(gel)-
spinning process in the early 1980s and expectations were running high, since
it was expected that disentangled long chains need a relatively long time to
become (completely) entangled again. The reptation concept of de Gennes,
i.e. that chains follow their own contour length with a characteristic reptation
or disengagement time scaling with M°, substantiates a novel approach to
processing UHMW-PE starting from disentangled UHMW-PE. Based on
available self-diffusion coefficients measured with neutron-scattering on
deuterated PE samples, one can calculate that for very high molar mass PE,
the time it takes for re-entangling can be from a few minutes up to several
hours.

All attempts in the 1980s and 1990s to utilize disentangled UHMW-PE
precursors for melt-processing failed.”” In fact, based on extensive rheological
experiments, measuring the characteristic rheological values (G’, G”) upon

12.16 Packing density in UD laminates, tapes vs. fibres.
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heating of solution-cast or nascent UHMW-PE powders into the melt, no
memory effect was observed at all. Heating melt-crystallized, solution-cast
or compacted UHMW-PE powders (films) from the solid state into the melt
showed that several very different samples all possess the same (high) melt-
viscosity and the modulus in the melt (G”) was ca. 2 MPa, giving a value for
(M,) of ca. 1200 g/mol. Upon cooling from the melt, i.e. recrystallization,
the favourable drawing characteristics are lost!

Apparently, our notion of chain entanglements (interhooked chains) needs
some revision. It is clear that any absence of a memory effect, reflecting
the original disentangled state, can disappear in a very short timescale, at
least in the time which is needed to thermally equilibrate the sample in the
rheometer, suggesting that complete entangling has occurred. It has to be
taken into account that during melting, especially melting of nascent crystals
(low entropy), there is an entropy gain on melting, in fact the (adjacent)
long-chain molecules change from a compact conformation into a random
coil conformation. This process is very fast and has been referred to as
chain-explosion in the literature, based on neutron-scattering experiments by
Barham and Sadler®® and explained theoretically by de Gennes.®’ Nevertheless,
a fast interpenetration of individual chains does not necessarily imply full
entangling. In the meantime various ‘romantic’ models have been proposed
for chain entanglements.”®

In order to dwell upon future possibilities with respect to processing
UHMW-PE on the ‘borderline between solid and melt’, one has to focus
on the fate of an individual molecule rather than on an ensemble of chains.
The chain dynamics of individual chains can be probed to some extent,
combining various techniques such as solid-state NMR, neutron-scattering,
laser-Raman spectroscopy and microscopy.

Chain mobility below the melting temperature

It has been shown by Rastogi er al.” that stacked lamellar crystals, obtained

by careful sedimentation from dilute solutions, can double their thickness
upon annealing below the melting temperature. This intriguing phenomenon
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12.17 Sliding diffusion resulting in lamellar doubling.
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is explained by sliding diffusion of molecular stems penetrating surrounding
crystals: see Fig. 12.17.

The important observation is that these ‘doubled lamellar crystals’
still possess ultra-drawability, which is understandable in view of a
simple entanglement model since in the process of doubling no additional
entanglements are created as a result of sliding diffusion (see Fig. 12.17).
The phenomenon of lamellar doubling might well explain the classical
experiments of Statton on the drawing of single-crystal mats (see above).
Sliding diffusion, i.e. interpenetration of molecular stems, provides cohesion
between the individual lamellar crystals, enabling the stress to be transmitted
upon draw.

Chain mobility upon slow melting

Upon heating above the melting point and subsequent recrystallization, the
drawability is lost as discussed above (chain explosion), but it was shown
recently by Lippits'® that upon (very) slow and controlled heating of UHMW-
PE reactor powder, the G modulus of the resulting melt remained at a much
lower level than upon fast heating. Rastogi er al.'’! attributed this low(er)
melt-viscosity to a so-called ‘heterogeneous’ melt in which the molecules
are partly entangled, from both ends, and partly remain disentangled, the
central part of the molecule being related to slow melting from the lateral
surface of mono-molecular crystals. Upon cooling, i.e. recrystallization,
the drawability in the solid state remained substantially higher than upon
crystallization.

In theory, a novel route could be envisaged based on the following
steps:

1. Polymerizing disentangled UHMW-PE, nascent powder.
Slowly heating into the ‘non-equilibrium’ melt and shaping into a fibre
or tape in the molten state.

3. Optimized drawing (multi-stage) into high-modulus structures (chain-
extension) in the semi-solid state.

This proposed route, however, is of academic interest for the moment,
since the controlled slow heating (0.25°C/min) and melting step has to be
controlled precisely to avoid overheating and premature ‘chain explosion’
and subsequent loss of drawability upon recrystallization.

Nevertheless, the experiments attempting to follow the dynamics of
individual chains upon annealing below the melting temperature and/or on
passing slowly through the melting regime provide a stimulus to addressing
the individual chain during processing and drawing rather than an ensemble
of many chains. Up to now, the basic concept was to disentangle an ensemble
of chains via dissolution or to prevent premature entangling by controlled
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low temperature polymerization, i.e. the disentangled nascent UHMW-PE
powder. In subsequent processing steps, drawing and/or compacting/drawing,
care is taken to prevent re-entangling.

Focusing on an individual chain, in particular very long chains such as
we are dealing with in the case of UHMW-PE, the first question is ‘why can
UHMW-PE crystallize so fast?” The current answer is that upon crystallization
the reeling-in of an individual chain can be relatively fast. Reeling-in of
long chains on the crystal surface implies reeling out from the entangled
melt at relatively high speed. Another way of reeling out long PE chains
is in contact with a (metal) surface as encountered during extrusion. One
of the authors (PJL) observed already some 20 years ago that UHMW-PE
powder can be extruded into seemingly homogeneous strands in a narrow
temperature region, i.e. 150-155°C: see Fig. 12.18. Increasing the extrusion
temperature resulted in extensive melt-fracture.

At the time of this observation, the explanation for this peculiar phenomenon
was that in the narrow temperature window, around 150°C, UHMW-PE
entered into the semi-solid hexagonal phase, but that could not be proved
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12.18 Extrusion of UHMW PE (1) below the melting point, (2)
between 145 and 155°C and (3) above 155°C.
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experimentally. It is more likely that on the interface between UHMW-PE
and the metal surface of the extruder barrel, individual chains are reeled
out, providing an orientation layer facilitating flow. Time will show whether
addressing long-chain molecules individually, e.g. extruding UHMW-PE
powders in a specific temperature window followed by multi-stage drawing,
will result in the ultimate solvent-free processing route for UHMW-PE fibres
and tapes.
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Structure and properties of aramid fibres

S VAN DER ZWAAG, Technical University Delft,
The Netherlands

Abstract: This chapter describes the concepts behind poly(p-phenylene
terephthalamide) aramid fibres and the technological translations of the
concept into commercially attractive high performance fibres. The fibres
are characterised by a unique microstructure determined by the chemistry
of the polymer and the properties of the spindope as well as the spinning
and further processing conditions. The correlation between the nature of
the molecule as well as the microstructure and some principal mechanical
properties are explained.

Key words: aramid fibres, fibre spinning, microstructure, modulus, strength.

13.1 Introduction

When designing high-modulus, high-strength polymeric fibres the challenge
is relatively straightforward: the molecules should be as slender as possible
without bulky side groups, the molecules should have a sufficiently high number
of intermolecular interactions per single monomer unit, and the molecules
should be aligned to a high degree of perfection along the fibre axis, preferably
without chain entanglements or other local distortions. To reach this aim
basically two routes are available: either starting with long flexible molecules
and designing a spinning process in which the unavoidable entanglements
and other regions of molecular disorder are removed by a carefully controlled
drawing process (see Chapter 12: UHMW PE fibres), or starting with shorter
‘rigid rod’ molecules and making use of their natural high packing density and
high degree of local molecular orientation characteristic of liquid crystalline
solutions (this chapter, Chapters 14, 16 and Chapter 5 of Handbook of
Textile Fibre Structure, Volume II). Depending on the nature and strength of
the intermolecular bonds, sufficient molecular mobility to macroscopically
orient the molecules in the desired direction may be obtained by raising the
temperature or by using a solvent in which to dissolve the molecules.

The poly(p-phenylene terephthalamide) PpPTA aramid fibres to be described
in more detail in this chapter are based on an aromatic, rigid rod molecule
with the ability to form two lateral hydrogen bonds per monomer unit. They
are an excellent example of the latter approach to designing high-modulus,
high-strength polymeric fibres. Due to the aromatic amide structure and
the high degree of lateral bonding, not only a high strength but also a good
chemical resistance and an excellent thermal stability can be expected. In
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this chapter, some details of the actual aramid fibre production process are
described, while linking each process step to the intended microstructure and
linking the microstructure realised to the final (mechanical) properties.

13.2 Chemistry of aramid fibres

The poly(p-phenylene terephthalamide) PpPTA molecule is synthesised
from two readily available monomers, 1,4-phenylenediamine (PPD) and
terephthaloyl dichloride (TDC), using a complex solvent consisting of NMP
(N-methyl pyrrolidone) and CaCl,. The development of this polymerisation
process and some of its less attractive alternatives have been described in
[Vol89]. The polymerisation is shown schematically in Fig. 13.1.

Since the polymer is synthesised via a polycondensation route, the degree
of polymerisation is relatively low and special attention should be taken to
ensure a sufficient degree of polymerisation. For industrially produced PpPTA
the number-averaged molecular weight is just below 20 000, corresponding
to a degree of polymerisation of around 80 and a chain length of 110 nm.
Polydispersity of the molecule varies between 2 and 3 depending on the
stirring rate during polymerisation, the temperature and the purity of the
starting materials. For PpPTA in concentrated sulphuric acid the intrinsic
viscosity 7 correlates with the weight average molecular weight M., as [Sch
76]

n=79x10°M,  (for M, > 12000)
n=28x107 M,  (for M,, < 12000)

For good fibre properties the inherent viscosity should exceed a value of 4
dL/g. After polymerisation the polymer is washed, dried and crushed leading
to a fine yellow granular material.

13.3 Relationship between spinning conditions and
resulting microstructure

Given the rigid rod nature of the polymer and the strong intermolecular
bonds between the molecules, the polymer has a very high melting point,

0o
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13.1 Schematic diagram of the polymerisation of PpPTA from its
monomers TDC and PPD.
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even beyond its decomposition temperature. This clearly prohibits thermally
induced molecular mobility as the route to aligning the molecules along a
fibre and therefore excludes melt spinning processes for the production of
aramid fibres. Hence solvent-based spinning is the natural route for making
aramid fibres.

The number of solvents available to dissolve PpPTA to significant levels is
limited, with sulphuric acid at concentrations >99.5% being the most widely
used because of its low price and high maximum solubility for PpPTA. The
viscosity plot of the PpPTA-H,SO, mixtures as a function of the polymer
concentration shows two domains (Fig. 13.2).

There is a low concentration region of up to 10% where the viscosity
increases more or less linearly with polymer concentration. It is followed by
a second region between 13 and 20 wt% in which the viscosity is relatively
low and more or less constant. In the first concentration regime the solution is
in an isotropic state, i.e. the aramid molecules have no molecular orientation
correlation, while in the second concentration regime the solution is in a
liquid crystalline nematic state, i.e. the aramid molecules have a high local
axial orientation correlation but no positional correlation. At a concentration
of about 20 wt% and a temperature of 80°C the solution has reached its
maximum solubility while being in a more or less stable liquid state. At
higher temperatures the spindope is unstable and polymer degradation occurs
rapidly. To minimise the amount of sulphuric acid handling, the polymer
concentration in the spindope is kept as high as possible while staying clear
of the solubility limit, as undissolved particles have a very detrimental effect

I-N transition

Viscosity (a.u.)

Isotropic Nematic Solid

1 1 1 1
0 5 10 15 20 25
Polymer concentration in spindope (wt%)

13.2 Viscosity of PpPTA-sulphuric acid solutions versus polymer
concentration (schematic).
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on both the spinline stability and the final fibre properties. Of course, the use
of such an aggressive solvent puts severe demands on the material selection
for all principal spinline units, such as storage tanks, tubing, extruders,
metering pumps, filters, spinnerets and washing units, but also on all metallic
structures and products in the vicinity of the spinning line.

Having defined the desired spindope composition, the remainder of the
spinning process itself can now be designed. To produce thin filaments it
is necessary to extrude the spindope via a spinneret into a large number
of parallel jets (typically of the order of 1000) which are then brought
into contact with a coagulation bath which removes the solvent from the
spindope, leaving behind a filament with a low residual acid concentration
ready for washing, neutralisation, drying and additional processing. Two
fibre spinning processes for spinning solvent based polymeric systems exist:
the classical wet spinning process (Fig. 13.3a) as used very successfully in
cellulose fibre spinning, and the dry—wet spinning process (Fig. 13.3b).

For aramid fibre spinning only the dry—wet spinning process is employed.
In this process the thermal conditions for optimal spindope flow and spindope
coagulation can be easily decoupled. For good flow behaviour the spindope
should be at a modest temperature of about 80°C while for good coagulation
conditions a bath temperature of less than 10°C is required. In addition, the
ability to stretch the extruded spindope in the air gap can be used to increase
the average molecular orientation beyond the flow alignment induced in the
spinneret channel [Pic92]. There is an interesting transition in deformation

Spinline
\ / Drying and
winding
Coagulation Washing and neutralising
(a)
Spinline

1 7 @

Coagulation Washing and neutralising
(b)

13.3 Wet spinning processes: (a) classical wet spinning, (b) dry-wet
spinning process.
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behaviour for the spindope in its passage through the spinneret channel and
the air gap. While the deformation in the spinneret channel is primarily
of a shear nature, the deformation in the air gap is of a purely extensional
nature.

The key fibre formation process occurs in the coagulation bath where the
highly aligned and tensioned sulphuric acid jet of spindope is brought into
contact with a non-solvent. The precise state of the spindope, be it liquid
or solidified, when entering the coagulation bath is not known, just as the
precise nature of the steps taking place during the coagulation process are
barely understood. Work by Gardner et al. [Gar83] and others [Xu84, Iov82]
has shown that for the polymer concentrations used in the spindope the
nematic liquid crystalline solution forms ordered solvate crystals at lower
temperatures. The solvate crystals are made up of hydrogen-bonded sheets
consisting of polymer chains alternating with sulphuric acid molecules. As
pointed out by Northolt [Nor 90] the XRD data for these polymer solvate
crystals show surprisingly sharp reflections even sharper than that of the
oriented nematic solution, suggesting that the solvate crystals are rather
large and free of defects. It is not clear whether the short residence time in
the air gap, of the order of only 100 us, is sufficient to form these crystals
even for the highly aligned and tensioned condition prevailing. Nevertheless,
the observation might be interpreted as the spindope striving towards a high
degree of molecular perfection prior to coagulation.

During the coagulation the sulphuric acid is removed from the polymer
solvate crystals and the PpPTA crystal structure is formed. It should be
stressed that during this process 80 wt% of the spindope is removed,
leading to large lateral mass fluxes and accompanying lateral shrinkage of
the filaments. This lateral shrinkage of the filament due to the removal of
the sulphuric acid is the principal reason why good quality aramid filament
can only be spun up to a diameter of about 13 um. For filaments with a
larger diameter most often a hollow core is formed, which is detrimental
for strength. The hollow core will also trap sulphuric acid residues which
are even more detrimental for the filament stability and filament lifetime
under stress. The preferred orientation of the hydrogen bonds in the PpPTA
crystal with respect to the polymer solvate —coagulant interface depends on
the nature of the coagulant [Har79a, Har79b, Zwa09]. The aramid filament
gathers significant strength during the early stages of the coagulation process,
which makes fibre handling relatively easy and allows spinning at higher
speeds even when the hydrostatic interaction between the quasi-stationary
coagulation bath and the moving filaments leads to non-insignificant stress
levels.

At the next step in the spinning process the remaining sulphuric acid
within and between the filaments is removed by a succession of washing
steps and a final neutralisation step. During this stage of the process probably
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no further major microstructure development takes place and the principal
processes are probably the removal of sulphuric acid from regions with
an increased sulphuric acid level due to statistical fluctuations in the local
packing density. It may not be excluded that the micro or sub-micro voids
observed in aramid filaments are related to such trapped regions of sulphuric
acid.

The final stage of the spinning process is an on-line drying stage to remove
the absorbed and adhering water. During this drying process a light or modest
tension is applied but no significant stretching takes place, highlighting
again that the crucial fibre microstructure formation takes place during the
coagulation stage. Before winding the fibre bundles on a bobbin, a spin finish
is applied to give the yarn the proper handling characteristics as well as other
characteristics deemed desirable for the final application [Lan07]. The final
product is a bundle of smooth filaments of a circular cross-section and a
characteristic semi-shining yellow colour, which is caused by conjugation
through the amide bond [Yan91].

As is to be expected, the PpPTA fibres show a high degree of para-
crystallinity with no signs of an amorphous phase. The crystal structure of
PpPTA spun from high polymer concentrations was found to be monoclinic
with pseudo-orthorhombic symmetry and two chains per unit cell [Nor73]
as shown in Fig. 13.4.

Along the direction of the c-axis the atoms are bonded by covalent bonds;
along the b-axis the molecules are bonded by hydrogen bonds (two hydrogen
bonds over the length of a unit cell) while along the a-axis the van der Waals
interactions are responsible for the strong lateral interaction, which is important
for the final mechanical properties. The differences in bond type lead to large
anisotropies in some of the physical properties, such as optical refractive
index, elastic modulus, and thermal expansion coefficient [Iye03]).

Such a difference in axial and lateral physical properties is typical for
oriented polymers but the aramid fibres are remarkable for their difference in
the bond strength in the radial and tangential directions. The development of
the M5 fibre based on the related PIPD molecule was led by the notion that
a higher lateral homogeneity at the crystal level would be advantageous for
a number of properties, in particular the compressive properties [Lam98].

Surprisingly, PpPTA spun from isotropic spinning solutions yields a slightly
different crystal structure [Har79a, Har79b] with the hydrogen-bonded plane
through the centre of the unit cell. This difference could not be related to
known differences in the structure of the solvate crystals.

Based on TEM, XRD and SEM microstructural studies, the aramid fibre
seems to be composed of a parallel array of fibrils of about 60 nm diameter
[Nor80]. Each fibril consists of a series of crystallites arranged end-to-end,
and polymer molecules can form part of more than one crystallite (see Fig.
13.5).
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13.4 PpPTA crystal structure.

13.5 Schematic diagram of the proposed microfibrillar structure.

This model reflects the local misorientation angle distribution of the
molecular axis along the filament length determined by XRD. Later
modifications refined the original featureless model and added a distinct
fibril diameter and a skin—core fibril size difference [Mor83] or oriented
tie-molecules linking neighbouring fibrils [Pan83].
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TEM and optical examination in transmission using crossed polarisers
also revealed that the axial orientation angle does not vary randomly within
the misorientation distribution function as assumed in the structure model
illustrated in Fig. 13.5, but shows a well-defined periodicity resulting in a
so-called pleated sheet structure [Dob77]. There is good evidence that the
pleated sheet consists of parallel oriented crystals which are oriented such
that the b-axis, i.e. the axis parallel to the intermolecular hydrogen bonds,
is perpendicular to the fibre surface. The angle between the two planar
surfaces of the pleated sheet structure is about 170°, i.e. each pleat has a
misorientation angle of about 5-7° to the filament axis, and this misorientation
angle also applies to the crystallites forming the pleated sheet. The pleat
spacing is surprisingly constant and is always of the order of 250—400 nm. A
typical high magnification optical image of an aramid fibre between crossed
polarisers is shown in Fig. 13.6, where the dark lines perpendicular to the
filament axis mark the positions at which the average molecular orientation
is fully aligned with the filament axis.

Although the schematic diagram for the pleated sheet structure as proposed
by Dobb (Fig. 13.7) has been widely accepted, it is not quite consistent
with the fact that for good quality aramid fibres generally no disruption of
the pleated sheet structure in the core of the filament is observed, which
necessarily would follow from geometrical arguments based on the proposed
model.

The precise physical origin of the pleated sheet has not been established
unambiguously since the pleated sheet periodicity is not easy to vary by
changing the spinning conditions. Horio et al. [Hor85] observed a significant

A A

13.6 Optical micrograph of an aramid filament between crossed
polarisers (aligned parallel and perpendicular to the filament axis).
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13.7 Schematic diagram for the pleated sheet structure as proposed
by Dobb [Dob77].

increase in the pleated sheet length when raising the sulphuric acid concentration
to 60% in the coagulation bath. They suggested that the pleated sheet is the
result of a recoil process of the extruded spindope entering the static surface
of the coagulation bath and that the periodicity of the pleated sheet depends
on the coagulation rate. However, other experiments linking the pleated
sheet spacing and the stress state in the top of the coagulation bath did not
confirm this hypothesis.

Finally, it should be pointed out that a similar pleated sheet morphology
has recently been observed in electrospun fibres of quasi-linear platinum
compounds [Fon06], but this observation sheds no further light on the origin
of the pleated sheet structure.

The radial texture of the crystallites in aramids can be measured using
TEM diffraction experiments on thin-fibre cross-sections but can also be
determined from retardation profiles through the diameter of a whole filament
using optical interference microscopy [War83]. By varying the refractive index
of the immersion oil and studying the changes in the retardation profile, the
lateral and tangential refractive indices can be measured relatively easily. In
Fig. 13.8 the optical retardation pattern in a regular aramid fibre is shown.

The degree of radial texture depends on the solubility parameter of the
coagulation medium and can be tuned from an isotropic (i.e. no lateral
texture) to a well-developed radial texture when spinning in water ( Anyy,
= 0.045). It should be pointed out that for a given spindope this change in
lateral texture does not lead to a change in tensile strength provided filaments
without obvious spinning defects in the microstructure are obtained. Earlier
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13.8 Optical retardation profile for light polarised perpendicular to
the filament axis using an interference contrast microscope.

claims in the original DuPont patents based on a comparison of fibres spun
from spindopes with different polymer concentrations incorrectly claimed
that such a relation between lateral texture and tensile strength exists.

The resulting aramid fibre is a very smooth yellow fibre with a high relative
density and hence a low internal porosity, which adds to its chemical stability.
The PpPTA fibre microstructure retains its characteristics upon heating,
either with or without an imposed tensile stress, but as is to be expected the
crystal perfection, dimensions and orientation increase upon thermal loading.
This compaction of the microstructure and removal of imperfections in the
local molecular packing lead to changes in the physical parameters such as
modulus, refractive indices, density and CTE as well as moisture content. A
detailed report on the changes in structure and properties as a function of the
post-treatment conditions has been presented by Rao et al. [Rao01]. In their
paper they also presented hydrostatic compression at elevated temperatures
as an alternative method to improve the molecular order in as-spun fibres.

13.4 Relationship between microstructure and
resulting properties
The first quantitative model to link the mechanical properties of aramid

fibres to their physical microstructure is that of Northolt [Nor80], in which
the aramid fibre structure is regarded as an end-to-end arrangement of



404 Handbook of textile fibre structure

crystallites oriented at a small angle ¢ with respect to the filament axis, as
indicated in Fig. 13.5.

Upon straining the arrangement two principal deformation mechanisms
take place: the crystals are stretched along their principal axis, leading to an
elongational extension, and the crystals are sheared to reduce the misalignment
with the loading direction, leading to a shearing deformation. The coupled
interaction of both deformation modes leads to the following equations for
the elastic compliance, S, of the aramid fibre, and the elastic strain, €, as a
function of the imposed stress, which both resemble their counterparts for
the elastic loading of unidirectional composites:

S = 1/E = 1/e, + (sin’ ¢) /2g 13.1
€ = ale, + 0.5 (sin® ¢) [1 — exp (—-0/g)] 13.2

where § is the elastic compliance, E is Young’s modulus, e, is the chain
modulus (200-230 GPa), {sin® ¢) is the average molecular misorientation
and g is the average shear modulus of the crystallite for a shear deformation
parallel to the c-axis of the crystallite (2.0 GPa). It should be pointed out
that the above equation holds both for fibres with different initial degrees
of molecular orientation but also for the development of the modulus as a
function of the imposed loading stress. As follows from equations 13.1 and
13.2, the stress—strain curve of an aramid filament is intrinsically concave.
(The initially straight section of the stress—strain curve up to a strain of
typically 0.5% is due to more intermolecular interaction at a more mesoscopic
level not accounted for in the Northolt model.) This reorientation of the
crystallites upon fibre straining can be determined easily using ultrasonic
modulus measurements [Nor80, Nor89].

From these equations it is clear that the ratio between the elongation due
to the chain extension and that due to the shearing extension depends on
the initial modulus of the fibre. This is confirmed by Raman spectroscopy
measurements on a range of aramid fibres which showed a much higher
shift in the 1610 cm™ resonance band per unit of strain for high modulus
fibres than for low modulus fibres [Zwa87], in quantitative agreement with
the model prediction.

Equation 13.1 also indicates that the elastic modulus of aramid fibres is
intrinsically limited by that of the chain modulus and therefore will always
remain below a value of 200-230 GPa. It also shows that the actual modulus
of aramid fibres is set by controlling the average molecular misorientation
angle ¢. The molecular order in the filament is likely to reflect the average
molecular order in the lyotropic aramid—sulphuric acid spindope, which is
temperature and polymer concentration dependent, as well as the stretching
of that spindope in the air gap. The relation between spinning conditions and
final modulus in the absence of further straining of the fibre in the spinline
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has been studied quantitatively by Picken et al. [Pic92] and was found to
agree well with the theoretical predictions (see Fig. 13.9).

Finally, these equations also indicate that the modulus of aramid fibres can
also be lowered by chemical modification of the aramid molecule such that the
average shear modulus g is reduced. This would, however, require a change
in the chemical composition of the molecule and/or the use of co-polymers.
No such studies have been reported in the literature, but a related study on
aramid fibres made from PPTA-DAB copolymers (4,4’-benzalinedylene-

90
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Einit (GPa)

DRair—gap
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13.9 Fibre modulus versus draw ratio for (a) various spindope
concentration conditions and (b) various coagulation bath conditions.
After Picken van der Zwaag and Northolt [Pic92].
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terephthalamide) and PPTA-NDC (naphthalene-dicarbonic acid), in which
the periodicity of the hydrogen bond network was intentionally disturbed,
showed no significant effect [Bos95], on either modulus, static strength or
lifetime. In contrast, in the case of PAN- and pitch-based carbon fibres the
crucial d(002) lattice spacing can be varied by suitable processing, leading
to significant changes in the shear modulus of these materials [Bal96] and
to significant changes in the elastic modulus (for a given orientation) and
compression strength values [Kum93].

As applies to all high-performance fibres, the strength of PpPTA fibres
depends on a multitude of parameters: those which determine the maximum
achievable level and those that reduce the level realised in practice. Typical
parameters determining the maximum strength level are the inherent viscosity
of the polymer [Wey80] and the polymer concentration in homogeneous
lyotropic spindopes [Kwo65]. Typical parameters reducing the maximum
achievable strength are wide molecular weight distributions for the polymer,
inhomogeneous spindopes, incorrect temperature settings along the spinline,
unstable flow in the spinneret and resonance phenomena in the air gap,
unfavourable physico-mechanical coagulation conditions leading to fibre
inhomogeneities of all sorts, filament damage during washing and drying and
many others. Given the multitude of parameters in determining the strength
of aramid fibres, formulating accurate and complete physical models for
the strength of aramid (and other high performance polymer) fibres is not
possible. Furthermore, models aimed at predicting the ‘ideal’ aramid fibre
strength should be tested against fibres free of structural and technological
defects and produced under optimised conditions only.

The early theoretical and non-quantitative models for the strength of
aramid fibres were based on the microfibrillar structure supposed to form the
basis of the aramid fibres. The fibrils are connected by taut tie-molecules and
failure was assumed to take place when enough tie-molecules or chains in
the vicinity of segregated chain ends had fractured [Pen90, Ter85]. Several
non-quantitative modifications of their models have been proposed, later
including slightly more refined microstructure descriptions, but leaving the
core of the concepts intact. A major drawback of these simple models is that
they do not take into account any effect of non-affine deformation of the
material up to the point of fracture. Furthermore, the early models implicitly
predict a brittle fracture morphology, i.e. a fracture surface perpendicular
to the fibre axis, while good quality aramid fibres tested in simple tension
invariably show a high degree of splitting parallel to the filament axis. This
observation led Baltussen and Northolt to the formulation of fracture strength
models in which the microstructural changes during the deformation preceding
fracture not only were taken into account, but were used to formulate a
physical model for the fibre failure [Bal 04, Nor02, BalO1, Bal99, Nor85].
As pointed out earlier, straining of the fibre involves both elastic stretching
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of the molecules in the chain direction as well as shear rotation of the
crystallites. This shearing of the crystallites leads to a gradual build-up of
intercrystallite shear stresses parallel to the filament axis. The rate of build-
up clearly depends on the initial fibre modulus.

The Northolt et al. fibre strength model [Nor05] is based on the
assumption that fibre fracture, o}, occurs when the local shear strength, 7,
is exceeded:

Ty, = — Oy, Sin ¢y, COs ¢, 13.3

where ¢y, is the misorientation angle at the moment of fracture. It can be shown
that the failure condition is reached when the following equality holds:

2g(D- ¢p) = oy, sin ¢, cos ¢y, 13.4

where @ is the initial misorientation angle and ¢, the final misorientation
angle. This equation was derived under the simplifying assumption of a single
shear modulus g and a single misorientation angle ¢. However, Northolt
et al. also presented a refinement of the model by taking into account the
misorientation angle distribution and postulating a critical percentage of all
intercrystallite shear bonds to be overloaded before fibre fracture does occur.
Their model led to an interesting and quite realistic prediction of the relation
between the fibre strength and the fibre modulus, shown in Fig. 13.10.

Of course, the above physical model for the tensile and creep strength applies
only to an idealised fibre without any (multi-scale) microstructure and more
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13.10 Aramid fibre strength versus fibre modulus, for various
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importantly without any defective polymer material (low molecular weight
residue, degraded polymer) or fibre defects (porosity, foreign inclusions, local
distortions due to fluctuations in coagulation conditions, defibrillation due
to handling, etc.) or deformation-induced defects. To build a more realistic
fibre strength model applicable under engineering conditions, a statistical
fracture mechanics-based strength model taking into account the presence of
pre-existing rather than deformation-induced defects is a good alternative.

The statistical description of strength of brittle materials was introduced
by Weibull [Wei51] and is an extension of the Griffith model for brittle
fracture. The model is based on the concept that any fibre loaded in tension
will fail at the location of its most serious defect, i.e. the defect resulting
in the lowest fracture strength. Furthermore, it is assumed that the defects
are uniformly distributed along the fibre length. The cumulative failure
probability function, P, which represents the fraction of filaments that failed
at or below a stress o is then given by

P(o) =1 —exp [~ Ly (c/0p)™] 13.5

where L, is the test length of the fibre, oy a normalisation scalar and m the
so-called Weibull modulus, which for aramid fibres is typically of the order
of 10. It is readily demonstrated that for a test length L the average strength
of filaments (o) is given by

(6) =0y L™ T(1 + 1/m) 13.6

where T" is the gamma function. The Weibull model and the concept of the
effective length have been used to explain the significant length dependence
of the strength of filaments, bundles, the weak length dependence of the
strength of weakly twisted yearns and the length-independent strength of
optimally twisted yarns and impregnated UD prepregs [Zwa89].

The Weibull modulus of aramid fibres is typically of the order of 10-15,
which is a relatively high value with respect to very brittle fibres such as
carbon (m = 3-7) [NaiO8] and Al,O3 [Ber03] but relatively low with respect
to more ductile materials such as HMPE fibres (m = 10-30) [Amo93]. In
general, the Weibull modulus decreases with increasing brittleness of the
material. For a given class of fibres, the magnitude of the Weibull parameter
is a good indication of the overall process control in the spinning line, while
the magnitude of the scalar oy is more an indication of the quality of the
polymer and the coagulation conditions.

Of course, the filament microstructure determines not only the principal
mechanical properties such as stiffness and tensile strength, but also other
mechanical properties such as fatigue strength, compression strength, wear
resistance and thermal resistance. For all these latter properties the relationships
between microstructure and properties are less clear, probably because they
are the result of interacting phenomena at various length scales and involve
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the sample geometry and pre-treatment and the precise testing conditions as
well. Furthermore, such information is generally kept confidential by the fibre
producers and the information cannot easily be extracted from laboratory
experiments under non-production conditions. However, a better and more
quantitative understanding between the microstructural parameters of the
aramid fibres and these industrially relevant properties would be highly
desirable, not only for aramid fibres but for all high performance polymeric
fibres.

13.5 Future trends

After an initially slow start during the 1970s the production of PPTA aramid
has grown consistently over many years since the 1990s with typical growth
figures of about 10-15% per year to a current estimated production volume
worldwide of about 50 000 tonnes per year. Growth figures are reported to
be limited by the current production capacity of the two principal producers
holding the important original patent rights, DuPont and Teijin (having bought
the aramid business from Akzo in 2000). Given the fact that the original
patents are about to expire, several new producers in Russia, Korea and China
have announced their intention to start the production of aramid fibres, too,
and some companies have even shown fibres of surprisingly good quality.
So it is expected that the aramid business will grow even more strongly to
meet the demands from a very wide range of industries. Current demands
are for protective applications (protection against heat, sharp objects and
ballistic objects), rubber applications (tyres, hoses, conveyor belts, etc.),
ropes and cables (for load-bearing cables but also as load-bearing shields
around optical communication cables and as reinforcement in thermoplastic
pipes for critical application in the oil production industry) and fibrous
applications (such as technical paper and seals for the chemical industry).
All applications make use of the excellent thermal, mechanical and chemical
resistance of the material, not only at room temperature but also at moderately
high temperatures.

It is to be expected that the major new developments in aramid technology
will centre around chemical modifications of the PPTA molecule (either as
copolymer or as mixtures) to reach new performance levels or at the spinning
technology to produce the current range of aramid base products (yarns,
chopped fibres, pulp, fabrics) more efficiently and hence at lower cost.
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The structure and properties of
high-modulus, high-tenacity Vectran™
fibres

Y YAMAMOTO and ] NAKAGAWA,
Kuraray Co. Limited, Japan

Abstract: High-strength polyarylate fibre is manufactured from rigid
polymers with a molten liquid-crystalline property by the melt spinning
method, unlike other high-strength fibres. Its commercialization was
attempted in the 1980s but only our company’s product Vectran™ is
manufactured and marketed today on a commercial basis. This chapter
describes the previous research into thermotropic liquid crystal and its
fibre formation, and especially the fibre characteristics of Vectran™ as
the representative polyarylate fibre and some examples that use those
characteristics.

Key words: thermotropic liquid crystal polymer, Vectran™, polyarylate
fibre, melt spinning, solid-phase polymerization, high strength, high
modulus, very low equilibrium moisture regain, high cut resistance.

14.1 Introduction

There are two types of polymeric crystal: concentration transition liquid
crystal (henceforth known as lyotropic liquid crystal) and temperature
transition liquid crystal (henceforth known as thermotropic liquid crystal).
Lyotropic liquid crystal products available on the market include an aramid
fibre, Kevlar™, derived from the research by Kwolek et al. of DuPont, and
Twaron™, which has the same molecular structure, from Akzo (currently,
Teijin). Recently, a PBO fibre, Zylon™, has been produced on a commercial
basis by Toyobo, based on the technology of Dow Chemical. Pioneering
research into thermotropic liquid crystal polymer was also implemented by
others, including Economy1 of Carborundum, Jackson? of Eastman Kodak,
and Calundann® of Celanese Chemicals. The thermotropic liquid crystal
polymers in Table 14.1* are already on the market, but as for the fibre there
is only Vectran™, which was created by Kuraray based on the technology
of Celanese. Generally, a liquid crystal polymer means thermotropic liquid
crystal, but here we will also describe the application of polymeric liquid
crystal to fibres, including a little about lyotropic liquid crystal, together
with their usage.
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Table 14.1 Commercial thermotropic liquid crystal polymer resins

Type Chemical structure
(presumption)

Supplier (trade name)

FIeX|bI¢_3 _ —O—@—CO—
group introduction
type —OCH2CH20CO—@—CO—

Aromatic ring
substitution type

Rod-like molecule
copolymerization
type

Unitika (Rodrun)
Mitsubishi Engineering
Plastics Corporation
(Novaccurate)

DuPont (HX)
Granmont (Granlar)

Solvay Advanced
Polymers (Xydar)
Nippon Qil (Xydar)
Sumitomo Chemical
(Sumika Super LCP)

Ticona (Vectra)
Polyplastics (Vectra)
Ueno Fine Chemicals
Industry (Ueno LCP)

14.2 Thermotropic liquid crystal and its fibre

formation

Generally, the basic structure of a wholly aromatic polyester is typically:

e aself-condensation polyester of p-hydroxy-benzoic acid (HBA), melting

point 610°C:

+0~O)—co+

e a copolyester consisting of terephthalic acid (TA) and hydroquinone

(HQ), melting point 600°C:

+0—~O)-0+ +oc—<O)—co+

For these polymers, the melting points are higher than their decomposition
points (400—450°C),’ because their molecules are too rigid, and the process
of forming in the liquid crystal state is difficult. Consequently, a method is
used to lower the melting point to no more than the decomposition point
by sacrificing a little of the rigidity and crystallinity of the polymer. This

is done by:
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1. The introduction of a flexible alkyl group into the main chain
The copolymerization of rigid molecules

3. The introduction of a substitution group to the aromatic ring of the main
chain.

Many thermotropic liquid crystal polymers have been developed as
engineering plastics by these methods. To obtain fibres from thermotropic
liquid crystal polymers, a pellet-form polymer is dried and, after melting with
an extruder, is formed into fibres by ordinary melt-spinning. High molecular
orientation takes place while it passes through the nozzle, and the structure
is maintained until the fibre is solidified by cooling, with a sufficiently long
relaxation time. The molecules are already orientated in the as-spun fibre and
so drawing is virtually unnecessary. The fibre has considerable tenacity and
initial modulus in this state, and a thermal treatment is implemented to further
improve its performance. The purpose of the thermal treatment is to increase
the tenacity and initial modulus and improve heat resistance. Generally, the
thermal treatment of thermotropic liquid crystal fibres is performed under
reduced pressure and the by-products generated are eliminated in an inert gas
or air. As described later, the molecular weight is increased by a solid-phase
polymerization reaction caused by the thermal treatment. Figure 14.1 shows

Unoriented Oriented

nematic arrays nematic array

[Polymer]— [as-spun fibre] — [heat-treated fibre]

(a) Fibre formation of thermotropic crystal polymer

= =

Random coils

[Polymer]— [as-spun fibre] — [drawn fibre]
(b) Fibre formation of flexible polymer

14.1 Schematic diagram of fibre formation.
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a schematic diagram of fibre formation for a thermotropic liquid crystal
polymer in comparison with a flexural polymer. Although many studies have
been made of fibre formation in a molten liquid crystal polymer, currently
the only one being manufactured and marketed industrially is Vectran™.

14.2.1 Fibre of the flexible group introduction type

The copolyester that contains 40 mol% of polyethylene terephthalate (PET)
has been copolymerized with HBA (henceforth shown as PET/HBA =
40/60), forming an industrially interesting polymer costwise, but one that
is not suitable for producing fibre, as described in the reports by Acierno et
al.® and Jackson et al.” PET/HBA = 40/60 is a random copolymer,® but it is
thought that when the ratio is 20/80, block-like parts of HBA are created.’
It has also been reported that the strength can be increased to 3.11 GPa'”
by removing the foreign particles generated from block polymerization of
HBA, allowing it to be formed into fibre. Jackson et al. have reported that
a copolyester of CPA — HQ/HBA = 20/80 — has been formed into fibres
using a polymer of carboxybenzene propionic acid (CPA) and HQ instead
of PET, and that a tenacity of 17.8 cN/dtex and a modulus of elasticity 850
cN/dtex were obtained.’

14.2.2 Fibre of rod-like molecule
copolymerization type

Vectran™ is obtained from a polymer of HBA and hydroxynaphthoic acid
(HNA). The X-ray analysis of Blackwell made it clear that the polymer used
is a random copolymer.!! According to Yoon, it has been reported that the
polymer of HBA/HNA: 73/27 was spun and, when a thermal treatment was
applied for 30 minutes at a temperature of 270°C, the tenacity increased to
24.8 cN/dtex, and finally reached about 26.3 cN/dtex.'? In the HBA/HNA
system, the tenacity markedly increases, but the modulus of elasticity only
increases by a small margin with a thermal treatment. It is worth noting that
for the fibre obtained from a copolymerization of biphenol (BP) and TA
with reduced HNA, HBA/HNA/BP/TA = 60/5/17.5/17.5, using a thermal
treatment between 300°C and 310°C improved not only the tenacity but also
the modulus of elasticity, from 560 cN/dtex to 980 cN/dtex.'? Fibre formation
of the HBA/TA/BP liquid crystal polymer was also studied by Economy et
al.'* It is interesting that there are two types of copolymer: one where thermal
treatment increases the tenacity but hardly increases the initial modulus, and
another where thermal treatment increases both the tenacity and the initial
modulus. One example of the former is the copolymer of HBA/HNA, and
the copolymer of HBA/HNA/BP/TA is an example of the latter.
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14.2.3 Fibre of aromatic ring substitution type

The melting point of a homopolymer of phenylhydroquinone (PhHQ) and TA
is 341°C, making melt spinning possible. Jackson et al. formed the polymer
into fibres, and, by thermal treatment at 340°C for one hour, obtained a
fibre with tenacity 28.2 ¢N/dtex and initial modulus 803 cN/dtex.®> When a
copolymerization system is employed, the melting point is lowered further
and it becomes possible to form fibre from the high molecular weight
polymer. According to Zimmerman, draw resonance often takes place in
polymer fibre forming when the crystal melting heat A H is below 10 J/g,
but when supercooled spinning is performed at a temperature between the
melting point and the solidification point, smooth fibre forming is possible,
avoiding draw resonance.'> By this method, a polymer with the composition
of PhAHQ-TA/BP-TA/HBA = 80/10/10 (1;,: 9.3 dl/g, melting point: 288°C)
can be formed into fibres at 324°C, and a tenacity of 17.7 cN/dtex is obtained
without thermal treatment.

Table 14.2 shows the solid state properties of the reported thermotropic
liquid crystal fibres.!® Of these, there are few that achieve industrial-level
production.

14.3 Thermotropic liquid crystal fibre
(polyarylate fibre)

Currently, the only industrially manufactured fibre is the wholly aromatic
polyester (polyarylate) fibre Vectran™, which consists of the copolymer system
of HBA and HNA. Kuraray began investigating the industrial manufacture
of fibre from thermotropic liquid crystal polymers in 1985 after receiving
the necessary technology from Celanese Co., which was already developing
ways of fibre forming. In 1990, Kuraray constructed a 400 metric tonnes/
year plant in the Saijo Factory and began the manufacturing operation, and
by the end of 2007 the production capacity was 1000 metric tonnes/year.
While aramid fibres are expanding the size of the market, the company
is continuing the development of thermotropic liquid crystal fibre in the
fields of dope-dyed yarns and fine yarns (200 dtex or less), utilizing its low
hygroscopicity, low temperature characteristic, low creep property and wear
resistance, which are the characteristics of wholly aromatic polyester, and
taking advantage of melt-spinning for the production process. Since 2002,
high-modulus-type Vectran™ UM has been added to the product line-up, and
the company has been penetrating the field of tension members of optical
fibres. The following describes fibre forming for polyarylate, in particular
for Vectran™, the characteristics of its fibre structure and its usage.'’



Table 14.2 Composition of liquid crystal polymers and fibre properties

Polymers

As-spun fibre

Heat-treated fibre

Type*  Composition' Ratio (mol%) Ninh Tenacity Initial modulus  Tenacity Initial modulus
(cN/dtex) (cN/dtex) (cN/dtex) (cN/dtex)

A PET/HBA 40/60 - 2.9 173 - -
PET/HBA 40/60 - 8.9 - 22.2 -
CPA-HQ/HBA 20/80 - 6.1 415 17.9 847

B HBA/HNA 75/25 5.7 10.7 477 17.7 485
HBA/HNA 73/27 - - - 26.3 -
HBA/HNA/TA/BP 60/5/17.5/17.5 6.5 7.0 560 245 980

C PhHQ-TA 100 3.0 3.0 350 28.2 803
PhHQ-TA/HBA 83.8/16.2 2.4 5.4 353 30.7 428
PhHQ-TA/BP-TA/HBA 80/10/10 9.3 17.7 - - -
CIHQ-TA/CIHO-NA 70/30 2.6 5.4 483 26.8 465

*A: Flexible group introduction type
B: Rod-like molecule copolymerization type

C: Aromatic ring substitution type
NA: 2,6-naphthalenedicarboxylic acid, PhHQ: phenylhydroquinone.

8Ly
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14.3.1 Polymerization of the raw material

The raw material is a copolymer of HBA and HNA, and the ratio of
copolymerization of HNA is 25-30% (Vectra™ made by Polyplastic Co.,
Ltd). The general polymerization method of the polymer is as follows.
First, the monomers are acetylated, and then the prepolymers are made by
condensation polymerization using a catalyst such as potassium acetate. The
temperature is further elevated and full polymerization is conducted under
reduced pressure. Figure 14.2 illustrates the main features of the reaction.'®
For the high modulus type, it is necessary to increase the number of linear
components in the molecules, and so multi-component system polymers, in
which HNA is reduced and BP-TA components are added, are adopted.

14.3.2 Melt spinning and molecular orientation

Hydrolysis and thermal decomposition, which take place in melting, make
the polymer deteriorate and markedly lower its spinnability due to the gas
generated. To reduce the lowering of 7;,, that takes place during spinning,
it is necessary to reduce the moisture content of the pellet and use a device
to lower the melting point as far as possible. Ordinarily, the polymer can
be dried to make the moisture content no more than 50 ppm. Figure 14.3
shows the relationship between the shearing speed and the melt viscosity.
Generally, for flexible polymers such as PET, the viscosity change is small
in the low shear region, but for the molten liquid crystal polymer (HBA/

HBA HNA

Inert gas 1200°C

Clear melt

30 min -3 h 250-280°C

yAcetic acid collected

Turbid fluid dispersion

30 min -1 h 280-340°C
Vacuum

A

Opalescent polymer melt

(0@ Lo OTT]]

14.2 Polymerization process of copolymer HBA/HNA.
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14.4 Attenuation behaviour of extruded streams.

HNA) the change is linear, the non-Newtonian property is strong, and the
effect of temperature change is large. There is no drawing process in the fibre
forming of molten liquid crystal polymers, unlike flexible polymers, and so the
fineness of the as-spun fibre is the same as the fineness of the final product.
Therefore, in order to obtain a greater fineness, it is necessary to make the
nozzle diameter smaller or the fibre-forming draught larger. In a thermotropic
liquid crystal polymer, a high degree of molecular orientation takes place
while passing through the nozzle from the low shear region; therefore, it is
difficult to make the fibre-forming draught larger. Thus, in order to obtain
a fine fibre, the nozzle diameter has to be smaller, and therefore the shear
speed increases. When the shear speed increases, the melt viscosity lowers,
which is preferable for fibre forming a high n;,, polymer.

Figure 14.4 shows examples of the attenuation behaviour of extruded
streams. PET, which is a flexible polymer, attenuates rapidly down to a
diameter of 30 cm from the orifice and then only gradually until it is taken
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up. On the other hand, HBA/HNA attenuates rapidly just below the orifice,
and the attenuation is nearly complete at a distance of 10 cm from the orifice.
Figure 14.5 shows the relationship between the X-ray photograph and degree
of orientation of the crystal (F,) for the released fibre discharged from the
nozzle (draught Dy = 1), the as-spun fibre (D; = 25), and the heat-treated
fibre. It can be seen that there is a high degree of orientation only with the
nozzle shear (10°~10° s™"), and that crystallization is increased by the heat
treatment but the orientation is hardly changed.

14.3.3 Performance of the as-spun fibre and
the effect of heat treatment

Figure 14.6 shows the results® by Calundann ef al. on the relationship between
the inherent viscosity (7;,,) and the tenacity of as-spun fibre. When 7;,;, is
about 7 dl/g, the maximum tenacity of 13.2 cN/dtex is reached. When n;;,
is further elevated, the melt viscosity gets higher and normal fibre forming

Sample Released fibre As-spun fibre Heat-treated fibre
X-ray
photograph

Fibre-forming

draught 1 25 25
Degree of
orientation 86 88 88

14.5 Relationship between the X-ray photograph and degree of
orientation of the crystal.
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14.6 Relationship between 7;,, and strength of as-spun fibre.
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cannot be implemented; on the contrary, the tenacity is lowered. To further
improve the as-spun fibre, heat treatment is implemented at a temperature no
greater than the melting point. Figure 14.7 shows the DSC curve of the fibre
obtained by changing the thermal treatment temperature. As the temperature
gets higher, the endothermic peak of melting moves to the side of higher
temperature and the peak area gets smaller. The heat-treated fibre with the
peak exceeding 300°C cannot be molten under normal pressure and, when
the temperature is further elevated, the fibre decomposes, keeping the fibrous
form. The heat treatment time and the tenacity reached fluctuate, largely
depending on the manufacturing conditions of the polymer and the heat
treatment method. According to Yoon et al., it has been reported that a 24.8
cN/dtex tenacity was finally obtained when the polymer of HBA/HNA =
73/27 was spun and then a heat treatment was applied at 270°C.'? Our results
showed that the maximum tenacity of 30.0 cN/dtex was obtained when the
final temperature was set at 285°C and the heat treatment was carried out
for about 20 hours. Table 14.3 shows the changes in the structural factors

Y Untreated
Treating
265 temperature (°C)
272
sﬁﬁﬂg
\K« 285

1 1 1 1 1
200 250 300 350 400
Temperature (°C)

Exothermal —»

14.7 DSC curves of heat-treated fibre.

Table 14.3 Change of structure factors and molecular weight upon heat treatment

As-spun fibre Heat treated fibre

a-transition temperature T, (°C) 88 97
tan 6 (max.) 0.104 0.105
Sonic velocity (km/s) 8.64 8.65
Crystal orientation (°C) 88 88
Specific weight 1.40 1.41
X-ray crystallinity (%) 45 46
Molecular weight  M,/10* 1.63 4.89

M,,/10* 3.84 14.5

M,/10* 6.88 27.5
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caused by heat treatment. The primary dispersion temperature 7, becomes
elevated, but the degree of orientation hardly changes, and the degree of
crystallization, obtained from the specific gravity and X-ray photograph,
increases by only a small margin. On the other hand, the value of the average
molecular weight increases roughly threefold.'® With regards to the structural
change by heat treatment, Takahashi et al. point out that the alignment of
HBA and HNA in the molecular chain does not change but the a-axis and
b-axis are changed, and there is the possibility of aggregation of sequences
with increased HBA,'” and Krigbaum er al. point out that the HNA is blocked
by the melt interchange.?

14.4 High initial modulus type

For liquid crystal fibre, it is difficult to apply a tension treatment under
a temperature as high as that used in the case of lyotropic liquid crystal
fibre, because the melting point is low. It is difficult to greatly improve the
initial modulus even if a tension treatment (or micro-drawing) is applied at
a temperature no higher than the melting point. In order to obtain a high
modulus, it is necessary to increase the linear components in the molecular
structure. These types of polymers have a melting point as high as 330-
350°C and so the spinning temperature can be higher. To achieve good fibre
forming, it is necessary to increase the drying and shorten the detention time
as much as possible to avoid thermal decomposition. In the case of a high
initial modulus-type (UM) polymer, the tenacity of the as-spun fibre and the
modulus are nearly the same as those of a regular type (HT), but when heat
treatment is applied, both the tenacity and initial modulus are improved.
Figure 14.8 compares the tenacity elongation curves of HT and UM before
and after heat treatment.

14.5 Properties of polyarylate fibre

Table 14.4 shows the general fibre properties?! of Vectran™ in comparison
with those of para-aramid fibre (PPTA). Vectran™ and PPTA have nearly
the same tensile characteristics and possess 2—3 times the tenacity and 4-5
times the initial modulus of PET. The tensile properties of high-tenacity fibres
are generally affected by the ambient temperature but those of Vectran™,
for example at —70°C. are the same as its properties at room temperature,
indicating its possible use at extremely low temperatures. Vectran™ has
very low equilibrium moisture absorbency, and this is its most important
characteristic when compared with PPTA. Figure 14.9 shows the creep
behaviour of Vectran™. It can be noted from the figure that its elongation
change with time is extremely low or, in other words, its dimensional
stability is high. In addition, Vectran™ exhibits a superior performance for



Table 14.4 Comparison of fibre properties between Vectran™ and para-aramid (PPTA)

vy

Property Vectran™ Para-aramid (PPTA)
HT UM Regular High initial modulus
Density (g/cm?®) 1.41 1.40 1.44 1.44
Decomposition temperature (°C) >450 >450 >500 >500
Limiting oxygen index (LOI) (%) 28 30 30 30
Equilibrium moisture 20°C, 65% RH (%) 0.05 0.07 4.2 4.1
regain 20°C, 90% RH (%) 0.1 0.1 5.5 5.5
Tensile property Tenacity at 20°C (cN/dtex) 24.2 21.5 20.3 20.8
Tenacity at =70 °C (cN/dtex) 29.1 25.2 18.1 17.5
Elongation at 20°C (%) 4.0 2.8 3.6 2.4
Initial modulus at 20°C (cN/dtex) 530 740 490 781
Rate of shrinkage Dry 180°C, 30 min (%) 0.15 0.04 0.10 0.04
Wet 100°C, 30 min (%) 0.15 0.01 0.15 0.04
Strength retention after Dry 250°C, 300 h (%) 85 81 48 56
thermal exposure Wet 120 °C, 300 h (%) 77 71 86 79
Chemical resistance H,SO, 10%, 70°C, 100 h (%) 93 - 19 -
NaOH 10%, 20°C, 10 000 h (%) 97 - 68 -

CeHsCH3, 100%, 20°C, 100 h (%) 98 - 99 -
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14.8 Comparison of extensional behaviour between Vectran™ HT
fibre and UM fibre.

wear resistance and resistance to cutting when compared with other super-
fibres. Vectran™ has superior acid resistance to PPTA, but although its
alkali resistance is better than that of the PET fibre, it decreases in weight
as a result of peeling off by hydrolysis. This tendency is strong, especially
at high temperatures, and so precautions are taken for its use. It is thought
that deterioration takes place in ammonia and an acidic gas atmosphere. Its
solvent resistance is as good as that of PPTA.

14.6 Examples using the characteristics
of Vectran™

14.6.1 Sheet and film-related materials

Mainly as a result of its high strength, high modulus, very low equilibrium
moisture absorbency, good low-temperature mechanical properties and high cut
resistance, Vectran™ has been used for sheet material in airships, reinforcing
foundation cloth for high-pressure hoses and pipes, and foundation cloth for
various other items including competition yacht sails.
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14.9 Comparison of creep property between Vectran™ and para-
aramid (PPTA).

Foundation cloth of airbags used for the landing of NASA’s
Mars explorers

In July 1997, a NASA explorer, ‘Mars Pathfinder’, landed on Mars, followed
by ‘Spirit” and ‘Opportunity’ in January 2004. Airbags using Vectran™
foundation cloth were used for all those spaceships. The temperature on the
surface of Mars is thought to range from —50 to —100°C and this foundation
cloth was used because its low-temperature and cut-resistance properties had
been evaluated as excellent.

Sheet material for an airship floating in the stratosphere

In the ‘Stratospheric Platform Plan’ implemented by the Japan Aerospace
Exploration Agency (JAXA) (in which an unmanned airship was floated
in the stratosphere, which is 20 km above the surface of Earth, for use in
communications, broadcasting and the observation of Earth), Vectran™ cloth
was used as the foundation cloth for the sheet materials of the airship in
order to reduce its weight and increase its strength, enabling it to fly at an
altitude of 16.4 km. This sheet material had a structure in which both surfaces
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of the Vectran™ cloth and EVOH film were laminated with polyurethane
film. The weight of this sheet material was 114 g/m* while its strength was
about 2.9 kN/cm or more. This sheet material also had excellent gas barrier
properties, preventing the leakage of helium gas, and excellent weatherability,
preventing the deformation of the airship hull in the stratosphere where the
temperature was about —56°C and the atmospheric pressure only 5% of that
at ground level.

14.6.2 Cords, tension members and net-related items

Mainly because of its high strength, high modulus, very low equilibrium
moisture absorbency, high abrasion resistance and low creep property,
Vectran™ is used for the cords of blinds and wire screens, cords as substitutes
for wires (supporting cords for tennis and volleyball nets and course ropes
for indoor pools), earphone cables, tension members for optical fibre cables,
and various nets used for baseball.

Fishing lines

Vectran™ is used for fishing lines in lure fishing and boat fishing. It has been
well accepted for the following reasons: it is water-resistant, it can resist the
abrasion that occurs between the fishing line and the guides of the fishing rod,
it has the high specific gravity required for the fishing line to sink smoothly
into water, low elongation, high modulus and low creep properties required
for accurately detecting fish biting, good water draining properties, and also
the appropriate degree of high rigidity needed for fishing line usage.

Spun-dyed cords as substitutes for wires

The ends of metal wires used for volleyball and tennis nets and the course
ropes of swimming pools can cause safety problems. Cords made from
Vectran™ have been popularly accepted because they have no such safety
problem, are lighter, neither sag nor extend during use (due to their high
modulus and low creep properties), do not rust, and additionally can be
dyed with colours such as black and blue in the manufacturing stage of the
filament yarn.

14.6.3 Safety and protection-related items

Mainly as a result of its high strength and high cut, heat and abrasion
resistance, Vectran™ is used for manufacturing protective clothes and
materials including gloves, aprons and protective nets for dangerous animals.
This material can be safely used for applications where heat resistance is



428 Handbook of textile fibre structure

required and combustion is likely to occur, because it will not generate gases
containing cyanogen compounds, which are generated when aramid fibre
burns. Gloves used for meat processing need to be sterilized after use, and as
gloves made of Vectran™ have excellent resistance to sodium hypochlorite,
they can be used repeatedly.

14.7 Conclusion

Owing to the unique characteristics of organic high-tenacity fibres, it is thought
that their use will increase in safety and protection-related areas, energy-saving
areas (because of the potential contribution to weight reduction), and areas
of extreme environmental conditions, in addition to conventional application
areas. Their usage will also become more sophisticated. As a result, the
authors hope that various unique materials will be produced from this high-
tenacity polyarylate fibre through the diversification of raw materials used
for it and the addition of various functions using additives, which will lead
to the manufacture of products with new functions and characteristics.
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The structure of high-modulus, high-tenacity
(poly-p-phenylenebenzobisoxazole) fibres

T KITAGAWA, Toyobo Co., Ltd, Japan

Abstract: PBO fibre is made of rigid-rod molecules and has the extended-
chain structure. The detail has been revealed with X-ray diffraction, small-
angle X-ray scattering, electron microscopy and vibrational spectroscopy.
Stress distribution in the structure of the fibre under tension is measured.
The structural difference between the three PBO fibres made with different
preparations is also discussed.

Key words: extended-chain structure, wide-angle X-ray diffraction, small-
angle X-ray scattering, electron microscopy, Raman scattering, crystalline
modulus, Raman shift factor.

15.1 Introduction

The advent of PPTA (poly-p-phenyleneterephthalamide) fibre in the 1970s
was a big surprise to the people who worked with the physical properties
of synthetic fibres, because PPTA is made from a so-called extended-chain
structure (Dobb et al. 1977) and has high mechanical properties. These
characteristics result from the structure of the polymer, which has a straight
molecular backbone parallel to the fibre axis and a dense-packed crystal
structure. The fibre morphology is controlled using a dry-jet, wet-spinning
method. The molecule is so rigid that it spontaneously aligns in the same
direction in solution to form a liquid crystal.

PBO (poly-p-phenylenebenzobisoxazole) is one of the polybenzazoles
containing an aromatic heterocyclic ring. The success of PPTA provided
an incentive to find a new material. The molecule was first developed by
US Air Force researchers in a project which was searching for new ladder
polymers, whose heat resistance and mechanical properties are better than
those of PPTA fibres. Initially, PBZT (poly-p-phenylenebenzobisthiazole)
was thought to be more promising than PBO, but later it was decided
that PBO had more advantageous mechanical properties and the main
research direction was changed. Dow Chemical received a patent licence
from the Stanford Research Institute for commercial production and
developed a new synthesis method for the monomer and polymerization
stage. During this period, the economic potential of PBO in synthesis and
polymerization improved. In 1991, Dow Chemical decided to work with
Toyobo and their joint research bore fruit in 1994 with the development

429
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of a new spinning technology, which led to the production of the current
PBO fibre.

15.2 Synthesis and polymerization

The polymerization of PBO takes place in polyphosphoric acid from 4,6-
diamino-1,3-benzenediol dihydrochloride with terephthalic acid. A method
to prepare 4,6-diamino-1,3-benzenediol dihydrochloride using 1,2,3-
trichlorobenzene as a starting material has been invented. The successive
stages of nitration, hydroxylation, hydrogenation and reduction produce a
final monomer with high purity. During polymerization, the phosphoric acid
content adjustment method enables the polymer to reach a high molecular
weight.

15.3 Molecular design and theoretical modulus

One of the main reasons for the interest in developing high-modulus,
high-strength fibres is to calculate the theoretical (ultimate) modulus and
compare the value with the actual value of the crystalline modulus. Lattice
dynamics is one of the most promising methods because the suitability of the
molecular parameters used in the calculation can be checked and modified
by vibrational spectroscopic measurements. Tashiro and Kobayashi (1996)
revealed how to trace the deformation process of macromolecules under
stress using lattice mechanics. A method for predicting the modulus values
by solving quantum-mechanics equations is also available.

Adams et al. (1989) and Tashiro and Kobayashi (1996), Tashiro et al.
1995 calculated the crystalline modulus (theoretical limit) for PBZT and PBO
using a semi-empirical molecular orbital calculation and lattice dynamics,
respectively. The results are listed in Table 15.1. It can be seen from the
theoretical calculations that PBO displays a higher modulus than PBZT.
Because the PBO molecule has a slightly straighter molecule shape, it is
proved to have a higher modulus than PBZT by mechanical theory. Therefore,
PBO was chosen as the target material to develop.

15.4 Fibre structure

15.4.1 Previous works

Krause et al. (1988) reported the crystallite size, microfibril texture and
molecular orientation of PBO using X-ray diffraction and electron microscope
methods. The fibre is made of highly oriented molecular chains but its crystallite
size is small compared with that of PPTA. Shimamura et al. (1983) were
the first to observe the molecular chain alignment and defects included in
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Table 15.1 Calculated modulus values for PBO and PBZT fibres

Modulus (GPa) Method Reference

PBO PBZT

670 528 MNDO Quantum mechanics  Wierschke et al. (1992)

690 620 AM1 Quantum mechanics  Wierschke et al. (1992)

460 405 Lattice mechanics Tashiro and Kobayashi (1991)

the PBO crystal using high-resolution electron microscopy (HREM). Martin
and Thomas (1989) also examined the PBO molecular orientation and a
translational disorder of chains along the fibre axis by HREM and electron
diffraction (ED). Information about the crystal structure is also important for
understanding the morphological characteristics and the relation between the
structure and mechanical properties of PBO. Fratini et al. (1989) proposed
a crystal structure model by use of an X-ray study. Tashiro et al. (1998)
proposed another type of crystal structure model from X-ray diffraction and
computer simulation methods. Takahashi (1999) also proposed a model of
a PBO crystal by neutron diffraction. The relationship between the process
and microfibril structure formation was investigated by Bai and Price (1992)
and Kumar et al. (1994) using small-angle X-ray scattering (SAXS). Raman
spectra also provide unique information on the molecular deformation caused
by tensile force. Young et al. (1990) applied this method to a stressed PBO
fibre and estimated the Raman band shift with stress.

One of the most important problems to be solved for PBO fibre is to find
a way to explain the difference between the crystalline modulus and the fibre
modulus. As mentioned above, the crystalline modulus is about 460 GPa,
while actual fibres show only 180-360 GPa. It is important to clarify the
reason for this large gap between the values for the crystalline (theoretical)
modulus and the actual modulus achieved as a fibre.

PBO fibre consists of fully extended chains. Most of the so-called super
(high-modulus and high-strength) fibres also consist of highly oriented chains
and show a modulus closer to the crystalline (theoretical) modulus. However,
PBO fibre achieves only 60% of its potential, even the HM (heat-treated
high-modulus type) fibre, in spite of its fully extended chain structure. In
general, the tensile modulus of super fibres is said to be controlled by the
degree of molecular orientation. It has already been found that HM fibre has
a highly oriented molecular structure, the orientation of which exceeds that
of PPTA. But it has also been confirmed by SAXS that HM fibre possesses
a periodic density fluctuation along the fibre axis. The presence of this
periodicity is one of the structural characteristics of heat-treated PBO fibre
produced by water coagulation and has not been found in high-modulus
type PPTA. This periodic density fluctuation may be one reason why the
fibre modulus is lower than the theoretical value. The translational disorder
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of chains in a PBO crystal is another factor to be taken into consideration.
In a PBO crystal, the interactions between neighbouring chains are weak
because the molecular chains are connected only by van der Waals forces
and electrostatic forces. This weak intermolecular interaction might induce
a slippage of neighbouring chains by applying a tension along the fibre and
reducing the fibre modulus. Therefore, a structural investigation of the PBO
chains under deformation is important in order to understand the mechanism
for modulus improvement.

15.4.2 Structural study of PBO AS, HM and
HM+ fibres

Current PBO fibres

There are two commercially available PBO fibres (AS and HM) and
one experimental fibre (HM+) (Table 15.2). The AS fibre is spun from
polyphosphoric acid solution (dope) using a dry-jet wet-spinning method.
The solution is extruded from the spinneret, guided through an air gap and
coagulated in a water bath, followed by a washing and drying process.
After being extruded from the spinneret, the solution is extended in the air
gap, and the fibre structure is formed after coagulation. The high molecular
orientation of the structure is achieved during this process. The HM fibre is
produced from the AS fibre by heat treatment. To increase the fibre modulus
further, extruded dope filaments are coagulated in the non-aqueous liquid,
followed by washing, drying and heat-treatment processes, when the solution
concentration and composition are the same as for the commercial fibres.
The experimental fibre made in this way (called HM+) displays a higher
modulus with slightly lower strength than the HM fibre.

Wide-angle X-ray diffraction

An analysis using X-ray diffraction was used to obtain information about
molecular orientation and crystal size. Some sharp diffraction spots on the
equator and streak-like layer lines were observed in the fibre diagram. Off-
axis spots were not observed clearly. Some authors link these streak-like

Table 15.2 Mechanical properties of PBO fibres

Fibre Strength (GPa) Modulus (GPa)
AS 5.8 180
HM 5.8 270

HM+ 4.7 350
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layer lines on fibre diagrams to a spatial disorder of the crystal along the
fibre axis. Shimamura et al. (1983) proposed a model to explain this type of
translational disorder in PBZT fibre and called it axial shift. The shape of the
spots on the equator was very sharp in the azimuthal direction. This indicates
that the alignment of molecules in the PBO fibre is highly parallel to the fibre
direction. Unit cell parameters of PBO are tabulated in Table 15.3.

X-ray diffraction intensity profiles, measured using symmetry transmission,
are shown in Fig. 15.1. The apparent crystal size is obtained by estimating
the broadening of the diffraction peak using Scherer’s equation. After heat
treatment, the diffraction spots became sharp and intensified, indicating
that the apparent crystallite size became larger. It is interesting to note that
the HM+ fibre shows the narrowest peak profiles among the three fibres,
implying that the fibre has the biggest crystallite size. The results are shown
in Table 15.4.

Molecular orientation and fibre modulus

In general, it is thought that the Young’s modulus of fibres made of rigid-rod
polymers depends greatly on the crystal orientation. Northolt (1980) proposed
a mechanical model of crystal orientation. According to this model, the fibre
is regarded as being built up of a parallel array of identical fibrils which are
subjected to a uniform stress along the fibre axis. A crystallite in the fibrils
is composed of rigid-rod polymer chains running linearly and at an angle
with the fibre axis. The effects of the molecular stretch and the orientation
change of the molecules were considered in this model. The inverse of the
fibre modulus (compliance) can be expressed as a linear function of crystal
orientation as follows:

1/E = 1/E™® + (sin’®)/2G

where E is the Young’s modulus of the fibre, EI™ is the crystalline modulus,
G is the shear modulus due to the change of the molecular orientation (the
rotation of the crystallites) and @ is the angle between the chain axis and
the fibre axis. This equation is valid when @ is close to zero. It can be seen

Table 15.3 Unit cell parameters of PBO fibres

Unit cell Reference
Crystal system Space a b c y
group (nm) (nm) (nm) (degrees)
Monoclinic 1.1201 0.354 1.205 101.3 Fratini et al. (1989)

Monoclinic P11a-C2 1.115 0.360 1.214 100.0 Tashiro et al. (2001)
Monoclinic 0.5651 0.357 0.603 101.4 Takahashi (1999)
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15.1 Wide-angle X-ray scattering profiles for the HM+ fibre: (a)

equatorial; (b) meridional.

Table 15.4 Crystallite size for PBO fibres

X-ray ED
Apparent crystallite size (nm) Crystallite size (nm)
Fibre (200) (010) (003) (200) (010) + (210)
AS 5.5 2.7 9.6 3.9 3.5
HM 11 4.2 16.0 6.9 5.3
HM+ 11 4.6 16.2

that the intercept of the measured compliance plotted against orientation
(sin’®) is consistent with the PPTA crystalline modulus.

The inverse of the Young’s modulus for PBO fibres prepared under
different processing conditions is plotted against (sin’®) in Fig. 15.2. Here,



The structure of high-modulus, high-tenacity (PBO) fibres 435

0.007

0.006}

0.005 "4
IE F

0.004}

0.003}
i Crystal modulus (460 GPa)

137000 2 P B PP o o s st marsi e o P R
0 0.01 0.02 0.03 0.04

(sin? @)

15.2 The inverse of PBO Young's modulus agains (sin2 @). O:
Coagulated through water; @: coagulated through non-aqueous
solution.

the orientation {sin’®) is calculated from the intensity distribution of (200)
in the azimuthal direction. The crystalline modulus and the shear modulus
can be estimated to be 370 GPa and 4 GPa, respectively, from the intercept
and the slope of the straight line fitted to the plotted points.

Nishino et al. (1995), Lenhert and Adams (1989), Davies et al. (2001, 2003,
2004, 2005a,b) and the author himself (2000a,b, 2001, 2002a,b) measured
the crystal strain of PBO HM fibre under tension by X-ray diffraction. They
concluded that the measured crystalline modulus was 460-480 GPa, which
was far higher than that predicted on the basis of Northolt’s model. This
means that the Young’s modulus of PBO fibre cannot reach the measured
crystalline modulus even if all the molecules in the fibre are aligned completely
parallel to the fibre direction. PBO fibre contains a disordered region, which
would prevent the fibre modulus achieving the crystalline modulus even if
the molecules were perfectly aligned.

Fine structure

Fibre structure formation through phase separation should occur during the
coagulation process. Cohen and Thomas (1985, 1998a,b) and David and
Edwin (1991) have studied the structure formation of PBZT fibre and film.
It is said that filaments (solution) extruded from a spinneret transform into a
swollen microfibrillar network when the nematic rigid-rod solution touches
a coagulant. Passing through the coagulation process, the network loses its
open spaces and forms a dense fibrillar structure. Existing open spaces are
thought to become microvoids.
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SAXS patterns of HM and HM+ fibre are inset in the Northolt plot in
Fig. 15.2. In the AS fibre, the pattern becomes a streak-like scattering and
appears on the equator, which would result from microvoids elongated in the
fibre direction. During the heat treatment process, this streak disappears and
a four-point pattern similar to the shape of a butterfly appears, indicating the
existence of density fluctuations along the fibre axis. Bai and Price (1992),
Bai (1998) and Kumar et al. (1994), and Hunsaker et al. (1992) reported
the same four-point patterns in their heat-treated PBO fibres.

Because PBO is spun through the process of phase separation, the fibre
includes microvoids. In order to estimate the diameter sizes of microvoids
in PBO fibre, Guinier’s method is applied to AS fibre. The logarithm of the
intensity after background correction is plotted against the square of the
scattering vector. The data exhibit linearity and the slope allows us to obtain
the average diameter of the microvoids, about 2.4 nm.

The four-point pattern proves the existence of density fluctuation along
the fibre axis. There is an equation that is able to simulate a SAXS pattern
pertaining to the fibril structure model. The comparison between actual
and predicted patterns based on the above equation implies that inclined
periodicity like a parallelogram (having 25 nm as the long period, 20 nm
as the width of the fibril and 60° as the oblique angle) exists in the fibre.

It should be noted that HM+ is also made through heat treatment but does
not have the four-point pattern that is characteristic of HM (heat-treated
PBO fibre with water coagulation). This means that a more homogeneous
structure is realized along the fibre axis in the HM+ fibre. It is also noted that
the SAXS pattern shows the same strong equatorial streak as the AS fibre
but the size of the microvoids is definitely larger (~6 nm), as seen from the
analysis by Guinier’s method. The source of this streak is unclear; however,
improving the crystallite size in the fibril of the HM+ fibre would produce
a larger boundary than the AS fibre and give such a SAXS streak.

Electron microscopy

Electron microscope studies were performed to analyse the structure of PBO
fibres more clearly. The electron diffraction (ED) patterns from longitudinal
ultra-thin sections of PBO fibres allow us to estimate crystal size and orientation
in the fibril. Because ED patterns of HM fibre have many spots, HM fibre is
believed to have a higher crystallinity than AS fibre. It should also be noted
that the intensity of (200) reflection is abnormally stronger than those of (010)
and (210) reflections. This tendency is not the same in WAXS. As already
shown in previous sections, the c-axis of PBO crystal is highly oriented to
the fibre direction. However, the way in which the a- and b- axes are aligned
on the transverse cross-section of the fibre is still unknown. If the two axes
are oriented to the radial direction, this preferential alignment affects ED
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patterns. If the a-axis is preferentially oriented to the radial direction, the
(200) reflection should be more intense than the (010) and (210) reflections.
To prove this, an ultra-thin section was tilted and inspected at the sample
stage in TEM, then ED patterns were observed to determine the preferential
direction of the crystal axis more clearly. The section contained the centre
of the original fibre and the rotation axis was parallel to the fibre axis. The
incident electron beam was exposed from the direction of the rotation axis.
After the section was tilted 30° from the horizontal line, the diffracted
intensity of the (200) plane decreased, but the intensities of the (010) and
(210) increased (Fig. 15.3). This means that the direction of the a-axis of
the crystal is mostly perpendicular to the direction of incident electron beam
unless it is tilted. It can be concluded that the a-axis is oriented along the
radial direction of the fibre.

The lattice image (high-resolution electron micrograph) is a powerful tool
to clarify local molecular alignment in the fibre, as many researchers have
already applied this method to high performance fibres. Excellent alignment
of (200) lattice fringes, which represent the alignment of PBO molecules, can
be observed even in AS fibre and the local orientations of PBO crystals are
improved by heat treatment. Heat treatment also improves the crystal size. It
should be noted that the length of the coherency of the crystal continues for
over 40 nm, which is longer than the crystal size measured by DF image and
WAXS. Adams et al. (1989) also observed a similar long-range coherency in
their lattice image of PBO and mentioned that molecules existed throughout
the crystal region. Therefore, it is believed that PBO fibres are also composed
of many extended chains.
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15.4.3 Fibre structure model for PBO fibre

To summarize the above-mentioned observations, a fibre model of AS fibre
is proposed as shown in Fig. 15.4. The structure is formed from microfibrils
(initially 10-50 nm in diameter) and contains many capillary-like microvoids,
which exist between the microfibrils before drying. These microvoids will be
connected to each other through cracks or openings between the microfibrils.
There is a void-free region on the actual surface of the fibre. The microfibril
is made of extended PBO molecules, highly oriented to the fibre axis. The
Hermann’s orientation function measured by WAXS is estimated to be over
0.95. A preferential orientation exists and the g-axis of the PBO crystal is
aligned radially in the cross-section of the fibre. In the case of HM fibre, the
Hermann’s orientation function value becomes 0.99 or higher.

Microfibril  Microvoid
Surface

The a-sxis of the crystal is radially

oriented in a fibre -
Cross-section

10-50 nm Void-free region
<0.2 pm

AN

Microfibril Microvoid

O-C00-0-000—0-0C0
Q0 OG0 O Yy

PBO molecules are highly
oriented in the microfibril
(orientation factor > 0.95)

15.4 Fibre structure model for PBO.
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15.5 PBO fibre structure under deformation

The HM+ fibre, which has the highest modulus value among the three current
PBO fibres, does not show a four-point pattern, suggesting that it has a more
homogeneous structure than HM fibre along the fibre axis. Even for HM+
fibre the modulus reaches only 80% of the theoretical limit. It is necessary
to clarify the reason for this large gap between the crystalline and fibre
modulus. One method is to observe the change in the fibre structure under
tension. Fibre in general contains a so-called amorphous region, which may
deform more than the region made completely of crystal. X-ray diffraction
and Raman scattering have been used for this.

15.56.1 Crystalline modulus

To measure the crystalline modulus of the three PBO fibres, the intensity of
X-ray diffraction from each stressed fibre was measured with a conventional
X-ray diffractometer combined with some in-house stress apparatus. To
put stress on the sample fibre along the fibre axis, it was fixed to the stress
apparatus, then the apparatus was mounted on a wide-angle X-ray goniometer
to collect scattering intensities from the meridian of the fibre. To measure the
diffraction angle of the (00m) layer lines (m is an integer) with great precision,
palladium powder was spread on the sample fibre and the diffraction spots
of the PBO fibre were measured together with those of the palladium in the
same diffraction-angle range of an imaging plate, because the spots from the
palladium were used for reference. It was seen that the position of the highest
peak moved towards a lower angle and that the breadth of the diffraction
profile became wider as the applied stress was increased. By analysing the
Bragg spacings of the meridional reflection (the highest peak position) as a
function of applied stress, the tensile deformation of the polymer chain was
calculated using the following equation:

£. = —CcotfA(260)/2

where 20 is the diffraction angle of the mth meridional layer line and A(26) the
difference of the diffraction angle between a stress and no-stress situation.
The apparent crystalline modulus for the HM+ fibre was estimated as 460
+ 20 GPa from the slope of the straight line in the figure, which was almost
the same as that of HM (460 GPa), but different from that of AS (430 GPa).
Published values (Nishino ef al. 1995 and Lenhert and Adams 1989) of the
crystalline modulus and theoretical modulus also give values in the same
range (460-480 GPa). It is interesting to note that the apparent crystalline
modulus of PBO does not depend to a great extent on the fibre modulus of
HM and HM+ fibres. The value obtained for HM and HM+ fibres may be the
limit and supports the idea that 460 GPa is the real crystalline modulus.
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15.5.2 Hosemann's analysis with stress

Hosemann (1967) proposed a theory to analyse such dependence. This theory
takes into consideration not only the crystallite size but also the degree of
ordering in the crystalline lattice to explain the observed broadening of the
X-ray diffraction profile. In this case, the integral breadth & (the total area of
the profile divided by the maximum peak height) is explained as follows:

8B = 8B, + (mgm)?/c

where 0f is the integral breadth determined only by the real crystallite
size along the fibre axis, g the ordering parameter of the crystalline lattice,
m the index of meridional diffraction and ¢ the Bragg spacing of the (001)
plane. Hosemann’s plot at 0 GPa and 2.5 GPa of stress is shown in Fig.
15.5. The real crystallite size D is evaluated from the equation D = 1/88,,
and is indicated in the same figure together with g. The ordering parameter g
depends strongly on the applied stress while the crystallite size stays constant.
It is also interesting that the AS fibre shows a relatively large hysteresis
with stress; the thick line in the figure after relaxation of stress deviates
from the original line at zero stress. As mentioned previously, molecular
orientation also changes with stress. The HM and HM+ fibres do not show
any permanent structural change with stress; their reactions are confirmed
to be reversible.

It can be seen that there is no fibre modulus dependence of g at zero
stress while the g values under stress (2.5 GPa) are decreased in the order
of AS (180 GPa) > HM (280 GPa) > HM+ (360 GPa). The morphology of
the PBO fibre is different for AS, HM and HM+. It should be noted that
HM+ in particular has a more homogeneous structure along the fibre axis,
as revealed by SAXS. This may be the reason why there is less change in
the crystalline ordering under deformation in the HM+ fibre.

15.5.3 Application of vibrational spectroscopy
to analyse fibre structure

Change of vibrational frequencies with stress

In the previous section, the importance of the concentration of structural
defects in PBO fibre is explained. As described previously, no SAXS four-point
pattern was found, which should be taken into account in understanding the
effects of the concentration of structural defects and inhomogeneity (density
fluctuation) along the fibre axis. The interaction between the neighbouring
chains in the PBO fibre is due to van der Waals forces and electrostatic forces.
The interaction strength is so weak that a micro slippage occurs easily between
them. Stress distribution exists in the molecules under tension. Termonia et
al. (1985, 1986, 1987) and Smith er al. (1989) proposed a lattice model to
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predict the effects of a break in the molecule bonds on the stress—strain curves
of ultra-high molecular weight polyethylene (UHMW-PE) and PPTA fibres.
The question of to what extent the chain ends contribute to the modulus
reduction and the stress distribution due to the existence of the chain end
is still unresolved. Other types of defect structure, such as the amorphous
region and conformational irregularity, may also play a part.

This stress distribution is a reflection of structural incompleteness in the
fibre structure. The source of this stress distribution may be related to structural
defects such as chain ends, molecular misorientation and inhomogeneity
along the fibre axis. It is known that Raman spectroscopy can evaluate such
stress distribution by measuring the band shift caused by tensile stress. The
shift rate (the frequency shift of the Raman band by 1 GPa tensile stress)
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is expressed as a function of the geometry of the molecules of which the
fibre is composed and the force constants of the bonds connecting the
atoms in each molecule. The rate value also varies with the fibre’s structural
inhomogeneity.

Compared with general polymers, the Raman intensity from PBO fibre
was appreciably high due to the Raman resonance effect coming from the
electronically conjugated structure of the skeletal chain. It could be seen that
most of the Raman bands shifted towards a lower frequency as a result of
the application of tensile stress and the width of these bands became wider.
Vibrational frequencies were found to become lower almost linearly with
an increase of applied stress. The frequency shift was reversible with the
bands returning to their original positions with decreasing tensile stress for
the HM and HM+ fibres. The rate of frequency shift differed from band to
band and was determined by the balance between harmonic and unharmonic
force constants and the vibrational mode of these bands.

The band shift was found to depend on the preparation history of the
samples or the fibre modulus as shown in Table 15.5. It is interesting to
note that the rate of Raman shift decreases for most of Raman bands as the
fibre modulus becomes higher. This dependence is related to the morphology
of the fibre sample, especially to the orderliness of the fibre structure;
morphological change affects the stress distribution that results in a change
in the behaviour of stress-induced Raman shift. In order to develop this
discussion it is necessary to first establish the intrinsic shift factors of the
observed crystalline state. For this purpose, we carried out an extrapolation of
the observed shift factors to the point of the crystalline modulus, as indicated
in Table 15.5. These extrapolated shift factor values were compared with
the theoretical calculation.

The band broadening is also related to stress distribution in the fibre.
The Raman band profile was found to become broader as the applied tensile
stress was increased. Most of the bands broadened with increasing stress, but
a few peaks kept the same FWHMs (full width at half-height maximum).
This implies that the stress distribution in the fibre becomes broader with
increasing stress. It is also found that the bands that produce less broadening
show smaller shift factors. This increasing rate of the FWHM may act as
a measure for expressing how the broadening of the stress distribution is
increased with increasing stress. Table 15.5 shows this parameter against the
fibre modulus and assignments for the vibration mode are given in Table
15.6. It is also extrapolated to the limit of the crystalline modulus (460
GPa). If the broadening parameter only represents the increasing rate of
stress distribution inside the fibre, an extrapolation to the crystalline modulus
value should give a null value of FWHM for all the bands, but in actual fact,
some bands fall to zero FWHM and some still have a non-zero FWHM. One
reason for this might stem from the use of the observed crystalline modulus



Table 15.5 Raman shift and broadening factors

Frequency Shift factor Broadening factor
(cm™) (cm™"/GPa) (cm™'/GPa)
AS HM HM+ Extrapolated Calculated AS HM HM+ Extrapolated
1619 -2.93 -3.20 -3.57 -3.8 -4.03 2.36 1.96 1.87 1.44
1586 - - - - -3.90 - - - -
1557 -2.49 -3.05 -3.12 -3.6 -4.43 0.00 0.00 0.00 0.00
1542 -3.40 -3.67 -4.00 -4.4 —4.42 4.17 3.27 2.67 1.50
1488 -3.45 -4.00 -4.41 -4.9 -3.04 - - - -
1336 - - - - -0.93 - - - -
1307 -1.38 -1.56 -1.66 -1.9 -1.35 0.27 0.00 0.00 0.00
1279 -3.17 -3.50 -3.67 -3.8 -2.42 4.45 2.67 2.43 0.60
1176 -0.47 -0.43 -0.27 -0.39 -0.94 0.00 0.00 0.00 0.00
1168 -0.45 -0.39 -0.43 -0.43 -0.96 -0.41 -0.34 -0.34 -0.36
930 -0.8 -0.84 -0.82 -0.82 -0.40 0.69 0.48 0.46 0.55
822 0.00 0.00 - 0.00 -0.40 - - - -
795 - - - - 0.15 - - - -
755 0.00 0.47 - 0.25 -0.29 - - - -
728 -0.6 -0.77 - -0.70 -0.36 - - - -
487 -1.12 -1.3 -1.41 -1.5 -0.62 - - - -
215 - - - - -0.41 - - - -
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Table 15.6

Measured IR

I (em™) 1* (em™) 1 Raman | Calculated Symmetry
(cm™) (cm™) species Approximate description of normal mode vibration
3099 m 3052 A, C-H stretch
3052 B, C-H stretch
3068 m 3051 A, C-H stretch
3050 B, C-H stretch
3036 m 3050 B, C-H stretch
1738 A, PB ring stretch
1630 s 1657 B, P ring stretch
1619 s 1619 Vs 1609 A, PB ring stretch + C-C’ stretch
1581 s 1586 vw 1649 B, P ring stretch + C-C’ stretch
1557 s 1557 s 1575 A, P ring stretch + B ring def + C-C’
1540 sh 1542 s 1553 A, P ring stretchg + B ring def
1497 s 1518 A, C-O + C-C’ + O ring def
1495 S
1488 sh 1488 vw 1502 A, P ring stretch + C-C’stretch
1460 w 1481 B, O ring stretch + P ring def
1430 w 1490 A, BO ring stretch
1414 s 1418 vw 1412 B, PO ring stretch
1392 w 1452 A, O ring def
1390 w
1366 s 1368 B, C-N
1330 w 1336 vw 1338 A, BO ring stretch
1310 w 1307 m 1306 A, P ring def
1308 w
1292 w
1285 w
1275 w 1279 s 1284 A, P ring def
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1147
1118
1110
1059
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871
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758
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832

820
806

706
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1208
1176
1168

930

822
795
755
728

vw

VVW
VVwWw
VVw
VVW

1203

1126
1116

1176

1091
1157
1065

1018
980
976
974
974
959
956
1003
888
858

839
784
741
810
718

614
549
542

BO ring def

PBO ring def
PBO ring def

PB ring def

PO ring def
BO ring def
BO ring def

B reing def
B C-H o.p.
P C-H o.p.

B C-H o.p.
P C-H o.p.

P C-H o.p.

P C-H o.p.

Cc-0

B ring def

O ring def

BO ring def
BO ring def
O ring def
BO ring def
O ring def

P ring def
B ring def
C-C’ torsional mortion
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Table 15.6 Cont'd

Measured IR

IF* (cm™) 1* (em™) 1 Raman | Calculated Symmetry

(cm™) (cm™) species Approximate description of normal mode vibration
524 B, C-C’ torsional mortion

487 vw 492 A, B bring def
466 A, BO ring def
429 B, C-C’ anti-symmetric stretch
408 A, P torsional mortion
381 B, C-C’ bend
372 A, P torsional mortion
345 A, B torsional mortion
312 A, B torsional mortion
296 B, O torsional mortion
258 B, BO torsional mortion
249 B, C-C’ torsional mortion
211 A, C-C’ torsional mortion + P o.p.
208 B, C-C’ torsional mortion

215 vVW 197 A, C-C’ bend
165 B, B torsional mortion
152 A, C-C’ torsional mortion
124 B, B torsional mortion
112 B, C-C’ bend
61 A, O torsional mortion
52 B, B torsional mortion

*The direction of the transition dipoles /I: parallel to the fiber axis; L perpendicular, to the fiber axis.

I: absorption of IR bands or intensity of the Raman bands.
v: very; s: strong; m: medium; w: weak; sh: shoulder.

P: phenylene; B: benzene; O: oxazole; def: deformation; o.p.: out-of-plane.

oy
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in this extrapolation: even the crystalline modulus itself shows a morphology
dependence. In addition, the Raman bands should have their own intrinsic
widths originating from the limited lifespan of thermal vibrations.

The Raman shift factor is a function of molecular geometry and harmonic
and anharmonic force constants. An internal coordinate showing higher
efficiency for stretching a polymer chain shows a higher frequency shift
of the corresponding vibrational band. In addition, if the anharmonicity is
larger for this vibrational mode, the shift factor becomes even larger. For
example, the band at 1619 cm™' was assigned to the stretching mode of the
phenylene and benzothiazole rings coupled with the stretching mode of the
CC bond connecting these two rings. This band was shifted at the observed
and calculated rates of —3.80 cm™!/GPa and —4.04 cm™'/GPa, respectively. This
relatively large shift factor is thought to come from the high efficiency of these
stretching modes for the chain deformation as well as the high anharmonity
of the electronically conjugated ring structure. On the other hand, the band
at 930 cm™! was assigned to the CH out-of-plane deformation mode of the
phenylene ring and had a shift factor of —0.82 cm™!/GPa (the calculated value
—0.39 cm™'/GPa). This relatively small shift factor is considered to relate to
the origin of this band. The CH out-of-plane mode does not contribute very
much to the effective stretching of the skeletal chain.

Raman shift factor and morphology of fibres

In order to understand the morphological effect on the Raman shift factor, a
mechanical series—parallel model was introduced (Fig. 15.6). The Raman shift
factor decreased with an increment of the bulk modulus, logically explained

¢ 1-a

—=

Cc2 A a

4.{ b }.,
15.6 A mechanical series—parallel model. C1 and C2 stand for
crystalline part and A for amorphous part.
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by the assumption of a concentration of stress by the crystalline tie chains.
This interpretation assumed that the amorphous part did not contribute to
the Raman bands tabulated in the analysis, because those observed bands
came mainly from the crystalline region. In the case of PBO, on the other
hand, the Raman band shift factor was smaller for the sample with a lower
fibre modulus. PBO fibre is made of rigid-rod chains, therefore it is assumed
that the chains in the amorphous part may take the extended form, which
contributes about as much to the Raman scattering as the crystalline part
does. Parallel packing of the rigid chain segments seems difficult in the
amorphous region and so these chain segments do not contribute to the X-ray
scattering from the crystal lattice.

According to the mechanical series—parallel model shown in Fig. 15.6,
the apparent crystalline modulus (EZPP) and the bulk fibre modulus (Eyy)
are given as follows:

EM™ex
1—a+abllb + (1 —b)E,/E™]

1
Eb“]k: true true
AT e M)

where E™° is the true Young’s modulus of the crystalline part, E, is the
Young’s modulus of the amorphous part, and the degree of crystallinity is
given by x = 1 — a + ab. The parameters a and b are defined in Fig. 15.6.
The average frequency (v) is expressed as follows:

EYP =

(V) = Vo + ¢ qObuik
where
_bE™ +(1-b)E, —a(1 -=b)E,(1 — a,/oc)
1 b Ere bE, )

where oy, 18 the bulk stress, oc is the Raman shift factor for the crystalline
part and a, is the factor for the amorphous part. The parameters a, b, EI™,
E,, ac and o, were adjusted so that the observed values of Ey ., E2PP and (v)
could be reproduced as reasonably as possible. Values of the parameters so
obtained are tabulated in Table 15.7. The E3, E, ;. and o (= acq: apparent
Raman shift factor) calculated for the models are listed in Table 15.8. The
parameter b is almost zero for all the samples, indicating an application
of the mechanical series model to PBO fibres. The parameter a,, a shift
factor of the amorphous band, is almost zero, too. The measured apparent
crystalline modulus differs, being slightly lower in AS (430 GPa) than in HM
and HM+, but the results based on the simulation show the same value (460
GPa). Therefore the Raman band of the amorphous region is considered to
contribute to the intensity of the crystalline band at the original frequency
position. By increasing the quality of the PBO fibre from AS to HM and
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Table 15.7 Obtained suitable parameters for the series model

Elrue E, O o
(GPa) (GPa) (cm™"/GPa) (cm™"/GPa)
460 70 -3.80 0.0

Table 15.8 Comparison between measured and calculated shift factors «

AS HM HM+
Epui (GPa) 187 258 352
a 0.26 0.14 0.055
b 0.0 0.0 0.0
o: measured (cm~'/GPa) -2.93 -3.20 -3.57
calculated (cm™/GPa) -2.80 -3.27 -3.59

HM-+, the contribution of the C phase is increased more reasonably, consistent
with the observations from X-ray diffraction and the electron microscope.
Because the amorphous region is assumed to contribute to the Raman bands
but not to the X-ray scattering profile, the Raman shift factor is changed
depending on the relative content of C and A parts but the crystalline modulus
is essentially the same for the three types of fibres. They are also consistent
with the observations.

15.6 Future trends
15.6.1 Crystallographic analysis for PBO

Professor Tashiro has dedicated himself to elucidating the structure and
properties of PBO crystal. Several research groups have proposed a crystal
model based on X-ray and electron diffraction data. However, their models
can only reproduce the observed equatorial intensities. There is less agreement
about the layer line. Professor Tashiro has developed a new system to
analyse the structure of polymer crystals using a specific combination of
X-ray diffraction, electron diffraction, vibrational spectroscopy and computer
simulations. Moreover, he is designing a new type of three-dimensional
PBO molecule with a conventional polymer crystal lattice. It is predicted
that the molecule will have a high Young’s modulus of 700—1800 GPa, the
maximum value of which is significantly higher than that of diamond crystal
(1050 GPa).

15.6.2 In-situ study to analyse fibre structure
formation during spinning

During spinning, the oriented structure of the PBO polymer solution is
transformed into a crystallite phase in an air gap, followed by coagulation. To
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analyse this structural evolution, (Ran et al., 2002a,b) Professors Benjamin
Chu and Benjamin S. Hsiao have combined wide-angle X-ray diffraction
and small-angle X-ray scattering with a synchrotron radiation source. This
has revealed that the best model to describe the intermediate structure
before coagulation is a biaxial nematic phase based on a plank-shaped
structural unit with a PBO-polyphosphoric acid complex. After coagulation,
the (010) reflection was found to be formed ahead of the (200) reflection,
which revealed that the first stage of coagulation was the formation of PBO
molecular stacks.

15.6.3 Structural study of a single PBO fibre with
synchrotron radiation

Synchrotron radiation was also introduced by Dr Davies, Dr Riekel and
Professor Young to obtain single-fibre diffraction patterns of PBO. The crystal
modulus was calculated as 430-470 GPa. The fibre showed an increase in
the degree of orientation in both the skin and core parts of the fibre under
deformation. Under high levels of deformation, a lattice difference existed
between crystallite orientation in the AS fibre skin and core. A micro-focused
synchrotron beam was also used to investigate radial fibrillar texturing in
PBO through a variation in equatorial reflection intensity across the fibre.
It was found that the a-unit axis was oriented radially about the fibre axis.
These findings support the fibre model shown in Fig. 15.4.

15.7 Conclusions and comments

Morphological features were inspected by X-ray diffraction and electron
microscope methods, in which a new ultra-high modulus HM+ fibre was
prepared using non-aqueous coagulation with conventional heat treatment
under tension. It was found that the molecular orientation of the fibre as
well as its structural inhomogeneity along the fibre axis was the factor
that controlled the fibre modulus. Compliance was treated as a function of
crystallite orientation. The predicted modulus based on Northolt’s equation
was 370 GPa, which was less than the crystal modulus (460 GPa). The four-
point pattern changed when the fibre was made with a different coagulant.
The existence of a preferential orientation for the a-axis of PBO crystal
was proved.

In order to discover the deformation mechanism of the fibre, X-ray
diffraction patterns from the fibre under tensile stress were investigated and
analysed. Based on Hosemann’s paracrystal theory, the ordering parameter
for lattice distortion was also evaluated. This ordering parameter was found
to decrease with an increase in the fibre modulus. Lattice distortion was
thought to relate to the distribution of stress along the molecular chain and
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therefore to the structural inhomogeneity or the structural defects in the
fibre. The HM+ fibre was considered to contain a very low concentration
of defects and a low degree of structural inhomogeneity, giving the highest
Young’s modulus among the three types of fibre.

Raman spectroscopy was applied to clarify the relationship between the
stress distribution in the fibre structure and the morphology. The Raman shift
factor of the 1619 cm™! band corresponding to phenylene ring vibration was
investigated. It was discovered that the shift factor strongly depended on
the fibre modulus. It was also found that band-profile broadening occurred
and its degree became higher as the fibre modulus decreased, indicating
that stress distribution was induced in the fibre structure, and the rate also
depended on inhomogeneity in the fibre structure.

Normal-mode calculation under quasi-harmonic approximation was
performed and the Raman shift factor for PBO was also predicted. The
measured values agreed with the theoretically predicted values. Fibre modulus
dependencies of the band shift and peak-profile broadening were examined
with a mechanical series—parallel model. The model explained them fairly
well but some further study is still needed to understand the stress distribution
under strong tensile stress.

It is well known that mechanical properties strongly depend on the fibre
structure. From the analytical point of view, the high modulus nature of PBO
fibre is considered to stem from its molecular geometry, strong chemical
bonds (large force constants) and extended fibre structure along the fibre axis.
The relationship between mechanical properties and fibre structure could be
quantitatively interpreted quite well using a mechanical series—parallel model.
This study has given us many useful indications needed for the development
of new polymer materials with excellent mechanical properties. The author
believes it will be possible to make new polymers in the near future, the
mechanical properties of which will greatly exceed those of PBO fibre.
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The structure of high-modulus,
high-tenacity PIPD ‘M5’ fibre

J W S HEARLE, University of Manchester, UK

Abstract: Current high-modulus, high-tenacity fibres have poor transverse
properties. Sikkema proposed a way of improving these by multi-directional
hydrogen bonding in poly[2,6-diimidazo[4,5-b:4",5 pyridinylene-(2,5-
dihydroxy)phenylene], PIPD. The polymer was synthesised and spun into
MS5 fibres. The crystal structure has been determined. More recently an
alternative explanation of the improved transverse properties has been
presented. The commercial future of M5 fibres is uncertain.

Key words: PIPD polymer, PIPD synthesis, PIPD crystal structure, fibre
transverse properties, M5 fibre.

16.1 The problem of lateral weakness

HM-HT fibres have high axial strength due to their molecular alignment.
In polymers such as PBO, there are only weak van der Waals bonds in the
transverse direction between their linear molecules. In the para-aramids, such
as Kevlar, there are stronger hydrogen bonds between —CO.NH- groups, but
these are only in one plane, with weak bonding in the perpendicular direction.
The consequence of the lack of transverse bonding is poor resistance to
shear between molecules, which allows for easy yield in axial compression.
Kink bands form as the molecules buckle at a nanometre scale. Repeated
cycling leads to axial compression fatigue failure. A potential for advance
was recognised, if this defect could be removed by achieving stronger
transverse bonding.

16.2 Chemistry of PIPD

Sikkema (2001) describes his ambition ‘to create polymers as rigid-rod
like as PBO, with strong intermolecular hydrogen bonds.” The synthesis
of poly[2,6-diimidazo[4,5-b:4",5 |pyridinylene-(2,5-dihydroxy)phenylene],
PIPD, provided the solution. The polymer has been converted on a pilot
scale! to the M5 fibre by conventional air gap wet-spinning of a solution
in methane sulphonic acid of PIPD with a molecular weight of 60 000 to
150 000. Lammers et al. (1999) describe structural transitions during the

'The commercial future of M5 fibre is uncertain.

455



456 Handbook of textile fibre structure

manufacture of PIPD fibres. They report that the tensile modulus increases
from 195 GPa in as-spun fibre to 320 GPa in fibre that has been heat treated
at 400°C. Extrapolation to zero angle of orientation gives values of 320 and
500 GPa respectively. The corresponding values of shear modulus are 3.8
and 7.4 GPa.

The chemical formula of PIPD is shown in Fig. 16.1. The basic form
has the same [5-6-5] rings alternating with benzene [6] rings as are found
in PBO and the related polymers from the USAF research. The important
differences are the two hydroxyl [-OH] groups appended to the benzene
rings and the replacement of the oxygen [>O] of PBO by imidazole [>NH]
groups in the five-membered rings. Hydrogen bonding occurs between the
—OH and >NH groups. Klop and Lammers (1999) report that the >C.H and
>N groups on the central ring may interchange irregularly, so that any crystal
lattice would be imperfect, though, because of the similarity in size, this
does not affect the X-ray diffraction pattern. There are now two explanations
of the way in which the hydrogen bonding leads to a higher shear modulus
and greater resistance to axial slip between molecules, which in turn leads
to a compressive strength that is at least four times that of PBO fibres.

16.3 Crystal structure

The crystal structure of PIPD was investigated by Klop and Lammers
(1999) and led to the first explanation. They found that the X-ray diffraction
pattern of M5 fibre, which had been heat-treated at 500°C, was satisfied by
both a triclinic and a monoclinic lattice, Fig. 16.2. In the triclinic form, the
hydrogen bonding links the PIPD molecules into two-dimensional sheets,
with interactions between the sheets. In the monoclinic form the hydrogen
bonding is bidirectional, so that the structure is three-dimensional, with covalent
bonds along the chains and hydrogen bonds between the chains. In order to
distinguish between the forms, the transverse spacings were determined by
X-ray diffraction at temperatures from 50 to 500°C. With the triclinic form,
a difference in thermal expansion in the two transverse directions, due to
the difference in bonding, was expected to lead to a differential change in
spacing. In the diffraction data there was no splitting of the 3.34 A spacing,
which showed that the thermal expansion was the same in both directions

NH N >
=TO :
N N NH
OH

16.7 Formula of PIPD.
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16.2 Possible crystal lattices of PIPD: (a) triclinic; (b) monoclinic.

and the monoclinic, in which bonding is similar in both directions, was
therefore taken to be the correct structure. The calculated density of the
crystal is 1.77 g/cm®,

The as-spun fibre shows a different diffraction pattern due to the presence
of absorbed moisture. Klop and Lammers (1999) describe the structure as ‘a
two-dimensionally ordered hydrate [in which] the polymer chains are packed
regularly in lateral directions, but ... lack longitudinal register’. The section
through the structure in Fig. 16.3 illustrates how the 200 spacing increases
from 5.98 A for heat-treated to 8.38 A for as-spun. The 110 spacing is
hardly changed at 3.33 + 0.01 A. The hydrate PIPD.4H,O contains 21.4%
by weight of water and has a density of 1.60 g/cm>. A progressive change
in X-ray scattering was found on heating in dry nitrogen from 20 to 450°C.
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16.3 Lattice with water molecules between PIPD molecules in as-spun
fibre.

The moisture regain of M5 fibres in ambient conditions is quoted as 2%.
Measurements of the X-ray diffraction of PIPD fibres at the European
Synchrotron Radiation Facility by Montes-Moran et al. (2002) indicated a
6.22 A 200 spacing, which is slightly but significantly greater than 5.98 A for
the heat-treated fibre. This indicates that the crystal structure is less perfect.
The main purpose of this investigation was to determine crystal moduli of
three rigid-rod polymers from changes in the crystal lattice during extension.
The tensile modulus of PIPD was found to be 450 GPa, which is slightly
higher than that of PBO and substantially greater than that of the sulphur
analogue, PBT.

16.4 Modulus calculations

Hageman et al. (1999) report ab initio calculations to estimate the chain
modulus and electronic and optical properties of both the monoclinic and
triclinic PIPD crystals. Takahashi (2002, 2003) made neutron and X-ray
diffraction studies and came up with some differences in the crystal structure,
particularly in relation to the hydrogen bonding.

The alternative explanation of the high shear modulus was proposed by
Hageman et al. (2005), who used VASP (Vienna ab initio simulation package)
to investigate the crystal structure and shear of PIPD crystals based on nearest
and next-nearest neighbour bonding. They found that the triclinic structure
had a lower energy than the monoclinic and that the shear modulus of the
triclinic at 7.7 GPa was higher than for the monoclinic at 5.2 GPa. They
indicate compressive strengths of 0.7 GPa for the monoclinic and 2.1 GPa
for the triclinic. Nevertheless, they stress the importance of the hydrogen
bonding in giving much higher shear moduli and compressive strength than
in PBO. In the triclinic structure, hydrogen bonding, which is concentrated
in the sheets, resists shear in their plane. The high shear resistance between
sheets is attributed to a strong interaction between the rings, which would
presumably also prevent the higher thermal expansion suggested by Klop
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and Lammers (1999). This is reminiscent of the role of interaction between
benzene rings in polyethylene terephthalate. In view of these results, Hageman
et al. (2005) favour the triclinic structure. They attribute the lower shear
resistance between sheets in the monoclinic structure to the hydrogen bonds
forcing the rings into less favourable positions, thus reducing the overall
interaction. In PBO, they postulate a high shear resistance between sheets
due to ring interaction, but assume that shear would be easy within sheets
due to the absence of hydrogen bonding.

16.5 Coarse structure and conclusion

There is no published information on the larger-scale structure of M5 fibres,
except that there is a high degree of orientation in the direction of the fibre
axis. It can be assumed that the structure is broadly similar to the structure
of other HM-HT linear polymer fibres. The molecules will be packed in
crystalline order in fibrillar or quasi-fibrillar units, which show some disorder
in their packing together. Water molecules will be absorbed at discontinuities
between the fibrils.

The achievement of improved transverse properties in M5 fibre is an
important indicator of the influence of details of chemical and physical
structure on mechanical properties of high-modulus, high-tenacity polymer
fibres. However, the commercial future of M5 fibres is uncertain, possibly
due to problems of long-term instability in warm, moist conditions, as was
found with PBO fibres.

16.6 References

Hageman J C L, van der Horst ] W and de Groot R A (1999), An ab initio study of the
structural and physical properties of a novel rigid-rod polymer PIPS, Polymer, 40,
1313-1323.

Hageman J CL, de Wijs G A, de Groot R A and Klop E A (2005), The role of the hydrogen
bonding for the shear modulus of PIPD, Polymer, 46, 9144-9154.

Klop E A and Lammers M (1999), XRD study of the new rigid-rod polymer fibre PIPD,
Polymer, 39, 5987-5988.

Lammers M, Klop E A, Northolt M G and Sikkema D J (1999), Polymer, 39, 5999—
6005.

Montes-Moran M A, Davies R J, Riekel C and Young R J (2002), Deformation studies
of single rigid-rod based fibres. Part I. Determination of crystal modulus, Polymer,
43, 5219-5226.

Sikkema D J (2001), PIPD or ‘M5’ rigid-rod polymer fibre, in High—performance Fibres,
Hearle J W S, editor, Woodhead Publishing, Cambridge, UK, 108-115.

Takahashi Y (2002), Neutron structure analysis of poly(pyridobisimidazole) (PIPD),
Macromolecules, 35, 3942-3945.

Takahashi Y (2003), Crystal structure of poly(pyridobisimidazole) (PIPD), Macromolecules,
36, 8652-8655.



17

Electrospinning and its influence on the
structure of polymeric nanofibers
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Abstract: Electrospinning is a process of creating solid continuous fibers of
material with diameter in the micro- to nanometer range by using electric
fields. Electrospinning has attracted increased attention in the past few years
in a broad range of biomedical and industrial applications due to the ease of
forming fibers with a wide range of properties. This chapter discusses the
basic electrospinning technique and the factors that influence the process
and the resulting nanofibers. Information on the creation of various types

of nanofibers (such as hollow, helical, porous, flat, aligned, non-woven and
conductive) has also been provided. The section on fiber structure describes
some of the unique features of electrospun fibers. The chapter ends with a
description of the impact of structure on the properties of fibers (such as
mechanical, thermal, transport and surface).

Key words: electrospinning, nanofibers, Taylor cone, non-woven fabrics.

17.1 Introduction

Polymeric nanofibers can be created in a variety of ways such as drawing,
template synthesis, self-assembly, phase separation and electrospinning
(Ramakrishna et al., 2005). Electrospinning is a process of creating solid
continuous fibers of material with diameter in the micro-to nanometer range
by using electric fields. Compared to mechanical drawing, electrospinning
produces fibers of thinner diameters via a contactless procedure (Li and Xia,
2004a). It is less complex than self-assembly and can be used for a wide
range of materials, unlike phase separation. Electrospinning has attracted
increased attention in the past few years in a broad range of biomedical and
industrial applications due to the ease of forming fibers with a wide range
of properties. Some of the major advantages of electrospun fibers are the
high surface to volume ratio, adjustable porosity and flexibility to spin into
a variety of shapes and sizes.

This chapter discusses the basic electrospinning technique and the factors
that influence the process and the resulting nanofibers. In addition, some of
the instability issues (such as bending and branching) and parameters that
cause bead defects in fibers have been elucidated. Some innovations in the
field of electrospinning that lead to the various types and properties of the
electrospun fibers have also been covered. This is followed by information

460
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on the creation of various types of nanofibers such as hollow, helical, porous,
flat, aligned, non-woven and conductive. Another topic on composites has
been included which discusses carbon nanotubes, encapsulated structures
and polymer blends. The section on fiber structure describes some of the
unique features of electrospun fibers. The chapter ends with a description
of the impact of structure on the properties of fibers (such as mechanical,
thermal, transport and surface).

17.1.1 Description

The most basic electrospinning setup consists of three major components:
a high voltage power supply, a syringe with a blunt-tip needle and a metal
collecting screen (Fig. 17.1). The syringe holds the polymer solution (or
melt). With the use of a syringe pump, the solution can be fed at a constant
and controllable rate. One electrode is connected to the needle holding the
spinning solution and the other is attached to the collecting screen (usually
a grounded conductor). When high voltage (typically in the range of 0-30
kV) is applied to the needle holding the polymer solution, a charge is
induced on the surface of the liquid drop. As a result the drop comes under
the action of two types of electrostatic forces: mutual electrostatic repulsion
between the surface charges, and the coulombic force applied by the external
electric field. As a consequence of these electrostatic interactions, the liquid
drop elongates into a conical object known as the Taylor cone. Once the
intensity of the electric field attains a certain critical value, the electrostatic

Syringe

Polymer solution Taylor cone

High voltage
[V] power supply

Collector

17.1 Basic setup of the electrospinning process. Reprinted with
permission from Li and Xia (2004a). Copyright Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany.
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forces overcome the surface tension of the polymer solution and force the
ejection of the liquid jet from the tip of the Taylor cone. Before reaching
the collector screen the liquid jet elongates and solvent evaporates, leading
to the formation of a randomly oriented, non-woven mat of thin polymeric
fibers on the collector (Li and Xia, 2004a; Huang et al., 2003).

Important parameters

The morphology and properties of the electrospun fibers can be manipulated
by a number of process variables. These parameters have been classified into
three broad categories: solution properties, controlled variables and ambient
parameters. Solution properties include the concentration, polymer molecular
weight, conductivity, surface tension, dipole moment and dielectric constant.
Controlled variables include the feeding rate, voltage, air-gap distance, collector
composition and geometry. The ambient parameters include the temperature,
humidity and air velocity. Some of these main factors are discussed below
(Doshi and Reneker, 1995).

Concentration

Solution viscosity is one of the major variables to control the fiber size and
morphology when spinning polymeric fibers. Defects in the form of full bead
structure and the presence of junctions and bundles are seen at low polymer
concentrations. This indicates that the fibers were still wet when reaching
the collector, a characteristic of electrospraying rather than spinning. With
increase in polymer concentration, a uniform fiber structure with few beads
and junctions is formed. Too concentrated polymer solutions are difficult to
electrospin as the droplet dries out at the tip before the jet can be initiated.
Figure 17.2 shows scanning electron microscopy (SEM) images of poly(D,L-
lactide) (PDLA) electrospun from dimethyl formamide and the corresponding
viscosities. Additionally, the diameter of the fibers increases with increasing
solution concentration (Zong et al., 2002; Pham et al., 2006).

Field strength

The shape of the liquid drop at the needle tip is greatly affected by the field
strength. At low voltages, the jet initiates from the Taylor cone of the droplet
suspended at the tip. This produces a bead free structure. With increase in
voltage, the volume of the drop at the tip becomes smaller and the Taylor cone
oscillates and recedes. The jet originates from the liquid surface within the
tip and results in the formation of beaded fibers. As the voltage is increased
further, jet initiation occurs at some point inside the needle, the droplet at
the tip disappears and many beads are seen (Fig. 17.3). The shape of the
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17.2 Concentration effect on microstructures of electrospun

PDLA nanofibers at constant processing conditions and variable
concentrations of (A) 20 wt%, (B) 25 wt%, (C) 30 wt% and (D) 35 wt%.
Reprinted from Zong et al. (2002) with permission from Elsevier.

beads gradually changes from spindle-like to spherical-like with increase in
voltage (Pham et al., 2006; Zong et al., 2002).

Flow rate

Studies have shown that low feeding rates result in fibers with smaller
diameters and spindle-like beads. On the other hand, a higher feeding rate
results in larger droplets at the tip of the needle which get carried away with
a faster velocity. Therefore, the electrospun fibers do not get a chance to
dry before reaching the collector. This results in larger beads and junctions
(Pham et al., 2006; Zong et al., 2002).

17.1.2 Instabilities

The path of the electrically charged polymer jet is indefinite and the jet
is subjected to a number of electrically driven instabilities. Some of these
are described in this section: branching, formation of physical beads and
bending instability.

Branching

Changes in shape and charge per unit area of the jet may result from its
elongation and the evaporation of the solvent. This shifts the balance between
the surface tension and electrical forces and the jet becomes unstable. In
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17.3 Electric field effect on microstructures of the electrospun PDLA
membranes at (A) 20 kV, (B) 25 kV and (C) 30 kV (all other processing
conditions constant). Reprinted from Zong et al. (2002) with
permission from Elsevier.
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order to reduce its local charge per unit surface area, the unstable jet ejects
a smaller jet from the surface of the primary jet (Koombhongse et al., 2001).
An example is shown in Fig. 17.4. The formation of branches in jets and
fibers occurs in more concentrated and viscous solutions and also at unusually
high electric fields (Reneker and Yarin, 2008).

Bending instability

When the polymer jet becomes very long and thin, the time required for
excess charge to redistribute itself along the full length of the jet becomes
longer. The location of the excess charge then tends to change with the
elongation. The repulsive Coulomb forces between the charges carried with
the jet elongate the jet in the direction of its axis until the jet solidifies. This
leads to an implausibly high velocity at the thin leading end of the straight
jet. As a result, the jet bends and develops a series of lateral excursions
that grow into spiraling loops (Fig. 17.5). Each of these loops grows larger
in diameter as the jet grows longer and thinner (Reneker and Yarin, 2008;
Reneker et al., 2000).

Bead defects in fibers

A number of spinning parameters influence the formation of beads in the
resulting fibrous mat. With increase in the applied voltage, jet velocity is
increased and the solution is removed from the tip more quickly. When the

17.4 SEM image of branched fibers from 10% poly(ether imide)
in 1,1,1,3,3,3-hexafluoro-2-propanol (Koombhongse et al., 2001)
(Reprinted with permission from John Wiley & Sons Inc.)
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17.5 Diagram showing onset and development of bending
instabilities (Reneker and Fong, 2005) (Reprinted with permission,
copyright 2006 American Chemical Society).

volume of the droplet on the tip becomes smaller, the Taylor cone shape
oscillates and becomes asymmetrical. This leads to the formation of beads.
The effect of solution concentration on bead formation has also been reported
(Fig. 17.2). Highly viscous solutions have been shown to produce more



Electrospinning and its influence on polymeric nanofibers 467

uniform fibers with fewer beads. The shape of the beads also changed from
spherical to spindle-like when the polymer concentration was changed from
low to high levels (Zong et al., 2002). It has also been found that by reducing
the surface tension of a polymer solution, fibers could be obtained without
beads. The addition of ethanol lowered the surface tension of poly(ethylene
oxide) (PEO) and poly(vinyl alcohol) (PVA) aqueous solutions (Pham et al.,
2006). The addition of salts leads to a higher charge density on the surface
of the ejected polymer jet, which results in more electric charges carried by
the electrospinning jet. With increase in the charges carried by the jet, higher
elongation forces are imposed to the jet under the electric field. The overall
tension in the fibers depends on the self-repulsion of the excess charges on
the jet. Therefore, as the charge density increases, the beads become smaller
and more spindle-like (Fig. 17.3). It was also found that with lower solution
feeding rates, smaller fibers with spindle-like beads were formed (Zong et
al., 2002).

17.1.3 Electrospinning process variations

Several innovative electrospinning processing techniques to enhance the
function and properties of electrospun fibers are described in this section.
Desirable physical and biological properties of electrospun nanofibrous
scaffolds can be obtained by using these schemes.

Core shell spinning

The electrospinning of a concentric jet solution was first reported by Sun
et al. (2003). In this process two polymer solutions can be co-electrospun
without direct mixing. The experimental setup is shown in Fig. 17.6. A
core—shell structure with polycaprolactone (PCL) as the shell and gelatin as
the core was fabricated by Zhang et al. (2004). A method to coaxially spin
polyurethane (PU) (shell)/nylon-6 (core) nanofibers was developed by Han
et al. (2007). It was found that the core—shell nanofibers exhibited properties
between those of the individual materials. They also demonstrated that it is
feasible to attach core—shell compound nanofibers to a textile substrate. This
technique can be used for encapsulating, protecting and delivering various
compounds. It can also be used for functionalizing the surface without
affecting the core.

Blowing assisted electrospinning

This technology has been used for aqueous hyaluronic acid (HA), which could
not be electrospun using conventional electrospinning due to its very high
solution viscosity and high surface tension at fairly low solution concentrations
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17.6 Experimental setup for co-electrospinning to produce core-shell
nanofibers (Sun et al., 2003). Reproduced with permission, copyright
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

(Um et al., 2004). In this process air flows parallel to the straight portion of
the jet concentrically surrounding the polymer jet (Ramakrishna et al., 2005).
The experimental setup is shown in Fig. 17.7. It was found by Um et al.
(2004) that the combination of air blowing force and the applied voltage is
capable of overcoming the high viscosity as well as the high surface tension
of the polymer solution. The elevated temperature of the blowing air can
further reduce the solution viscosity of the HA solution. The air can also
aid in faster solvent evaporation. The fiber diameter can be customized by
controlling the flow rate and temperature of the blown air.

Multilayer and mixed electrospinning

Multilayer and mixed electrospinning was demonstrated by Kidoaki et al.
(2005) to fabricate scaffolds containing different polymers. The fibrous mesh
can consist of layers sequentially collected on the same target collector. Such
a three-layered scaffold composed of segmented PU, styrenated gelatin and
type I collagen can be used as an artificial blood vessel scaffold (Kidoaki
et al., 2005). In mixing electrospinning, two or more different polymer
solutions can be electrospun from two or more different polymer syringes
under different processing conditions.
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17.7 Experimental setup of forced air assisted electrospinning
device (Um et al., 2004) (Reprinted with permission, copyright 2004
American Chemical Society).

17.2 Types of fibers produced by electrospinning

Variation in the morphology of the electrospun fibers can be obtained by
changing the parameters of electrospinning. A wide range of shapes can be
created and properties can be controlled to suit various applications.

17.2.1 Porous nanofibers

It is possible to vary the size of the structure from a few tens of nanometers
to 10 microns based on the type of polymers, solvents and the electrospinning
conditions. Porous structures have a larger surface area and are beneficial to
many applications like catalysis, filtration, absorption, fuel cells, solar cells,
batteries and tissue engineering. Megelski et al. (2002) reported changes in
the shape and size of nanopores in the electrospinning of polystyrene (PS).
They found that with increase in concentration the pore size increases and the
pore shape becomes more rounded. Additionally, the pore size distribution
was not affected by changing the voltage, but increases with increasing
flow rate. They also investigated electrospun fibers of polymers such as
poly(methyl methacrylate) (PMMA) and polycarbonate (PC). They reported
that solvent vapor pressure and atmospheric humidity had a strong influence
on the pore formation. It was postulated that a highly volatile solvent will
undergo rapid evaporation and result in surface cooling of the electrospinning
jet. This may induce phase separation and moisture condensation, promoting
the formation of porous structures. An example of porous nanostructure of
poly(L-lactide) (PLLA) spun in dichloromethane is shown in Fig. 17.8. The
size and the density of pores are also increased by increasing the humidity
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17.8 SEM images of porous fibers obtained via electrospinning

of a solution of PLLA in dichloromethane. (Bognitzki et al., 2001).
Reproduced with permission, copyright Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim, Germany.

levels. Increasing humidity results in circular pores on the fibers (Megelski
et al., 2002).

17.2.2 Non-woven nanofibers

The velocity of the polymer jet during electrospinning is very high near
the collector, and the resulting nanofiber is typically deposited in a random
manner without proper orientation (Liang et al., 2007). Most nanofibers
obtained by electrospinning are in non-woven form and can be used for
a small number of applications such as filtration, tissue scaffolds, implant
coating film and wound dressing. The non-woven mat of electrospun fibers
is highly porous, has a large interconnected void volume and possesses
high surface to volume ratio. The woven fabrics compartmentalize the pore
volume more regularly (Fig. 17.9) whereas the entangled fibrous mat has a
pseudo-bicontinuous structure (Burger et al., 20006).

17.2.3 Flattened or ribbon-like nanofibers

Flattened nanofibers are created with high molecular weight polymers and
high polymer concentration. Solvent evaporation reduces with higher solution
viscosity and wet fibers that reach the fiber collector are flattened by the
impact. The impact of solution concentration can be seen in Fig. 17.10. The
flat ribbon shape can be attributed to the collapse of an outer skin formed on
the surface of the jet. Ribbons have been observed in the electrospinning of
Nylon-6 clay composites, polycarbonates, PVA (Burger et al., 2006), elastin
(Boland et al., 2004) and hemoglobin (Barnes et al., 2006).
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17.9 Artistic representation of woven (left) and non-woven (right)
fabrics (Burger et al., 2006). Reprinted, with permission, from the
Annual Review of Materials Research, Volume 36 © 2006, by Annual
Reviews, www.annualreviews.org.
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17.10 SEM images of electrospun hemoglobin in 2,2,2-
trifluoroethanol at the following concentrations: (A) 150 mg/mL, (B)
175 mg/mL, (C) 200 mg/mL, and (D) 225 mg/mL (1000x magnification,
scale bar is 10 um) (Barnes et al., 2006) (Reprinted with permission,
courtesy of INDA, Association of the Norwegian Fabric Industry.
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17.2.4 Hollow fibers

To attain hollow fibers, the template/mandrel should be degradable or
extractable without destroying the coating layer. Such structures with hollow
interiors are used in a wide range of application such as nanofluidics and
hydrogen storage (Li and Xia, 2004a). Also, by employing a direct coaxial
spinning method (Fig. 17.11), hollow nanofibers can be made.

17.2.5 Helical fibers

Helical fibers can be used in microelectromechanical system devices, advanced
optical components and drug delivery systems. Helical fibers made of a
mixture of PEO and poly(aniline sulfonic acid) (PASA) have been reported
(Kessick and Tepper, 2004). The creation of helical loops can be attributed
to the electrochemical property of the conductive PASA polymer (Fig.
17.12). It is suggested that there was equilibrium between the electrostatic
repulsive force and the viscoelastic restoring force in the electrospun polymer
jet. When a fiber is collected at the metal surface, the charges from PASA
regions are transferred to the fiber surface. This force imbalance resulted in
fiber structural rearrangement to restore the force equilibrium.

17.2.6 Aligned fibers

Oriented nanofiber webs show mechanically anisotropic tensile properties
and higher hydrophilicity compared to randomly collected fibrous mats
(Kim, 2008). A comparison is shown in Fig. 17.13. Collectors with various

17.11 Hollow fibers fabricated by direct coaxial electrospinning (Li
and Xia, 2004b) (Reprinted with permission, copyright 2004 American
Chemical Society).
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17.12 Fibers produced from (a) 6 wt% PEO and 0.75 wt% PASA
in water, (b) 8.5% PEO and 0.75% PASA in water. Reproduced
with permission from Kessick and Tepper (2004), copyright 2004,
American Institute of Physics.

17.13 Randomly oriented electrospun mat (a) and a highly aligned
fibrous mat (b). Reproduced with permission from Yang et al.
(2007). Copyright Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim,
Germany.

geometries have been used to produce aligned fibers. A rotating cylindrical
drum collector allows for greater alignment compared to a stationary target. This
method has been extensively used in our lab to produce aligned electrospun
fibrous mats of polymers such as poly(glycolic acid) (PGA) (Boland et al.,
2001), type I collagen fibers (Matthews et al., 2002), polydioxanone (PDO)
(Boland et al., 2005), fibrinogen (McManus et al., 2006) and PDO-elastin
blends (Sell ez al., 2006). However, the degree of alignment is not very good



474 Handbook of textile fibre structure

as a substantial number of misaligned fibers are collected. To improve the
alignment of fibers, a sharp pin with a negative potential can be introduced
in the rotating mandrel. The pin in the mandrel is placed directly below the
tip of the needle. The results showed that PMMA was better aligned than
fibers collected on just a rotating mandrel (Sundaray et al., 2004). To control
the path of the spinning polymer jet, the electric field can be modified using
auxiliary electrodes made of parallel conducting strips. These auxiliary
electrodes can be given a negative voltage to concentrate the electric field
along the orientation of the parallel strips (Bornat, 1987). Two parallel
electrodes can also be placed below the needle with a gap in between them
to better align the electrospun fibers. The results show that the fibers tend to
align themselves across the gap between the electrodes. Mutual electrostatic
repulsion further enhances the parallel and relatively uniform distribution
of the fibers (Li et al., 2003).

17.2.7 Conductive fibers

Polyaniline (PA) has been electrospun from a sulphuric acid solution. The
polymer jet was collected in water to coagulate the PA and wash out the
sulphuric acid. Scanning tunneling microscopy and resistivity measurements
made on the tufts of fibers proved PA to be an electrical conductor. The
electrical conductivity of PA also became evident when the collected nanofibers
extended in the direction of the applied electric field rather than forming a
typical non-woven mat (Reneker and Yarin, 2008).

17.2.8 Composite nanofibers

Fibers with different compositions can be electrospun using various techniques
to produce a wide range of structures with desired properties. Such composites
can be used for specific applications. Some examples are discussed below.

Carbon nanotubes

Carbon nanofibers have been made by converting electrospun polyacrylonitrile
(PAN) to carbon by thermal carbonization treatment. The PAN solution
contained iron-bearing molecules which decomposed during the carbonization
treatment and formed iron-rich particles on the surface of the carbon
nanofiber. These particles then catalyzed the growth of many multiwall
carbon nanotubes that formed branches attached to the carbon nanofiber (Fig.
17.14). The interstices between the multiwall nanotubes provide channels
for flow of various molecules like water, hydrogen and oxygen and can be
used for the construction of fuel cell electrodes. Such composites have been
shown to possess enhanced electrical conductivity, tensile strength, thermal



Electrospinning and its influence on polymeric nanofibers 475

17.14 Transmission (a) and scanning (b) micrographs of carbon
nanotubes on nanofibers produced by electrospinning of PAN,
carbonization of PAN and catalytic growth of carbon nanotubes.
Reproduced with permission from Hou and Reneker (2004). Copyright
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

deformation temperature, thermal and dimensional stability (Reneker and
Yarin, 2008).

Encapsulated structures

Many biological molecules, chemicals and other particulate materials have
been dissolved in polymer solution and electrospun. Green fluorescent labeled
albumin molecule has been electrospun from a solution of poly(ethylene
oxazoline) in water. The protein molecules were found to be uniformly
dispersed inside the nanofibers. Encapsulated trypsin was found to remain
active for eight weeks at room temperature after the surrounding nanofibers
redissolved. It has also been found that if a particle larger than the diameter
of the nanofibers flows into the polymer jet, the jet temporarily expands to
encase the particle and then shrinks back to its nanoscale dimension (Reneker
and Yarin, 2008).

Polymer blends

A blend of synthetic and natural polymers was created for use as a
bioreabsorbable vascular graft by Sell ez al. (2006). PDO and elastin solutions
were blended in different ratios to mimic the structure and properties of
the native artery. Elastin was incorporated for bioactivity and PDO was
used to enhance the mechanical properties of the electrospun fibrous mat.
Boland e al. (2004) demonstrated the electrospinning of a blend of collagen
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and elastin for use as vascular tissue engineered constructs. Zhang et al.
(2005) created gelatin and PCL electrospun blends that exhibited enhanced
mechanical properties and better wettability than that obtained from PCL
or gelatin alone. A mixture of heparin and poly(ethylene glycol) (PEG) was
electrospun for potential use as a wound dressing; the presence of PEG
slowed down the release of heparin and permitted better biological outcomes
(Casper et al., 2005).

17.3 Fiber structure

Nanofibers produced by electrospinning exhibit a range of unique features
and properties that are not seen in one-dimensional structures produced by
other techniques. Some of the remarkable properties are described in this
section.

17.3.1 Fiber diameter

An ideal target for electrospinning is to have consistent and controllable fiber
diameters. The fiber diameter primarily depends upon the spinning parameters,
most important being the solution concentration. Higher viscosity results in
a larger fiber diameter (Huang et al., 2003). Demir et al. (2002) reported a
power law relationship stating that fiber diameter was proportional to the
cube of the polymer concentration. Another parameter affecting the fiber
diameter is the applied electrical voltage. In general it has been found that
a higher applied voltage results in the ejection of more fluid in a jet, leading
to larger fiber diameters. However, when spinning silk-like polymers and
bisophenol-A polysulphone, fiber diameter has been shown to decrease with
increasing applied voltage (Pham et al., 2006). Huang et al. (2006) have
reported very small diameter (~1.6 nm) nylon fibers with only one or three
molecules in the cross-section. Molecular weight does not have a noticeable
effect on the fiber diameter. Higher solution conductivity results in a smaller
fiber diameter. Zong et al. (2002) found that salts with smaller ionic radii
produced smaller diameter fibers and vice versa. They suggested that higher
charge density led to higher mobility of ions with smaller radii. Higher
mobility resulted in increased elongation forces exerted on the polymer jet,
creating a smaller fiber (Zong et al., 2002). Lower flow rates produced fibers
with smaller diameters. Increase in temperature led to decrease in solution
viscosity, producing smaller diameter fibers (Pham et al., 2006).

17.3.2 Complex pore structure

In electrospun nanofibers, two types of pores can be identified: pores on or
within each fiber, and pores between the fibers on a nanofibrous membrane.
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Compared to the conventional techniques of fiber fabrication (e.g. extrusion),
electrospun fibers are much thinner in diameter and have high surface to
volume ratio. Due to the entanglement of fibers, a high density of pores can
be formed. When compared to mesoporous materials (e.g. molecular sieves),
the specific surface area of the electrospun fibers is lower, but the pores are
relatively large and fully interconnected to form a three-dimensional network
(Li and Xia, 2004a). The knowledge of pore size and porosity is crucial in
determining the membrane’s performance. Pore size determines the type
of substance or species that can permeate through, whereas porosity is a
measure of the flow across the membrane. SEM can be used to determine the
pore size of the electrospun membranes, but not the porosity. Furthermore,
only the pore sizes on the top surface can be measured, while pores beneath
the surface cannot be analyzed. Sell et al. (2008) described a method to
determine the hydraulic permeability of an electrospun nanofibrous structure
to accurately determine its pore size and fiber diameter.

17.3.3 Molecular alignment

A high degree of molecular alignment results from the very large effective
spin draw ratio exerted by the electrostatic fiber stretching process. It has
been found through electron diffraction analysis that polymer chains in
electrospun poly(ferrocenyldimethylsilane) were extended and aligned along
the fiber axis. Structures of electrospun PEO were investigated by optical
and atomic force microscopy and it was concluded that the fibers possessed
a surface layer of highly ordered polymer chains (Li and Xia, 2004a).

17.3.4 Surface structure

Nanofibers have been shown to become rougher with increase of the electrical
potential (Huang et al., 2003). Deitzel et al. (2001) suggested that by
controlling the spinning current the bead defect density of the electrospun
fibers can be controlled. The use of a metal collector results in the formation
of smooth fibers (Pham et al., 2006). Another parameter that influences
surface structure is solution concentration. Low viscosity solutions produced
beaded electrospun structures which are considerably rougher than completely
fibrous structures (Acatay et al., 2004).

17.3.5 Crystal orientation

Electrospinning significantly retards the crystallization process. This retardation
can be attributed to the rapid solidification of the stretched chains at high
elongation rates. Thus, the stretched chains do not have enough time for
crystal formation. Although the polymer chains are non-crystalline in the
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nanofibers, they are highly oriented (Zong et al., 2002). As a result of defects
in crystallization, the glass transition temperature and the crystallization peak
temperature also decrease (Huang et al., 2003).

17.3.6 Gradient structures in fibers

A bimodal distribution of fiber diameters may result from high concentration
solutions. A secondary population of smaller fibers is produced in addition
to the primary population once the solution concentration exceeds a certain
critical value (Deitzel et al., 2001). This phenomenon was attributed to fiber
splaying events. Electrospinning of PU fibers at 12.8 wt% yielded fibers with
three different-sized diameters (Demir et al., 2002). Dual-porosity scaffolds
can be generated by electrospinning a suspension of salt and clay particles in
the polymer solution, followed by salt leaching and gas foaming processes.
The resulting scaffolds have nanosized pores at the fiber interstitial space
and microsized pores formed by salt particles and gas bubbles (Liang et
al., 2007). Immiscible polymer solutions can also be electrospun to form a
two-phase structure in the resulting fibrous mat.

17.4 Influence of structure on properties

The properties of nanofibers can be largely attributed to their physical and
chemical structure. This section describes the effect of morphological features
and internal structure on the properties of the electrospun nanostructures.

17.4.1 Mechanical properties

Nanofibers have better mechanical properties than microfibers of the same
polymer (Huang et al., 2003). Also, aligned nanofibers collected by a rotating
drum are likely to have better tensile properties than specimens extracted in
the transverse direction (Ramakrishna et al., 2005). Due to the small diameter
of the nanofibers, it is generally difficult to measure the mechanical properties
of a single fiber. The measurements are usually taken for fibrous mats which
mask the overall material specific properties. Also, cross-sectional area
measurement is difficult due to the porosity of these materials. Therefore,
the modulus measured for mats or yarns is not considered to be accurate
(Wang et al., 2004). Gu et al. (2005) reported the mechanical properties of
a single electrospun PAN ultrafine fiber using a cantilever technique. They
found that with higher applied voltage, higher Young’s modulus is obtained.
The high electric force acting on the jet ejects the polymer solution at high
speed, which in turn leads to good orientation of the molecule chains within
the electrospun fibers. Thus, higher modulus of the electrospun fibers is
obtained (Gu et al., 2005). It has also been documented that values for
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modulus increase with increase in fiber diameter. Boland et al. (2005) reported
that the modulus values for aligned fibrous PDO structures produced from
71-167 mg/ml concentration solutions were significantly higher than from
the aligned 42-56 mg/ml PDO concentrations.

17.4.2 Chemical composition

The chemical composition of an electrospun polymer is different from that of
its bulk form. Duan et al. (2004) demonstrated this by performing functional
group detection using Fourier Transform Infrared (FT-IR) spectroscopy. Casting
films of PEO, chitosan and chitosan—-PEO had different absorption bands
from chitosan—PEO nanofibers. It was suggested that chitosan experienced
phase separation in chitosan—PEO solution and that no chitosan element is
found on the surface of nanofibers electrospun from chitosan—PEO solution
(Duan et al., 2004).

17.4.3 Transport properties

An electrospun fibrous mat generally has high porosity but a very small
pore size. As a result, they have higher convective resistance to air flow
compared to microporous polytetrafluoroethylene (PTFE) membranes while
the resistance to the transport of water vapor was much lower than that
of polymer membrane and membrane laminates. Typically, materials with
high rates of water vapor diffusion and low air permeability are promising
candidates for protective clothing applications (Gibson et al., 1999).

17.4.4 Thermal properties

Electrospinning significantly lowers the glass transition temperature and the
melting temperature of the material. This can be attributed to the very large
surface area to volume ratio of the electrospun membranes (Zong et al., 2002).
Polymer with more free volume allows easier movement of molecular chain
thus lowering the glass transition temperature (Ramakrishna et al., 2005).

17.4.5 Surface reflection and scattering

Small angle X-ray scattering (SAXS) techniques were used to investigate the
structure and morphology of PLLA electrospun fibers. Since the electrospun
fibers were randomly oriented in the membrane, the pattern represented
scattering in all directions. The interpretation of SAXS can be complicated
as it may contain several contributions including microfibrillar structure,
surface reflection/scattering of nanofibers and void morphology (Zong et
al., 2002).
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17.4.6 Conductivity of nanofibers

Considering the fact that the rate of electrochemical reaction depends upon
the surface area of the electrode, Norris et al. (2000) exploited the high
surface area to volume ratio of the electrospun fibers to form conductive
nanofibrous membranes. This was achieved by the blending of the conducting
polymer, PA and PEO, in various blending ratios. Fibers having a desired
conductivity were produced by controlling the ratio of PA to PEO in the blend
(Norris et al., 2000). Such conductive membranes can be used for making
high performance batteries and other applications including electrostatic
dissipation, corrosion protection, electromagnetic interference shielding, and
photovoltaic devices (Huang er al., 2003).

17.4.7 Surface properties

Hydrophilic materials show a low water contact angle while hydrophobic
materials show high water contact angle. Acatay et al. (2004) demonstrated
that the fibrous architecture of electrospun materials imparts hydrophobic
characteristics to the membrane due to its sub-micron scale roughness.
Compared to polysulphone (PSU) films which had a contact angle around
70-90°, the PSU electrospun membranes exhibit higher contact angles of
around 140°. The degree of hydrophobicity in electrospun fibers can be
tuned by changing the spinning parameters (e.g. viscosity) and chemical
modification techniques (Acatay et al., 2004).

17.5 Future trends and conclusion

The past few years have witnessed explosive growth in the field of
electrospinning. Electrospun nanofibrous scaffolds have displayed tremendous
promise and potential for a broad range of applications such as tissue
engineering, wound dressing, drug delivery, filtration, protective clothing
and affinity membranes. In this chapter, several specific advantages of
electrospun fabrics that make them superior to fabrics created by existing
techniques have been discussed. However, there are many challenges that
still need to be overcome. For instance, it is still difficult to electrospin
fibers with diameters below 100 nm. More studies need to be conducted
in order to have better control of the size and morphology of electrospun
nanofibers. Due to the molecular weight and solubility limitations of
conjugated organic polymers, it has not been possible to electrospin them.
Also, a correlation between the processing parameters and the secondary
structure of electrospun nanofibers remains to be established. Furthermore,
all electrospinning techniques described so far lead to the formation of a
two-dimensional structure. Processing technologies to make three-dimensional
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constructs need to be improved. Research on electrospinning is expected
to become even more interdisciplinary in the near future. Many desirable
properties have been achieved by innovations in electrospinning (core—shell
spinning, blowing-assisted spinning, multilayer spinning) and post-processing
techniques. Fabrication of nanofibers from materials such as metals and
ceramics has extended the capability of this technique to new applications. It
is hoped that this chapter will provide useful information for future research
and development in the rapidly evolving field of electrospinning.

17.6 Sources of further information and advice

Darrell H. Reneker, Alexander L. Yarin and Gregory C. Rutledge have vast
experience in electrospinning processing technique and theoretical modeling
of electrified jets. Gary L. Bowlin and Seeram Ramakrishna have published
extensively on biomedical applications of electrospun scaffolds. These groups
are the leaders in their field and will be the key sources of information as
the ever-expanding field of electrospinning forges forward. Comprehensive
books by some of these researchers have been included in the references
(Ramakrishna et al., 2005; Reneker and Fong, 2005).
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Melt spinning and other techniques for the
production of nanofibres and microfibres

Y OHKOSHI, Shinshu University, Japan

Abstract: The production methods of ultrafine fibre or nanofibre can be
roughly classified into three types: self-organization, random and filament.
Direct spinning, conjugate spinning, polymer blend spinning and laser-heated
flow drawing belong to the filament type. Conjugate spinning is divided
into a sea—island type, a divided (exfoliation) type and a multilayer type

by the conjugate form. Ultra-fine fibre of diameter 2—6 wm is produced on
an industrial scale by this method. For multilayer conjugate spinning, by
compiling the polyester layer and nylon layer alternately, fibre having an
optical interference colouring nature was developed. By heating with laser
irradiation, running fibre can be heated far more rapidly and uniformly than
by heating by heat transfer. High-draw-ratio stable flow drawing is realizable
by laser irradiation heating of running fibre, and ultrafine fibre of diameter
about 1 um was made by this technique. The fiber can be stably drawn to

a large draw ratio with minimal thermal degradation by rapid and uniform
laser-irradiated heating of polymer melt extruded from the spinning nozzle
to a high-temperature, low-viscosity state and by extending the polymer melt
sharply with electrostatic power. Nanofiber with 39 nm diameter and 0.54
GPa tensile strength can be formed by combining conjugated spinning and
laser-heated flow drawing.

Key words: nanofibres, microfibres, conjugated melt spinning, laser
drawing, flow drawing, polymer blend.

18.1 Introduction

The surface area of a fibre is proportional to the diameter, whereas the fineness
of the fibre is proportional to the square of the diameter, and the flexural
rigidity of the fibre is proportional to the fourth power of the diameter.
Therefore, if the diameter of a single fibre is 1/10 under the condition of
the same total fineness, a flexible ultrafine fibre bundle, which will have 10
times the surface area and 1/100 the flexural rigidity, should be obtained.
In particular, a fibre that has a diameter less than 10 wm shows typical
characteristics caused by its big surface area and low flexural rigidity. Fibres
that have a diameter less than 10 um and less than 100 nm are generally
termed (ultra)fine fibres and nanofibres respectively, but the terminological
definition is not exact.!*?

The production methods of ultrafine fibres and nanofibres can be roughly
classified into three types: (1) self-organization, (2) random, and (3) filament.'
Carbon nanofibre (CNT) is a typical example of (1) and gel is also a typical
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self-organization nanofibre aggregate. A trial attempt to create nanofibre
directly in the polymerization process has also been reported.®™ For example,
polyethylene fibre of 30—50 nm diameter is obtained by nanochannel spinning
using mesoporous material including a polymerization catalyst.® This type
of nanofibre tends to have a short length and many branches, which cause
problems in controlling the aggregate structure of the nanofibre. Therefore,
for most of these nanofibres, even if the nanofibre itself originally had a
high function, it is difficult to produce a product with high functionality.

Melt blowing, electrospinning (electrospray),>*!® centrifugal spinning,
flash spinning, etc., are all used in the type (2) fibre manufacturing process.
Although a longer fibre will be obtained from this process compared with
type (1), because of the web-like form of the product it is generally difficult
to use it as a fibre bundle. Since the product obtained is restricted to a sheet-
like form, mechanical fabrication techniques, such as weaving, knitting and
breading, are difficult to apply and so the use of the product is also limited to
filters, etc. Moreover, since a continuous fibre bundle is not obtained, uniform
drawing and annealing is difficult, which generally causes inferior physical
properties such as low tensile strength and low heat resistance, except for
flash-spun fibres.! For these, melt blowing is used as a method of obtaining
an ultrafine fibre web, by blowing away polymer extruded from the spinning
nozzle by a hot and supersonic air jet. Although the diameter of the fibre
obtained is usually several microns, a fibre of diameter 1 um or less can
also be obtained. Alternatively, flash spinning is a technique used to produce
a nonwoven fabric of high-strength ultrafine fibres by blowing a hot and
high-pressure polymer solution from a spinning nozzle at supersonic speed,
so that it is extended and then solidifies quickly. High molecular oriented
fibre with a diameter from a submicron to tens of microns is obtained by
this technique.

Direct spinning, conjugate spinning, polymer blend spinning and laser-
heated flow drawing are used for type (3) production.'!! Since a continuous
fibre bundle with unidirectionaly oriented fibres is obtained, it is excellent
for processing into products of various forms, such as cloth. There is also the
important fact that it is easy to obtain ultrafine fibre which has excellent heat
and mechanical physical properties, such as tensile strength, tensile modulus
and heat resistance, since redrawing after take-up is possible. Although
simple direct spinning is the best method for reliability and productivity, the
manufacture of a fibre thinner than 3 um is difficult using this process.!> On
the other hand, as shown below, ultrafine fibres are obtained by conjugate
spinning, polymer-blend spinning and laser-heated flow drawing. Moreover,
a still finer fibre can be manufactured by combining these techniques.
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18.2 Conjugated melt spinning

Fibre with a predetermined component arrangement in its cross-section can
be made by extruding two or more kinds of components, which combine in
the back of a spinning nozzle and elongate before extrusion. This technique
is called conjugate spinning. By separating the obtained fibre along the fibre
axis, an ultrafine fibre can be produced. Conjugate spinning is divided into
a sea—island type, a divided (exfoliation) type and a multilayer type by the
conjugate form. Ultrafine fibre with a diameter of 2—-6 pm is produced on an
industrial scale by this method.!® In particular, by using the sea—island type
of conjugate spinning, an ultrafine fibre with a diameter of the order of a
submicron can be manufactured by ultra-multi-island conjugate spinning for
which the island number exceeds 1000. Using multilayer conjugate spinning,
by compiling alternate polyester and nylon layers, a fibre with an optical
interference colour (Morphotex®) was developed.'*'® The fibre has 60 or
more layers whose thickness, below 100 nm, is accurately controlled.

18.3 Melt spinning of polymer blends

An ultrafine fibre with a diameter from a submicron to several microns is
obtained by making fibre from a mixture of two or more kinds of polymers,
and removing the sea component afterwards. Although it used to be said
that the spinning was generally difficult and a nanofibre of 100 nm or
less in diameter could not be produced by the technique, it has been used
successfully in producing continuous nylon-6 nanofibre of average diameter
60 nm by strictly controlling the flowing behaviour within the nozzle and
the thinning process of the thread. The nanofibre exhibits special features,
such as a water-swelling characteristic and a high water-retention property
that is three or more times that of normal nylon.'?

18.4 Laser-heated flow drawing

Generally, a molecule chain is oriented to the fibre axis by extending during
the drawing process. For this reason, the maximum draw ratio is usually
restricted to about 20, except in the case of ultra-drawing, used, for example,
in the drawing of ultra-high molecular weight polyethylene for macromolecules
with a small number of molecular entanglements, while the draw ratio of
melt spinning can reach the thousands. However, if the fibre temperature
is high enough and the drawing stress is small enough, the molecule chain
cannot be oriented enough to cause orientation-induced crystallization, and
then the fibre can be drawn with no structural limitation. This is called ‘flow
drawing’. Even though there is no structural limitation, there is a restriction
of drawing stability if the fibre is heated by ordinary heat transfer. Therefore,
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the maximum flow draw ratio is limited to less than 10 in this case. The
instability of flow drawing is caused by drawing in the heating region.!”
With ordinary heat transfer heating, it is impossible to avoid drawing in the
fibre heating region because rapid and uniform heating is impossible by this
method. However, using laser irradiation, running fibre can be heated far
more rapidly and uniformly than by heat transfer. High-draw-ratio stable-
flow drawing is actually made possible by the laser irradiation heating of
running fibre,'® ' and ultrafine fibre with a diameter of about 1 um has
been made by this technique.'! 2% 2! Not only can this technique be used
for manufacturing ultrafine fibre, but it can also be used for obtaining fibre
from difficult thermo-processing materials, such as a polymer which has a
particularly high melt viscosity or a polymer liable to thermo-degrade.

A catastrophic transition between a flow-drawing state and a neck-drawing
state is shown in Fig. 18.1. Bordering on several MPa of drawing stress,
discontinuous transition is observed between the neck-drawing state and the
flow-drawing state. In the neck drawing state, the fibre deforms quickly in
the short section as long as the fibre diameter and causes orientation-induced
crystallization, while in the flow-drawing state the fibre deforms in the long
section from several millimetres to hundreds of millimetres and does not cause
orientation-induced crystallization. In the state of neck-drawing, the drawing
point moves to the upper stream with the increase of energy irradiated to the
fibre; therefore, since the temperature at the drawing point hardly changes,
the drawing stress also depends very little on either the running speed or
the laser power. On the other hand, in the state of flow-drawing, the fibre
temperature rises monotonically with the increase in irradiated energy, and
since elongational viscosity falls, the drawing stress also decreases with the
irradiated energy. Therefore, the hysteresis between the neck-drawing state
and the flow-drawing state increases with the increase in irradiated energy,
and can be flow-drawn to the larger draw ratio. The drawing state observed
by the measurements as shown in Fig. 18.1 is summarized in Fig. 18.2. Since
the horizontal axis is proportional to the laser energy irradiated to the fibre,
it almost corresponds to the fibre temperature for the flow-drawing state.
This figure shows that the maximum flow draw ratio is increasing almost
exponentially with the increase in the irradiated laser energy.

Although the flow drawing is stabilized by laser irradiation heating, it can
be further stabilized by the application of a high voltage.?>>> The fibre can
be stably drawn to a large draw ratio with minimized thermal degradation by
the rapid and uniform laser-irradiated heating of the polymer melt extruded
from the spinning nozzle to a high-temperature and low-viscosity state, and
by markedly extending the polymer melt with electrostatic power.
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18.1 Drawing stress profiles measured for laser neck-drawing and
laser flow-drawing.?? P, V and D are the laser power, the fibre
feeding speed, and the diameter of the laser beam, respectively.

18.5 Nanofibres made by conjugated melt spinning

and laser-heated flow drawing

Thinner fibres can be made by combining super-multi-island conjugate melt-
spinning and laser-heated flow-drawing techniques. Figure 18.3 shows PET
nanofibre made by conjugated melt spinning, flow drawing, and the extraction
of the ‘sea’ component. The diameter of the obtained nanofibre, about 39 nm,
corresponds to several times that of the diameter of microfibril. Moreover,
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18.2 Drawing states obtained by the measurements as shown in Fig.
18.1.2

18.3 SEM image of PET nanofibres obtained by removing the ‘sea’
component of conjugated-spun and flow-drawn fibre.?%

the conjugated spun and flow-drawn fibre has mechanical properties like
those of polyester fibres used for commodities; i.e. 0.54 GPa tensile strength
and 27% elongation at break.

18.6 Conclusion

Methods used to produce nanofibre or ultrafine fibres can be divided into two
categories: self-organization together with chemical synthesis, and mechanical
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drawing. The latter is further divided into filament-type techniques, by which
continuous fibre bundles composed of unidirectionally oriented ultrafine
fibres can be made, and random-type techniques, by which web-like product
forms are mainly made. Nanofibres made by the filament-type production
method have many merits, i.e. the product form has high flexibility and
high mechanical and thermal properties. Some filament-type techniques are
used to produce ultrafine fibres, i.e. conjugated melt spinning, melt spinning
of polymer blend, laser-heated flow drawing, etc. A still finer fibre can be
manufactured by combining not only these techniques but also melt blowing
and electrospinning.
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PBZT fibres, 431
comparison between measured
and calculated normal mode
vibration, 444-6
comparison between measured and
calculated shift factors, 449
crystallite size, 434
deformation of fibre structure,
439-49
crystalline modulus, 439
Hosemann’s analysis with stress,
440



500 Index

electron diffraction from ultrathin
section of PBO, 437
fibre structure, 430-8
model, 438
previous works, 430-2
future trends, 449-50
crystallographic analysis, 449
in-situ study of fibre structure
formation during spinning,
449-50
structural study of single PBO
fibre with synchrotron radiation,
450
inverse of PBO Young’s modulus,
435
mechanical properties, 432
mechanical series-parallel model, 447
molecular design and theoretical
modulus, 430
obtained suitable parameters for series
model, 449
Raman shift and broadening factors,
443
stress dependence of Hosemann’s plot
for three PBO fibres, 441
structural study of PBO AS, HM and
HM+ fibres, 4327
current PBO fibres, 432
electron microscopy, 4367
fine structure, 435-6
molecular orientation and fibre
modulus, 433-5
wide-angle X-ray diffraction,
432-3
synthesis and polymerisation, 430
unit cell parameters, 433
vibrational spectroscopy application to
analyse fibre structure, 440-2
change of vibrational frequencies
with stress, 440-2, 447
Raman shift factor and morphology
of fibres, 447-9
wide-angle X-ray scattering profiles
for HM+ fibre, 434

poly-p-phenylenebenzobisthiazole fibres,

429, 430, 431, 433, 435

poly-p-phenyleneterephthalamide fibres,

429, 430, 431, 434, 441

polyacrylonitrile, 237, 346, 474
polyacrylonitrile fibres, 7-8, 312, 373

polyamide 6 (PA6), see polyamide fibre
polyamide 66 (PA66), see polyamide

fibre

polyamide fibre, 232-52, 289

o crystalline orientation and
amorphous orientation, 246
characterisation, 240-8
density and birefringence, 240-1
IR spectroscopy, 242-5
NMR spectroscopy, 245-8
crystal structures of PA66 and PA6,
234
crystallinity values obtained from
different methods, 243
electrospinning set-up, 239
extension at break vs crystalline
fraction, 251
fibre formation, 233-40
dry spinning, 237
electrospinning, 239-40
gel spinning, 238
melt spinning, 235-7
spinning with plasticizers, 239
wet spinning, 237-8
zone drawing and zone annealing,
238
industrial-scale melt spinning
apparatus, 235
microstructure influence on properties,
248-51
dyeing behaviour, 250-1
heat setting, 248-9
mechanical properties, 249-50
on-line birefringence vs distance of
spinneret, 236
PAG fibres
draw ratio effect on orientation
parameter, 247
methylene resonances of '*C
CPMAS spectra, 247
phase fraction as function of
spinning speed, 248
unpolarised IR spectra, 245
PAG66 fibres
crystalline and amorphous
orientation, 244
fractional recovery vs heat-setting
temperature, 249
terminal modulus vs crystalline
fraction, 250



volume fraction
o, Y and amorphous fraction as
function of draw ratio for PA6
fibres, 242
crystallinity as function of draw
ratio for PA66, 241
crystallinity as function of heat-
setting temperature for PA66,
240
wet spinning of fibres equipment, 237
polyamide/Spandex fibres, 349
polyaniline, 474
poly(aniline sulfonic acid), 472
polybutadiene, 337, 338
polybutadiene elastomeric fibres, 341
electroprocessed structures, 342
poly(butylene terephthalate), 186, 336,
458
chemistry, 198-200
crystal parameters, 200
manufacture, 199-200
Mark-Houwink parameters, 200
properties, 200
polycaprolactam, 222
polycaprolactone (PCL), 211-12, 222,
467
polycarbonate (PC), 469
polycondensation reaction, 181
poly(dimethyl siloxane), 330
polydioxanone, 212, 473, 475
polydispersity, 277, 395
poly(D,L-lactide) (PDLA)
nanofibres electrospun from dimethyl
formamide, 463
polyester, 8
polyester copolymer fibres, 336-7
poly(ether ester) fibre surface, 336
polyester fibres, 126, 181-225, 264, 289,
489
aliphatic polyesters chemistry,
209-13
degradation mechanism, 213
monomers, 210
polycaprolactone, 211-12
polydioxanone, 212
polyglycolide, 210-11
polylactide, 211
polytrimethylene carbonate, 212
sterilisation and packaging,
212-13

Index 501

biodegradable polyester properties,
210
comparison of melting temperature
and glass transition temperature,
206
disposable fibre chemistry, 213-15
effect of fibre structure on properties,
222-3
main types, 185-9
melt-spinning and associated fibre
processing, 215-22
filament yarn melt-spinning,
215-20
introduction, 215
spin finishes, 222
staple fibre, 220, 222
monomers for biodegradable
polyesters, 210
PBT chemistry, 198-200
PEN chemistry, 206-9
PET chemistry, 189-98
physical properties, 208
polymer viscosity and molecular
weight, 184-5
production of 2,6-NDA by Mitsubishi
Gas Chemical/Amoco process,
188
PTT or PPT chemistry, 200-5
world markets, future trends and
thoughts for the future, 223-5
polyester (polyarylate) fibre, see Vectran
fibres
polyester urethane (PEU)/
polyacrylonitrile (PAN) alloy
fibres
crosslinked PEU/PAN fibres, 348
stress-strain curves for noncrosslinked
and crosslinked electrospun
fibre mats, 348
poly(ether ester), 336
polyethylene, 81, 83, 85-7, 276
conformation and packing, 85
crystalline structure, 282
goniometer X-ray diagram, 84
structural parameters, 86
X-ray fibre diagrams, 83
polyethylene fibre, 352-88, 485
comparison of experimental and
calculated tensile strength
values, 365



502 Index

comparison of typical properties of
compacted PET, PE and PP
sheets, 372
creep and recovery mechanical
models, 360
creep rate plots, 361-2
crystalline phase of highly oriented
linear polyethylene, 369
dependence of tensile strength on
molecular weight ratio, 365
draw ratio vs time of draw, 356
dynamic modulus and tan 8, 368
fibres based on UHMW-PE, 372-88
on the borderline between solid
and melt, 384-8
solution (gel)-spinning, 372-80
solvent-free processing routes,
3804
hot compacted PE fibre sheet
morphology, 371
maximum draw ratio attainable vs
draw temperature, 358
melt spun high-modulus polyethylene
fibres, 353-72
commercialisation, 370-2
dynamic mechanical behaviour and
structure, 367-8
fibre strength, 363-7
tensile creep behaviour, 359-63
tensile drawing, 353-9
thermal properties, 369-70
quenched and slow cooled sheets, 354
Young’s modulus as function of draw
ratio, 357
polyethylene fibres, 38-9
poly(ethylene glycol), 476
polyethylene naphthalate (PEN), 187
chemistry, 206-9
comparison of three unit cells, 207
melt polymerisation process, 2067
melt-processing, 208-9
properties and morphology, 207
poly(ethylene oxazoline), 475
poly(ethylene oxide) (PEO), 329, 467
polyethylene terephthalate nanofibre, 488
polyethylene terephthalate (PET), 157,
185-6, 258, 355, 416, 459
birefringence and density plotted
against take-up velocity, 169
chemistry, 189-98

CP, 193-5
DEG formation, 193
DSC trace for commercial PET
polymer flake, 196
ethylbenzene and xylenes production
from Cg aromatic fraction, 190
Mark—Houwink coefficients, 198
morphology, 198
morphology showing various features,
219
oligomers, 197
physical parameter, 198
polymerisation from BHET monomer,
191
production of monomer BHET from
TA and EG, 189
SPP, 195-7
typical continuous polymerisation
unit, 194
poly(ferrocenyldimethylsilane), 477
poly(glycolic acid), 473
polyglycolide, 210-11
polyhexamethylene adipamide, see nylon
66
poly(L-lactide) (PLLA), 469
polylactic acid, 188
polylactic acid fibres, 257-74
accelerated weathering test results,
272
aerobic composting test result, 267
anaerobic digestion test result, 268
antibacterial activity tested with
Staphylococcus aureus ATCC
6538P inocula, 270
applications, 272-4
clothing, 2734
geotextiles, 272
home furnishings, 273
industrial fabrics, 272-3
wipes and nonwovens, 273
biodegradation in compost at 60°C,
261
change in tenacity and relative
viscosity of PLA
multifilaments, 267
comparison of fibre/textile properties
of PLA with those of PET, 264
effects of melt-spinning take-up speed
on crystallinity and thermal
shrinkage, 266
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