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1
An introduction to cellulosic fibres

D CieChaŃska, e WesoŁoWska and D WaWro,  
institute of Biopolymers and Chemical Fibres, Poland

Abstract: Cellulosic fibres occupy an important position among raw 
materials for the textile industry. They are used in apparel, household 
fabrics and various non-woven fabrics. Textile fabrics, such as non-woven, 
knitted fabrics, may be made of cellulose alone or in combination with other 
synthetic fibres. Cellulosic fibre-based textile products include feminine 
hygiene products, absorbent products, household wipes, babies’ wipes and 
diapers, pillowcases, surgical dressings and shoe linings. This chapter first 
reviews the nature and characteristics of cellulosic fibres. It next discusses 
cellulose solvents and preparation of solutions, then describes the methods 
of modification of cellulose pulp in order to increase its reactivity. A review 
of technologies of cellulosic fibre production, including cellulose-based 
composite fibres, is presented. Novel, prospective methods of cellulosic fibre 
manufacture are discussed.

Key words: cellulosic fibres, cellulose solvents, modification of pulp, 
composite fibres, fibre spinning.

1.1 Introduction 

1.1.1 Occurrence and formation of cellulose

Cellulose is the most abundant polymer occurring in nature. It is the structural 
material in plants and also occurs in certain bacteria and some marine 
organisms. In cotton fibres, it is found in an almost pure form, except for 
absorbed water, but more commonly it is mixed with other substances. For 
example, dry wood consists of 40–55% cellulose, 15–35% lignin and 25–40% 
hemicelluloses. Probably the oldest use of cellulose is as firewood. Cellulose 
along with the other natural vegetable materials becomes converted to peat, 
coal, oil and natural gas, so that directly or indirectly it is the dominant 
source of energy. However, many thousands of years ago early mankind 
found that it was easy to extract fibres from the stems of plants and twist 
them together to make string. This technique can be demonstrated today by 
extracting fibres from wild nettles. With the current concerns about climate 
change, the importance of cellulose is recognized as a way of locking up 
carbon dioxide.
 Cellulose is formed by biosynthesis through enzyme-catalysed reactions 
in living cells. In plants, light energy from the sun converts carbon dioxide 
from the air and water from the ground into glucose, which then undergoes 

3
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4 Handbook of textile fibre structure

a condensation polymerization reaction with the elimination of water to form 
cellulose.

1.1.2 Cellulose chemistry

Glucose, C6h12o6, has a ring structure of one oxygen –O– atom and five 
–CH– groups, four with pendant –OH groups and one with pendant –CH2oh. 
When a molecule of h2O is eliminated from two neighbouring –OH groups, 
a disaccharide such as sucrose is formed. For the formation of cellulose 
within plant cells, glucose molecules come to enzyme complexes and add 
on successively with the elimination of water to form the long polymer 
molecules. The chemical formula of cellulose is shown in Fig. 1.1 with an 
indication of its geometric form as well as a simple representation.

1.1.3 Physical structure

in order to understand the physical structure, important features of cellulose 
molecules are shown schematically in Fig. 1.2. The basic form is a sequence 
of six-membered rings with pendant –OH groups, Fig. 1.2(a), which can 
hydrogen bond, either individually, Fig. 1.2(b), or cooperatively, Fig. 1.2(c). 
In flexibility and conformations, the cellulose molecule is intermediate 
between the simple linear chains of polyolefins, nylons and polyesters such 
as polyethylene terephthalate and the stiffer, interactive chains of aramids, 
fully aromatic polyesters and PBO. In suitable circumstances, highly oriented, 
highly crystalline structures can be formed. However, because it is a ribbon-
like molecule which can twist and bend in one plane, as indicated in Fig. 

CH2OH CH2OH6CH2OH

OH

OH

OH

O

n–2

O

O

OH

OH

O

O

OH

OH

HO

1
23

4
5

O
O

OH
HO

HO

CH2OH

CH2OH

HO
OH

O

O
HO

OH
OH

CH2OH

O

n–2

(b)

(a)

1.1 Chemical formula of cellulose, from Nevell and Zeronian [1].
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5 ¥ 10–4 µm

(a)

OH

OH

(b)

(c)

1.2 Schematic view of physical features of cellulose molecule: (a) the 
polymer; (b) crosslinking by hydrogen bonds; (c) crystal; (d) twisting 
and bending.

Twist

Bend
Twist and bend

(d)
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1.2(d), irregular conformations with distributed hydrogen bonds are found 
in amorphous regions of regenerated fibres. Because of chain breakage, it is 
difficult to obtain exact values for the molecular weight of natural cellulose. 
It is estimated that the chains contain about 104 glucose rings, giving a length 
of 5 μm and a width of 8 ¥ 10–4 mm. Dissolving cellulose to manufacture 
fibres reduces the molecular weight. Details of regular hydrogen bonding 
are shown in Fig. 1.3(a). There are still some uncertainties about the crystal 
lattices of cellulose, as reviewed by French [2], but a typical representation 
of the crystal lattice of cellulose I is shown in Fig. 1.3(b).
 There are a number of active sites on the enzyme complexes so that 
about 30 cellulose chain molecules form together and can crystallize as 
fibrils. The crystalline form, Fig. 1.3(b), is known as cellulose I and has all 
the chains running in the same directions. The fibrils are then laid down in 
helical layers to form the cell walls of plants. Natural cellulose fibres have 
densities that are less than the crystal density. For this and other reasons, 
such as diffraction, spectroscopic, thermal and chemical data, they are often 
described as two-thirds crystalline. In another sense, they can be described 
as 100% crystalline, because they are composed of wholly crystalline fibrils. 
The measurement discrepancies result from imperfections in the way that the 
fibrils are packed together. In dry fibres, there is hydrogen bonding between 
the fibrils, but this reduces as water is absorbed with a consequent reduction 
in mechanical stiffness.
 When cellulose is dissolved (or during swelling in caustic soda in 
mercerization), the parallel arrangement of molecules is lost. Recrystallization 
adopts a preferred cellulose II form with anti-parallel chains.

(a)
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84°
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1.3 (a) Regular hydrogen bonding in cellulose, from French [2]. (b) 
Representation of crystal lattice of cellulose I, adapted from Meyer 
and Misch [3].
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1.1.4 The variety of natural fibres

Table 1.1 is taken from the classification of textile fibres in Textile Terms and 
Definitions [4], which shows the three groups of natural cellulose fibres.
 The seed fibres are single plant cells. Kapok, which has a limited use as 
a buoyant material, is a hollow fibre with a thin cell wall. In contrast to this, 
cotton was the most widely used fibre from around 1800 until near the end 
of the twentieth century. It is now second to polyester but far ahead of other 
textile fibres. It is grown through all the latitudes from the Mediterranean 
to Australia. The fibres grow out from the seeds in the cotton boll to form a 
primary wall, which is then filled in with a secondary wall. The helix angle 
is around 21o, but the helix alternates between right- and left-handed. At 
maturity, there is a small lumen at the centre of the fibre, which collapses 
on drying to give the convoluted form of cotton fibres.
 Bast fibres stiffen the stems of plants. The leaf fibres stiffen long spiked 
leaves. Both bast and leaf fibres are multicellular. Helix angles of fibrils in the 
cells are less than in cotton, thus giving higher tensile moduli. Extraction of 
fibres from stems or leaves is by biological or chemical retting and mechanical 
action. The ultimate fibres (individual cells) are very small and usable fibres 
contain many ultimates. Flax is the high quality fibre from which linen is 
made. In medieval times, hemp was the dominant European fibre and it is 
now coming back into use. Ramie is used in high quality fabrics. Jute and 
kenaf are coarse fibres traditionally used in sacks, screens and matting. The 
leaf fibres are coarse and are mainly used in ropes and cords. Polypropylene 
has replaced the coarse plant fibres to a major extent.
 Trees are the most abundant source of cellulose. Wood is a composite of 
many small cells. Although wood can be broken down into small fibres and 
can be dispersed in water to be reassembled as paper, it is not possible to 
extract these in a way that makes textile processing possible. The relevance 

Table 1.1 Extract from the classification of textile fibres [4] which shows the three 
groups of natural cellulose fibres

Textile fibres

   Natural   Man-made

  animal (protein)  vegetable (cellulose)  Mineral (asbestos) Ø

 Ø Seed Bast leaf Ø 

  Cotton, Flax, abaca or
  kapok, hemp, manila,
  etc. jute, henequen,
   kenaf, phormium
   ramie, tenax, 
   etc. sisal, etc.

�� �� �� �� �� ��



8 Handbook of textile fibre structure

to textile fibre production is as the raw material for manufacturing artificial 
fibres.

1.1.5 Manufactured cellulose fibres

Manufactured cellulose fibres have a strong growth potential on the world 
market in competition with synthetic polymers. Their role will increase in 
sectors such as fibres, packaging materials, chemicals, medicine and hygienic 
products. Annually about 180 million. tons of various cellulose pulps are 
consumed worldwide, most of it in paper and paperboard manufacture [5]. 
Only about 8 million tons a year of the raw material are being consumed 
in miscellaneous cellulose manufacturing which includes cellulose ethers 
and 3-D products.
 According to the terminology established by the International Office 
for the standardisation of Man-made Fibres – Bureau International pour la 
Standardisation des Fibres Artificielles (BISFA), the cellulosic man-made 
fibres obtained by transformation of natural polymers are classified as shown 
in Table 1.2 [6].

1.1.6 Acetate and triacetate fibres 

The term acetate fibres relates to fibres made from cellulose acetate. The 
difference between acetate and triacetate fibres lies in the number of cellulose 
hydroxyl groups that are acetylated (Table 1.2). Cellulose acetate was the 
first man-made thermoplastic fibre.
 These fibres are quite different from viscose and are characterized by 
high elongation at break and poor abrasion resistance, though resistance 
to pilling is very good, and they can be textured. The dry strength of the 
two types is similar, though triacetate fibres have higher strength in the wet 
state. The main end-uses for the filament yarns are in linings, dress wear 
and household furnishing. Staple acetate fibres are the major product used 
for cigarette filters. The biggest cigarette filter tow producer in Europe is 
Rhodia Acetow GmbH in Freiburg, Germany. 
 Triacetate fibres are used in sportswear, garments and woven fabrics that 
keep their shape. Due to their low moisture absorption, fabrics made from 
them are easily washed and dry very quickly. Fabrics made from blends of 
triacetate and wool are very popular, combining advantageous properties 
of both types of fibres: the warmth of wool and the drip-dry properties of 
triacetate [7].

1.1.7 Cupro fibres 

According to BISFA [6] the term cupro relates to regenerated cellulosic fibres 
produced by the cuprammonium method. The cuprammonium process is very 
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Table 1.2 Generic classification of cellulosic fibres  according to BISFa [6]

Generic name Distinguishing attribute Examples of chemical formulae

acetate Cellulose acetate fibre in which less than 92% but at least  Secondary cellulose acetate
 74% of the hydroxyl groups are acetylated
 
  where X = H or CH3CO and the degree of esterification 
  is at least 2.22 but less than 2.76

Triacetate Cellulose acetate fibre in which at least 92% of the hydroxyl Cellulose triaetate
 groups are acetylated

  where X = H or CH3CO and the degree of esterification 
  is between 2.76 and 3

alginate Fibre obtained from the metal salts of alginic acid Calcium alginate:
 

Cupro Cellulose fibre obtained by the cuprammonium process Cellulose:
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lyocell Cellulosic fibre obtained by an organic solvent spinning Cellulose:
 process. It is understood that: 
 (1) an ‘organic solvent’ means essentially a mixture
 of organic chemicals and water, and
 (2) ‘solvent spinning’ means dissolving and spinning
 without the formation of a derivative

Modal Cellulose fibre having a high breaking force BF Cellulose:
 and a high wet modulus Bw
 The breaking force BFc in the conditioned state and the wet
 modulus Fw required to produce an elongation of 5%
 In its wet state are:
 BFc ≥ 1.3 ÷LD + 2LD
 Fw ≥ 0.5÷LD
 where LD is the mean linear density (mass per unit length) 
 in decitex.
 BFc and Fw are expressed in centinewtons

viscose  Cellulose fibre obtained by the viscose process Cellulose:
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Table 1.2 Cont’d

Generic name Distinguishing attribute Examples of chemical formulae
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similar to the viscose process. Cellulose is dissolved in a mixed solution of 
copper salts and ammonia, then the solution is pressed into a coagulation 
bath using a spinneret head where the cellulose is subjected to regeneration, 
giving a multifilament yarn. The raw materials in the cupro process can be 
wood pulp or cotton linters. Cupro fibres have a good drape and are easy 
to wash. The main application of these fibres is in forming multifilament 
yarns for woven fabrics and linings [8]. The process nowadays is exploited 
by only two companies, Bemberg (Italy) and Asahi (Kasei, Japan).

1.1.8 Lyocell fibres

A new generation of cellulosic fibres were invented in the 1980s. The process 
employs an organic solvent (N-methyl-morpholine N-oxide) to prepare a 
solution of cellulose from which fibres are spun by extrusion to a spinning 
bath. The name Lyocell is the generic name used by BISFA (International 
Office for the Standardisation of Man-made Fibres) [6] and the Federal Trade 
Commission (USA). Lenzing (Austria), a leader in that technology, is the 
sole producer in Europe selling the fibres under the brand name Tencel. The 
company operates Lyocell plants in Austria, Great Britain and the USA. Other 
producers are located in the Far East: Shanghai Shuanglu Chemical Fibre 
Co., Hanil and Hyosung in South Korea, and the Formosa Co. in Taiwan. 
Initially there were problems with high investment costs and difficulties in 
reusing the maximum amount of the expensive solvent. The problems were 
solved at the end of the 1980s and now more than 99% of the solvent is 
recovered after the spinning and recirculated to the process.
 The physical and structural properties of Lyocell fibres differ from those of 
viscose fibres. They are characterized by higher strength, lower elongation, and 
a high degree of crystallinity and molecular orientation [9–11]. The outstanding 
strength of Lyocell fibres is the reason why they are an ideal candidate in 
yarn and fabric processing. Lyocell fibres combine the desired properties 
of viscose fibres (wearing comfort, water inhibition, biodegradability) with 
the excellent features of polyester fibres (high strength). Lyocell fibres are 
mostly used for apparel fabrics, especially outerwear. In technical sectors, 
due to their tendency to fibrillation, they can be applied to the manufacture 
of non-wovens, filters and special papers [12, 13].

1.1.9 Modal fibres 

Modal and polynosic are names that are used for regenerated cellulose 
fibres with high tenacity and high wet modulus. Both types of fibres have 
the following properties:

• High wet modulus, i.e. resistance to extension in the wet state
• Higher ratio of wet to dry breaking tenacity
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12 Handbook of textile fibre structure

• High polymerization degree of cellulose
• Micro-fibrillar structure.

Such properties assure their dimensional stability in wet conditions, which is 
the most important feature from a practical point of view. High wet modulus 
fibres are resistant to stress and shrinkage, so keep their original shape. Blends 
of modal or polynosic fibres with other polymers such as flax, wool, polyester 
or polypropylene provide fabrics with improved properties, i.e. unchanged 
appearance, reduced shrinkage and better uniformity [8].

1.1.10 Viscose fibres 

The most popular cellulosic fibre is viscose, which is defined by BISFA 
as ‘cellulose fibres obtained by the viscose process’. The viscose method 
dominates in the production of cellulose fibres with an approximately 80% 
share. The method had been invented at the beginning of the twentieth century, 
offering for nearly half a century the sole man-made fibres among textile raw 
materials. It was only after World War II that synthetic fibres began to rapidly 
penetrate the market, crowding viscose fibres out of their dominant position. 
In the viscose route, carbon disulphide (CS2) is used, causing water and air 
pollution with sulphur compounds, and the danger of fire and explosion. As 
an industrial poison, it is also a serious menace to operators. These factors 
resulted in many plant shut-downs and a decrease in production. Yet, despite 
all adversities, the viscose method survived. It has been greatly improved by 
the leading producers with respect to environmental pollution and work safety. 
Viscose fibres are a very versatile textile raw material that may be compared 
to natural fibres like cotton, wool, linen and silk. In textiles, they offer a high 
wearing comfort by being soft and cool. The prime attribute of viscose fibres 
is their hydrophilicity [14]. Additionally, the high water retention of viscose 
fibres is an advantage during wet processing and is connected with the quick 
liquid absorption of the end product. The disposal of biodegradable viscose 
fibres is easy. The fibre properties can be adjusted according to the needs 
of the customers. For example, fineness, length, wet strength and crimping 
can be easily controlled by varying the spinning conditions [15, 16]. They 
can be easily dyed and do not shrink during heating. Viscose fibres and their 
blends with other fibres are mostly used in the textile industry for clothes 
production, linings, furnishing fabrics and the manufacture of hygienic 
materials where high absorption properties are required.

1.1.11 Alternative cellulosic fibres

Novel cellulosic fibres, alternative to viscose fibres, can be obtained from 
biomodified cellulose pulp using cellulolytic enzymes. Enzymatic modification 
of the cellulose structure causes an increase of cellulose reactivity and solubility 
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in alkali with controlled decrease of its molecular weight. The treated pulp 
is directly dissolved in aqueous sodium hydroxide solution and the fibres 
are spun using an acetic coagulation bath in a wet spinning method. At the 
beginning of the 1990s the process of manufacturing cellulosic fibres from 
enzyme-treated pulp, under the code name Celsol, was studied in cooperation 
between the Institute of Biopolymers and Chemical Fibres, the Tampere 
University of Technology (Finland) and the Technical University of Łódz 
(Poland) [17, 18]. Since then it has been further developed within the 6th 
European Framework Programme [19]. 

1.2 Organic and inorganic cellulose solvents

Cellulose pulp is one of the most important commodity raw materials. 
Annually about 180 million tons of various cellulose pulps are consumed 
worldwide, most of it in paper and paperboard products in the form of 
mechanical, chemo-mechanical or chemical pulp [5]. Application of cellulose 
to higher technology products such as fibres is limited because of its lack of 
solubility in cheap, common and non-toxic solvents. at present the problem 
of the dissolution of cellulose is one of the most important issues. Currently, 
methods for dissolving cellulose pulp used on an industrial scale are the 
viscose, cuprammonium and NMMO methods. In the first two methods certain 
toxic chemicals are required for derivatization and transferring cellulose into 
a soluble form [20–22]. Accordingly, regeneration is necessary to convert 
cellulose derivatives to regenerated cellulose. Moreover, both processes 
present real environmental hazards due to the emission of significant amounts 
of toxic by-products formed at the different stages of the process, which 
must be removed from effluents before their disposal. However, viscose 
fibres are still used in Europe and throughout the world in technical, textile 
and sanitary applications, despite the vehement expansion of polyester and 
polyamide in that direction; for example, viscose cord is a valuable material 
for the reinforcement of rubber, mainly in the production of automobile tyres. 
The special staple fibres called modal and polynosic (see Section 1.1.9) offer 
higher tenacity and improved wear properties. Viscose continuous yarn is 
available as multifilament in the count range of 50 to 660 dtex. High tenacity 
cord yarn produced by Cordenka (Germany) as a reinforcing material for 
high performance tyres, hoses, strapping and twines is made in the range of 
1000 to 4000 dtex. Lenzing (Austria) is a world leader in the manufacture 
of cellulose fibres by the standard viscose process and a more ecological 
method based on organic solvents leading to Lyocell-type fibres [11]. In that 
process, cellulose is dissolved directly in NMMO at high temperature and 
the fibres are formed by extruding it into an aqueous solution of NMMO. 
 When analysing the possibility of obtaining cellulose solutions it is 
necessary to consider the effect of cellulose structure on its ability to dissolve. 

�� �� �� �� �� ��



14 Handbook of textile fibre structure

However, the most essential factor that determines cellulose solubility is the 
presence of inter- and intramolecular hydrogen bonds. Treatment of cellulose 
I with various chemicals leads, depending on conditions, to obtaining a few 
polymorphic kinds of cellulose containing different amounts and quality of 
inter- and intramolecular hydrogen bonds, thus characterized by differing 
ability to dissolve. It is known that cellulose is characterized by structural 
polymorphism, i.e. the five crystallographic kinds (Cellulose I, II, III, IV and 
X) are associated with various parameters of the crystallographic network 
such as the crystallographic system (monoclinic, tetragonal) and dimensions of 
elementary cells [23]. Cellulose structures undergo transformation depending 
on the kind of solvent as well as on treatment conditions, mainly temperature 
[24, 25].
 For many years the elaboration of new solvents for cellulose has been 
the focus of attention of world research centres. It is expected that as result 
of their application, novel methods of cellulose fibre manufacture will be 
proposed that are less inconvenient compared with the viscose process. 
Several articles have been devoted to systematizing the cellulose solvents. 
The classification of solvents proposed by Turbak et al. [26] is often cited 
by other scientists [27, 28]. 
 Generally, there are four groups of all known cellulose solvents: 

• Cellulose as alkali (inorganic acids, ‘Lewis’ acids)
• Cellulose as acid (inorganic and organic alkalis)
• Cellulose complexes (inorganic and organic complexes)
• Cellulose derivatives (stable and unstable compounds).

According to reference 29 the cellulose solvents are divided into two groups, 
the so-called non-derivatizing and derivatizing solvents. The first group 
comprises systems that dissolve the polymer by intermolecular interactions 
only. The second relates to all the solvents where the dissolution process is 
combined with the formation of ‘unstable’ ether, ester or acetal derivatives. 
Both groups include aqueous and non-aqueous solvents. Figure 1.4 shows 
the classification of cellulose solvents [30].
 Typical aqueous non-derivatizing solvents used for characterization and 
cellulose regeneration can be divided, depending on compound type, into 
the following sub-groups [30]:

• Transition metal complexes with amines or NH3 – cadoxen, cdtren, 
cooxen, cupren, cuam, cuen, nioxam, nioxen, nitren, zincoxen

• Transition metal complexes with tartaric acid – EWNN (FeTNa)
• Ammonium hydroxides – triton B (trimethylbenzyl ammonium hydroxide), 

TEOH (tetraethylammonium hydroxide), triton F (dimethyldibenzyl 
ammonium hydroxide), GuOH (guanidinum hydroxide)

• Alkali hydroxides – NaOH, LiOH.
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Cuen, cuam and EWNN are commonly used as a solvents for cellulose 
characterization. The promising cellulose solvents, from an industrial point of 
view, are ZnCl2 and NaOH, offering the possibility of obtaining concentrated 
spinning solutions for further processing into fibres. 
 Many patents describe how the most useful ZnCl2 solutions for dissolving 
cellulose are aqueous solutions with 62–76% concentration of ZnCl2. in such 
solutions the cellulose can be dissolved in 5–12 wt% at 65–80°C [31–33]. 
Fibres from zinc chloride can be spun to acid [33] or alkaline coagulation 
bath [34]. The mechanical parameters of the fibres so obtained are similar 
to those of fibres produced by the viscose method and are characterized by 
a tenacity of 15–25 cN/tex and an elongation of 15–25%. The technological 
process in the manufacture of cellulose fibres based on zinc chloride solutions 
is less complicated than the viscose process, though it should be improved 
by increase of cellulose content, decrease of cellulose degradation during 
dissolving, and increase of spinning take-up [35]. 
 The effect of aqueous NaOH solutions on cellulose has been a subject of 
interest for many years. Following very intensive investigation conducted 
by the Asahi Chemical Industry Co. in Japan, special consideration has been 
given to the possibility of obtaining spinnable solutions in aqueous NaOH. 
It has been found that cellulose is nearly completely soluble in 8–10 wt% 
of sodium hydroxide solution [36]. In order to increase cellulose reactivity 
and solubility in aqueous sodium hydroxide solution, the cellulose pulp 
should be subjected to special modification, for example by steam explosion 
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1.4 Classification of cellulose solvents [30].
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or biochemical methods using suitable enzymes [18, 36–38]. As a result of 
modification of cellulose an alkali-soluble pulp with average polymerization 
degree of 300–350 is produced. Alkaline solutions with a polymer content 
of 5–7 wt%, distinguished by suitable rheological behaviour, are useful for 
converting into a variety of shaped products.
 It is well known from the literature that addition of zinc oxide or urea 
to NaOH solution plays a very important role in the cellulose dissolution 
process [39, 40]. Some publications indicate that NaOH/urea and NaOH/
thiourea aqueous solutions can dissolve cellulose directly and quickly; 
these two solvent systems are in expensive and almost non-toxic, and good 
cellulose fibres can be formed [41–43]. The properties of these cellulose 
solutions and the fibres obtained have been widely investigated. It has been 
found that the regular round cross-section of cellulose fibres spun from 
NaOH/thiourea aqueous solutions was similar to that of fibres of natural 
silk [44]. The mechanical properties of the fibres produced by the NaOH/
urea or NaOH/thiourea methods are close to those of the fibres obtained by 
the NMMO process [45]. However, spinning solutions containing a higher 
cellulose content in these two solvents are unstable, which is a disadvantage 
for industrial production. 
 Recently a new NaOH/thiourea/urea aqueous solution has been identified 
as a more powerful cellulose solvent for preparing more stable spinning 
solutions containing higher concentrations of cellulose [46]. The mechanism 
of cellulose dissolution in this novel solvent was investigated by SEM, 
wide-angle X-ray diffraction (WAXD) and 13C NMR. The results imply that 
interactions between NaOH and urea, and between NaOH and thiourea, play 
an important role in improving the dissolution of cellulose. Moreover, NMR 
spectra of cellulose solutions show that the novel system is a direct solvent. 
During dissolution the structure of cellulose I changes to that of cellulose 
II, giving shaped products with cellulose structure II. 
 Mineral acids such as hydrochloric, sulphuric and phosphoric acids are 
characterized by their ability to dissolve cellulose. Turbak et al. [26] found 
that particularly phosphoric acid is an interesting solvent for cellulose. 
Thus observed the formation of liquid-crystalline solutions when cellulose 
was dissolved in phosphoric acid [47, 48]. It has long been known that 
production of liquid-crystal solutions is crucial for obtaining fibres with high 
mechanical properties. Boerstoel et al. described the preparation of liquid-
crystal spinning solutions of cellulose in anhydrous phosphoric acid [47]. 
Superphosphoric acid solvents were prepared by mixing two or more of the 
following components: orthophosphoric acid (H3Po4), pyrophosphoric acid 
(H4P2o7), polyphosphoric acid (H6P4o13), phosphorus pentoxide (P2o5) and 
water. The composition of the solvent was expressed in a P2o5 concentration 
of approximately 74 wt%. The cellulose dissolution process proceeded 
very quickly, i.e. within a few minutes. Cellulose solutions in P2o5, having 
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different polymer content from 7.5 wt% up to 33 wt% were filtered, heated 
and extruded through a spinneret containing 1500 holes of 65 μm diameter. 
Then fibres were subjected to drawing in an air gap and coagulation in a 
bath containing acetone. The mechanical properties of the fibers obtained 
were compared with those of fibres prepared by the viscose process, such 
as a textile yarn enka® Viscose, Cordenka® 660 and 700 tyre yarns, and 
high-modulus Cordenka® EHM yarn. It has been found that fibres with a 
high tenacity of 1.70 GPa and a high modulus of 44 GPa can be prepared 
from liquid-crystal solutions of phosphoric acid. The mechanical properties 
of cellulose fibres prepared in this way were significantly higher than those 
of fibres produced by the conventional viscose process.
 The second group of solvents are non-aqueous non-derivatizing solvents. 
selected examples include unicomponent, bicomponent and tricomponent 
chemicals [30]:

• Unicomponent – N-ethylpyridinum chloride, N-methylmorpholine-N-
oxide, triethylamine-N-oxide, N-methylpiperidine-N-oxide

• Bicomponent – DMSO/methylamine, DMSO/KSCN, DMSO/CaCl2, 
DMAc/LiCl, N-methylpyrrolidone/LiCl

• Tricomponent – NH3/NaCl/DMSO, ethylenediamine/NaI/N,N-
dimethylformamide, diethylamine/SO2/DMSO.

DMAc/LiCl solvent is recognized as an excellent solvent for structural 
assessment of molecular weight distribution of cellulose [49–52]. 
 Philipp et al. investigated cellulose solubility in different tricomponent 
systems containing polar solvent/sulphur compounds/amine such as acetonitrile/
so2/dimethylamine, DMSO/SO2/diethylamine and DMF/SOCl2/diethylamine, 
DMF/SOCl2/triethylamine [53–55]. It has been found that the best miscibility 
with cellulose occurs when the system contains SO2. in solvent systems 
containing SOCl2 the area of miscibility with cellulose is significant lower. 
The study described was concerned only with the problem of cellulose 
solubility, not with polymer regeneration from these systems and cellulose 
fibre manufacture. 
 The most versatile solvent from this group is N-methylmorpholine-N-oxide 
(NMMO). This solvent is able to form a liquid-crystal solution as well as 
to dissolve cellulose relatively quickly under specific conditions, creating 
concentrated polymer solutions from which man-made cellulose fibres can 
be produced with outstanding mechanical properties [56–57]. Fibres based 
on aminooxide are characterized by high strength and stability but show a 
marked tendency to fibrillation in the wet state. Techniques are now being 
developed to reduce fibrillation and produce fibres with good washing stability 
[10, 58–62]. 
 Recently there has been great interest in searching for alternative methods 
of cellulose dissolution, leading to derivatization and creation of sulphites, 
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nitrates or methyl derivatives. They are formed in a non-aqueous medium 
in which one of the components, the so-called ‘active agent’, binds with 
cellulose, while the second component is an organic solvent fulfilling assumed 
functions. Examples of derivatizing solvents and the derivatives formed are 
given in Table 1.3 [30]. The best known solvents of this group are N2o4/
DMF and (CH2O)y/DMSO. 
 Studies on the dissolution of cellulose in N2o4/organic solvent systems 
were started in the 1940s [63] and have continued to the present [64–67]. It 
has been found that for N2o4/DMF solvent, cellulose solubility depends on 
the degree of polymerization (DP). Cellulose with DP = 1000 dissolves in 
amounts of upto about 3%; however, cellulose with DP = 400–500 dissolves 
in amounts of 6–8% and when DP = 300 it is possible to obtain spinning 
solutions with 10% of polymer content [68]. Similarly, cellulose solutions 
were prepared when CH3CN or DMSO was applied as solvent. 
 The process of the dissolution of cellulose in a (CH2O)y/DMSO system was 
described for the first time in 1975 [69] and since then many more articles 
have been published [70–72]. The first spinning solutions from this system 
were prepared from cellulose with DP = 400–600 and were composed of 6 
wt% cellulose, 6 wt% paraformaldehyde and 88 wt% solvent [73]. Mechanical 
properties (tenacity, elongation) of fibres spun to an aqueous coagulation 
bath containing 4% Na2S were comparable to those of viscose fibres. 
 Many of the methods for dissolving cellulose described in this chapter 
include the use of different metal complexes or organic solvents. However, 
these methods are not applied industrially because of their use of toxic 
compounds, such as heavy metals, amines and multi-component solvent 
systems, which are very expensive and from which it is very difficult to 
recover solvent. Hence, these methods are disadvantageous from economic 
and environmental points of view. 
 The newest technologies offer ionic liquids (ILs) as very efficient solvents 
for various polysaccharides, including cellulose. Ionic liquid so-called ‘green’ 
solvents are defined as complex salts that melt at temperatures below 100°C, 
are 100% ions, are strongly polar, have no vapour pressure and are non-

Table 1.3 Representative examples of derivatizing solvents 
and derivatives formed [30]

Solvent  Derivative

N2O4/DMF Cellulose nitrate
HCOOH/H2SO4 Cellulose formate
CF3COOH Cellulose trifluoroacetate
Cl2CHCOOH Cellulose dichloroacetate
(CH2O)y/DMSO Methylcellulose
ClSi(CH3)3DMF Trimethylsilylcellulose (TMSC)
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flammable, electrically conductive and generally immiscible with organic 
compounds [74, 75].
 Ionic liquids are able to dissolve biopolymers with a high degree of 
polymerization (DP) such as bacterial cellulose (BC) with DP up to 6500. 
Many of them can be recycled into the process indefinitely. Ionic liquids 
such as 1-N-butyl-3-methylimidazolium chloride ([C4mim]+Cl–), 1-N-ethyl-
3-methylimidazolium chloride ([C2mim]+Cl–), 1-N-butyldimethylimidazolium 
chloride ([C4dmim]+Cl–) and 1-N-allyl-2,3-dimethylimidazolium bromide 
([Admim]+Br–) were investigated as solvents for the homogeneous acylation 
and carbanilation of the biopolymer cellulose [76]. 
 some aspects of the use of iLs in carbohydrate chemistry, in particular 
swelling, dissolution and functionalization of simple sugars, cyclodextrins, 
cellulose and its derivatives, starch and chitin/chitosan, have been discussed 
[77, 78]. Swatloski et al. studied various ILs including 1-N-butyl-3-
methylimidazolium ([C4mim]+) with different anions. It has been found 
that the chloride ion, as a small hydrogen bond acceptor, seems to be the 
most appropriate for cellulose dissolution. Unfortunately no information 
about the dissolution mechanism of cellulose in ILs is available up to now, 
though this is very important for polymer processing [79]. Recently, molten 
salt hydrates such as LiX*nh2O (X = I–, NO3–, CH3COO–, ClO4–) have 
been applied as efficient solvents for cellulose [80]. 

1.3 Chemical, physical and biochemical 
modification of cellulose structure

Practical application of cellulose pulp in chemical fibre technology requires 
suitable methods for modifying pulp in order to increase its reactivity and 
solubility in proper solvents such as, e.g., NaOH or NaOH/ZnO. The main 
goal of modification is to reduce inter- and intramolecular hydrogen bonds in 
order to decrease the degree of polymerization of cellulose; however, changes 
in the molecular, supermolecular and morphological structure of cellulose 
can also be observed [81–83]. The most common methods of cellulose pulp 
modification (activation) are alkalization, enzymatic modification, radiation 
treatment, steam explosion treatment and hydrothermic activation. 

1.3.1 Alkalization

Alkalization of cellulose is the oldest and commonest method for pulp 
degradation in the viscose process. The process is based on cellulose treatment 
with NaOH solution with concentration of 18–19 wt%. The goal of the process 
is to reduce intermolecular hydrogen bonds and to lower the polymerization 
degree of cellulose, leading to the formation of a new chemical compound – 
alkalicellulose. A visible change that occurs during alkalization is swelling 
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of the cellulose pulp. In the ripening process of alkalicellulose, degradation 
of the cellulose chain and lowering of its polymerization degree take place. 
However, the permissible fall of the polymerization degree is limited, because 
this parameter has a great impact on the tenacity of manufactured fibres.
 In order to improve cellulose reactivity and swelling ability in sodium 
hydroxide solution, additives such as zinc oxide, urea and thiourea are 
introduced into NaOH solution [39, 40, 42, 45, 84–86]. Combination of 
these additives with NaOH solution, e.g. NaOH/thiourea/urea, can dissolve 
cellulose directly and quickly, and good cellulose fibres can be formed 
[46].

1.3.2 Enzymatic modification

Modern methods of modifying cellulose pulp include biotechnological 
methods with the use of cellulolytic enzymes. Enzymatic activation of 
chemical pulp is known from several patents and papers [18, 87–92]. The aim 
is to increase the reactivity and alkali solubility of treated pulp. Struszczyk 
and Nousiainen [89, 91] found that it is possible to apply enzyme-treated 
cellulose pulp for the preparation of aqueous alkaline cellulose spinning 
solution useful for fibre spinning. The biomodification process is based on 
the application of specific cellulolytic enzymes (cellulases) that hydrolyse 
the β-1,4 glucosidic bonds of cellulose. The cellulase components work 
synergistically as they degrade the cellulose molecules finally into glucose 
monomers and oligomers. Endoglucanases attack the middle of the glucan 
chains and markedly decrease the degree of polymerization of the cellulose. 
Exoglucanases or cellobiohydrolases attack the releasing glucan ends and 
remove cellobiose or glucose from the chain ends. Finally, β-glucosidases 
cut the cellobioses into glucose monomers [93, 94]. Most of the cellulolytic 
enzymes used for modifying hardwood and softwood dissolving pulps into 
directly alkaline soluble forms are produced by the fungi Trichoderma reesei 
or Aspergillus niger [94–98]. 
 Qualitative and quantitative composition of the enzyme complex, as well 
as many structural features of the cellulose such as its polymerization degree, 
capillary system, crystallinity and ability to swell in aqueous solutions, have 
significant effects on the susceptibility of the cellulose to enzyme action 
[99]. Of essential importance in the enzymatic modification process is the 
distribution of the capillary system in the cellulose. Contact between the 
enzyme molecules and the surface of the cellulose particles is possible when 
the width of the cellulose capillaries significantly exceeds the dimensions 
of the enzyme molecule [100]. The ability to biomodigy cellulose depends, 
to a large extent, on its structural features. Among many features that affect 
the rate of enzymatic modification, cellulose crystallinity is considered one 
of the most important. It has been postulated that the cellulolytic enzyme 
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degrades the more accessible amorphous regions of cellulose more readily 
than the less accessible crystalline regions [99, 101]. Moreover, it was found 
that susceptibility of the cellulose pulp to enzymes increases following 
preliminary mechanical treatment of the pulp [102]. The crystallinity of 
initial untreated, mechanically treated and enzymatically treated pulp, as 
measured by X-ray diffraction, is 66%, 55% and 56% respectively [103].
 The mechanism of the increase of cellulose solubility in alkali is still under 
investigation. Researchers [97, 98, 104] have stated that enzymes decrease 
the degree of polymerization and the number of inter- and intramolecular 
hydrogen bonds of cellulose. It was found that the alkaline solubility of 
cellulose improved when the pulp was subjected to mechanical treatment 
prior to enzymatic treatment [102]. The enzymatically modified cellulose 
pulp was dissolved at low temperature in 9 wt% aqueous sodium hydroxide 
containing a small amount of zinc oxide. Zinc oxide is used to improve the 
solubility of the cellulose, decrease the solution viscosity, and increase the 
stability of the alkaline cellulose solution. 
 The enzymatic method of cellulose modification that produces alkali-soluble 
pulp is characterized by many advantages, such as the mild conditions of the 
process (enzymatic action takes place at 50oC and atmospheric pressure), 
the possibility of enzyme recirculation and the low environmental hazard 
[97, 105]. The method allows for elaboration and for developing a novel 
biotechnology-based process for converting cellulose into a variety of shaped 
bodies with high value. 

1.3.3 Radiation treatment

Radiation treatment of cellulose was first described in the literature in 1952 
[106]. It was noted that during treatment the cellulose underwent degradation 
and that such degraded cellulose could be used in the viscose process or 
for production derivatives (ethers, esters). Cellulose pulp was exposed to an 
electron beam with energy of 1.7 MeV in an electron accelerator. Interaction 
of electrons on the cellulose pulp influenced its polymerization degree as 
the well as formation of new functional groups such as carbonyl, carboxyl 
and hemicellulose [107, 108]. 
 Canadian company AECL (Atomic Energy of Canada Ltd) and Faserwerke 
kelhein Gmbh, Germany, elaborated the radiation method of cellulose 
modification, taking into consideration the possibility of improvement of 
economic aspects of the viscose process [106]. Treatment of cellulose pulp 
with ß-radiation increases its reactivity and results in lower consumption of 
Cs2 in the viscose process. The current consumption of Cs2 in the viscose 
process when producing regenerated cellulosic items is around 28–36 wt% 
based on cellulose. as a result of radiation treatment, the consumption of 
Cs2 in the pilot-scale production of regenerated cellulosic items can be 
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reduced by 20 wt%. The second, important advantage of this method is 
the possibility of reducing the amount of sodium hydroxide in the viscose 
solution to 5 wt%.
 Exposure to high energy radiation, such as gamma rays, is a special way 
to activate cellulosic substrates by degradation [109]. Irradiation considerably 
changes the structure, reactivity, physico-chemical and mechanical properties 
of cellulose. At lower doses (below 10 kGy) crosslinking was observed [110], 
while irradiation of cellulose at higher doses results in degradation that leads 
to a decrease in DP and a decrease in crystallinity and crystal dimensions 
[111]. 
 The effect of combining radiation and alkali treatments on cellulose 
properties was also studied [112, 113]. Cellulose powder was irradiated by 
Co-60 gamma rays in the dose range of 500–1500 kGy (10 kGy/h). Next the 
irradiated samples were treated with NaOH solution at room temperature. The 
experiments show that under the effect of irradiation and alkali treatment of 
cellulose there is a considerable degradation of the cellulose that is shown 
by the decrease in the degree of polymerization.
 The manufacture of cellulose derivatives such as carboxymethylocellulose 
(CMC), cellulose carbamate (CC) and cellulose acetate (CA) from cellulose 
pulps irradiated with doses of 10 and 15 kGy has been investigated [114]. 
Positive results were achieved in the process of CC and CA manufacture. The 
action of ionizing radiation on cellulose increased its activity and facilitated 
formation of its esters: carbamate and acetate. Irradiation of the samples with 
doses of 10 and 15 kGy allowed researchers to obtain such values of the 
polymerization degree as were required for obtaining cellulose carbamate 
with excellent solubility in aqueous sodium hydroxide solution.
 The radiation degradation of cellulose has become a relevant technical 
aspect of the manufacture of regenerated cellulose: the irradiation of pulp 
prior to viscose processing may result in reduced consumption of chemicals 
and time. Many authors promote electron treatment of wood pulp as a 
method for reducing the use of hazardous chemicals in the viscose process. 
Investigations with electron-treated pulp have been performed in several 
countries, including the USA, Canada, Mexico, Germany, the UK, Sweden, 
India and Taiwan [115–117].

1.3.4 Steam-explosive treatment

The explosion pulping process is based on brief vapour-phase cooking at 
temperatures in the range of 180–250°C, followed by explosive decompression. 
The explosive method (‘steam explosion’) was invented by Mason in the 
early 1930s and was used for the utilization of wood chips and cellulose 
delignification. In this process, the wood chips were steam heated at a very 
high temperature, about 285°C, and at a pressure of 3.5 MPa for about 2 
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min. The pressure increased rapidly to about 7 MPa for about 5 s, and the 
chips exploded at atmospheric pressure into a pulp [118]. However, Kamide 
and coworkers noticed that this method can also be used for modification of 
cellulose, particularly to decrease the amount of intermolecular hydrogen bonds 
[36, 119, 120]. They investigated the effect of steam explosion conditions on 
the changes in morphology, degree of polymerization, solubility in aqueous 
alkali solution, and supermolecular structure of a softwood pulp. As a result 
of optimization of the method it was found that the most effective pressure 
is 2.9 MPa for a time of 30 s. Such modified cellulose was characterized 
by solubility in 9–10% aqueous sodium hydroxide solution with yield of 99 
wt%. They also observed a decrease of polymerization degree, a decrease of 
the amorphous content of the samples in spite of an increase in solubility, 
and a breakdown in the intramolecular hydrogen bonds at the C3 and C6 
positions. Studies carried out by Kamide allowed an explanation for the 
structural changes that occur in cellulose during treatment with superheated 
water vapour at high pressure. Yamashiki et al. [120] dissolved 50 g of steam-
treated cellulose (DP = 331) in 950 g of 9.1 wt% aqueous NaOH solution 
precooled at 4°C and tried to use this solution for fibre spinning. The fibre 
were characterized by tenacity of 0.12 GPa and modulus of 9.45 GPa.
 similarly, Tanahashi et al. [121] studied the effects of steam explosion 
on the morphology and physical properties of wood and found that the 
amorphous cellulose becomes crystalline during the steaming process. Increased 
crystallinity of cellulose by promoting crystallization of the amorphous 
regions by steam explosion treatment was observed by other authors [122, 
123]. The observations were confirmed by analyses using Raman spectral 
measurements and solid state NMR spectra. It is known that steam explosion 
pulp has higher porosity, higher specific surface area and higher hydrophilic 
character [124].
 Steam explosion is a rapidly developing technology for the fractionation 
of biomass into its main components (cellulose, hemicellulose, lignin) and 
for the extraction of industrial polysaccharides [125, 126]. For last 10–15 
years the steam explosion of lignocellulosic materials has been widely 
studied in order to increase the conversion yields of the polysaccharides 
into monosaccharides by enzymatic hydrolysis. Monosaccharides are finally 
used as starting material for fermentation products [127–129]. The method 
is also used for obtaining a high-purity chemical-free microcrystalline 
cellulose having a low degree of polymerization, which may be used in the 
pharmaceutical and nutritional industries [130]. 
 Steam explosion may be an interesting alternative method of cellulose 
activation for dissolving cellulose and for the production of new textile 
fibres. The main advantage of modification by steam explosion is its ability 
to determine the essential features (polymerization degree, purity, etc.) of 
the end product by varying the process conditions. 
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1.3.5 Hydrothermic activation

recently, special attention has been paid to another method of cellulose 
activation which is based on the heating of cellulose pulp suspension in 
water or methanol at 100–170°C under hyperbaric pressure [131]. The 
reaction in hot compressed water is the so-called hydrothermal activation. 
The cellulose after treatment is characterized by increased reactivity, which 
allows the manufacture of cellulose carbamate or viscose at lower CS2 
consumption. such cellulose is also easily soluble in N-methylmorpholine-
N-oxide (NMMO). It has been found that hydrothermal activation affects 
the solubility and molecular-weight distribution [132].
 The method was known earlier but was used mainly for wood biomass 
decomposition, including waste wood, old paper and agricultural waste 
products [133]. Lignin, which contains many oxygen-based functional groups, 
can be an alternative source for the production of chemical compounds 
following its decomposition using hydrothermal treatment. Lignin subjected 
to activation in water at temperatures of 653–673 K and various pressures 
under an argon atmosphere produced three main products: catechol, phenol 
and o-cresol [134]. 
 A US patent application [135] describes the method of degradation of 
polysaccharides (starch, guar gum, cellulose) by hydrothermal reaction 
performed in hot water at a pressure of 5–100 MPa and a temperature of 
140–300°C, containing carbon dioxide being added by pressure application. 
a product obtained by the hydrolysis reaction is preferably a monosaccharide 
(such as glucose or galactose). Use of carbon dioxide in addition to hot 
water significantly improved the yield of a monosaccharide. Such a method 
allows the degradation of the food waste that contains a starch-containing 
agricultural product or wood and paper, into glucose or oligosaccharides. 
 The hydrothermal modification of cellulose was a research topic of the 
Institute of Biopolymers and Chemical Fibres, IBWCh, Poland, where 
the method of manufacture of cellulose carbamate based on hydrothermal 
treatment was elaborated. This innovation is protected by US patent [136]. 
For hydrothermal activation, the cellulose pulp was treated with water in the 
presence of catalysts for 0.5–10 h at 120–160oC under a pressure of up to 
5 bar. The hydrothermal treatment of the cellulose produces activated pulp 
with controlled polydispersity of less than 2.7. The hydrothermal treatment 
of cellulose pulps was carried out in the presence of catalysts such as organic 
and/or inorganic acids, as well as inorganic or organic salts of inorganic and/
or organic acids, which controlled the degradation and activation process. 
The controlled hydrothermal activation produces highly reactive cellulose 
pulp. Such pulp used for reaction with urea allows the production of cellulose 
carbamate characterized by good solubility in aqueous alkali solution as well 
as excellent spinnability for producing fibres, films and other products.
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 Further studies at IBWCh on the modification of cellulose pulp focused 
on the manufacture of cellulose directly soluble in sodium hydroxide 
solutions. The alkaline solutions were used for producing cellulosic fibres, 
foils, casings, beads, etc. The initial cellulose was hydrothermally treated 
with water at various temperatures and pressures, of about 100–200°C under 
a pressure of about 0.1–1.5 MPa [137]. The treated cellulose was directly 
dissolved in an aqueous solution of sodium hydroxide at a temperature of 
about 0°C. Alkaline cellulose solutions containing from about 5 wt% to 
about 10 wt% of polymer were converted into a variety of shaped articles. 
The process described is fully ecological without production of toxic and 
hazardous chemicals; cheap aqueous solvents are used instead of expensive 
organic solvents, and this method enables one one to form stable solutions 
of cellulose without the necessity of preparing cellulose derivatives. 

1.4 Overview of technologies for spinning  
cellulosic fibres

1.4.1 Viscose process

Cellulose pulp is one of the most important commodity raw materials. 
Annually about 118 million tons of various cellulose pulps are consumed 
worldwide, most of it in paper and paperboard manufacture [5]. About 8 
million tons a year of the raw material is being consumed in the various 
cellulose manufacturing plants, including cellulose ethers and the 3-D products. 
Only 3 million tons are processed into fibres, which play an important role 
as raw material in the textile industry. Most commercial cellulose fibre 
manufacturing today utilizes the viscose process. It was invented at the 
dawn of the twentieth century and has remained in operation ever since. It is 
based on the derivatization of cellulose using carbon disulphite. The process 
has many steps to convert the solid pulp into soluble form. More detailed 
information can be found in references 20, 21, 138 and 139. An outline of 
the viscose process is illustrated in Fig. 1.5 [140].
 The most critical step in the viscose process is xanthation, where alkali 
cellulose is reacted with carbon disulphide (CS2) to form sodium cellulose 
xanthate. Next, the sodium cellulose xanthate is dissolved into 5–8% aqueous 
sodium hydroxide to form yellow cellulose xanthate solution, so-called 
viscose. The solution is ripened for uniform distribution of xanthate groups 
in cellulose. After the ripening, the viscose dope is filtrated to remove 
undissolved particles and is deaerated to remove air bubbles. The viscose 
fibres are produced using a wet spinning method where the alkaline cellulose 
solution is extruded through a spinneret into a coagulation bath containing a 
mixture of acid and salts: sulphuric acid, sodium sulphate and zinc sulphate. 
In the coagulation bath the cellulose xanthate is converted into cellulose. 
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Before regeneration, the viscose fibres are stretched to orientate the cellulose 
molecule chains along the fibre axis. As a result of orientation the tenacity 
of the fibres increases and the elongation decreases [8]. 
 By modifying the spinning conditions, the physical structure and form 
of the filament can be changed in many ways. Viscose fibres can be made 
with a symmetrical cross-section or a variety of cross-sectional shapes by 
extrusion through spinneret holes of suitable shape. By controlling the 
spinning conditions the viscose filaments can be spun in a form of skin–core 
structure in which the skin is thicker on one side of the filament than on the 
other side [8, 141–143]. The Lenzing Group has developed a high-absorbency 
fibre called. Viscostar®, which is a viscose fibre with a star-shaped cross-
section; it was designed to improve the absorbency of non-woven products, 
especially tampons [144].
 Viscose fibres now available include fibres of widely different characteristics. 
Physical modifications of the regular viscose fibre range from changes in 
the form of the filament, e.g. hollow, shaped and surface-modified filaments, 
to changes in the fine structure as in the high tenacity rayons and high wet 
modulus (polynosic) rayons. Viscose fibres are used in the textile industry, 
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1.5  Flowsheets of the viscose process [140].
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household fabrics and various non-woven fabrics. Textile fabrics may be 
woven of yarns made of viscose alone or in combination with other fibres 
such as polyester. Viscose fibre-based non-woven products include feminine 
hygiene products, absorbent products, baby wipes, computer disk liners, 
surgical swabs, etc.
 According to the International Rayon and Synthetic Fibres Committee 
(CIRFS), the main viscose companies worldwide producing staple fibres are 
the Grasim and Aditya Birla Group (India) and Lenzing (Austria). In Europe 
the other staple producers are sateri in Finland, kelheim Fibres in Germany 
and Sniace in Spain, and filament producers are Enka and Cordenka in 
Germany, Bembercell in Italy, Glanzstoff in Austria and Svilosa in Bulgaria 
[145]. Table 1.4 shows the major sources of viscose production.

1.4.2 Cellulose carbamate (CC) process

Other basic manufacturing techniques for the production of regenerated 
cellulosic fibres include the Carbamate process. Cellulose carbamate (CC) is 
the product of reaction between cellulose pulp and urea. Seventy years ago 
Hill and Jacobson found that such cellulose derivatives are soluble in aqueous 
sodium hydroxide solution and can be precipitated by acids as fibre or film 
[146]. Later this component was studied by many researchers [147–152]. 
In the 1980s a Finnish Company, Neste Oy, in cooperation with Kemira Oy 
developed a process for manufacturing CC and processing it into staple fibres 
under the trade name Cellca [153–155]. The process was based on activation 
of cellulose with liquid ammonia and electron beam irradiation. According 
to another patent (Zimmer AG, Germany) the reaction between cellulose and 
urea is performed in organic solvent as a liquid medium [156]. 
 In the 1990s studies on elaboration of the method for manufacture of 
CC and spinning fibres were also conducted at the Institute of Biopolymers 
and Chemical Fibres, Poland [157–159]. The scheme of CC production is 
presented in Fig. 1.6 [160].

Table 1.4 viscose production [145]

Country Total viscose filament and  
 fibre (2005), tonnes

Europe 430,872
Brazil 40,055
China 1,180,000
CIS 41,020
India 295,421
Japan 35,796
Taiwan 114,455
Thailand 77,863
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 The combination of two stages of this process, i.e. mercerization and 
activation with intercalation of urea, allows one to obtain product with better 
dissolving properties. Chemical activation using gaseous acid anhydrides and 
organic or inorganic salts leads to changes in the structure and crystallinity 
of cellulose, resulting in homogeneous intercalation of urea. Cellulose 
carbamate is easily dissolved in 7–9 wt% of aqueous sodium hydroxide 
solution at temperatures below 0oC. The fibres were spun into a coagulation 
bath containing sulphuric acid; then in a regeneration bath containing about 4 
wt% of NaOH the cellulose carbamate was regenerated in the form of fibres. 
The properties of the fibres obtained are presented in Table 1.5. Generally, 
the fibres spun from CC have analogous mechanical properties to standard 
viscose fibres. 
 The CarbaCell® technology, the special version of the carbamate process, 
was developed in Germany on an industrial scale by Zimmer AG in cooperation 
with the Fraunhofer Institute for Applied Polymer Research (Potsdam-Golm) 
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+ degradation
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cellulose with 
intercalation  

of urea

Synthesis 
of cellulose 
carbamate

Cellulose
carbamate

(wet)

Purification 
of cellulose 
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Cellulose 
carbamate  

(dry)
Drying

1.6  Scheme of CC production [160].

Table 1.5 Properties of cellulose fibres obtained from CC [160]

Property Parameter

Titre (dtex) 1.5–2.0
Tenacity (cNtex) 12–22
Elongation (%) 16–22
loop tenacity (cN/tex) 3.8–5.5
Nitrogen content (%) 0.3–0.5 fibres from regenerated cellulose
 1.0–1.5 fibres from not decomposed CC
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and the Institute for Textile Chemistry (Denkendorf) and is offered as an 
alternative method to the viscose process [161].
 Cellulose carbamate solutions are well miscible with xanthate solutions 
[160]. It is possible to prepare the blended solutions by mixing the two 
separate CC and xanthate solutions or by introducing the CC solution to 
xanthate viscose immediately before spinning. The spinning process was 
performed in conditions typical of the viscose process. The mechanical 
properties of the blend fibres are listed in Table 1.6. The blend fibres are 
characterized by interesting properties. Compared to standard viscose fibres, 
the water retention value (WRV) and swelling coefficient (SC) in blend fibres 
were significantly increased, making them very useful for sanitary product 
applications. 

1.4.3 Lyocell process

One of the main alternatives for the production of cellulose fibres is the 
NMMO process (N-methyl-morpholine-N-oxide), also called the Lyocell 
process, developed since the 1960s and commercialized in 1992 by Courtaulds 
in Mobile, Alabama, USA [11]. Earlier the research team of Franks and Varga 
[162–163], which was involved in studies on the manufacture of cellulose 
fibres based on amines, found that aqueous solutions of NMMO have excellent 
cellulose-dissolving properties and cellulose can be recovered from these 
solutions in the form of fibres by dilution with water. 
 The NMMO process consists of three steps [11]:

1. Production of homogeneous solution from cellulose pulp, NMMO and 
water, e.g. cellulose pulp with concentration of 13 wt% is dissolved in 
the N-methylmorpholine-N-oxide (67 wt%) containing approximately 
20 wt% of water. The water is removed during dissolving. 

2. The fibre forming process – the solution is filtered and passed through 
spinnerets to make the filaments, which are spun into water. 

3. Recovery of NMMO from the regenerating and washing bath – NMMO 
solvent is recovered from this aqueous solution to 99.5% and reused.

Table 1.6 Some mechanical properties of CC–xanthate blend fibres [160]

Type of  Content of CC Tenacity loop Elongation WRv1 SC2

fibres in the spinning (cN/tex) (cN/tex) (%) (%) (%)
 solution

viscose  0 23.2 6.9 18  92  99
viscose/CC 15 20.9 6.1 21 100 112
viscose/CC 30 19.0 6.1 25 128 134

1Water retention value; 2swelling coefficient.
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 The technology of cellulose fibres based on NMMO as a direct solvent 
of cellulose is presented in Fig. 1.7 [164]. It has been found that dissolution 
of cellulose in NMMO depends on the temperature and the content of water 
in the system, as illustrated in Fig. 1.8 [165].
 The NMMO technology is fully ecological and environmentally friendly, 
with no effluents or gases emitted to the atmosphere. Lyocell fibres are 
characterized by high crystallinity, high orientation, low lateral hold between 
fibres, relatively large pore volume and high tenacity ranging from 35 to 42 
cN/tex [166, 167]. They are an excellent raw material for the manufacture of 
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1.7 Flowsheet of cellulose fibre production by the NMMO process 
[164].
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clothing, technical textiles and sanitary products. Table 1.7 shows the process 
parameters of Lyocell-type fibres, as compared with those of conventional 
viscose fibres [164].
 Despite many advantages, the NMMO process has not replaced the viscose 
process up to now. The main reason is the fibrillation of fibres manufactured 
by this method, which occurs with stress along the fibre axis in the wet 
state, imposing limitations on the use of the method in textile manufacture. 
However, such a tendency to fibrillation can be utilized in the technical textiles 
sector for manufacture of non-wovens, filters and special papers. Fibrillation 
improves filtration efficiency, air permeability, tear strength and opacity 
[168]. Although fibrillation could be used for creating attractive effects in the 
production of textiles, there is still a challenge to the product manufacturers 
to eliminate this problem [11]. Many research centres try to modify Lyocell 
fibres to eliminate their susceptibility to fibrillation. Modifications include 
enzymatic treatment, alkali and urea treatment and cross-linking [168–170]. 
Figures 1.9 and 1.10 show urea and alkali treatment of NMMO-type woven 
fabrics [170]. While the untreated fabrics show no fibrillation, by increasing 
the concentration of urea or alkali a very slight formation of microfibrils can 
be identified for both treatments.
 Due to cross-linking, Courtaulds, Lenzing AG and Akzo-Nobel developed a 
Tencel A100 fibre with fibrillation reduced to a minimum [171]. Modification 
of the Lyocell-type fibres was also conducted by the Thuringian Institute 
of Textile and Plastics Research in Rudolstadt (Germany), resulting in 
production of fibres with bactericidal properties under the trade name Alceru 
Silver [172]. The Man-made Fibres Department at the Technical University 

Table 1.7 Comparison of process parameters of cellulose fibres produced by the 
viscose and  NMMO processes [164]

No Parameters values

  viscose process NMMO process

1 Cellulose concentration in the 7.5–9.5 12.0–25
 spinning solution, %
2 Duration fo fibre formation, h 35–48 2–4
3 Type of process Periodic Continuous
4 Fibre formation rate, m/min 12–90 60–300
5 Wastes Toxic gases emitted to No gases or
  the atmosphere and  effluents
  salts discharged into 
  sewage water
6 Energy consumption, % 100 35–40
7 Costs of system construction, % 30–35 100
8 Raw materials and product cycle Open Closed
9 Fibre properties low quality High quality
10 Process characteristic Fixed Elastic
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of Łódz (Poland) studied the possibility of reducing the susceptibility of 
the fibres to fibrillation by modification of the fibre structure during the 
spinning process [164]. Modification was based on incorporating cationic, 
anionic or non-ionic surface-active modifiers into the spinning solution or 
the coagulating bath. Additionally, a low molecular weight polyethylene or 
high molecular weight poly(ethylene oxide) was also added to the spinning 
solution. The fibres obtained were characterized by different mechanical 
characteristics, moisture absorption and susceptibility to fibrillation, as well 
as a wide range of porosity [164].
 Cellulose staple fibres of the Lyocell type are manufactured at three plants, 
in Mobile, Alabama (USA), Grimsby (England) and Heiligenkreuz (Austria); 
the total amount exceeds 120 000 tons per year (Table 1.8) [164].

untreated a b c

1.9 SEM images of untreated lyocell-woven: (a) treated with urea 
1.7M; (b) treated with  urea 3.3M; (c) treated with urea 5M at 
magnification of 100¥ (upper) and 1000¥ (lower) [170].

untreated a b c

1.10 SEM images of untreated lyocell-woven: (a) treated with NaOH 
0.05M; (b) treated with NaOH 0.5M; (c) treated with NaOH 1.0M at 
magnification of 100¥ (upper) and 1000¥ (lower) [170].
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1.4.4 Celsol/Biocelsol process

Another environmentally friendly technology to produce cellulose fibres is 
based on biomodified cellulose pulp leading to direct cellulose solubilization 
in sodium hydroxide (NaOH)/water solutions. For several years, investigations 
have been conducted at the institute of Biopolymers and Chemi cal Fibres 
(Poland) and Tampere University of Technology (Finland) aimed at elaborating 
a new concept for manufacturing cellulose fibres by directly dissolving 
enzyme-treated cellulose pulp in aqueous NaOH solutions to be used for 
fibre spinning the Celsol/Biocelsol process) [87–90, 173]. 
 Enzymatic modification of cellulose increases cellulose reactivity and 
solubility in aqueous sodium hydroxide solutions, which are distinguished by 
high stability and suitable rheological behaviour for preparation of different 
types of cellulose products such as fibres, film and fibrids. Figure 1.11 
illustrates the scheme of the formation of fibres from biomodified cellulose 
pulp (the Celsol/Biocelsol process) [174].
 In the Celsol/Biocelsol process, enzymes (cellulases) are used for modifying 
the cellulose, resulting in directly alkali-soluble cellulose. It has been found 

Table 1.8 Trade names of cellulose fibres produced by the NMMO process [164]

Company Company location Trade name of fibres Form of fibres

lenzing aG Mobile, USa Tencel Staple fibres for
 Grimsby, UK  clothing textiles

 Mobile, USa lyocell Courtaulds Staple fibres for
 Grimsby, UK  technical textiles

 Heiligenkreuz, lyocell lenzing Staple fibres
 austria

Cellulose pulp

Enzyme treatment

Dissolving

Non-woven

Fibre spinning
(multifilament yarn, staple fibres)

Knitted and woven fabrics

1.11 Scheme of cellulose fibre manufacture from enzyme-treated 
cellulose pulp [174].
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that accessibility of the pulp to enzymes is increased by the use of suitable 
pre-treatment methods, particularly mechanical treatment [174, 175]. After 
that, the wet pulp is subjected to enzymes under controlled conditions 
consisting of controlled degradation of cellulose macromolecule chains with 
accompanying changes of its molecular, supermolecular and morphological 
structure. The enzymatic treatment of pulp causes, in comparison to the initial 
pulp, several changes as follows: decrease in the average polymerization 
degree and crystalline degree, reduction of hydrogen bonds, increase in 
intrinsic surface, and increase in solubility in aqueous sodium hydroxide.
 After the treatment, the pulp is separated from the excess water, the 
enzymes are inactivated and the treated pulp is ready for the dissolution 
step. The enzymatically treated pulp is dissolved at low temperature into 
aqueous sodium hydroxide containing a small amount of zinc oxide. The 
solution is filtered to remove undissolved particles and deaerated to remove 
air bubbles. The alkaline cellulose solution is spun into the acidic coagulation 
bath in which the cellulose regenerates. Sulphuric acid and sodium sulphate 
in the spin bath cause the solidification of the cellulose molecules and their 
transition from the liquid state through the gel state into the solid state. After 
wet spinning, the cellulose fibres are washed, finished and dried. 
 Cellulases are produced as a multicomponent enzyme system by many 
moulds, and are comprised of several endoglucanases (EG), two or more 
cellobiohydralases (CBH) and at least one b-glucosidase [176, 177]. The 
degrading effect of cellulase enzymes on cellulose has been studied for 
decades [91, 178–180]. 
 The well-known synergistic relationship between the actions of the 
components of the cellulase complex plays a crucial role in the cellulose 
degradation process. Two major modified strains of Aspergillus niger [175] 
and Trichoderma reesei [95] are the best producers of enzymes suitable for 
biomodification of cellulose pulp. It is also well known that direct contact 
between the enzymes and the substrate is a prerequisite to cellulose hydrolysis. 
since cellulose is an insoluble and structurally complex substrate, this contact 
can be achieved by diffusion of the enzymes into the cellulose matrix. 
 From biomodified cellulose pulp the alkaline spinning solutions have been 
prepared. The effect of spinning conditions, the composition of the spinning 
bath, the draw ratio and the spinning speed on the mechanical properties of 
Celsol [181] and Biocelsol [182] fibres has been widely investigated. Both 
processes are very similar, though different raw pulps as well as different 
enzymatic treatment parameters have been used. 
 Some properties of regenerated cellulose fibres spun from alkali solutions 
of biomodified pulp are presented in Table 1.9. A SEM photo of the Biocelsol 
fibre cross-section is shown in Fig. 1.12. The fibres are characterised by an 
oval cross-section with little developed boundary line; they are regular and 
show no sticking.
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 A novel, environmentally friendly biotechnology-based method for 
converting cellulose into fibres was investigated and developed on a high 
laboratory scale. Biocelsol fibres can be used as a multifilament yarn and 
spun as such, as well as blended with other fibres, in weaving and knitting 
processes. 
 Suominen Nonwovens Ltd (Finland) produces viscose fibre-based 
hydroentangled non-wovens. Depending on the end use/product, Suominen 
are currently using viscose fibres in mixtures with synthetic fibres (polyester, 
polypropylene). The hydroentangled non-woven is applied to different wiping 
products used in baby care, personal care, household and industrial applications. 
Suominen has carried out successful trials in producing hydroentangled non-
wovens based on Biocelsol and PET mixture fibres, as seen in Fig. 1.13. 
[183]. 
 Spolsin, spol. s r.o. (Czech Republic) uses the viscose yarns for woven 
and knitted fabrics applications. Positive results have been achieved using 
Biocelsol yarns, as a substitution for viscose, for woven and knitted fabrics 
applications [183]. For the manufacture of woven fabrics, the Biocelsol 
multifilament yarns must be twisted or processed into sheath–core yarns 
to prevent damage during the weaving. The twisted and sheath–core yarns 
were woven into fabrics on a laboratory scale (Fig. 1.14). [182, 183].
 Based on the results of these processing experiments, it can also be 
assumed that the yarns can be processed on an industrial scale. Moreover, 

(a) (b)

1.12 (a, b) Typical cross-section of Biocelsol fibres [182].

Table 1.9 Some mechanical properties of Celsol 
and Biocelsol fibres [181, 182]

Parameter Celsol/Biocelsol fibres

Titre, dtex 1.4–5.8
Tenacity, cN/dtex 1.4–1.9
Elongation at break, % 11–19
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the chemical behaviour of the Biocelsol fibres during the dyeing test was 
comparable with that of the viscose fibres.

1.5 Cellulose-based composite fibres

1.5.1 Cellulose blends with other polysaccharides (PS)

Considerable efforts have been devoted to the preparation of compatible 
blends of cellulose with other polysaccharides such as chitosan, starch and 
alginate. Chitosan, a co-polymer derived from the abundant natural polymer 
chitin, is composed of b-(1Æ4)-2-amino-2-deoxy-d-glucopyranose and 
b-(1Æ4)-2-acetamido-2-deoxy-d-glucopyranose units. Chitosan is a versatile 
biopolymer which displays a series of unique properties and therefore is 
used in different fields, including medicine, pharmacology and agriculture 
[184, 185]. The most important feature of this polymer is antimicrobial 
activity against a broad spectrum of bacteria [186–189]. Chitosan has the 
same b-(1Æ4)-glucopyranose units as cellulose, except that the 2-hydroxy 
is replaced by an acetamide group. The similarity of cellulose and chitosan 
structures suggests that both polymers can be blended sufficiently to form 
homogeneous composite films or membranes. There has been much progress 
in investigating of blends of chitosan with synthetic and natural polymers. 
It has been reported that modification of chitosan by blending with PEG or 
PVA may be an effective method of improving the hydrophilic properties 
of chitosan [190, 191]. Chitosan was also blended with several polymers 
such as polyamides, poly(acrylic acid), gelatin, silk fibroin and cellulose to 
change its mechanical properties [192–196]. Various studies (Raman and 
13C NMR spectroscopy, X-ray analysis) have proved the presence of specific 
interactions between cellulose and chitosan molecules [196–198]. 

1.13 Hydroentangled non-woven sheet from Biocelsol and PET staple 
fibres made by Suominen Nonwovens ltd [183].
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 Well known from the literature are various methods of preparation of 
chitin-chitosan/cellulose solutions that are useful for processing into composite 
chitin, chitosan and cellulose fibres, films or foams [199]. Chitin-chitosan 
can be mixed with cellulose directly or in steps of alkaline addition, xanthate 
formation or viscose formation. The chitin-chitosan/cellulose fibres or films 
have excellent antimicrobial activity and good biodegradability. Fibres can 
be blended and woven with natural fibres such as silk, cotton, flax or wool, 
regenerated fibres, man-made fibres, or synthetic fibres such as polyester, 
nylon and acrylic fibres. The chitin-chitosan/cellulose fibres are applicable 
to non-woven fabrics as well as textiles. Knitwear and textiles of chitin-
chitosan/cellulose can be used for clothing such as socks, T-shirts, bedroom 

(a)

(b) (c)

1.14 Biocelsol end products: (a) sheath–core yarn; (b) fabric from 
twisted Biocelsol multifilament yarn; (c) woven fabric from sheath/
core spun Biocelsol multifilament yarn [182–183].
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commodities and medical materials such as like gauzes, bandages or plasters. 
The Omikenshi Company (Osaka, Japan) has established a commercial 
process to produce chitin/chitosan solution without using organic solvent and 
has commercialized production of fibres under the brand name of Crabyon 
by co-extruding with cellulose viscose. The fibres are sold by Swicofil 
AG Textile Services (Switzerland), the sales department of leading world 
textile raw material manufacturers. Because chitin/chitosan is built in part 
of Crabyon, its antimicrobial properties stay unchanged against washing 
or abrasion for a long time. Crabyon protects skin from drying because its 
moisture-retaining properties are better than those of cellulose fibres.
 Other authors [200] have disclosed a process for preparing cellulose acetate/
chitosan hollow fibres, including such steps as dissolving an appropriate 
amount of chitosan and cellulose acetate in formic acid, filtering the blend 
solution to remove insoluble or undissolved particles, degassing the blend 
solution to free any air bubbles followed by extruding the spinning solution 
into a coagulation bath to form fibres, and finally treating the chitosan/
cellulose acetate blend fibres with a plasticizer which acts as a softening 
agent and for drying. The polymer blend solution comprises 2–4 wt% of 
chitosan and 10–30 wt% of cellulose acetate [200]. The fibres are prepared 
by a wet phase inversion method by extruding the blend solution through 
a spinneret in the form of a ring with different outer and inner diameters 
into a quenching bath of coagulation solution while a core quench liquid 
is delivered through the lumen of the fibres. The coagulation solution 
and the core quench liquid are also called the ‘external coagulant’ and 
‘internal coagulant’, respectively. They can be composed of NaOH solution, 
ammonia solution, tripolyphosphate solution, water and mixtures thereof. 
Manufactured hollow fibres show a porous outer and inner surface with a 
larger pore size and characterized by very good mechanical properties. The 
tensile stress, elongation ratio and Young’s modulus at breakage of the blend 
fibres in the wet state were 22 MPa, 24% and 90 MPa respectively. Such 
fibres can be used in numerous applications, such as in the pharmaceutical 
industry as a membrane chromatography matrix to selectively separate 
proteins and enzymes, for recovery or removal of various toxic metal ions 
from water, wastewater or industrial effluents, and in medicine as blood 
or kidney dialysis membranes. Due to the high amount of chitosan (up to 
25 wt%) in the fibers, they can adsorb some toxic macromolecules which 
are metabolized by human bodies and cannot be removed by conventional 
dialysis devices.
 Starch and cellulose are two very similar polymers. Both are composed of 
the same glucose repeat units, but the glucose units in starch are connected 
by alpha linkages and oriented in the same direction while the glucose units 
in cellulose are connected by beta linkages and each unit is rotated 180° 
around the axis of the polymer backbone chain.
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 Intensive studies have been conducted into obtaining cellulose–starch 
fibrids and assessing their properties [201]. Fibrid formation consists first 
of separately obtaining polymer solution of starch and biomodified cellulose 
in aqueous sodium hydroxide solution and then mixing them together. The 
blend solution was injected through a nozzle into an acid coagulation bath 
where the polymer precipitated in the form of fibrids which were next carried 
out by the bath stream. Aqueous solutions of sulphuric acid of various 
concentrations, or solutions of sulphuric acid and sodium sulphate, were used 
for the coagulation baths. Selected properties of cellulose–starch fibrids are 
presented in Table 1.10.
  On the basis of tests carried out, the influence of the starch content in the 
mixture, the coagulation bath content and the coagulation bath flow intensity 
on the properties (shape, dimensions and water retention value) of obtained 
fibrids was noted. Fibrids obtained from a solution of starch content 28 wt%, 
spun to 4 wt% of sulphuric acid solution at a flow intensity of 7.2 cm3/min 
were characterized by the smallest thickness (below 10 mm) and a length 
distribution in the range 300–800 mm. With increasing starch content in the 
mixture solution, it is necessary to increase the acid concentration and the 
salt content in the coagulation bath. From a solution containing 61 wt% of 
starch, fibrids were manufactured using a solution of sulphuric acid (150 g/
dcm3) and sodium sulphate (80 g/dcm3) at a higher speed of the coagulation 
process. Fibrids of length 600–900 mm and diameter 10–20 mm were obtained. 
An increase of WRV fibrids with increase of the starch content in the blended 
solution was also observed. 
 Alginates are extracted from brown seaweeds. Chemically, they are linear 
copolymers composed of b-(1Æ4)-linked d-mannuronic acid and a-(1Æ4)-
linked l-guluronic acid residues. Because of their interesting properties, 
including the ability to thicken solutions and gels and to form films, alginates, 
especially sodium alginate, are used in a variety of applications, mainly in the 
food industry as a coating to protect food from oxidation and oxygen/water 
permeability [202], in medicine as highly absorbent, biodegradable dressings 
[203, 204], and as membranes in the separation of aqueous–organic mixtures, 
for example, for dehydration of ethanol–water mixtures [205, 206]. The 

Table 1.10 Selected properties of cellulose–starch fibrids [201]

Starch content in  Secondary swelling average fibrid average fibrid
the polymer  factor WRv, % thickness, µm length, µm
mixture, wt%   

28 306.5 <10 300–800
35 329.8 <10 800
83 631.9 50–100 600–900
61 599.5 10–20 600–900
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excellent pervaporation properties of alginate membranes is attributed mainly 
to their extraordinary selectivity to water in the sorption step. However, the 
presence of hydrophilic groups sometimes swells the membrane significantly, 
leading to its plasticization, which results in low selectivity. The blending of 
alginate with other polysaccharides, such as cellulose, could be a useful tool 
for the preparation of new alginate membranes with improved properties. 
 Blended fibrous membranes made from bacterial cellulose and alginate 
have been prepared in aqueous NaOH/urea [207]. The blend solution was 
coagulated in a 5 wt% CaCl2 aqueous solution, and then treated with a 1% 
hCl solution. in order to achieve the developed nanoporous structure of 
the membrane, supercritical carbon dioxide drying was applied. The blend 
membrane containing 80% of bacterial cellulose and 20 wt% of alginate 
displayed a homogeneous structure and exhibited better water adsorption 
capacity and water vapour transmission rate. The average pore size of the 
blend membrane was 10.60 Å with a 19.50 m2/g surface area.

1.5.2 Cellulose blends with proteins

Cellulose creates excellent blends not only with polysaccharides but also with 
proteins. The institute of Biopolymers and Chemical Fibres in cooperation 
with the National Institute of Agrobiological Science, Japan, has begun the 
preliminary scientific research into obtaining cellulose/silk-fibroin biomaterials 
in the form of fibres intended for manu facturing new-generation dressing 
materials [208]. Silk-fibroin is a fibrillar protein created by the larva of the 
Bombyx mori silk worm in the shape of a continuous fila ment, well known as 
natural silk, which is the basic structural material of the cocoons. The alkali 
solutions of biomodified cellulose (6.5 wt% of cellulose in 10 wt% of NaOH) 
and silk-fibroin (10 wt% of silk fibroin in 5 wt% of NaOH) were mixed at 
different ratios: 98:2, 95:5, 90:10 and 85:15. Fibre formation was achieved 
by the wet spinning method. An aqueous solution of H2so4 with addition 
of ammonium sulphate and sodium sulphate was used as the coagulation 
bath. Figure 1.15 shows the influence of the spinning solution composition 
on the silk-fibroin content in fibres. 
 The fibres obtained, with a silk-fibroin content within the range of 2% 
to 13.5%, were tested in order to assess their mechanical properties and 
their surface and cross-sections. Figure 1.16 presents the test results for the 
mechani cal properties of cellulose/silk-fibroin fibres and cellulose fibres 
obtained under analogous conditions. The results obtained indicate that with 
increase in the silk-fibroin content, the fibres were characterized by a decrease 
in te nacity and an increase in the elongation at break. Cellulose/silk-fibroin 
fibres with the highest (13.5%) silk-fibroin content are characterized by 
relatively low tenacity and high elonga tion at break. Fibres with a silk-fi-
broin content from 2% to 9% are char acterized by mechanical properties 
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sufficient for their further processing into dressing materials. Figure 1.17 
presents SEM photos of cellulose/silk-fibroin fibres, indicating that the fibres 
are characterized by a certain de formation of the cross-sectional shape in 
relation to a cylindrical cross-section, which reflects the weak coagulation 
properties of the ammonium sulphate for cellulose, though good for silk-
fibroin. These investigations form the basis for more detailed future research 
on the manufacture of cellulose/silk fibroin blends. 
 Investigations have also been carried out on the manufacture of fibrous 
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1.15 Dependence of silk-fibroin content in the fibres on the spinning 
solution composition. [208].

1.16 Influence of the silk-fibroin content in cellulose/silk-fibroin fibres 
on their mechanical properties: tenacity and elongation at break 
[208].
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composite materials based on biomodified cellulose and keratin obtained 
from chicken feath ers [209]. Spinning solutions were prepared from these 
polymers, and after filtration and aeration they were used for the formation of 
fibres and fibrids. The investigations included the preparation of biomodified 
cel lulose–keratin spinning solutions of different keratin content and estimation 

(a)

(b)

1.17 (a, b) Photos from the scanning electron microscope (SEM) of 
cellulose/silk-fibroin [208].
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of the composite fibre properties, as well as the sorption properties of the 
composites obtained. The mechanical properties of cellulose and cellulose–
keratin fibres are presented in Table 1.11. 
 Introducing keratin into cellulose fibres lowered their mechanical properties, 
de creased the tenacity by a factor of nearly 2 and caused a significant decrease 
in elonga tion at break, but both param eters remained at a level which enables 
these fibres to be used for manufacturing composite fibrous materials. It was 
found that the modification of cellulose fibres with keratin changes their 
hygroscopicity, and values of the wetting angle. The cellulose–keratin fi bres 
obtained are characterized by better sorption properties: higher hygroscopicity 
(45.9%) and smaller wetting degree (25°), compared to cellulose fibres for 
which the hygroscopicity is 40% and the wetting angle 27.3°. Improving 
the sorption properties of the biocomposites obtained creates opportunities 
to use them as hygienic fabrics.
 Surfaces and cross-sections of the cellulose and cel lulose–keratin fibres 
were evaluated by the SEM method. The photos are presented in Fig. 1.18.
Evaluating the view of cellulose–keratin fibrous composite materials by the 
SEM method, differences in shape and surface between the two types of 
fibres were noted. 

1.5.3 Cellulose blends with synthetics

Cellulose offers great potential and versality when combined with plastics. 
By utilizing cellulose as a reinforcing material of thermoplastic polymers 
it is possible to create new materials with enhanced properties and superior 
performance. Plastics reinforced with cellulose and natural fibres have been 
widely investigated. By using different man-made cellulosic fibres (Rayon, 
Tencel, Viscose) and thermoplastic polymers such as polypropylene (PP), 
polyethylene (PE), high impact polystyrene (HIPS), poly(lactic acid) (PLA), 
and a thermoplastic elastomer (TPE) as the polymer matrix, a new class of 
fibres has been developed. Special attention has been paid to reinforcement 

Table 1.11 Mechanical properties of cellulose–keratin fibres [209]

Keratin content, % 0 2.6 3.0
linear density, dtex 1.91 3.61 3.28
Coefficient of variation of linear density, % 3.04 3.19 3.45
Breaking force of fibres in conditioned state, cN 2.56 3.07 2.13
Coefficient of variation of breaking force in 
 conditioned state, % 7.36 18.2 16.3
Tenacity in conditioned state, cN/tex 13.4 8.50 6.49
Elongation at break in conditioned state, % 32 22 16
Coefficient of variation of elongation at break in 
 conditioned state, % 17.4 28.3 21.4
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of PP in view of its applications in the automotive industry. The Rayon–PP 
composite was characterized by high strength and excellent impact behaviour 
as compared with glass fibre-reinforced PP. A fully biodegradable composite 
with excellent mechanical properties was obtained with Rayon reinforced 
PLA [210].

(a)

(b)

1.18 SEM photos of the fibre cross-sections and fibre surface: (a) and 
(c) cellulose fi bres; (b) and (d) cellulose-keratin fibres [209].
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 The thermal and viscoelastic properties of polypropylene (PP)/cellulose 
microfibres and PP/cellulose staple fibres were investigated by differential 
scanning calorimetry (DSC) and dynamic mechanical thermoanalysis 
(DMTA). It was found that the crystallization temperature and crystallinity 
of PP apparently increased in the presence of these fibres. The cellulose 
fibre surfaces act as nucleating agents for PP, resulting in the formation of 

(c)

(d)

1.18 Cont’d
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transcrystalline regions around the fibres. DMTA spectra of PP/cellulose 
composites show a significant increase in stiffness, improvement of the 
mechanical properties and a remarkable decrease of the damping values 
[211]. PP composites with cellulose microfibrils are characterized by unique 
properties such as high strength, formability, geometrical complexity at a 
very small scale, low density and abrasivity, biomedical compatibility and 
the possibility of recycling [212]. 
 Blends of cellulose and polyurethane have improved properties and can 
be used as a biodegradable packaging material, for plastic shopping bags, 
silo sheets for the agricultural sector, hygiene articles, external wrappings 
for babies’ nappies, transparent paper, copying films and decorative materials 
[213]. Investigations were also carried out on preparation of cellulose 
blends with poly(vinylpyrrolidone) [214], polyamides (PA66) [215, 216] 
and polyesters [217].

1.6 Prospectives – nanocellulosic fibres

Cellulose is the main component of the primary cell wall of green plants. For 
industrial use, cellulose is obtained mainly from wood pulp. However, the use 
of trees for the production of paper and construction materials continually 
depletes forest resources. Bacterial cellulose is the only alternative to plant 
cellulose because the biosynthesis process of bacterial cellulose takes only 
a few days, while trees need more than 30 years to achieve the full growth. 
in this respect, bacterial cellulose is the key material for the preservation 
of nature. 
 Bacterial cellulose is synthesized by the acetic bacteria Acetobacter xylinum. 
The fibrous structure of bacterial cellulose consists of a three-dimensional 
network of micro- and nanofibres containing glu can chains bound together by 
hydrogen bonds (Fig. 1.19) [218]. From the chemical point of view, bacterial 
cellulose is identical to that of plant origin and differs from the latter only 
in its supermolecular structure. 
 Properties of bacterial cellulose can be modified directly at the biosynthesis 
step, by addition of some modifiers into the culture medium. A method of 
bacterial cellulose modification using aminosaccharides, oligo-aminosaccharides 
and polyaminosaccharides such as chitosan and/or its derivatives, has been 
developed at the Institute of Biopolymers and Chemical Fibres, Łódz, Poland 
[219, 220]. 
 Figure 1.20 presents the scheme of biosynthesis of modified bacterial 
cellulose (MBC) [221]. This novel biomaterial is characterized by many 
unique features, such as bacteriostatic activity against Staphylococcus aureus 
and Escherichia coli as well as bactericidal activity against Escherichia coli, 
biocompatibility, high water retention, biodegradability and non-allergenity, 
which make it the ideal material for wound dressings. Tests of wound dressings 
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based on modified bacterial cellulose, carried out on animals, showed good 
stimulation of factors accelerating the healing process, good conformability 
to the wound site and good protection against secondary infection. Modifying 
bacterial cellulose with chi tosan during its biosynthesis results in a composite 
material with glucosamine and N-acetylglucosamine units incorpo rated into 

1.19 Bacterial cellulose fibrous network with bacteria cells [218].

Bacteria
Acetobacter xylinum

Culture medium with
polyaminosaccharides

Biosynthesis
(static, dynamic)

Modified  
bacterial cellulose

Wound healing
dressings

Membranes for
loudspeakers

1.20 Scheme of biosynthesis of modified bacterial cellulose for 
medical articles and acoustic membranes [221].
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the cellulose chain, which is characterized by a number of valuable features 
such as good mechanical properties in the wet state, high moisture-retention 
properties, release of mono- and oligosaccharides under lysozyme action, 
bacteriostatic activity against Gram-negative and Gram-positive bacteria, 
and bactericidal activity against Gram-positive bacteria. These features make 
modified bacterial cellulose an excellent dressing material for treating different 
kinds of wounds, burns and ulcers. Figure 1.21 presents a composite dressing 

(a)

(b)

1.21 (a) Bacterial cellulose/chitosan composite pellicle; (b) modified 
bacterial cellulose in tubular form [218].
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based on bacterial cellulose modified with chitosan in pellicle form and 
tubular form, which can be applied in medicine as vascular grafts [218].
 Another interesting application of modified bacterial cellulose is in 
loudspeaker membranes [222–224]. Modified bacterial cellulose obtained 
during the biosynthesis process using the bacterial strain Acetobacter xylinum 
and a culture medium containing chitosan is characterized by high sonic 
velocity and high internal loss, which make it much more suitable for clearer 
and more detailed sound reproduction than conventional electroacoustic 
transducers.
 Some parameters of loudspeakers with membranes made from modified 
bacterial cellulose are presented in Table 1.12 [224]. The application of 
modified bacterial cellulose to the manufacture of loudspeaker membranes 
allows the construction of a novel loudspeaker with unique parameters, 
including the mid-tweeter loudspeaker with a very wide sound transmission 
range from 520 Hz up to 22 kHz [224]. Loudspeakers with membranes made 
from MBC are shown in Fig. 1.22. 
 Recently, nanotechnology is revolutionizing the world of materials. 
Application of nanotechnology in the textile industry offers progress in 
developing a new generation of textile fibres with enhanced functionality 
and a wide range of applications. Electrospinning has been recognized as 
an efficient technique for the manufacture of polymer nanofibres. Various 
polymers have been successfully electrospun into ultrafine fibres in recent 
years. Most (about 90%) of all polymers used for fibres produced by the 
electrospinning technique are is applied in solvent solution form. The 
process of manufacture of cellulose nanofibres based on NMMO solutions 
was developed at the Department of Man-Made Fibres of the Technical 
University of Łódz [225–227]. The scheme of cellulose nanofibre spinning 
is shown in Fig. 1.23 [164].
 The properties of cellulose nanofibres depend on many factors such as 
polymer properties (molecular weight, polymer content in solution, etc.), 
solvent/solution properties (surface tension, electrical conductivity, etc.) and 
electrospinning conditions (voltage, temperature, distance between electrodes, 
etc.). Depending on the fibre spinning conditions, nanofibres can be prepared 

Table 1.12 Some parameters of loudspeakers with membranes made from MBC 
[224]

Parameter Tweeter Mid-range tweeter loudspeaker set

Frequency band 
(–3 dB)   1.4 kHz–22 kHz 520 Hz–22 kHz 78 Hz–22 kHz
Frequency band 
(–15 dB) 700 Hz–44 kHz 210 Hz–42 kHz 32 Hz–42 kHz
Impedance  8 W  8 W  8 W
Efficiency  91 dB  91.5 dB 90 dB
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1.22 Dome loudspeakers (in the middle) equipped with membranes 
based on modified bacterial cellulose [224].

Power 
supply

Metal needle

Taylor cone

Coagulation bath

Jet of polymer 
solution

Collector

1.23 Scheme of apparatus for the formation of cellulose nanofibres 
[164].
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in the form of single filaments, yarn or non-woven fabric with a variety of 
properties.
 Recently, the usefulness of ionic liquids for cellulose dissolution and fibre 
spinning has been the subject of interest of many research centres. Typical 
solvents such as 1-N-butyl-3-methylimidazolium chloride (BMIMCl), 1-ethyl-
3-methylimidazolium chloride (EMIMCl), BMIM-acetate and EMIM-acetate 
were used for the preparation of cellulose spinning solutions containing 
maximal usable polymer content. Spinning trials on cellulose fibres from 
these solutions were carried out using a dry–wet spinning method at TITK, 
Germany [228]. The fibres obtained were characterized by very good physico-
mechanical properties: fibre tenacities and the values of the loop tenacities 
were 44–53 cN/tex and 22–33 cN/tex, respectively. The dissolution and 
processing of cellulose in ionic liquids was invented by Professor Robin 
Rogers and colleagues at the University of Alabama [229]. BASF has obtained 
an exclusive licence with the right to sublicense these and offer solutions 
of cellulose with different degrees of polymerization in EMIM acetate as a 
5% solution under the trade name CellionicTM.
 One of the challenges for the future is elaboration of the technology for 
obtaining thermoplastic cellulose. The research work should include the 
change of molecular and supermolecular cellulose structure in order to achieve 
thermoplastic material. Addition of low-molecular-weight components into the 
cellulose esterification process would enable to improve meat of the elastic 
properties of composite materials. it is expected that thermoplastic cellulose 
could be useful for further processing by the melt-blown method.
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2
The structure of cotton and other  

plant fibres

M P Ansell, University of Bath, UK and  
l Y MwAiKAMBo, University of Dar es salaam, Tanzania

Abstract: The structure and properties of plant fibres are reviewed with 
emphasis on the deposition of cellulose microfibrils in the plant cell 
wall and the effect of microfibril angle on mechanical properties such as 
strength and stiffness. The worldwide production of cotton fibres for textile 
applications far exceeds that of other plant fibres, hence the structure of 
cotton is reviewed in detail. Plant fibre bundles such as sisal, hemp, jute and 
kenaf are finding new uses in structural applications in the automotive and 
construction industries and a significant proportion of the chapter is devoted 
to these industrial fibres. New developments in understanding structure–
property relationships are continuously appearing in the literature and natural 
fibres have a strong part to play in a sustainable future.

Key words: plant fibre structure, cellulose microfibrils, microfibril angle 
(MFA), structure–property relationships, fibre bundles.

2.1 Introduction

In the years since the publication of the classic text Fibre Structure (Hearle 
and Peters, 1963) the literature on plant fibres has expanded rapidly, spurred 
on by the drive to better characterize the molecular structure of plant cell walls 
and the development of sustainable natural fibre composites for industrial 
applications. Bailey et al. (1963) devoted much of their chapter on vegetable 
fibres to the structure of cotton. The worldwide production of cotton fibres 
for textiles far exceeds that of other plant fibres, with a prediction that 
23.6 m tonnes of cotton products will be manufactured in 2010 (Aksoy and 
Beghin, 2004). Hence it is essential to review key literature on the structure 
of cotton including advances in genetics. In recent years the excellent 
mechanical performance of plant fibres such as sisal, hemp, jute and kenaf 
has engendered considerable interest in their use for structural applications, 
including automotive panels (Suddell and Evans, 2002; Nishimura, 2006) 
and construction components (Riedel and Nickel, 1999). Flax, hemp and 
jute have been employed for clothing, domestic woven fabrics and ropes 
for thousands of years. Therefore a significant proportion of this chapter is 
devoted to these industrial fibres.
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2.2 Categorization of plant fibres 

Plant fibres composed of single cells are hollow and cylindrical and relatively 
short (up to 65 mm) with tapering ends. Cotton, kapok and akund, all seed 
fibres, are examples and the single cells are termed ‘ultimate fibres’. The 
majority of plant fibres are multicellular, containing close-packed arrays of 
ultimate fibres rather like the longitudinal cells in wood, and these plant 
fibres should strictly be termed ‘fibre bundles’ (Farnfield, 1975; Vincent, 
2000). Mechanical fibre bundles (i.e., with significant mechanical strength) 
are extracted from either plant stems (e.g., hemp, jute, flax, kenaf, ramie, 
also known as ‘bast’ fibre bundles), leaves (e.g., sisal, henequen, pineapple) 
or fruiting bodies (e.g., coir and palm empty fruit bunch) and are up to 300 
mm in length. Once extracted from the plant and processed, fibre bundles are 
usually irregular in cross-section, with considerable variations in the number 
of ultimate cells often depending on the severity of the extraction process. 
Plant fibres are classified in terms of their fibre type, botanical name, family, 
origin and approximate level of production in Table 2.1.

2.3 Composition and structure of plant fibres

The chemical compositions of selected plant fibres are listed in Table 2.2 
and the principal constituents are cellulose, hemicellulose, lignin and pectin. 
The fibres are represented in groups corresponding to their origin as seed 
(s), bast (b), leaf (l) or fruit (f) fibres. Plant fibres (termed lignocellulosic) 

Table 2.1 Classification of plant fibres and approximate world annual production, 
modified from Mwaikambo (2006)

Plant fibre Botanical name Plant family Fibre type Production 
    (103 tonnes)

Cotton Gossypium spp. Malvaceae Seed 19 010 
Kapok Eriodendron anfractuosum Bombacaceae Seed 123
Bagasse Saccharum officinarum L. Gramineae
Bamboo Gigantochloa scortechinii Linaceae Bast 10 000
 Dendrocalamus apus 
Flax Linum usitatissimum Linaceae Bast 830
Hemp Cannabis sativa L. Cannabaceae Bast 214
Jute Corchorus capsularis Tiliaceae Bast 2938
Kenaf Hibiscus cannabinus Malvaceae Bast 970
Ramie Boehmeria nivea Gaud Urticaceae Bast 100
Abaca Musa textilis Musaceae Leaf 91
Banana Musa ulugurensis Warb. Musaceae Leaf 200
Phormium Phormium tenax Agavaceae Leaf –
Pineapple Ananas cosmosus Merr. Bromliaceae Leaf –
Sisal Agave sisalana Agavaceae Leaf 319
Coir Cocos nucifera L. Arecaceae Fruit 315
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derive their physical stiffness from cellulose in the form of fibrous molecular 
bundles known as microfibrils arranged in lamellae in the plant cell wall 
around a hollow core (lumen). The other major constituents, hemicelluloses 
and lignin, bind to the stiff microfibrils and act as the matrix phase in a 
cellular biological composite. 

2.3.1 Cellulose

Table 2.2 demonstrates that cellulose is by far the major constituent of plant 
fibres but the precise composition of natural fibres depends on the method 
of analysis, the growth environment and geographical location of the plant, 
the level of maturity at the point of harvest and the position in the plant. 
Cellulose is a natural linear polymer (polysaccharide) with a molecular 
repeat unit comprised of a pair of d-anhydroglucose ring units joined by 
b-1Æ4 glycosidic oxygen linkages (Fig. 2.1) around which the molecular 
chain can bend and twist. 
 The rings are not flat but bent in a chair configuration and each successive 
unit is rotated through 180° with respect to the molecular axis. The molecule 
is unbranched and unfolded (Shenouda, 1979) and hydroxyl (–OH) groups 

Table 2.2 Chemical composition of selected plant fibres, modified from 
Mwaikambo (2006)

Plant fibre Cellulose (%) Hemicellulose (%) Lignin (%) Pectin (%)

Cottons 82–96 2–6.4 0–5 <1–7
Kapoks 13 – – –
Flaxb 60–81 14–20.6 2.2–5 1–4
Hempb 70–92 18–22 3–5 1
Juteb 51–84 12–20 5–13 0.2
Kenafb 44–87 22 15–19 2
Ramieb 68–76 13–15 0.6–1 2
Bananal 60–65 6–19 5–12 3–5
Pineapplel 70–82 16–19 5–12 2–3
Sisall 43–78 10–24 4–12 0.8–2
Coirf 43–46 0.25 45–46 3–4
Oil palm EFBf 43–63 28–33 17–19 1

sSeed, bbast, lleaf and ffruit fibres.
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2.1 Molecular structure of cellulose.
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attached to the ring units can bond with hydroxymethyl (–CH2OH) groups 
on adjacent chains via hydrogen bonds to form microfibrils. Gardner and 
Blackwell (1974) proposed a hydrogen bonding network containing one 
inter-chain and also two intra-chain hydrogen bonds per cellulose unit. The 
linear conjoined structure is visualized in Fig. 2.2.
 More recent studies of hydrogen bonding in native cellulose (Nishiyama 
et al., 2002) using synchrotron and neutron diffraction data demonstrated that 
despite the high degree of crystallinity of cellulose crystals the inter-chain 
hydrogen bonds that keep cellulose chains aligned in sheets are inherently 
disorganized.
 Frey-Wyssling (1954) described the fine structure of cellulose microfibrils 
in plant fibres such as ramie. He proposed that each microfibril contains 
four elementary fibrils (or micellar strands) in the form of flat filaments 
containing parallel arrays of anhydroglucose units. Each elementary fibril has 
dimensions in cross-section of 3 nm by 7 nm and the four elementary fibrils 
are surrounded by and separated by more randomly oriented paracrystalline 
cellulose molecules (Fig. 2.3), resulting in overall dimensions for each 
microfibril of approximately 9 nm by 20 nm. 
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2.2 Hydrogen bonding between cellulose chains (reproduced by 
permission of DoITPoMS Teaching and Learning Packages, University 
of Cambridge, http://www.doitpoms.ac.uk/tlplib/wood/printall.php).
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 Balashov and Preston (1955) reported on the dimensions of cellulose 
microfibrils from the alga Valonia and stated that microfibrils are flat ribbons 
varying in width from about 10 nm to about 35 nm and with a thickness 
to width ratio between 1/7 and 1/3. Evidence from electron diffraction 
measurements suggests that Valonia microfibrils are almost pure crystalline 
rods. The thickness of ramie, hemp, cotton, bacteria and tunicin (animal 
cellulose) microfibrils lies in the same range, but the internal structure of 
the cellulose microfibrils in these materials possesses a lower degree of 
crystallinity, conforming to Frey-Wyssling’s model in Fig. 2.3 for ramie. The 
theoretical Young’s modulus of cellulose microfibrils has been estimated to be 
as high as 250 GPa (Vincent, 1999) but the best theoretical and experimental 
estimates suggest values of 130–140 GPa (Eichhorn and Davies, 2006) 
which is the result of the less than perfect alignment of the molecules within 
microfibrils.
 Nishino (2004) reviews the structure and properties of plant cellulose and 
states that microfibrils are of the order 5–30 nm in width and crystalline 
regions alternate with amorphous regions along the microfibril axis. Cellulose 
may exist in either Ia (triclinic) form, typical of bacterial and algal cellulose, 
or ib (monoclinic) form, typical of cellulose from plants and woods, the 
latter being more thermodynamically stable. However, plant cellulose may 
comprise both Ia and ib forms (Atalla and van der Hart, 1984) in varying 
ratios. In fact most algal cellulose contains some Ib content. From X-ray 
diffraction measurements of the stressed cellulose I lattice, Nishino and co-
workers (1995) determined a crystal modulus of 138 GPa. The density of 
intra-molecular bonds in the plant cell wall plays a critical role in modifying 
the elastic modulus and calculations suggest reduced values of modulus 
between 60 and 75 MPa.

Occluded Water

3 nm

7 nm 7 nm
(101)

(101
-
)

86.5°
3 nm

2.3 Section through a microfibril comprised of four elementary fibrils, 
redrawn from Frey-Wyssling (1954).
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2.3.2 Effect of microfibril orientation on mechanical 
properties of plant fibres

So how are cellulose microfibrils disposed in the plant cell wall? The structure 
of an ultimate cell (tracheid) in the earlywood of softwoods is visualized 
in Fig. 2.4. The structure comprises a close-packed array of ultimate cells  
which are closer to rectangular in section than circular and possess large 
lumens.
 The structure of an individual earlywood cell is broken down into inter-
lamellar, primary (P) wall and secondary (S) wall layers and microfibrils are 
drawn as solid lines. The primary wall contains randomly oriented microfibrils 
and the s1 and s3 layers contain cross-laminated sheaths of microfibrils. 
The s2 layer is unique in that the cellulose is disposed in a right-hand spiral 
and the thickness of this layer is much greater than that of the primary and 
other secondary wall layers (Dinwoodie, 2000). Hence the orientation of the 
microfibrils in the S2 layer will largely determine the mechanical properties 
of the wood. The location of spiral fractures in earlywood tracheids of Scots 
pine, fractured in tension, is determined by the orientation of the S2 layer 
(Fig. 2.5). 
 McLaughlin and Tait (1980), Aziz and Ansell (2004) and others visualize the 
general organization of microfibrils in the cell wall of plant fibres (Fig. 2.6). 
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2.4 The cellular structure of earlywood in softwoods.
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In the same manner as wood, the S2 layer is thickest and the s2 microfibril 
angle controls mechanical properties along the fibre axis. Hence a small value 
for the microfibril angle (MFA) results in a high ultimate fibre modulus. The 

2.5 Fractured earlywood tracheids in Scots pine.

q

Lumen S3

S2

S1

P

Pectin, waxes, fats

2.6 Generalized diagram of plant fibre ultimate cell (Aziz and Ansell, 
2004).
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MFA of cotton in the s2 layer is difficult to define as the microfibrils are 
observed to reverse their orientation within the cell wall. Morton and Hearle 
(1975) depict this reversal in a classic diagram, Fig. 2.7, which includes the 
disposition of the other cell wall layers. Khalili et al. (2001) and Barnett and 
Bonham (2004) review methods for measuring the MFA in plant cell walls. 
The methods are summarized in Table 2.3.

Lumen

Reversal

Primary wall

Pectins
Waxes
Fats

S3

S2

S1

2.7 Cellular structure of cotton fibre (Morton and Hearle 1975).

Table 2.3 Methods for studying the orientation of microfibrils in the S2 
layer of plant cell walls

Method Authors 

X-ray diffraction Cave (1966)
 Meylan (1966)
 Evans et al. (1996)
 Cave and Robinson (1998) 

Small angle X-ray scattering (SAXS) Lichtenegger et al. (1998)
Polarized light microscopy Preston (1934)
 Page (1969)
 Lawrence (1981) 

Confocal microscopy French et al. (2000) 

Iodine precipitation Bailey and Vestal (1937)
 Senft and Bendtsen (1985)

Inducement of cracks by UV irradiation Huang (1995)

Measurement of pit aperture angles Huang et al. (1998)

Soft rot fungi Khalili et al. (2001)
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 The physical properties of ultimate plant fibres are compared in Table 
2.4. Properties such as diameter, length and bulk density vary but in general 
it can be seen that bast and leaf fibres have the smallest MFAs and cotton 
(seed) and coir (fruit) fibres possess the highest MFAs. The mechanical 
properties of the ultimate fibres should depend on values of MFA. The tensile 
strength, Young’s modulus and strain at failure of plant fibres are listed in 
Table 2.5.

Table 2.4 Physical properties of bast, leaf and seed fibres, modified from 
Mwaikambo (2006)

Plant fibre Length of Diameter of Aspect Microfibril Density Moisture
 ultimates,  ultimates, ratio, l/d angle, q (°) (kg.m–3) content
 l (mm) d (µm)    (eq.) (%)

Cottons 20–64 11.5–17 2752 20–30 1550 8.5
Kapoks 8–32 15–35 724 – 311–384 10.9
Bamboob 2.7 10–40 9259 – 1500 –
Flaxb 27–36 17.8–21.6 1258 5 1400–1500 12
Hempb 8.3–14 17–23 549 6.2 1400–1500 12
Juteb 1.9–3.2 15.9–20.7 157 8.1 1300–1500 12
Kenafb 2–61 17.7–21.9 119 – 1220–1400 17
Ramieb 60–250 28.1–35 4639 – 1550 8.5
Abacal 4.6–5.2 17–21.4 257 – 1500 14
Bananal 2–3.8 – – 11–12 1300–1350 –
Pineapplel – 20–80 – 6–14 1440–1560 –
Sisall 1.8–3.1 18.3–23.7 115 10–22 1300–1500 11
Coirf 0.9–1.2 16.2–19.5 64 39–49 1150–1250 13

sSeed, bbast, lleaf and ffruit fibres.

Table 2.5 Mechanical properties of plant fibres, modified from Mwaikambo (2006)

Plant fibre Tensile Specific Young’s Specific Failure 
 strength strength modulus modulus strain
 (MPa) (MPa) (GPa) (GPa) (%)

Cottons 300–700 194–452 6–10 4–6.5 6–8 
Kapoks 93.3 300 4 12.9 1.2 
Bamboob 575 383 27 18 – 
Flaxb 500–900 345–620 50–70 34–48 1.3–3.3 
Hempb 310–750 210–510 30–60 20–41 2–4 
Juteb 200–450 140–320 20–55 14–39 2–3 
Kenafb 295–1191 – 22–60 – – 
Ramieb 915 590 23 15 3.7 
Abacal 12 – 41 – 3.4 
Bananal 529–914 392–677 27–32 20–24 1–3 
Pineapplel 413–1627 287–1130 60–82 42–57 0–1.6 
Sisall 80–840 55–580 9–22 6–15 2–14 
Coirf 106–175 92–152 6 5.2 15–40

sSeed, bbast, lleaf and ffruit fibres.
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 The specific tensile strength and Young’s modulus (i.e. property divided 
by fibre specific gravity) are also listed in order to compare the properties 
per unit mass. In broad terms it may be seen that that the fibres with the 
lowest microfibril angle (Table 2.4) and highest cellulose content (Table 2.2) 
possess the highest strengths and Young’s moduli and the lowest strains at 
failure. McLaughlin and Tait (1980) and Mwaikambo and Ansell (2006a, 
2006b) propose an equation for the axial Young’s modulus, EC, of plant 
fibres:

  EC = EF cos2q 2.1

where EF is the Young’s modulus of the microfibrils and q is the s2 layer 
filamentary winding angle (microfibril angle) defined with respect to the 
longitudinal fibre axis. In Fig. 2.8 average values of Young’s modulus for 
ultimate fibres from Table 2.5 are plotted as a function of microfibril angle 
q from Table 2.4 and a clear trend is observed. 
 However, if the Young’s modulus, E, is plotted versus cos2q, a linear 
relationship, which might have been expected from Eqn 2.1, is not observed, 
although E rises steeply with increasing cos2q (decreasing q). Hearle (1967) 
proposed a modified form of Eqn 2.1 that fits data for cotton fibres. The 
model incorporates the Poisson effect and dimensional changes within the 
fibre cell wall. 
 In his classic book on cell wall mechanics of tracheids, Mark (1967) 
developed mechanical models, based on the properties of crystalline cellulose, 
for the wood cell wall. Cave (1968) also treated the plant cell wall as a two-
phase fibre composite material and demonstrated good correlation between 
MFA and Young’s modulus. The literature on cell wall mechanics has since 
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proliferated and Bruce (2003) reviewed key papers from the literature. In a 
publication of note, Hepworth and Bruce (2000) formulated a hierarchical 
model for potato tuber tissue and back-calculated the mechanical properties of 
cellulose (E = 130 GPa) in the cell wall. They emphasized that the relationship 
between the molecular structure of cell wall polymers and their architecture 
influences not only elastic properties but also time-dependent viscoelastic 
behaviour, irreversible plastic behaviour and fracture of plant fibres. However, 
Vincent (1999) commented that irreversible plastic deformation in plant cell 
walls has yet to be demonstrated convincingly and that slow viscoelastic 
recovery is observed after apparent plastic deformation.
 The mechanical properties of cotton and coir fibres are disadvantaged by 
their high MFA and are generally not selected for the reinforcement of natural 
fibre composites, whereas the lower MFAs of hemp, kenaf, sisal and jute 
are extensively exploited for plant fibre engineering composites. Needless 
to say, the excellent qualities of cotton fibres, spun into yarns and woven 
or knitted into flexible fibre assemblies (Hearle et al., 1980) ensure their 
continuing application for clothing, where comfort, fineness and durability 
are essential factors.

2.3.3 The deposition of cellulose in plant cell walls

Stem cells in the vascular system of plants generate phloem and xylem cells with 
primary cell walls that differentiate into tracheary cells (e.g. wood tracheids) 
with the development of secondary cell walls. Differentiation involves cell 
wall thickening and stiffening (deposition of cellulose microfibrils encrusted 
with hemicelluloses and lignin), loss of the nucleus and finally cell death. 
The differences between the living plant cell and a differentiated tracheary 
cell are visualized in Fig. 2.9.
 The living plant cell consists of a semi-permeable plasma membrane or 
plasmalemma, situated next to the primary cell wall, which envelops the liquid 
protoplast. The protoplast is divided into the cytoplasm and nucleoplasm 
(containing the nucleus or nuclei). The cytoplasm contains various types of 
organelle (analogous to organs in animals) including chloroplasts, mitichondria, 
ribosomes, the endoplasmic reticulum, Golgi apparati and microtubules. 
Microtubules are associated with the production of new cell walls and are 
cylindrical in shape with a diameter of ~25 nm as observed by Ledbetter 
and Porter (1963), who noted that the orientation of microtubules adjacent 
to the protoplast was the same as the orientation of cellulose microfibrils in 
the primary cell wall. Cellulose synthase enzyme complexes, bound into the 
cell membrane, are responsible for cellulose biosynthesis and according to 
Lerouxel et al. (2006) these synthases are ‘the most prolific biomachines in 
nature’. Synthases are visible as 25–30 nm diameter rosettes in the electron 
microscope.
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 The formation of cellulose microfibrils in the membranes of growing cells 
is described by Vincent (1999) and more recently by Doblin et al. (2002). 
Enzyme rosettes progress around the cell membrane, leaving behind them 
a trail of cellulose microfibrils approximately 5 nm in diameter containing 
approximately 40 molecular chains, which in turn combine into aggregated 
microfibrils up to 20 nm in diameter. In accordance with the Frey-Wyssling 
(1954) model, the cellulose microfibrils are not completely crystalline, 
as there are other sugars such as mannose and xylose which occupy gaps 
between molecular chains and the primary microfibrils. It is proposed that 
microfibrils organize themselves in the plant cell wall in the same manner as 
nematic or cholesteric liquid crystals (Neville, 1993). Because cellulose itself 
cannot form liquid crystals, it is reasoned that the microfibrils are surrounded 
by a sheath of hemicellulose which guides the process of self-assembly of 
aligned microfibrillar sheaths. The alignment of the microfibrils is further 
controlled by the orientation of microtubules in the cell cortex (Vincent, 
1999), visualized in Fig. 2.10. Wasteneys (2004) suggests that microtubule 
organization may influence microfibril length and proposes that microtubules 
may modulate signalling pathways as plants respond to sensory inputs from 
the environment.
 Emons and Mulder (2000) describe the spinning out of microfibrils from 
~25 nm diameter rosettes in the plant cell wall. The microfibrils are organized 
into cell wall textures, including axial, transverse, crossed, helicoidal 
(staircase-like) and random textures, and cortical microtubules determine 
the orientation of the microfibrils in the growing plant cell wall. Emons and 
Mulder question the liquid crystal-like self-assembly process described by 
Vincent because of the size and mass of cellulose microfibrils putting them 
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2.9 (a) Living plant cell with primary cell wall; (b) transformation to 
tracheary plant cell with secondary thickening.

�� �� �� �� �� ��

http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


74 Handbook of textile fibre structure

outside the colloidal domain. Instead they propose a geometrical model for 
the deposition of microfibrils which relates the deposition angle of microfibrils 
to the density of active synthases in the cell membrane, the distance between 
the microfibrils in a wall lamella and the geometry of the cell. The creation 
of cell wall texture is modelled mathematically and depends on the length 
of insertion domains for synthases, the insertion rate and the lifetime of the 
synthase.
 In an extensive review Cosgrove (1997) describes the synthesis of cellulose 
microfibrils in the cell wall as a self-assembly process. Matrix polymers 
are secreted into the cell wall by the Golgi apparatus and integration with 
the microfibrils occurs. The expansion of the cell wall as it grows is the 
result of stress relaxation and creep in the flexible membrane mediated by 
proteins called expansins. This wall loosening is pH dependent and the 
expansins are able to disconnect the non-covalently bonded hemicelluloses, 
such as xyloglucans, from the cellulose, allowing the cell wall to expand 
driven by cell turgor. Cell wall loosening by expansins is further described 
by Cosgrove (2000) in a review paper. In future, genetics will play a major 
role in reengineering plant cell walls and will improve the understanding of 
plant cell wall growth and expansion. 
 Exciting research on the epitaxial nanodeposition of cellulose I microfibrils 
onto fixed, nematic ordered substrates (Kondo et al., 2002) demonstrates the 
advent of new methodologies for the design of functional nanomaterials.

2.3.4 Hemicellulose, lignin and pectins

Hemicelluloses are linear or branched polymers and are essentially amorphous 
due to the many side groups attached to their heteropolysaccharide structures 
which contain sugar residues including xylans, mannans, arabinans and 
galactans (Heredia et al., 1995). The second biggest constituent of plant fibres 
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2.10 Cellulose microfibrils formed from enzyme rosette and confined 
by microtubules within the cell wall (Vincent, 1999).
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is the hemicellulose b-1Æ4-d-xylan (Fig. 2.11) constructed from b-1Æ4-
linked d-xylopyranosyl residues forming the linear backbone chain. The 
hemicelluloses are more closely associated with lignin than a-cellulose and 
they constitute 30–40% of the dry weight of the plant cell wall. Hemicelluloses 
are much smaller molecules than cellulose, comprising of the order of 200 
sugar units in contrast to 7500 to 15 000 sugar units in a cellulose molecule. 
Cell wall polysaccharides such as hemicelluloses are thought to assemble 
on the cellulose framework according to genetic evidence (Somerville et 
al., 2004), so biogenesis of plant cells is driven by cellulose synthesis as 
described in Section 2.3.3 above. 
 Lignin is comprised of oxyphenolpropane units which form a 3-D polymer 
structure (Fig. 2.12), free-radical polymerized from cinnamyl alcohols. 
Reaction of lignin monomers with the lignin polymer may either extend the 
molecular chain or form crosslinks. In Fig. 2.12 the monomer unit labelled 
A has three functional groups linked to other monomer units and hence may 
form branches or crosslinks. Lignin and hemicellulose act as cementing 
phases for cellulose. Hence the structure of plant cell walls can be envisaged 
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2.11 Hemicellulose b-1 Æ 4-d-xylan.

2.12 Example of a lignin polymer.
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as a series of concentric layers of helically oriented cellulose microfibrils 
crosslinked by hemicellulose and lignin molecules. Unlike cellulose and 
hemicelluloses based on carbohydrate units, lignin performs the key role of 
repelling water and its glass transition temperature is reported to be 142ºC 
by Thielemans et al. (2002). 
 Pectins occur in plant tissue and together with hemicelluloses and lignin 
form the cell wall ‘matrix’ for the cellulose microfibril ‘fibres’ in the manner 
of a synthetic composite. The pectins are concentrated in the middle lamellar 
and primary cell wall zones (Figs 2.6 and 2.7) as a space-filling hydrophilic 
gel (Cosgrove, 1997). The removal of pectins within fibre bundles such as 
those derived from flax and hemp is responsible for separating the bundles 
into ultimate fibres. Pectins are also located between microfibrils as a space-
filling hydrophilic gel. Beleski-Carneiro et al. (2000) state that pectins 
are polymers comprised of polysaccharides mostly derived from partially 
methylated poly-a-(1Æ4)-galacturonic acid residues (Fig. 2.13) which are 
termed ‘smooth’. In addition there are ‘hairy’ zones along the molecular chain 
comprising alternating a-(1Æ2)-l-rhamnosyl and a-(1Æ4)-d-galacturonosyl 
sections containing branch points (Fig. 2.14) to which mostly neutral side 
chains of mainly l-arabinose and d-galactose are attached.
 Pectins are extended and curved with a worm-like disposition and the 
‘hairy’ regions are even more convoluted. They are commercially important 
because of their ability to form gels, for example in fruit preserves.
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2.13 Poly-a-(1 Æ 4)-galacturonic acid.

2.14 Alternating a-(1 Æ 2)-l-rhamnosyl and a-(1 Æ 4)-d galacturonosyl 
units.
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2.4 Structure of seed fibres: cotton,  
kapok and akund

Cotton, kapok and akund are unicellular, elongated seed fibres. Cotton is by 
far the most commercially important of all plant fibres, used worldwide for 
the production of soft, breathable textiles. In contrast, the market for kapok 
and akund, mostly for fillings for mattresses and pillows and insulation 
products, is small and declining. Hence the majority of this section is devoted 
to cotton, which has been the subject of continuous intensive research into the 
morphological development of its cell wall and its genetic identity, leading 
to large-scale genetic modification to reduce heavy reliance on pesticides. 
The structure and properties of kapok and akund fibres are reviewed in 
Section 2.4.4.

2.4.1 Source and production of cotton fibres

Cotton plants (Gossypium sp.) are grown in tropical and sub-tropical regions 
of the world, including North and South America, Turkey, India and Africa 
between the latitudes of 40° south and 40° north. They are tetraploid which 
means that they contain four sets of chromosomes in the cell nucleus. Tetraploid 
plants grow tall and thrive in competition with other plants, especially when 
farmed in succession. Nearly all the cotton produced commercially is from 
the species Gossypium hirsutum and Gossypium barbadense, native to the 
Americas. Seeds are removed from the cotton boll (fibre plus seed cases) 
in the ginning process. Extracted fibres contain a very high proportion of 
cellulose (~95%) and there is less than 10% weight loss in the fibre extraction 
process. Gossypium hirsutum fibres range in length from 22 to 30 mm and 
are 11 to 22 mm in diameter. Hence their length is 1000 to 3000 times their 
diameter (Kim and Triplett, 2001). Gossypium barbadense fibres reach a 
length of over 60 mm and the length of a single cell is approximately 1200 
times its diameter (Anderson and Kerr, 1938). After drying, the cylindrical 
fibres collapse into flat, twisted and kinked ribbons which can interlock when 
spun to form yarn which is the basis of cotton textiles. The commercial 
importance of cotton as a crop is reflected in the approximately 90 m bales 
(2 ¥ 1010 kg) that were harvested in 2001. The major cotton-producing 
nations planted 12% of their land with transgenic (genetically modified by 
recombinant DNA methods) cotton in 2001 (Kim and Triplett, 2001).

2.4.2 Development of cotton fibre morphology

Graves and Stewart (1988) describe cotton fibres as single elongated cells 
that develop from epidermal cells of the ovule (as the cells are not part of the 
vascular tissue they should strictly be termed trichomes). The differentiation of 

�� �� �� �� �� ��

http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


78 Handbook of textile fibre structure

epidermal cells into fibre cells occurs during an initiation phase approximately 
three days before anthesis, i.e. opening of the cotton flower. This phase is 
followed by initial primary cell wall elongation and the synthesis of secondary 
cell wall components, mainly cellulose, in a rapidly changing and dramatic 
manner over a period of approximately 40 days. As the cotton fibre grows, 
the cell wall takes up a larger proportion of its cross-sectional area and the 
size of the lumen decreases. The maturity ratio q is defined as the ratio of 
the cell wall area to the sectional area of the total cell.
 Seagull (1992) followed changes in development of the cotton fibre cell 
wall in vitro at various days post-anthesis (DPA) by examining changes in 
microtubule arrays (see Section 2.3.3) and orientation of microfibrils. He noted 
three key points of development of the cell wall. The first change occurs at 
the transition from fibre initiation to elongation when microtubules reorient 
and order themselves. The second point is a transition between primary and 
secondary wall synthesis when shallow-pitched microtubule helices become 
steeply pitched. The third point is the four-fold increase in the number of 
microtubules early in secondary wall synthesis. The microtubules enforce order 
in the microfibrils, but the microfibrils also interact with each other, resulting 
in curving patterns of deposition and reversal of orientation of microfibrils. 
As the cell wall is predominantly comprised of cellulose molecules, hydrogen 
bonding between molecular chains influences the reversal of microfibrils in 
the cotton cell wall. Fifty or more reversals may occur in a single fibre. Kim 
and Triplett (2001) suggest that without these reversed zones the mature fibre 
would not twist when dried and it would not be possible to spin the fibres 
into yarns. However, spinnability may be a function of cellulose content. 
For example, akund and kapok fibre are difficult to spin because of their 
low cellulose content.

2.4.3 Evidence for microstructure of cotton based on 
chemical modification

Evidence for the cell wall structure of cotton has been traditionally gained by 
chemical means, for example by treatment with acids or staining. Anderson 
and Kerr (1938) describe how pectins in the primary cell wall stain deeply 
with ruthenium red and the secondary cell wall remains colourless. The 
pectins are thought to mask the presence of cellulose in the primary cell 
wall, which may normally be detected by solubility in cuprammonia and 
a characteristic reaction with chlorozinc iodide or potassium triiodide and 
sulphuric acid. However, after removal of pectins with boiling dilute oxalic 
acid the cellulosic skeleton that remains may be dissolved in cuprammonia 
and the characteristic reactions confirm its presence. In addition X-ray 
diffraction confirms the presence of b-cellulose before and after chemical 
treatment. Staining the primary plant cell wall with Congo red or chlorozinc 
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iodide also renders cellulose microfibrils visible in the optical microscope 
(Anderson and Kerr, 1938).
 The secondary cell wall contains a far higher proportion of cellulose than the 
primary cell wall. Swelling with suitable reagents, including cuprammonium 
solution, reveals the concentric nature of the lamellar secondary cell wall. 
The cellulose layers (or growth rings) vary in thickness (0.14–0.3 mm) 
depending on the time of day or stage of the growth season. Under conditions 
of constant temperature and illumination the growth rings disappear. If the 
temperature is varied artificially the development of growth rings may be 
controlled, so it can be concluded that the rings are the result of the daily 
cycle of variations in temperature and light experienced by the growing 
plant. Bailey et al. (1963) described the penetration of the wet cotton cell 
wall by the polymerization of methyl methacrylate causing the separation of 
microfibril lamellae which were found to be of the order of five microfibrils 
thick (~1 mm). 
 The practice of mercerizing cotton with strong solutions of caustic soda 
allows enhanced uptake of dyestuffs and controls texture. Impurities such 
as waxes and oils are removed and microfibrils become swollen and are 
revealed. The reaction of caustic soda is thought to proceed as follows:

  Cell–OH + NaOH Æ Cell–O–na+ + H2O + [surface impurities]  
   2.2

Native cellulose I is converted to cellulose II at the fibre surface with 
a reduction in the length of crystallites and the degree of crystallinity 
and hence an increase in amorphous content. Transformation pathways 
between cellulose and Na-cellulose are proposed by Sarko et al. (1987). 
The microfibrillar structure becomes swollen and is ultimately disrupted at 
high caustic soda concentrations. Reactive sites are produced in the cell wall 
which will enhance moisture uptake or allow effective chemical bonding with 
adhesives in engineering composites. In order to stabilize the cell wall and 
reduce moisture uptake, alternative chemical treatments such as acetylation 
with acetic anhydride (Rowell, 1992) may be employed. 

2.4.4 Structure of kapok and akund fibres

Kapok fibre is obtained from the seed pods of the tropical kapok tree 
(Ceiba petandra) which is a natural hybrid between Var. caribeae and Var. 
guineensis (Purseglove, 1987). It is a native to West Africa, Mexico, the 
Central Americas and the Caribbean and has been introduced into India and 
the Far East. The unicellular fibre is very light and buoyant and is resistant 
to moisture uptake. Unlike cotton it does not collapse and twist on drying 
and has a low cellulose content, hence it cannot be easily spun together into 
yarn and woven. Bisanda and Mwaikambo (1997) report that a mixture of 
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kapok and cotton has been spun at a ratio of 2:3. The open kapok seed pod 
is brown in colour and the black seed is contained within the loose mass 
of white fibre. The major applications for the fibre are as down filling for 
mattresses, pillows, upholstery and toys and for thermal insulation.
 A cross-section through a number of kapok fibres is presented in Fig. 
2.15. The fibres, although slightly compressed together in this image, have 
not collapsed after drying and are thin-walled (~2 mm thick) with a diameter 
of the order of 22 mm and a length of approximately 20 mm. Similar seed 
fibres include dandelion and thistle fibres. The fibres possess low cellulose 
content (Table 2.2), apparent density (Table 2.3) and strength (Table 2.4). 
Khalili et al. (2000) used soft rot fungi to study the microstructure of the 
cell wall of Ceiba pentandra and observed two cell wall layers. The outer 
layer has microfibrils oriented transversely to the fibre axis, while microfibrils 
in the inner layer are oriented nearly parallel to the fibre axis. Evidence of 
these orientations is provided by Nilsson and Björdal (2008) who incubated 
kapok fibres with erosion or tunnelling bacteria.
 Akund is a single-cell fibre (Kirby, 1963; Perry, 1975) obtained from 
Calotropis procera and Calotropis giganta, members of the botanical family 
Asclepiadaceae. The fibre is sometimes referred to as vegetable floss or 
silk. It is fine, soft and lustrous, but very weak, and hence like kapok it 
is rarely used by itself as a textile fibre. Under the microscope the fibres 
appear similar to those of kapok but their base does not show the net-like 
thickenings seen in kapok. The average length ranges from 30 to 40 mm and 
the average diameter is around 20 mm. Akund exhibits inferior buoyancy and 

10 µm

2.15 Cross-section through kapok fibres.
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resistance to water absorption, thus it cannot be used as filler for products 
such as lifebelts.

2.5 Structure of bast fibre bundles: jute,  
kenaf, hemp and flax

Bast fibres, also known as stem fibres, are derived from the stems or stalks of 
dicotyledonous plants (with two seed leaves). They are grown in temperate 
(e.g. hemp, flax and nettles), sub-tropical (e.g. jute) and tropical (e.g. kenaf) 
climates. To distinguish them from ‘hard’ leaf fibres they are often termed 
‘soft’, which is a misnomer in terms of the mechanical properties for fibre 
bundles listed in Table 2.4. The term bast, or bark, is related to the phloem 
tissue of vascular plants but also to fibres found in the cortex and pericycle. 
Bast fibres are comprised of elongated, thick-walled ultimate fibres joined 
end to end and side by side axially along the stem. After harvesting, the 
bast fibres and bark (collectively the cortex) are removed from the stem 
by a mechanical decorticating process, based on a rotating wheel set with 
blunt knives which shears the fibres away from softer tissue, and the fibres 
are then washed and dried. The structures of four representative bast fibres 
with commercial importance are reviewed below. 

2.5.1 Jute fibre

After cotton, jute is the most widely produced plant fibre, followed by flax 
and hemp, but it has a higher lignin content than flax and hemp (see Table 
2.2). Jute is grown in hot (20–40°C) and humid (70–80% RH) climates in 
Bangladesh, India, China and Thailand where it reaches 2.5–3 m in height 
within a timescale of 4–6 months. The best area for growing the highest 
quality jute is the Bengal Delta. The variety Corchorus capsularis has a 
globular-shaped pod, while Corchorus oliotorus has cylindrical pods. The 
time of harvesting of plant fibres is critical in terms of maximizing quality 
(e.g. tenacity) and jute is harvested when approximately half of the crop is 
in pod. The fibre bundles are separated from the stem by the retting process, 
which takes place in low running water. Enzymes secreted by micro-organisms 
break down the non-cellulosic, interlamellar material between the ultimate 
fibres, which is rich in pectins (Sharma, 1987). The weight of dried fibre is 
in the range of 4.5–8% of the weight of the green plant. The resulting fibre 
bundles are irregular in shape with small lumens. A cross-section through 
typical fibre bundles is presented in Fig. 2.16. Ultimate fibres are 5–20 mm 
in diameter and the size of the bundles varies considerably.
 Heyn (1966) prepared jute fibres (Corchorus capsularis L.) by swelling in 
water for several hours and an aqueous solution of uranyl acetate was used 
for staining the fibre. The uranyl aceteate leaves the cellulose microfibrils 
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unstained on a stained background of amorphous phases (negative staining). 
Specimens were freeze-dried and sectioned for examination in the transmission 
electron microscope (TEM). The lateral width of the jute microfibrils was 
observed to be 2.8 ± 0.3 nm, corresponding to dimensions determined by 
SAXS measurements. Heyn was able to observe amorphous zones in the 
microfibrils corresponding to less crystalline or tangled zones described by 
Nishino (2004) and many others.

2.5.2 Kenaf fibre

Kenaf (Hibiscus cannabinus L.) is related to cotton and is grown wild in 
Africa (Guinea hemp), and cultivated in Brazil, the Indian sub-continent, 
Cuba and south and south-west United States. The plant grows to about 
5.5 m high in 4–5 months and fibre is concentrated in the lower part of the 
stem. The outer bast fibre comprises ~40% of the stalk’s dry weight and the 
fibres are similar in quality to the best softwood fibres and are made into 
paper products (Sabharwal et al., 1994). Either retting and hand stripping or 
mechanical separation is used to isolate the bast fibres into ~0.9 m lengths, 
with a pale, lustrous appearance and strength comparable to jute. Kenaf is 
used for paper-making, cordage and carpet-backing. The Toyota (Nishimura, 
2006) and Proton car companies use kenaf as reinforcement for natural fibre 
composites. Kenaf fibre bundles are viewed in Fig. 2.17.

10 µm

2.16 Cross-section through jute fibre bundles.
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2.5.3 Hemp fibre

Hemp (Cannabis sativa) is a centuries-old source of fibre for rope, sails and 
clothing and is grown in Russia, Eastern Europe and increasingly in Western 
Europe, including the UK. It is a tall leafy plant (1.5–4 m) with strong fibrous 
stalks and is best grown in well-drained soils. The outer portion of the hemp 
stem produces strong bast fibres with high cellulose content. Monoecious 
plants bearing male and female flowers produce better fibre than dioecious 
plants. The separation of bast fibres is achieved by dew retting in the field, 
which can be unreliable, so retting in water tanks is an alternative. The fibre 
bundles are 30–90 cm in length and 5–17 mm in diameter. Ebskamp (2002) 
describes the processing of hemp and flax fibre bundles and proposes that 
fibre quality can be improved by controlled chemical or enzymatic treatment 
during retting and an improved understanding of the genes involved in cell 
wall metabolism. The use of cDNA microarrays to study secondary cell wall 
formation in hemp and flax has identified candidate genes which enhance 
mechanical properties of the fibre bundles or facilitate their extraction. 
Reduction of lignin levels could also improve the softness of the fibre and 
improve comfort in clothing.

2.5.4 Flax fibre

Flax is a field crop that can be grown and harvested within three months but 
the quality of the fibre is sensitive to being harvested too early, resulting in 
low yield, or too late, resulting in excessive lignification of the plant cell 

2.17 Kenaf fibre bundles.
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wall and poor quality fibre. There are 15 to 40 fibre bundles in each stem 
and each bundle contains 12 to 40 ultimate fibres with thick walls and small 
lumens. Fibre bundles are separated by retting and decortication. Bos and 
Donald (1999) reviewed the cellular structure and mechanical properties of 
flax and studied the mechanical deformation of flax ultimate fibres using 
environmental scanning electron microscopy. They noted an S2 layer MFA 
of approximately 10°, brittle fracture in the primary cell wall and plastic 
deformation in the secondary cell wall. 

2.6 Structure of leaf fibres: sisal and banana

The mechanical properties of leaf fibre bundles depend on the orientation 
of microfibrils in the secondary cell wall. Leaf fibre bundles such as those 
from pineapple possess a high Young’s modulus (60–82 GPa) and tensile 
strength (287–1130 MPa) for MFAs of 6–14°. Microfibrils are oriented along 
the schlerenchyma cells from the leaves of New Zealand flax (Phormium 
tenax) such that the cell wall has a Young’s modulus of 70 GPa and tensile 
strength of 1 GPa (King and Vincent, 1996). The extraction and structure 
of two commercial leaf fibres are described below.

2.6.1 Sisal fibre

The world’s sisal industries are located in tropical regions of Central and South 
America, Africa and Asia, especially in China. Sisal (Agave sisalana) was 
introduced into Tanzania from the Yucatan Peninsula in Mexico towards the 
end of the nineteenth century. The town of Sisal is located on the north coast 
of Mexico and the fibre is known locally as henequen (Agave fourcroydes). 
Since the 1960s the fibre has struggled to compete against synthetic fibres such 
as polypropylene. However, in the period 1999–2004 the world production 
of sisal increased by 12.7% to 252  900 tonnes. Sisal fibre is used for making 
ropes, as a reservoir for oil in the core of steel cables, for geotextiles and as 
reinforcement for cement ceiling tiles.
 The sisal plant is a perennial succulent capable of producing approximately 
185 leaves in its lifetime, arranged spirally around its thick stem, and each 
leaf contains about 1000 fibre bundles. The general form of the plant and 
section through the leaves is presented in Fig. 2.18 and the locations of the 
mechanical and ribbon fibres are indicated. The leaves are 61–122 cm long, 
10–20 cm wide and 2.5–10 cm thick. Following decortication the leaves 
are dried, combed and sorted into grades. Long fibre bundles (>90 cm) 
are used for rope making and are ideal for the manufacture of fibre-based 
composites.
 A cross-section of sisal fibre bundles mounted in resin and sectioned for 
optical microscopy (Fig. 2.19) demonstrates the typical variability of plant 
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2.18 The sisal plant, section through a sisal leaf and section through 
a mechanical fibre (Bisanda, 1991).

fibres. Scanning electron microscopy of a fibre bundle cross-section (Fig. 
2.20) reveals the irregularity of the fibre bundle and considerable variation in 
the size of the lumens (arrowed). A SEM image of a fibre bundle fractured in 
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tension (Fig. 2.21) reveals microstructural features of the cell wall. A helical 
cell wall fracture is seen at the top right of the image and microfibril sheaths 
have been pulled out of the ultimate cell walls.

2.19 Cross-section of sisal fibre bundles (Towo and Ansell, 2008).

10 µm

2.20 SEM image of cross-section through sisal fibre bundle 
(Mwaikambo and Ansell, 2006a).
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2.6.2 Banana leaf fibre

The most cultivated banana plant is Musa paradisiaca L. var Sapientum 
or Musa ulugurensis Warb, although there are about 300 species in total. 
Leaves are up to 3 m long and 60 cm wide. The best fibres are produced just 
before the flowering stage when no fruit has formed. At this stage chunks of 
leaf are passed through a mangle to remove moisture and the fibre residues 
are dried and combed. If the leaves are left until after the fruit has ripened 
they are of inferior quality. Banana fibre has been used in Japan since the 
thirteenth century for the production of kimonos. Kulkarni et al. (1983) 
evaluated the mechanical properties of fibre bundles (diameter 50–250 mm) 
from banana leaves. Ultimate fibres with diameters in the range 18–30 mm 
have cell wall thicknesses of about 1.25 μm. The ultimate fibre lengths range 
from 2.7 to 5.5 mm, resulting in an aspect ratio of around 150. The MFA is 
of the order 11–12° and the mechanical properties are listed in Table 6.5. 
Strength is a function of the number of ultimate fibres in each bundle, the 
density of defects and strain rate; microfibrillar sheaths pull out of the cell 
wall at low strain rates.

2.7 Structure of fruit fibres: coir and oil palm 
empty fruit bunch

Fruit fibres generally perform a protective role and are characterized by high 
MFAs and coarse structure. The coconut and oil palm industries produce 

2.21 Sisal fibre bundle fractured in tension (Towo, 2006).
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very high volumes of fruit fibre so the structure, properties and application 
of these fibres are reviewed here.

2.7.1 Coir fibre

Coir is obtained from the fruit of the coconut palm (Cocos nucifera). The 
fibre-bearing tissue is located in the zone between the exocarp and the endocarp 
enveloping the kernel. The coconut palm is grown in the Indo-Malaysian 
region, in Central and South America and in West African countries. There 
are three types of fibre, namely the long and fine ‘white’ fibre, coarser 
brittle fibre and shorter staple ‘mattress’ fibre. The latter two are known as 
‘brown’ fibres and are used for doormats and mattress filling. White fibre 
is suitable for making rope and fishing nets. Fibre bearing tissue is broken 
down into fibre bundles either by retting over a period of 3–9 months or by 
decortication. McLaughlin and Tait (1980) note that the microfibril angle 
of coir fibres lies in the range 30–35° and they fail at very high strains of 
15–30%. They fail with the uncoiling of microfibrils in the cell walls of 
adjacent ultimate fibres. Martinschitz et al. (2008) characterized dry coir 
fibres using in-situ synchrotron radiation and noted an initial MFA of about 
45º decreasing linearly under strain until failure to about 30° at 35% strain. 
sreenivasan et al. (1996) examined the fine structure of coir fibres and 
used a high concentration of caustic soda to evaluate the spiral structure 
of microfibrils which have a MFA of about 40° in the as-received state. 
After swelling in water and stretching, the MFA can be reduced to 34° due 
to slight plasticization of the cell wall. After caustic soda treatment, which 
removes non-cellulosic material, followed by stretching, the MFA can be 
reduced to 10°. Kulkarni et al. (1983) comment that the coir ultimate fibres 
have diameters in the range 13–14 mm and cell wall thicknesses range from 
thin-walled (~1 mm) up to 8 mm. 

2.7.2 Oil palm empty fruit bunch fibre

The oil palm (Elaeis guineensis) originated in the tropical forest of West 
Africa but is now exploited as a major oil crop by countries such as Malaysia 
and Indonesia. Fibrous materials left after milling include the oil palm empty 
fruit bunch (OPEFB), a coarse aggregate of fibrous material that protects the 
fruiting body. Each empty fruit bunch yields about 400 g of fibre. The fibres 
are traditionally used for stuffing mattresses but are currently being used as 
filler for thermoplastics in injection-moulded components in countries such 
as Malaysia.
 sreekala et al. (1997) evaluated the structure and properties of OPEFB 
fibre in the untreated state and following mercerization, silane treatment and 
acetylation. The cellulose content of the untreated fibre was found to be 65% 

�� �� �� �� �� ��

http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


89The structure of cotton and other plant fibres

compared with 32–43% for coir. The untreated ultimate fibres were ~10 mm 
in diameter and the highly textured and grooved surface contains pores with 
an average diameter of 0.07 mm. The microfibril angle of the OPEFB fibre 
was determined to be 42° by calculation. Law et al. (2007) examined the 
structure of OPEFB fibres and reported an average ultimate fibre diameter of 
19.1 mm and fibre bundle diameter of the order 200–300 mm with a cellulose 
content of 62.9%. The surface of fibre bundles is pock-marked with numerous 
silica bodies and they propose that siliceous pathways link the bodies to the 
interior of the fibre bundle.

2.8 Conclusions

It is clear from the examination of the structure and properties of plant fibres 
that there are many similarities between seed, bast, leaf and fruit fibres in terms 
of their molecular constitution and the arrangement of cellulose microfibrils 
in a matrix of hemicelluloses, lignin, pectin and waxes. Single-cell seed fibres 
such as cotton and kapok differ from fibre bundles such as hemp and jute 
which comprise aggregations of ultimate fibres. The shape of fibre bundles 
depends on the extraction process, which may be mechanical, chemical or a 
combination of both. Plant fibres may often be spun and woven into fabrics, 
unlike wood tracheids, which have a similar structure to plant fibre ultimate 
cells. The structure and shape of microfibrils are well characterized as flat or 
flattish arrays of b-cellulose chains which spiral around the cell wall, but the 
processes of self-assembly of these secondary helical structures from primary 
cell walls is still a matter of debate and conjecture. However, microtubules 
play a major role in determining the orientation of microfibrils. 
 Cotton is a super-cell with very high cellulose content, and the orientation 
of microfibrils reverses in the cell wall lamellae so the microfibril angle 
(MFA) is variable. Most of the other plant fibres considered here have well-
defined MFAs and there is a good correlation between low microfibril angles 
and high strength and stiffness. The Young’s modulus of fibre bundles, for 
example flax (50–70 GPa) and pineapple (60–82 GPa), are remarkably high 
as a proportion of the Young’s modulus of cellulose microfibrils (130–140 
GPa) and significantly higher than values for wood tracheids (~6-20 GPa).
These high values of Young’s modulus are a result of low MFAs and high 
cellulose content. As a result plant fibres are being exploited as reinforcement 
for sustainable engineering composites (Wambua et al., 2003) as a substitute 
for E-glass which has a Young’s modulus of 73 GPa. However, the very 
diverse range of applications for plant fibres in textiles will continue to be 
their major use. The literature on plant fibres is immense and ever expanding 
and new developments in understanding structure–property relationships are 
eagerly awaited.
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3
An introduction to protein fibres

J W S Hearle, University of Manchester, UK

Abstract: The chemistry of proteins is described. Diversity comes from 
the different side-groups in the constituent amino-acid residues. The three 
physical forms are a-helical crystals, extended chain b-crystals and globular 
forms. The different structures in regenerated fibres, silks, wool and hair, 
and hagfish slime threads are described. These range from homogeneous 
amorphous forms to structures at many levels from the molecules to the 
whole fibre and influence the resulting fibre properties. The conclusion 
contrasts the lack of success in manufacturing fibres with the success of 
natural evolution. The possibilities of genetic engineering and biomimetics 
are mentioned.

Key words: protein chemistry, protein physical forms, regenerated protein 
fibres, silks, wool and hair, hagfish slime threads, genetic engineering and 
biomimetics.

3.1 Introduction

Proteins are the most prolific of biological materials. Their great diversity 
derives from the sequence of different side-groups on one position of a simple 
chemical repeat in the basic polymer molecule. an ‘alphabet’ of about 20 
side-groups makes it possible to produce an enormous ‘dictionary’ of ‘words’ 
that are typically several hundred ‘letters’ in length. The ‘meanings’ of the 
‘words’ with the different sequences of side-groups represent the different 
biological functions that proteins have in living organisms. enzymes, blood, 
nerves, antibodies, muscle, tendons, etc., are all proteins. Natural protein 
fibres are a class of structural proteins, which also includes skin, nail, feathers 
and some horns. 
 It is now known that the code for protein synthesis is carried by the 
DNa in the chromosomes of living organisms. each chromosome contains a 
number of genes with specific DNA sequences, which are based on a simpler 
‘alphabet’ of four letters. The code is then transferred by messenger rNa 
to the sites of protein synthesis. The genes have evolved over millions of 
years to provide proteins with specific functions. However, equally important 
for fibres such as wool and hair is the triggering of production of different 
proteins as the fibre grows out of the follicle. For silks, the way in which 
the fibre is spun is as important as the protein composition in determining 
properties.
 Protein fibres are structurally the most complex of fibres. In addition to 
the complexity along the polymer molecule, many are composed of a mixture 
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of proteins, in contrast to the single chemical compounds that dominate the 
composition of other fibres. On a coarser scale, multicellular fibres, such as 
wool and hair, have structural features at multiple levels. 

3.2 Protein structures

3.2.1 Chemistry

Proteins are formed by the condensation of amino acids, NH2–CHR–COOH, 
with the production of a peptide bond, –NH–CO–, and the elimination of 
H2O. Two units of the polymer repeat are shown in Fig. 3.1. The diversity, 
due to what are described above by analogy as ‘letters’, comes from the 
different side-groups –R. The old set of comparative data in Table 3.1, 
which shows the diversity of the amino-acid residue composition in different 
protein fibres, gives the names of 18 amino acids with the formulae of the 
side-groups. A standard list now usually comprises 20 residues. In Table 3.1, 
the amides, asparagine and glutamine, are included with the corresponding 
aspartic and glutamic acids. There are other non-standard acids: Höcker 
(2000), quoting Lindley (1977) on the composition of Merino wool, lists 24 
residues by including small amounts of other sulphur-containing residues: 
cysteine, –CH2–SH; cysteic acid, –CH2–SO3H; thiocysteine, –CH2–S–SH; 
and lanthionine, –CH2–S–CH2–. Another table, quoted for Merino wool by 
Höcker (2002) from Crewther (1975), lists only 16 residues. In addition to 
glutamine and asparagines, the small amounts of histidine and tryptophan, 
which as shown in Table 3.1 occur in larger amounts in casein from milk, 
are omitted. The proportions listed in Table 3.1 should be regarded only as 
indicative values. The actual proportions vary with breed, diet and other 
factors. The two sets of data quoted by Höcker (2002) for Merino wool have 
differences of up to 20% in the amounts of some amino acids.
 As indicated in Table 3.1, the amino-acid residues can be grouped in 
various chemical characteristics. This has an obvious influence on the 
chemical reactions of proteins. Structurally, proline is significant, because 
it forms a ring between adjacent –N– and –CH– groups, and so distorts the 

C CN

CCN

OHHR1

OH HR2

…

…

Peptide link
Amino-acid

residue

3.1 Two units of a protein molecular repeat.
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form that the molecule can take up. The other important structural features 
are the crosslinks that can form between chains. Hydrogen bonding can occur 
between –CO and –NH groups in the main chain and between hydroxyl and 
amide side-groups. The presence of these groups accounts for the higher 
stiffness of dry fibres, in contrast to wet fibres where water molecules are 
absorbed between chains. Salt formation between acidic and basic groups 
will be affected by pH. Phenolic interactions can occur between the benzene 
rings in phenylalanine. Covalent amide bonds can form between –COOH 
and –NH2. 
 Cystine is by far the most important crosslink. Its presence in wool and hair 
and its absence from silk have a major influence on mechanical properties. 
When the protein is synthesised, cysteine, –CH2–SH, is the monomer, but 
it is subsequently oxidised to cystine, –CH2–S–S–CH2–, which gives a 

Table 3.1 Amino-acid residue content of three protein fibres, from Harris (1954)

Type Side group Amino acid Proportion (g amino acid
   per 100 g protein) in:

   Silk Wool Casein
   fibroin keratin

Inert –H Glycine 43.8 6.5 1.9
 –CH3 Alanine 26.4 4.1 3.5
 –CH(CH3)2 Valine 3.2 5.5 6.02
 –CH2·CH(CH3)2 Leucine 0.8 9.7 10.55
 –CH(CH3)·CH2CH3 Isoleucine 1.37 – 5.27
 –CH2·C6H5 Phenylalanine 1.5 1.6 6.46

Acidic –CH2·COOH Aspartic acid 3.0 7.27 6.70
 –CH2·CH2·COOH Glutamic acid 2.03 16.0 22.03

Basic –CH2·CH2·CH2·CH2·NH2 Lysine 0.88 2.5 8.25
 –(CH2)3·NH·C(NH)NH2 Arginine 10.5 8.6 3.94

 – Histidine 0.47 0.7 3.24

Hydroxyl –CH2OH Serine 12.6 9.5 5.87
 –CH(OH)·CH3 Threonine 1.5 6.6 4.53
 –CH2·C6H4OH Tyrosine 10.6 6.1 6.28

Ring –CH2 Proline 1.5 7.2 10.54
     CH2
 –CH2

Double –CH2·S·S·CH2– Cystine – 11.8 0.40

Miscellaneous –CH2·CH2·S·CH3 Methionine – 0.35 3.50
 –CH2·C Tryptophan – 0.7 1.37
 

 

 N:CH
CH2 | NH
 C:CH

CH

NH
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disulphide link between chains. reduction to cysteine and re-oxidation to 
cystine is a mechanism for setting wool and hair.

3.2.2 Physical forms

Proteins are commonly divided into crystalline and globular forms, but, 
as with the chemistry, the reality is complicated. X-ray diffraction studies 
of wool and silk from around 1930 onwards showed (1) that there was a 
mixture of crystalline and amorphous regions, and (2) that there were two 
different diffraction patterns, termed a in wool and hair and b in silk. The 
b-form was resolved into a crystal structure with extended chains as shown 
in Fig. 3.2(a). The a-form raised more problems. Astbury (see Howitt, 1949, 
1953) found a spacing at 0.515 nm along the fibre axis and spacings at 
0.98 and 2.7 nm across the axis. It was clear that the molecule was folded, 
and Astbury speculated on various ways in which the folding might occur 
between amino-acid residues, but he was unable to come up with a solution 
that fitted all the available information. It was not until Pauling broke the 
mind-set by realising that the geometric and chemical repeats did not need 
to coincide that the problem was resolved.
 Some simple polypeptides, such as poly(glycine), crystallise as extended 
chains in b-sheets, as shown in Fig. 3.2(a). Others, such as poly(alanine), 
can form helical coils. In the structure proposed by Pauling et al. (1951) and 
shown in Fig. 3.2(b), there are 3.6 amino-acid residues in each turn, which 
has an axial repeat of 0.55 nm. These two basic forms are found in protein 
fibres. Owing to the presence of a variety of repeats, most with larger side-
groups, the forms are distorted and the repeat lengths are reduced. Proline 
and cystine give bigger differences.
 Globular proteins give the amorphous halo in X-ray diffraction. There is 
no repetitive crystal structure at the atomic level. However, in most if not all 
cases, this does not mean that the polymer has the random structure typical 
of rubbers and glassy plastics. each globular protein molecule folds into a 
specific structure as it is formed, in order to minimise energy. Haemoglobin, 
which contains some helical segments among its folds, is a well-known 
example. a computer simulation of the folds in a GPGGSPGGY sequence, 
which gives elasticity to a spider drag-line, is shown in Fig. 3.2(c). Globular 
proteins can be regarded as quasi-crystalline, since they share with crystals 
a specifically defined structure.
 In natural fibres, the distinction between crystalline and globular proteins 
is not so definitive. Various combinations can occur within protein molecules. 
Some proteins are block copolymers, which alternate crystallisable and non-
crystallisable forms. In others, the regular helical sequences of the crystal 
structure may be interrupted by distortions due to sequences that do not fit 
into the regular lattice. Some have non-crystallisable terminal domains.
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3.3 The diversity of protein fibres

3.3.1 Fibre types

Protein fibres can be classified according to their mode of formation. In what 
follows, the different types will be reviewed in terms of increasing complexity 
of control of their formation. The structures range from simple homogeneous 
forms through increasing levels of structural differentiation in three classes 
of fibre, followed by a simplification in an unusual biological fibre.
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3.2  (a) b-sheet crystal structure. (b) a-helix crystal structure. (c) An 
example of a globular form.  Simulation of the GPGGSPGGY peptide 
unit in spider silk, from Hayashi et al. (1999).  The amino acids and 
side-groups R are: G = glycine, –H; P = proline, –CH2–CH2–CH2–; S = 
serine, –CH2OH; Y = tyrosine, –CH2C6H6OH.  
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3.3.2 Regenerated and other manufactured protein fibres

Following the success of the regenerated cellulosic fibres, viscose, acetate and 
other rayons, in the first quarter of the twentieth century, chemists turned their 
attention to the possibility of mimicking wool or silk by dissolving proteins 
and forming fibres by the established technologies of solution spinning. A 
variety of proteins were used in laboratory experiments and there was a 
small production of soya-bean fibre around 1940. In the 1950s, there was 
commercial production by major companies of fibres composed of casein 
from milk, zein from corn, and groundnut protein. Except possibly for some 
difference in a surface skin, these fibres have a homogeneous structure with 
no differentiation above the atomic level. Their X-ray diffraction patterns 
are circular haloes with no indication of crystallinity or orientation. When 
wet, the fibres are extremely weak but show good elastic recovery; when 
dry, they are stronger but still weaker than other fibres. They were used in 
applications with minimal mechanical demands, such as hat felts, and gave 
a pleasing softness in blends, but they eventually failed to be commercially 
viable.
 Interest in regenerated protein fibres revived at the end of the twentieth 
century. For example, there is research in China on soya bean fibre. While 
a claim that this might replace cashmere is unlikely to succeed, this sort of 
regenerated protein fibres may find specialist uses. such as in the medical field. 
These fibres are made from globular proteins, so their amorphous structure 
is not surprising. What seemed to be a more promising line of research 
was the use of naturally crystalline proteins. Attempts to make fibres from 
solutions of proteins from waste wool were unsuccessful, although Keratec 
has found a market in cosmetics. This reflects the inability to mimic the 
many levels of structure in wool. Regeneration of silk using special solvents 
gives better properties (Xu et al., 2005) but does not match the strength of 
natural silk. Just as regeneration of cellulose leads to a loss of the highly 
crystalline, oriented and chain-extended forms of natural fibres and leads to 
fringed micellar or fibrillar structures of crystalline and amorphous regions, 
so also it seems likely that regenerated silk has similar structures.
 Spider silks are among the strongest of fibres and, unlike the synthetic 
high-strength fibres, have a high elastic extension, which gives superior 
toughness. The most ambitious, but ultimately unsuccessful, research into 
manufacturing protein fibres has been the attempt to mimic the production 
of spider silks. Genetic engineering has enabled spider silk proteins to be 
produced either by bacteria or in goat’s milk, but it is now recognised that 
there is another step, namely fibre spinning, to give high performance, which 
is even more difficult to achieve. The fibres produced have low strengths. 
The critical problem is that the full extension of the polymer molecules along 
the fibre, which occurs in spider silk, is not maintained when the proteins 
go into solution and can fold and entangle in random forms.
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3.3.3 Silks

Various moths, spiders and insects produce silk threads with a variety of protein 
compositions. The common feature is that the polymerisation and control 
of fibre formation are closely linked. Smith et al. (1985, 1987) showed that 
virgin polymerisation of polyethylene followed by fibre formation without 
allowing any chain folding led to high strengths, though the techno-economics 
did not compete with gel-spinning. Nature achieves the crystallisation of 
extended chain molecules without entanglements. Within the organism, 
the proteins are synthesised in glands and go into solution. They are then 
dragged through cell walls, which act as ‘nano-spinnerets’, into the duct and 
are assembled together as silk filaments, before being pushed or pulled out 
through a spigot into the air.
 In principle, this could lead to the formation of a parallel assembly of 
fully extended chain molecules, similar to that suggested by Staudinger 
(1932), which is close to that found in gel-spun high-modulus polyethylene 
and liquid crystal aramid and PBO fibres. However, this would lead to a 
limiting extension of less than 5%. In order to achieve extensions from 50% 
to 500%, some chain folding occurs, as shown, for example, in Fig. 3.2(c). 
The important feature is that there is no entanglement. The topology is such 
that each chain is separate and parallel to its neighbours. Under tension, the 
chains can be pulled into the fully extended form, generating high strength. 
The system acts like a set of parallel strings of equal length and without 
entanglements, which are held at their ends and can take up wavy forms with 
the ends close together, but then be pulled out into a tight structure in a fully 
extended state. The difference is that whereas the strings show a sharp change 
from negligible resistance to a high resistance to extension, intermolecular 
forces in spider silks lead to a more gradual increase in tension.
 As can be seen from Table 3.1, textile silk from the moth Bombyx mori 
has a much simpler protein composition than wool. There is no cystine to 
crosslink chains. About 80% consists of amino-acid residues with the three 
simplest side-groups, –H, –CH3 and CH2OH. Blocks containing a regular 
sequence of these three units, which crystallise in b-sheets with the form shown 
in Fig. 3.2(a). Tyrosine and other minor components of the block copolymer 
form amorphous regions. The structure is thus similar to the fringed micelle 
structure found in nylon, except that there is no chain folding at the ends of 
the crystals and no entanglement where the amorphous tie-molecules link 
the crystallites.

3.3.4 Wool and hair

Wool and other animal and human hairs have the most complex of fibre 
structures. They share a common pattern, but there are detailed differences 
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to some extent among different wools and more between different hairs. In 
what follows, the word hair is used to cover all hairs including wool.
 Hair, together with other natural structural materials, such as skin, nails 
and feathers, is usually described as made of keratin, but this covers a variety 
of chemical forms. A common feature of keratins is that they contain a 
sequence of chemical groups designated as NTD-1A(35)-L1-1B(101)-L12-
2A(19)-L2-2B(121)-CTD. The 1A, 1B, 2A and 2B segments have constant 
numbers of amino-acid residues, as indicated, and crystallise in the a-helical 
structure. There are differences in structure in different parts, for example, 
the 2B segments in hair contain cystine crosslinks, which must affect the 
mechanical and other properties. The terminal domains, NTD and CTD, 
and the links L1, LI2 and L2 have different numbers in different keratins. 
Two keratins, type 1 acidic and type 2 basic, associate together in a twisted 
dimer. Four more levels of twisted pairs lead to an intermediate filament (IF), 
also referred to as a microfibril, of 32 molecules. The IFs are formed in a 
parallel assembly within elongated cortical cells at the first stage of growth 
from the follicle.
 Further up the follicle, a family of globular proteins, termed keratin 
associated proteins (KAP), are laid down between the IFs. They constitute 
a matrix, which also contains the keratin NTDs and CTDs emerging from 
the IFs. Both the KAPs and the TDs contain cystine, which gives them 
a crosslinked structure with around 10 covalent bonds between network 
junctions.
 The microfibrils associate as macrofibrils, which differ in form in the cells 
in the central cortex of hair. In the para-cortex, the microfibtils are all parallel 
to the fibre axis; in the ortho-cortex they are in a helical assembly. (There 
may also be a meso-cortex and a medulla.) If the ortho- and para-cortex are 
side-by-side, this leads to the crimp of hair due to differential expansion on 
drying; if they are symmetrically distributed, the hair is straight. Between the 
cells, there is a cell-membrane complex containing lipids. Surrounding the 
cortex there is a multi-layer cuticle. This consists of surface scales, which 
give a directional frictional effect and cause felting.
 The many levels of structure in hair all contribute to the properties of 
the fibres. There is now sufficient knowledge to develop a computational 
total model of hair at least to a first approximation (Hearle, 2003). The 
computation would go through the sequence of levels shown in Fig. 3.3, 
starting with computational molecular modelling or an empirical input of 
microfibril and matrix properties and moving up the levels in terms of their 
structural mechanics. Such a model would be beneficial in research on hair, 
particularly for directing genetic engineering of improved fibres. 
 There are different explanations of the way in which the basic mechanical 
properties of hair are determined. In the model proposed by Chapman (1969), 
the microfibril/matrix composite is treated as a series of zones, which can 
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now be regarded as bounded at links where the TDs emerge into the matrix. 
The microfibrils extend first in a stiff region of deformation of the a-helix. 
an a Æb transition starts in one zone at 2% extension. The stress in the 
microfibril drops from a yield stress to the equilibrium stress for the transition 
and is taken up by extension of the matrix, which is treated as a fairly highly 
crosslinked rubber. The process continues at close to constant stress up to 
30% extension, when all the zones have opened. The stress then increases 
as the matrix is further extended. In recovery the matrix stress–strain curve 
is followed down until all the b-forms have reverted to a-helices. Other 
explanations of the stress–strain curve have been proposed, but there are 
strong arguments in favour of Chapman’s model (Hearle, 2000), though it 
could be refined in some details.

3.3.5 Hagfish slime threads

The fibres so far discussed are covered in detail in other chapters of this book. 
However, because of the interesting differences in formation, structure and 
properties, it is worth giving a brief account of another natural keratin fibre. 
Hagfish, which are long eel-like creatures, have gland cells on their surface 
(Spitzer and Koch, 1998). When the fish is disturbed a mixture of mucus and 
threads is emitted and forms a protective slime with mechanical properties 
described by Fudge et al. (2005). Entanglement would deter some predators 
but another mechanism is blocking of the gills of fish (Lim et al., 2006).
 In contrast to the multicellular form of hair, hagfish slime threads 
(subsequently referred to as hagfish threads) are formed within single cells. 
As the keratin IFs are formed they assemble into fibres, which are 1–3 mm 
in diameter and several centimetres long (Downing et al., 1981, 1984). The 
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3.3 Levels of structure for mechanical modelling of wool and hair.
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threads are laid down in a coiled bundle on the inside of a cell wall, as 
illustrated in Fig. 3.4. This mode of formation leads to a homogeneous fibre 
structure above the IF level.
 In common with other IFs, the molecules associate from dimers to the 
full IFs with 32 chain molecules, but there are two important differences 
from hair. (1) There are no keratin-associated matrix proteins. A schematic 
diagram by Fudge and Gosline (2004), Fig. 3.5, shows central rods, which 
would be a-helical, alternating with globular terminal domains (TDs). (2) 
Although the 1A-L1-1B-L12-2A-L2-2B sequences in the two keratins have 
the same numbers of residues, except for L12, the aminoacids are completely 
different, and the TDs contain no cystine to provide crosslinks (Koch et al., 
1994, 1995).
 Measurements of mechanical properties of wet fibres are reported by 
Fudge et al. (2003) and related to an aÆb transition. Although the fibre 
strength is comparable to that of wool, the break extension is over 200%. 
The stress–strain curve is divided into four regions. The extension is elastic 
up to 30% extension (zone I) and then becomes plastic with no recovery. The 
modulus continues to be low up to 80% extension (zone II), then increases 
steeply to 180% extension (zone III) before decreasing slightly up to break 

B 50 µm

3.4 The coil of hagfish thread, which is laid down inside the gland 
cell walls. From Koch et al. (1994).

56.8 nm

46.2 nm

(a) (b)

3.5 Schematic views of hagfish thread IF structure, from Fudge 
and Gosline (2004).  (a) The two keratins coiled together in the 
central rods of the dimmer, with terminal domains at the ends. (b) 
Staggered series alternation of helical rods and globular TDs.
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(zone IV). Different explanations for these unusual mechanical properties 
have been given by Fudge et al. (2003), model F, and Hearle (2008), model 
H. For zone I, F has elastic energy in TD conformations and H suggests 
deformation associated with crimp at some level of structure. Both models 
attribute zone II to an irreversible aÆb transition. Unlike hair, there is no 
matrix under tension in parallel to reverse the transition. More research is 
needed to clarify the behaviour at the very low stresses in zones I and II. 
The experimental measurements are clearer at higher stresses and it is here 
that there is the main difference in interpretation. In F, the aÆb transition 
continues in the central rods in zone III and then b-sheets slip and rupture 
in zone IV. For H, the deformation is attributed to plastic drawing of the 
TDs, regarded as quasi-crystalline assemblies. The stress–strain curve is 
qualitatively and quantitatively similar to that for the drawing of partially 
oriented polyester yarns.
 In the dry state, an initial stiff region up to 2% extension is followed by a 
low modulus yield region and an increasing modulus above 80% extension 
and break at 120% extension. This is similar to the difference between wet 
and dry rayon and to the behaviour in drawing of glassy polymers.

3.4 Conclusion

A lesson to be learnt from the study of protein fibres is how successful evolution 
has been in developing structures that provide fibres with properties suited to 
purpose. Silks have a homogeneous structure of topologically parallel chains 
without entanglements in a mixture of axially oriented and less oriented 
segments. This leads to high strength and high elastic extension. In hair, a 
multicellular form with structural features at many levels gives performance 
functionality. Crimp leads to a bulky fleece in sheep, whereas a protective 
layer of straight fibres is more suited to some other animals. Elastic recovery 
when wet maintains the quality of the coat. The surface scales inhibit the 
movement of dirt to the skin. In contrast to this, a large plastic extension 
serves the needs of protection in hagfish threads. In wool, other hairs and 
silk, people have found many ways of using fibres for clothes and other 
purposes. Spider silks and hagfish threads are important for their scientific 
interest, though attempts are being made to ‘milk’ spiders to provide fibres 
with outstanding toughness for specialised uses.
 The other lesson is how unsuccessful scientists and engineers have been 
in trying to manufacture protein fibres. The early attempts to regenerate 
globular proteins as fibres by solution spinning led to weak amorphous 
structures. Nor did regeneration of keratin from wool lead to useful fibres; 
unsurprisingly, the multilevel features were not reproduced. Slightly better 
results were found with silk, which has a homogeneous structure, as a 
starting material. A partially crystalline fibre was formed, but the parallel 
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arrangement of extended chains was lost. Strengths were less than that of 
natural silk and comparable to other fringed micelle fibres.
 Genetic engineering, which has developed greatly over the last 25 years, 
offers more opportunities. It has been shown that the distribution of proteins 
in wool can be changed, though the resulting sheep, in which proteins from 
the cuticle appeared in the cortex, had poorer wool (Rogers, 2000). Extensive 
research in which structure–property relations guide the routes of genetic 
engineering would be needed to produce improved fibres. Computational 
molecular modelling at the nano-level would lead on to applied mechanics 
at coarser levels. Spider silk proteins can be produced in bulk by genetically 
engineered bacteria or goats, but spinning into fibres does not reproduce the 
ideal form of assembling chain molecules that occurs in spiders. 
 Imaginative research is need for successful routes to biomimetic engineering. 
Quoting Hearle, (2007), on spider silk proteins: ‘Blue-sky thinking envisages 
virgin polymerisation of appropriate amino-acids on enzyme complexes 
or catalysts, which must then be assembled in bundles (nano-filaments) in 
matched lengths.  The bundles might be drawn through nano-spinnerets, 
after an operation analogous at a much smaller scale to the threading of yarn 
on a texturing machine.  They would then be assembled in larger bundles 
(yarns) and wound up at a commercial speed.  The critical requirement, 
after polymerisation, would be to avoid significant disarrangement of the 
molecular bundles.’ And for a route to mimic hagfish thread production with 
proteins genetically engineered for required functions: ‘Blue-sky thinking 
suggests that this might be achieved by artificial cell cultures.  If the gland 
cells can be cultured, they would reproduce and form the internal coils 
of thread.  Mature cells would move to the next production stage and be 
triggered to burst and release the thread.  There would then be a need for a 
textile operation to collect the threads and assemble them into yarns, which 
could be wound up at a reasonable rate.’
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4
The structure and properties of wool  

and hair fibres

F-J Wortmann, University of manchester, UK

Abstract: Wool and all other mammalian hairs are fibrous, a-keratinous, 
nano-composite materials and as such part of a larger group of biological, 
functional materials, referred to as keratins. This chapter first reviews 
the chemical composition of a-keratins as well as their morphological 
and molecular structures. Emphasis is next given to considerations of the 
mechanical properties of the primary structural components, namely the 
para-crystalline intermediate filaments and their associated, amorphous 
matrix. Third, the thermal transitions in these morphological components, 
that is, the glass and the denaturation transition, and their individual 
dependence on water content are considered in detail.

Key words: hair, a-keratin, biological fibre/matrix composite, mechanical 
properties, thermal transitions.

4.1 Introduction

Wool and all other mammal hairs are a-keratinous, composite materials and 
as such part of a larger group of biological, functional materials, referred 
to as keratins. 
 Keratin as a generic term is applied to resilient appendages of the 
integument, that is, the outer covering of higher vertebrates, such as hair, 
horn, nail, and feather, whose principal functions have been summarized by 
Fraser and MacRae (1980) as follows:

∑ Prevention of egress of tissue fluids
∑ Prevention of ingress of environmental fluids
∑ Prevention of ingress of micro-organisms, parasites and foreign matter
∑ Protection against mechanical injury and attack by predators
∑ Aggressive and defensive actions both within and between species
∑ Food gathering
∑ Temperature regulation
∑ Locomotion, including flight, climbing and floating.

Structurally, keratins have been classified on the basis of wide angle X-ray 
diffraction (WAXS) initiated by Astbury and Street (1931) and comprehensively 
reviewed by Fraser et al. (1972). Two principal types of patterns were 
identified, namely the a-helical conformation for hard keratins of mammals, 
and the b-sheet structure for those of birds and reptiles, respectively.
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 the a-keratins have traditionally further been subdivided into two groups 
(Mercer, 1961), namely, first the ‘soft’ (stratum corneum) and second the 
‘hard’ keratins (hair, nail, etc.). This subdivision is based on differences in 
their chemical and physical properties, but further mainly in their protein 
composition and more particularly due to the amount of the amino acid cystine 
and thus the concentration of sulphur cross-links they contain (Giroud and 
Leblond, 1951).
 Figure 4.1 shows rhinoceros horn (Fig.  4.1(a)) and part of a feather (Fig. 
4.1(b)) as being representative for a- and b-keratinous materials, respectively. 
It is interesting to note that rhinoceros horn, unlike those of other horned 
animals, consists only of a-keratin and lacks a bony core. Figures 4.1(c) and 
(d) show typical WAXS patterns for a- and b-keratin, while Figs 4.1(e) and 
(f) give different types of models for the respective single-strand a-helical 
and multiple-strand b-structures. 
 As authors have reviewed and pointed out with more (Zahn, 1980) or less 
emphasis  (Matoltsy, 1969; Swift, 1977), ‘keratin’ is thus not a material of 
clearly defined appearance and composition. The term and further descriptors, 
such as hard and soft, or a and b, should thus be used in a generalized way 
and with due caution.
 The present chapter is specifically concerned with hard, a-keratins and 
with the fibres in that group.

4.2 Keratin fibres 

Although a-keratinous fibres have an overall cylindrical form with an 
external overlapping scale pattern, they come in a wide variety of shapes 
and surface structures. Large differences are observed between species, as 
illustrated in Fig. 4.2, for such diverse fibres as sheep’s (Merino) wool, 
angora rabbit hair, shahtoosh, and human hair, respectively. Differences are 
mainly observed for fibre diameter and the pattern presented by the surface 
scales (cuticle). The exposed scale edges point towards the fibre tip. This 
ensures low friction in the direction of the scales, that is away from the 
skin, and high friction against, thus providing an effective mechanism of 
expelling foreign matter and skin particles from the pelt or fleece as well 
as spreading sebum (wool grease). In a textile material, such as a yarn or a 
fabric, where fibre orientation is randomized, this directional friction effect 
facilitates the movement of fibres against each other during mechanical 
treatment and in the presence of water and auxiliaries, so that felting is 
induced (Makinson, 1979). 
 Differences in fibre appearance become increasingly subtle within a species 
but are still quite succinct when comparing fibres from a single animal and 
even along a single hair. These differences are of principal importance for 
the identification and discrimination of animal as well as human hair in 
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(a) (b)

(c) (d)Alpha-pattern Feather keratin
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4.1 (a) Photo of a black rhinoceros, Diceros bicorni michaeli (adapted 
from Lewa, 2007); (b) part of a bird feather in an environmental 
scanning electron microscope (ESEM) (adapted from UoMN, 2006); 
(c) and (d) wide-Angle X-ray pattern of a-helical and b-pleated sheet 
keratin, respectively (adapted from Fraser et al., 1972); (e) molecular 
model for an a-helical segment in a-keratin (Nick, 1995) and (f) for a 
typical anti-parallel b-pleated sheet structure (adapted from Brooklyn 
College, 2008).
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textile (IWTO-58, 2000; AATCC 20A, 2007) and forensic (Palenik, 1997) 
analyses, respectively.

4.3 Chemical composition

Wool, as the best investigated a-keratin fibre (Fraser et al., 1972; Mclaren 
and Milligan, 1981; Zahn et al., 2003), consists of carbon, hydrogen, oxygen, 
nitrogen and sulphur, in the proportions detailed in Table 4.1. Beyond the high 
sulphur content, which is characteristic for the a-keratins, this composition 
is rather typical for proteins.

Merino wool Angora rabbit hair

European human hairShahtoosh

20.0 µm
20.0 µm

50.0 µm
< Tip Root >

20.0 µm

4.2 Various animal fibres (adapted from IWTO-58, 2000) of textile 
relevance and differing strongly in appearance, as well as European 
human hair in the scanning electron microscope (SEM). The exposed 
surface scale edges point towards the fibre tip.

Table 4.1 Elemental composition of wool 
fibres (water-free) (from Zahn et al., 2003)

Element Weight, % 

Carbon 50.5 
Hydrogen 6.8 
Oxygen 22 
Nitrogen 16.5 
Sulphur 3.7 
Ash 0.5
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4.3.1 Proteins

total hydrolysis of a-keratin proteins, combining acid as well as enzymatic 
methods, yields 24 amino acids (Zahn et al., 2003). The amino acids are 
classified by the composition of their side-chains into five groups, namely:

∑ ‘Acidic’ amino acids and their w-amides: aspartic acid, glutamic acid, 
asparagine, glutamine

∑ ‘Basic’ amino acids: arginine, lysine, histidine, tryptophan
∑ Amino acids with hydroxyl groups in the side-chain: serine, threonine, 

tyrosine
∑ Sulphur-containing amino acids: cysteine, thiocysteine, cysteic acid, 

cystine, lanthionine, methionine
∑ Amino acids without reactive, non-polar groups in the side-chain: glycine, 

alanine, valine, proline, leucine, isoleucine, phenylalanine.

Systematic names and synonyms, structural and empirical formulas of the 
amino acids can be found in standard textbooks or Internet sources. 
 Typical concentrations of the amino acids in wool are given, e.g., by Zahn 
et al. (2003) and can furthermore be found in a wide variety of sources and for 
the various keratinous materials (e.g. Marshall and Gillespie, 1977; Marshall 
et al., 1991; Robbins, 2002). The high amount of sulphur found in elemental 
analysis is due to the high concentration of the double amino acid cystine 
(460 μmol/g in wool), which has two sulphur atoms forming a disulphide 
crosslink within and between protein chains.  In wool, the proportions of 
acidic and basic groups are roughly the same (800–850 μmol/g). The total 
amount of amino acids with reactive side-chain groups is about 5400 μmol/g 
compared to 3450 μmol/g for the unreactive species. The sum of these two 
figures yields a good estimate of 8850 μmol/g for the concentration of peptide 
groups in the protein chains of wool (Zahn et al., 2003).
 The side-chains account for about 50% of the protein material, interacting 
in various ways to stabilize its structure, as schematically shown in Fig. 4.3. 
From the top down, Fig. 4.3 shows first the interaction of two phenyl rings. 
In a similar way to the other apolar side-chains, they generate in water a 
hydrophobic effect, also referred to as apolar interaction, which is due to 
the aggregation of non-polar side-chains. The driving force for this effect 
is the reduction of the interface area of the side groups with, and thus the 
entropy gain of, the surrounding water molecules. 
 Second, a hydrogen bond is formed between an asparagine and a serine 
residue. Hydrogen bonds are generally formed in proteins between NH 
and C–OH groups as electron donors on the one hand and C=O and CO– 
groups as acceptors on the other. Hydrogen bonds play a central role for the 
stabilization of the a-helical structures in keratin. 
 Third, a salt bridge is shown between an arginine and a glutamic acid 
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residue, which is generally formed through the electrostatic interaction 
between cationic and anionic side-chain groups. 
 Fourth, a disulphide bridge is shown between two cysteine residues. The 
disulphide bridge plays an important role in stabilizing keratinous materials, 
leading in particular to their relatively high wet strength, moderate swelling 
and insolubility.
 Fifth, an isodipeptide bridge is formed by the reaction between glutamic 
acid and lysine. This second, though relatively rare, covalent bond is due 
to the isodipeptide Ne-(g-glutamyl) lysine, which provides an additional 
stabilizing effect in the cornified envelopes of cortex and cuticle cells (Zahn 
et al., 2005). 
 Through heat and water, two further crosslinks (not shown) are formed 
by reactions between amino acids, namely, lanthionine through the two-step 
elimination of sulphur from cystine, and lysinoalanine (Mclaren and Milligan, 
1981). 
 Two-dimensional SDS-polyacrylamide gel electrophoresis (2D SDS-PAGE) 
enables the separation of the various proteins formed by the amino acids 
(see Fig. 4.4). The proteins are extracted from the fibres through exhaustive 
reduction of the sulphur crosslinks and carboxymethylation of the resulting 
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4.3 Structural formula of a fictive peptide chain to illustrate five 
important interactions between amino acid side-chains in keratins 
(Zahn et al., 2003).
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thiol groups. Subsequently the proteins are separated according to charge 
and size (Marshall, 1981; Dowling et al., 1986; Powell and Rogers, 1997; 
Zahn et al., 2003). Figure 4.4 shows that the proteins fall essentially into 
two primary groups. These are the keratin intermediate filament (KIF) high 
molecular weight, low sulphur (LS) proteins on the one hand, and the keratin 
associated (KAP) proteins on the other. The latter in turn consist largely of 
the smaller, high sulphur (HS) and the high glycine–tyrosine (HGT) proteins. 
In each of the groups and subgroups a wide variety of individual protein 
species is observed (Haylett et al., 1971; Höcker, 2002), as summarized in 
Table 4.2. 

4.3.2 Lipids

Wool (water free) consists mainly of proteins (ca. 97%). The remainder are 
lipids (ca. 2%) and about 1% mineral salts, nucleic acids and carbohydrates. 

SDS
LS

Type II

Type I

Type I Type II

HGT

UHS

pH 8.9

HS

Unknown

4.4 Separation of wool proteins after extraction from Merino wool 
by 2D SDS-PAGE (see text) according to charge (horizontal) and size 
(vertical). LS = low sulphur, HS = high sulphur, UHS = ultra high 
sulphur, HGT = high glycine–tyrosine (adapted by Zahn et al., 2003, 
from Marshall, 1981).
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The lipids are separated into an external and an internal fraction, respectively. 
The first group derives from wool grease and is almost completely removed 
through wool washing (scouring). Refined fractions of wool grease are known 
as lanolin, with widespread use in the cosmetic industry.
 Internal lipids consist mainly of sterols (cholesterol, desmosterol), fatty 
acids (palmitic, stearic, oleic acid), and polar lipids, such as ceramides, 
cerebrosides (sphingolipds) and cholesterol sulphate (Mclaren and Milligan, 
1981; Zahn et al., 2003). These lipids originate mainly from the cell membrane 
complex, as an integral part of the keratin fibre morphology (see Section 
4.5). During cell apoptosis at the end of the keratinization process, lipids 
are trapped in various locations within the keratinous material.
 A characteristic of the structural lipids of the cuticle is the presence of a 
branched-chain C21 fatty acid, 18-methyleicosanoic acid, forming a substantial 
part of the lipids of  the F-layer (see Section 4.5), and covalently bound 
through thioester bonds to the underlying proteins (Negri et al., 1993; Zahn 
et al., 2005).

4.4 Fibre formation

Hairs grow from cavities (follicles) that extend from the surface of the skin 
through the epidermis into the dermis (Wollina, 1997). They are composed 
mainly of fibrous proteins, which characteristically contain cystin residues, 
forming intra- and intermolecular crosslinks. During hair growth a wide range 
of keratin proteins are laid down intracellularly in a defined sequence from 
which morphological fine structures develop until the cells (keratinocytes) 

Table 4.2 Primary protein fractions in Merino wool together with 
information on the contained protein families and some of their specific 
properties (Based on Haylett et al., 1971; Powell and Rogers, 1997; Parry, 
1997; Höcker, 2002; Zahn et al., 2003)

Protein Fraction, Protein family Number of Properties
fraction %  residues

Low sulphur 58 5 acid Type I, KIF 392–416
  5 basic Type II, KIF 479–506 

High sulphur 18 80–100 sulphur- 94–211 16–24 mol%  
  rich KAP  half-cystin

Ultra-high  8 3–15 ultra-high 168–197 33–37 mol%  
sulphur  sulphur-rich KAP  half-cystin

High gly/tyr  6 10 Type I gly/tyr-rich 61–84 35–40 mol% 
  proteins  gly and tyr
  5 Type II gly/tyrrich ca. 80 60 mol% gly
  proteins  and tyr

gly = glycine, tyr = tyrosine.
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finally die in the terminal stages of keratin synthesis, when the sulphur 
crosslinks are formed.
 Figure 4.5 from Powell and Rogers (1997) gives a detailed graphical 
representation of the various elements of the structure of the hair follicle 

Mature hair

Arrector pili muscle

Sebaceous gland

Outer root sheath

Inner root sheath

Cuticle

Cortex

Medulla

Dermal sheath

Basement membrane
Follicle bulb

Dermal papilla

Epidermis

Dermis

Degradation of IRS

Zone of hardening of 
hair fibre Disulphide 
bonding, resorption and 
dehytdration

Keratin gene 
expression

Cell proliferation and 
differentiation

4.5 Schematic presentation of the hair follicle (Powell and Rogers, 
1997) showing the major morphological components of the 
developing hair as well as the regions where the main events of cell 
proliferation, differentiation and keratinization take place (reproduced 
with permission).
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and the main events during hair growth. Type I and Type II keratins (see 
Table 4.2), which form the IFs, are formed as first components just above the 
bulbus (Powell and Rogers, 1997). In higher regions of the follicle HS as well 
as HGT KAPs are formed, in varying amounts for the different cell types, 
ortho, para and meso, respectively. Gene expression studies (Langbein and 
Schweizer, 2005) confirm earlier results from elemental analysis by electron 
microscopy (Jones et al., 1993) that proteins rich in sulphur are concentrated 
in para-cortical cells, while HGT proteins are preferentially found in the 
ortho-cortex. Finally, the UHS proteins of the cuticle are expressed. During 
travel towards the skin surface the cells move in different streams (Langbein 
and Schweizer, 2005), the cortical cells assuming a spindle shape while the 
outer cuticle cells become flat and rectangular to form the fibre surface, with 
overlapping scales (see Fig. 4.5).

4.5 Morphology

Keratinous fibres such as wool and hair exhibit a complex biological composite 
structure, which is common to all mammalian a-keratin fibres. Dobb et 
al. (1961) developed the first comprehensive and widely used graphical 
representation of the morphology of a wool fibre. This approach was further 
developed by Marshall et al. (1991), which is today the most widely used 
presentation concept for wool and hair (Feughelman, 1997; Schwan-Jonczk 
et al., 1998). An alternative has been developed by Zahn et al. (1997) based 
on work by Eichner et al. (1985).
 Figure 4.6 summarizes graphically the general structural features of an 
a-keratinous fibre, as adapted by Feughelman (1997, 2002) from Marshall 
et al. (1991), which apply in close analogy to all a-keratinous materials.
 In order to assist the investigation and understanding of the physical and 
mechanical properties of such a complex fibre, Zahn et al. (1980) applied 
the structural principles for fibrous composites, as shown in Fig. 4.7, and 
arrived at a hierarchically structured morphology for an a-keratin fibre, as 
given in Table 4.3. 
 On the first level, the fibre core is surrounded by the cuticle ‘skin’ as 
a protective sheath, which in the case of wool consists of a single layer 
of cuticle cells. The cells are nearly rectangular in shape and overlap like 
shingles on a roof, with the cell edges pointing towards the fibre tip. Their 
tilt angle away from the longitudinal fibre surface is about 2–3° (Bustard 
and Smith, 1990; Wortmann et al., 2003). The cuticle cell dimensions are 
generally quoted as about. 20-30 μm (Höcker, 2002) for wool and about 
50–70 μm for human hair (Swift, 1997), where these dimensions seem to be 
roughly comparable with the overall fibre diameter, respectively. For wool 
the cells have longitudinally a wedge-shaped cross-section, which give the 
cells a height of the exposed edge of about 1 μm. For other animal fibres 
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4.6 Graphical representation of the morphological structure of a 
Merino wool fibre at progressive magnifications from right to left 
(adapted by Feughelman, 1997, 2000, from Marshall et al., 1991). 

Lengthwise view

Cross-section

Skin–core Side-by-side Fibril–matrix

4.7 Structural principles of fibrous composites (adapted from Zahn et 
al., 1980).

Table 4.3 Principal types of composite structures in a-keratinous materials as 
shown in Fig. 4.7, progressing through various levels from the µm- to the  
nm-scale (see Fig. 4.6)

Level Composite Type First component Second Component

1 Fibre  Skin/core Cuticle Cortex 
2 Cortex Side-by-side Ortho-cortex Para-cortex
3 Cortex Fibril/network Cortical cells Cell membranes
4 Cortical cell Fibril/matrix Macrofibrils Intermacrofibrillar material 
5 Macrofibrils Fibril/matrix Intermediate Matrix (KAP)
   filaments (KIF)
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the cross-section is more rectangular, leading to edge height around 0.5 μm 
and below. This difference in scale edge height is an important criterion for 
the microscopic differentiation of wool and other animal fibres (Wortmann 
and Arns, 1986; IWTO-58, 2000). Each cuticular cell has its distal edge on 
the fibre surface, while the opposite edge is in contact with the cortex. With 
the high degree of overlap of the cells, e.g. for human hair, presenting only 
about 5 mm of exposed length, the apparent thickness of the cuticle in the 
fibre cross-section may be up to 10 layers, thus providing effective protection 
for the underlying fibre core. 
 The individual cuticle cell consists of four different layers of amorphous 
proteins (Bradbury, 1973) laid down in parallel to the fibre axis, namely the 
epicuticle, the A-layer, the exo-cuticle and the endo-cuticle (Swift, 1997), 
which differ strongly in their cystine and isodipeptide content. The outermost 
surface of the cuticle cells, referred to as the F-layer, largely consists of a 
monolayer of 18-methyl eicosanoic acid (18-MEA) covalently bound to the 
underlying proteins of a highly resistant membrane through thioester linkages 
(Negri et al., 1993). This composite structure of lipid layer and resistant 
membrane is the cuticular cell envelope (Zahn et al., 2005) and is generally 
referred to as epicuticle. It  can be delaminated from the underlying A-layer 
through the Allwoerden reaction with chlorine water (King and Bradbury, 
1967). The volume fraction of the cuticle for wool is generally considered 
as being of the order of 10–15% (Swift, 1997; Höcker, 2002). 
 The fibre core is the cortex, which comprises about 90% of the fibre and 
consists of a compact arrangement of spindle-shaped, strongly interdigitated 
cortical cells (length ca. 100 μm, maximum diameter ca. 5 mm) (Rogers, 
1959). Depending on the type of keratin fibre, different types of cortical cells 
are observed, namely ortho-, para- and rarely meso-cells (Orwin et al., 1984). 
Para-cells generally occupy a lower volume fraction (10–40%) compared to 
ortho-cells, but they show a higher degree of fine structural organization. 
Furthermore, they contain a larger amount of cystine and are thus higher 
crosslinked and tougher. In accordance with the chemical composition, higher 
elastic moduli have been determined for the para- (4.7 GPa) compared to 
the ortho-cortex (3.7 GPa; 19°C, 40% RH) (Caldwell and Bryson, 2005).
The properties of meso-cells are somewhat between these two extremes.
 In fine Merino wool, ortho- and para-cortical cells are laid down in a 
side-by-side arrangement (Level 2, see Table 4.3 and Fig. 4.7), which is 
generally considered to be the determining factor of fibre crimp (Cook and 
Fleischfresser, 1990). In other animal fibres neither the chemical distinction nor 
the segregation of the cell types in the cross-section is quite as apparent.
 The interface between the cells, the cell membrane complex (CMC), is a 
continuous, layered phase of proteins, lipoproteins and adjacent membrane 
lipids. The fraction of the CMC has been estimated to be about 3% (Bradbury, 
1973). As was observed quite early by light microscopy (Appleyard and 
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Dymoke, 1954), the CMC forms a continuous network around the cortical 
cells, thus formally qualifying this arrangement for the third level of structural 
differentiation (see Table 4.3) as  a filament/matrix composite (see Fig. 8.7). 
The role of the CMC for the cohesion of the cortical cells becomes apparent 
when the CMC is chemically removed. The spindle cells are released and 
the fibre disintegrates (Woods, 1936; Bradbury, 1973).
 However, due to the small fraction of CMC and the strong mechanical 
interaction of the cortical cells through interdigitation, the contributions of 
the CMC to most physical and mechanical properties of keratin fibres are 
generally considered to be negligible (Bradbury, 1973; Bendit and Feughelman, 
1968; Zahn et al., 2003).
 In coarser wools, many animal fibres and certain types of human hair, 
a medulla is also observed. The medulla cells consist of empty vacuoles, 
which are separated from each other by a fine proteinaceous network. The 
cells may occur in relative isolation or in series, up to the point where they 
generate a continuous, hollow tube in the fibre centre, such as in angora 
rabbit hair (Wortmann et al., 1989). In general, the fraction of medulla in 
individual fibre cross-sections is very variable and to some extent fibre type 
specific (Wildman, 1954). 
 A cortex cell contains around 5–20 macrofibrils with a diameter of 100–300 
nm at the widest point (Rogers, 1959). Cytoplasmatic and nuclear remnants 
form the intermacrofibrillar material, so that on the fourth level (see Table 
4.3) again a fibril/matrix composite is formed.
 The macrofibrils are composed of bundles of 500–800 intermediate filaments 
(KIF or just IF), traditionally also referred to as microfibrils. These are an 
impressive example of the self-organization of the low-sulphur, Type I and 
Type II IF-proteins, which are synthesized in the follicle at a very early 
stage of hair formation (see Section 4.4). The IFs have a diameter of about 
8 nm and are spaced roughly 10 nm apart. The space between them is filled 
by material, traditionally referred to as matrix, which consists of keratin- or 
intermediate filament associated proteins (KAPs or IFAPs) of the sulphur-
rich (HS) and the high-glycine–tyrosine (HGT) type (see Table 4.2). They 
represent about 40% of the fibre cross-section (Sikorski, 1975). Observations 
by transmission electron microscopy (Rogers, 1959; Filshie and Rogers, 1961; 
Powell and Rogers, 1997) have shown (see Fig. 4.8) that the IFs, namely in 
para-cortical cells, are arranged in highly ordered, hexagonal patterns in the 
cross-section, while being strictly parallel to the fibre axis. This makes this 
material on the fifth and final level of differentiation a nano-scaled filament/
matrix composite according to the principles underlying Table 4.3. In ortho-
cells the arrangement is less perfect; here a whorl-like pattern is observed 
(see Fig. 4.8).
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4.6 Molecular structures

Intermediate filaments (IFs) are intracellular fibrous polymers, which are a 
prominent constituent of the cell’s cytoskeleton. They are readily distinguished 
from actin microfilaments (6 nm) and microtubules (25 nm) through their 
size (10–12 nm). In mammals more than 67 genes encode proteins, which 
are able to self-assemble into IFs (Bernot and Coulombe, 2004; Langbein 
and Schweizer, 2005).
 The primary structure of IF proteins, as a basis for the formation of the 
intermediate filaments, is comparatively conservative (Parry and Steinert, 
1999) This is in contrast to the KAPs, for which the amount and composition 
are very variable within the group of hard a-keratins (Bendit and Gillespie, 
1978).
 The monomeric unit of the IF, as shown schematically in Fig. 4.9, consists 
of a mainly a-helical central rod with non-helical C- and N-terminal regions 
(Parry and Fraser, 1985; Dowling et al., 1986). The central rod consists of 
approximately 40 amino acid heptads in right-handed, a-helical sections 
with an overall length of ~47 nm (Conway et al., 1988). It is made up of 
two similar, 20–21 nm long, helical sections (1 and 2), connected by a non-
helical linker (L1,2). The sections themselves again consist of shorter helical 

(a) (b) 100 nm

4.8 Electron micrograph of porcupine (Hystrix cristata) quill tip: (a) 
cross-section of the cortex, (b) longitudinal section of the cortex. The 
staining with heavy metals results in light staining of the low-sulphur 
IFs, while the surrounding high-sulphur proteins of the matrix are 
densely stained. The hexagonal arrangement of the IFs in the cross-
section is indicated (adapted from Rogers, 1959; Filshie and Rogers, 
1961).
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rods (A and B, respectively), linked by  non-helical chain segments (L1, L2). 
The stability of various segments in the helical as well as the amorphous 
domains has been investigated by Molecular Dynamics (MD) simulation 
(Knopp et al., 1996, 1997). 
 As the first step in the assembly of an IF, two different monomers, one 
acidic (Type I) and one basic (Type II), form a parallel, super-helical, left-
handed, coiled-coil hetero-dimer, for which the structural integrity is ensured 
by the steric interaction of the side-groups of the helices (Dowling et al., 
1986; Fraser et al., 1988, Parry and Steinert, 1999).  The stability of the 
dimer association is ensured by ionic- and especially by apolar interactions. 
The latter are a consequence of the highly characteristic sequence motif of 
the amino acids in the helical segments. These follow the so-called heptad-
rule (Parry and Fraser, 1985), so that cationic and anionic amino acids are in 
suitable positions for interactions between the monomers, and apolar amino 
acids are located in a band running along the segments, and providing the 
contact region of the monomers in the dimer, as shown in Fig. 4.10. This apolar 
region winds gradually around the axis of the helix in a left-handed manner. 
Ionic and apolar interactions are thus the primary driving and stabilization 

 Heptads: 5 14–15 2–3 17

45–48 nm

N C1A 2A1B 2B

L1
L1, 2 L2

4.9  Secondary structure of a typical a-keratin monomer, namely the 
8c-1 protein of the wool intermediate filament (see text). The C- and 
N-terminal ends of the protein are marked (Parry and Fraser, 1985; 
Dowling et al., 1986).
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4.10  Amino acids in the a-helix are arranged according to a heptad 
sequence, denoted as a–g. The side-chains of residues a and d are 
apolar effecting the region of apolar interaction, as indicated by the 
grey oval. Residues e and g are negatively and positively charged, 
respectively, providing ionic interactions, represented by the broken 
arrows (adapted from Feughelman, 2002).
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forces of the coiled-coil aggregate of two a-helices. It is interesting to note 
that the 2B segment in the IF monomer shows a stagger with respect to the 
heptad rule close to its N-terminal end (Dowling et al., 1986).
 It is generally assumed (Parry and Steinert, 1999) that two dimers in 
antiparallel and staggered position form the tetramer, also referred to as 
protofilament, with a diameter of 2–3 nm. Though in vitro crosslinking 
studies indicated a number of possible arrangements (Steinert et al., 1993), 
the structure, referred to as A22, in which the 1B segments are arranged side-
by-side and the 2B segments in a slight stagger of 2–3 heptads appears to 
be especially consistent with the mechanical and thermal properties of hair 
(Wortmann and Zahn, 1994; Wortmann et al., 2006b).
 In this arrangement, shown in Fig. 4.11, the protofilament structure is 
stabilized by ionic interactions between the B segments, and especially by 
an overall number of six sulphur bonds between the 2B segments of different 
dimers, which are sterically possible by the shift of the dimers relative to 
each other by ~2 heptads (Sparrow et al., 1988). As a consequence a-helical 
blocks are formed across the tetramer by the 1A, 2A and 1B segments, 
respectively.
 Figure 4.12 summarizes from top to bottom the stepwise self-organization 
of the IF nano-structure, according to a 2n rule starting from the coiled-coil 
dimer. The protofilament (tetramer) doubles to form the protofibril (octamer), 
which again doubles to yield a half-filament, two of which finally yield the IF 
with a diameter of 8–12 nm and 32 KIF chains in the cross-section (Eichner 
et al., 1985).
 While models for ‘idealized IFs’ usually include these 32 monomers per 
filament cross-section, determinations of linear density show that this number 
can actually vary depending on the source and the type of IFs (Bernot and 
Coulombe, 2004). The actual arrangement of the tetramer and octamer is also 
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4.11 Arrangement of IF monomers in the tetrameric structure of the 
protofilament; The shaded areas indicate where disulphide bonds are 
formed between dimers (adapted from Sparrow et al., 1988).
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less well known than Fig. 4.11 would suggest (e.g. Feughelman et al., 2005). 
The general arrangement can be expected to be of the ring or ring/core-type 
(see Fig. 4.6), as early investigations by transmission electron microscopy 
(TEM) have convincingly shown (Johnson and Sikorski, 1965).
 The two basic principles of the self-organization of cytoplasmic IFs are 
first the parallel arrangement of two monomers in a dimer due to unspecific 
apolar and specific electrostatic interactions, and second the anti-parallel 
orientations of the dimers within a tetramer, which in turn leads to structurally 
apolar, mature IFs. While the first principle is well established, the second, 
though widely accepted (Bernot and Coulombe, 2004), is inconsistent with 
experimental evidence for keratin fibres, as reviewed by Feughelman et al. 

Coiled-coil dimer

Protofilament
(tetramer)

Protofibril 
(octamer)

Half-filament
(two protofibrils)

Protofibril: 4.5 nm

10-nm filament

Protofilament: 2–3 nm

8–
12

 n
m

4.12 Hierarchical structure formation in the IF according to a 2–rule 
(adapted from Zahn et al., 1997; Eichner et al., 1985).
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(2003). Namely, the dielectric and piezo-electric properties of a-keratin 
can only be explained if its a-helical dipoles are synergistically aligned 
in the axial direction. This inconsistency shows a fundamental problem of 
our current understanding of the structure of the IF, at least in this context, 
which needs further investigation.

4.7 Mechanical properties and models

4.7.1 The two-phase model for a-keratins

The complex morphological and molecular structure of a-keratins, shown 
for the example of wool in Fig. 4.6, echoes the construction principle of 
biological composite structures in general, namely to combine components 
with different properties in one material so as to maximize suitability for its 
purpose. Table 4.3 shows the stepwise differentiation of the morphological 
structure of wool into the most important two-phase structures, leading 
ultimately to the so-called two-phase model. 
 In view of their physical and mechanical properties and in agreement 
with microscopical evidence (Rogers, 1959), the dominant morphological 
components of wool and hair are partly a-helical intermediate filaments 
(IF) embedded, with largely axial orientation, in an amorphous matrix 
(Feughelman, 1959, 1997). 
 the IF monomer contains a-helical segments in series, which form larger 
aggregates in the superstructure of the IF, for which the term ‘paracrystalline’ 
(Hindeleh and Hosemann, 1991) seems to be appropriate. Rigorous 
simplification of the complex morphological structure (see Table 4.3 and 
Fig. 4.7) leads to a consideration of the cortex as effectively a nano-scaled, 
axially oriented filament/matrix composite. 
 A specific contribution of the cuticle as the outer protective sheet to the 
mechanical properties of wool or hair is considered as being largely negligible 
(Feughelman and Haly, 1960; Bendit and Feughelman, 1968). The similarity 
of the stress/strain curves of wool and human hair, differing widely in the 
effective number of cuticle layers in the cross-section, has been used as an 
argument in support of this view (Wolfram and Lindemann, 1971).
 If only the a-helical central rod-like domains in the IFs are regarded as 
crystalline or rather para-crystalline, this phase accounts for 25–30% of the 
dry fibre (Bendit, 1968; Wortmann and Deutz, 1993). The other components 
make up the ‘matrix’ phase, which includes the cuticle, the cell membrane 
complex, the intermacrofibrillar material, the inter-filament material, and 
40% of the IFs, i.e. the non-helical linkers and the ends of the IF monomers 
(Wortmann, 1992). This characteristic fibre structure leads to the marked 
differences between axial and lateral properties, as realized at a very early 
stage from the pronounced differences between axial and lateral swelling, 
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as well as between extensional and torsional properties (Onions, 1962). 
 Curves c and d in Fig. 4.13 show the swelling of wool fibres from dry 
to wet with increasing regain. In the follicle the keratin fibre is produced 
under wet conditions. Upon drying, the para-crystalline filaments will resists 
shrinkage so that on rewetting or swelling from the dry state the length 
change is rather small, 1–2%. Radial swelling is a property of the amorphous 
matrix only. The effect is a rather large difference of 16% between dry and 
wet and reflects the strong tendency of the matrix to absorb water. This 
stability of the a-helical fraction in the IFs (Bendit and Feughelman, 1968; 
Feughelman, 1989) is an interesting phenomenon in view of the generally 
assumed sensitivity of the a-helix against water, which in turn is attributed 
to the extensive hydrophobic interactions within the coiled-coil structure 
and the high degree of para-crystalline aggregation (see Section 4.6).
 The tendency of keratin fibres to absorb and to be effectively plasticized 
by water is reflected in the decrease of the elastic modulus with humidity 
from dry to wet (see Fig. 4.13, Curve d). The effect is limited to a factor 
of 2.7 due to the humidity-invariant modulus of the filaments. Accordingly, 
the decrease is substantially more pronounced for torsion (Curve c), which 
is a property of the matrix only, with a factor of about 15 (Speakman, 
1930; Bendit and Feughelman, 1968). Similar factors have been observed 

4.13 Changes of swelling and moduli with regain for wool fibres: 
(a) length swelling; (b) radial swelling; (c) torsional modulus; (d) 
extensional modulus (Zahn et al., 2003, adapted from Onions, 1962).
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in extensional relaxation experiments of wool fibres, when separating the 
elastic and viscoelastic contributions of filaments and matrix, respectively 
(Wortmann and DeJong, 1985a)
 The elastic and viscoelastic properties of wool fibres, as determined 
by the mechanical properties of IFs and matrix, largely determine crease 
resistance, dimensional stability, drape and handle of wool fabrics, while 
they are decisive factors for water wave formation and stability in human 
hair.

4.7.2 Elastic moduli of specific morphological 
components

On stretching and relaxing wool fibres in the linear viscoelastic region (e < 
0.8%), the behaviour of the crystalline phase is linearly elastic (Wortmann 
and DeJong, 1985b; Feughelman and Robinson, 1971) and that of the 
matrix phase is linearly viscoelastic. The matrix completely relaxes with 
a speed depending on relative humidity (Wortmann and DeJong, 1985a). 
The equilibrium modulus is independent of water regain and attributed to 
the helical fraction in the IFs. Taking into account the uncertainties for the 
fraction of helical material, its modulus Ehx is determined in the range of 
(Zahn et al., 2003):

  Ehx = 7.8–9.6 GPa

the a-helix is essentially stabilized by axial hydrogen bonds. It is thus 
not surprising that the estimated range for the modulus agrees well with 
the modulus of hydrogen-bonded, crystalline ice (ice I, 0°C: E = 10 GPa; 
Fletcher, 1970). A similar value was expected from low temperature modulus 
determinations of wool (Druhala and Feughelman, 1971, 1974). This agreement 
of the modulus values emphasizes the ideal arrangement and cooperation of 
the relatively short a-helical segments in the microfibrillar para-crystal. 
 The limiting, elastic modulus of the dry (d) and wet (w) matrix Em are 
calculated to be 

  E Em
d

m
w= 6.1–6.6 GPa, = 0.5 GPa

  E Em
d

m
w/   13≈

Under standard conditions (65% RH, 20°C) the matrix modulus is 3 GPa 
(Wortmann and DeJong, 1985a; Wortmann, 1992).
 The dry/wet ratio of the moduli for the matrix is, as to be expected, in 
good agreement with the ratio of the corresponding torsional moduli (Gd/Gw 
≈ 15) shown in Fig. 4.13, since in a filament/matrix composite the torsional 
behaviour is a property of the matrix.
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 The rather small difference between the moduli of crystalline helices and 
amorphous matrix in the dry state is attributed to the fact that under these 
conditions both components are stabilized by an array of hydrogen bonds. 
These are broken in the matrix under the influence of water, while they 
persist in the helical regions, due to the hydrophobic interactions and the 
high degree of aggregation. 
 The matrix in the two-phase model also includes the cuticle, which forms 
a distinctive, ring-like protective sheet around the fibre core, representing 
about 10% by weight of the fibre. Though the simplification appears to be 
well justified within a specific theoretical and experimental framework, 
various mechanical scenarios, such as in bending and torsion of human hair, 
where diameter-related effects gain relevance, can be envisaged where the 
cuticle would be expected to play a major role (Liu and Bryson, 2002). 
 Various approaches have been undertaken to determine the moduli of the 
various layers of the cuticle. Bryson and co-workers (Parbhu et al., 1999), 
using nano-indentation, determined elastic moduli under ambient conditions 
of 19.8 GPa and 3.8 GPa for exo- and endo-cuticle, respectively. The latter 
value looks reasonable in view of the modulus range of the matrix in wool 
(see above), while the value of the exo-cuticle layer appears to be quite high. 
Both values are orders of magnitude higher than those measured by Gibson 
et al. (2001) for the surface of wool fibres (<10–3 GPa). In later work Bryson 
and co-workers (Caldwell and Bryson, 2005) determined elastic moduli for 
the cuticle in the range of 3 GPa for both layers of the cuticle, considering 
their initial high reading for the exo-cuticle as an artefact.  
 However, calculations by Stapels (2001) showed that the significantly 
lower cohesive bending set of human hair without cuticle, compared to 
native hair, can be explained if the modulus of the exo-cuticle is assumed 
to be of the order of 20 GPa. This observation gives support for the initial 
value given by Parbhu et al. (1999) and furthermore emphasizes the need 
to take specific care to appreciate, for a specific experimental situation, the 
limitations of the two-phase model for a-keratinous materials. 
 Specific applications of structural composite theory to a-keratins have 
been realized by Curiskis and Feughelman (1983) and more recently by 
Liu and Bryson (2002), and further extended to Molecular Dynamics (MD) 
simulations by Akkermans and Warren (2004).

4.8 Thermal transitions

The complex morphology of wool and hair fibres leads obviously to a wealth 
of facets of their structural and physical properties, a good number of which 
have been reviewed by Feughelman (1997). After detailed considerations 
of the interrelations between fibre morphology and structural models as 
well as component moduli, in what follows the various temperature- and 
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humidity-induced transitions of the a-keratinous materials as viscoelastic, 
semi-crystalline, fibre/matrix composites are reviewed.

4.8.1 The viscoelastic, a- and b-transitions

Hard a-keratins show those viscoelastic transitions which are characteristic 
for semi-crystalline polymers, such as a low temperature b- and a higher 
temperature a-(glass) transition.
 Druhala and Feughelman (1971, 1974) investigated the dynamic E-modulus 
of horse hair and rhino horn between –180°C and room temperature for 
a wide range of water contents, finding distinct peaks in the tand values, 
signifying the b-transition temperature Tb , where the mobility even of short-
chain segments or protein side-chains is frozen. The data are summarized 
in the lower curve of Fig. 4.14. 
 Since temperature and low molecular weight plasticizers have similar 
effects on the mobility of polymer chains, it is to be expected that also the 
glass transition temperature Ta (∫ TG) will depend on water content. Over 80 
years age King (1926) investigated the density and specific volume of wool 
at different water contents (25°C), yielding around a water weight fraction 
of 17.5% the turnover between the classical linear changes for polymers 
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4.14 Tb values taken from Druhala and Feughelman (1971, 1974) 
(j) and values for TG from Rosenbaum (1970) (m), Wortmann 
et al. (1984) (d) and Phillips (1985) (¥), as well as the analytical 
descriptions based on the Fox equation, plotted against water 
content.
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above and below the glass transition. Rosenbaum (1970) investigated to what 
extent the Flory–Huggins equation for polymer solutions (Flory, 1953) could 
be applied for the description of the sorption isotherm of wool. The glass 
transition temperature was determined as the lower limiting temperature of 
applicability, beyond which the wool/water system transfers into the glassy 
state.
 Wortmann et al. (1984) investigated the torsional recovery of wool fibres 
for various temperature/humidity combinations, combining their values with 
data from various other experiments. These investigations were followed 
up by Phillips (1985) and others (Huson, 1991; Kure et al., 1997) using 
differential scanning calorimetry (DSC). The upper curve in Fig. 4.14 
summarizes the results from Rosenbaum (1970), Wortmann et al. (1984) 
and Phillips (1985).
 In the literature a number of approaches, differing in complexity (Gordon 
and Taylor, 1952; Couchman and Karasz, 1978), are described for the relation 
between glass transition temperature and plasticizer content. Analysis of the 
data (Wortmann et al., 1984) shows, however, that wool as well as human 
hair (Wortmann et al., 2006a) already follow well the simplest of these 
approaches, namely the Fox equation (Fox, 1956):

  1/TG = w1/TG1 + w2/TG2     4.1

where w is the weight fraction and the subscripts 1 and 2 refer to dry wool 
and pure water, respectively. 
 For wool the data could be well fitted to the data without any assumptions 
about the glass transition temperatures of the pure components, yielding 
through extrapolation (Wortmann et al., 1984) TG1,wool = 447 K (174°C) 
and TG2,water = 125 K (–148°C). Considering the extrapolation range, the 
value for wool is in good agreement with torsional data by Menefee and Yee 
(1965) giving TG,wool = 175°C. As discussed by Kalichevsky et al. (1992), 
for water there seems to be a general consensus that TG falls into the region 
between 130–145 K, which is in good agreement with the extrapolated value 
obtained for the wool/water system. The line through the TG data in Fig. 
4.14 was determined on the basis of Equation 4.1 and the parameters given 
above. The visual assessment of the fit shows that the values of all three 
experimental approaches are equally well described by the Fox equation. 
Between ‘dry’ and ‘wet’ the glass transition temperature of wool changes by 
180°C from 170–180°C to –5°C. At 65% RH with a water content of about 
15% the glass transition temperature is around 50–60°C, so that under the 
conditions of normal climate wool is a semi-crystalline, glassy polymer. The 
tb values in Fig. 4.14 can also be very well described by the application 
of the Fox equation (regression coefficient 99%), yielding Tb,wool = 224 K 
(–49°C) and Tb,water = 63 K (–210°C). 
 Looking at other keratin fibres, it is interesting to note that the glass 
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transition temperature of human hair (144°C) is 30°C lower than that of wool 
(174°C) (Wortmann et al., 2006a). This result is rather unexpected, because 
hair is generally more hydrophobic in nature due to a higher fraction of high-
glycine–tyrosine (HGT) proteins (Gillespie and Frenkel, 1972; Wortmann et 
al., 1995). It is speculated that these proteins may induce a lower amount of 
hydrogen bonding in the matrix, stabilizing the glassy state, and may thus 
act as an ‘internal’ plasticizer (Wortmann et al., 2006a). 
 The applicability of the Fox equation for Ta as well as for Tb assumes 
a homogenoeus distribution of water in the fibre. In view of the general 
two-phase structure of keratin fibres (neglecting the cuticle for the current 
argument) this is at first sight surprising, since the structure contains about 
20–30% helical material, which does not absorb water. In nylon 6 as well 
as nylon 66, water sorption drops with the degree of crystallinity (Puffr and 
Sebenda, 1966). The same principle seems to apply for a variety of partly 
a-helical proteins, such as lactoglobulin, zein and others (Breuer, 1972). 
Against this background Kure et al. (1997) and Pierlot (1999) applied for 
their work on wool a crystallinity-related bias to arrive at a value for the 
effective water content of the matrix. 
 The applicability of the Fox equation leads, however, to the conclusion 
that water realizes a pseudo-homogeneous distribution in the fibre, where 
similar relative amounts of water are adsorbed onto the surface of the 
helices as they are absorbed into the matrix. This conclusion is supported 
by investigations by Mellon et al. (1949) and Watt (1963), who showed that 
the sorption isotherm of wool remains largely unaffected when the helical 
fraction had been rendered amorphous. Stapels and Wortmann (2000) and 
Wortmann et al. (2006a) have shown that neither the water content nor the 
glass transition of human hair is affected by the thermal denaturation of the 
a-helical structural component.
 The humidity and temperature range between the b- and the a-transition 
defines the range where the phenomenon of physical ageing (Struik, 1978) 
occurs, which plays an important role in the understanding of various aspects 
of the appearance retention of wool fabrics, such as wrinkling (Chapman, 
1975a, 1975b; Wortmann and DeJong, 1985a), as well as for the stability of 
water waves in human hair, as an analogous phenomenon (Stapels, 2001).

4.8.2 The denaturation transition

Using differential thermal analysis (DTA) and pressure-resistant sample 
containers, Ebert and Mueller (1965) and Ebert (1967) investigated the 
transition of wool fibres in various agents to study the phenomenon of 
supercontraction. For some of the conditions they applied, they observed 
multiple transitions at temperatures above approx. 100°C. The transition 
is due to the denaturation of the a-helical material in keratin. Haly and 
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Snaith (1967) also used DTA to examine the performance of wool samples 
sealed into glass containers with various amounts of water. They observed 
a phase transition, often a doublet, which shifted with water content from 
approx. 230°C for dry wool to 140°C for wool in excess water. Spei (1990) 
reviewed his use of DSC to investigate the denaturation behaviour of various 
keratins in the dry state. Taking advantage of the shift of the peak to lower 
temperatures in water, Crighton and Hole (1985) developed a measurement 
cell for high pressure DTA to study the pronounced pressure dependence of 
the denaturation transition of keratins. 
 Wortmann and Deutz (1993) investigated the denaturation performance 
of various keratins in water by DSC, applying commercially available steel 
capsules, which gave safe access to temperatures of about 180°C, so that 
the denaturation transition temperatures as well as the enthalpies could 
be determined under conditions of equilibrium water vapour pressure. 
Denaturation temperatures are typically in the range of 110°C to 160°C, 
that is, well removed from pyrolysis conditions (Spei and Holzem, 1989; 
monteiro et al., 2005).
 Figure 4.15 shows a typical DSC curve for mohair (hair of the Angora 
goat) and Merino (sheep) wool in water. As further materials, rhinocerous horn 
(RH), porcupine quill (PQ), finger nail (FN), echidna quill (EQ), European 
(EH) and African (AH) human hair were investigated (Wortmann and Deutz, 
1993). Usually keratins show a single-peak structure for the denaturation, 
though double peaks were frequently observed for wool (Haly and Snaith, 
1967; Spei and Holzem, 1989)
 Investigating eight a-keratins differing in their cystine content, the 
denaturation enthalpy in water was found to be largely material invariant 
at DH = 17.1 J g–1 dry keratin (Wortmann and Deutz, 1993). Assigning the 
enthalpy exclusively to the denaturation of the helical material leads to the 
conclusion that thus also the helix content for the materials is largely the 
same, estimated to be 25–30%, in accordance with literature data (Spei 
and Holzem, 1989). The large variation of the denaturation enthalpy that 
was observed by Spei and Holzem (1989) and Spei (1990) for a variety of 
keratins by ‘dry’ DSC could not be confirmed. This cannot be attributed to 
an effect of humidity, since Cao and Leroy (2005) showed for human hair 
that the denaturation enthalpy is not affected by the water content. 
 Feughelman (1989) reviewed the evidence originating from X-ray, infrared 
and mechanical experiments and showed that keratin fibres contain 25–30% 
crystalline, a-helical material. Horikita et al. (1989) determined by X-ray 
diffraction techniques helix crystallinities between 24 and 31% for different 
wools, various goats and cameloid fibres, and for angora rabbit hair, without 
detecting any significant material specific variations. Cao and Billows (1999) 
more recently again conducted wide-angle X-ray diffraction experiments, 
finding somewhat lower values of 14–18% for Lincoln and Merino wool.
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 The denaturation enthalpy reflects the progress of the helix–coil transition in 
the crystalline sections of the intermediate filaments, where the concentration 
of cystine is low and the location and distribution of the sulphur crosslinks 
are known to be material invariant (Sparrow et al., 1988). Hence, the 
independence of DH of the cystine content of the material (Wortmann and 
Deutz, 1993) is plausible, if not expected. 
 The cystine crosslinks are in fact mainly located outside the helical regions 
and in the matrix material. Accordingly, a significant positive and largely 
linear correlation was found between denaturation temperature and cystine 
content for various keratins, as shown in Fig. 4.16 and in accordance with 
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literature observations (Crighton and Hole, 1985; Spei and Holzem, 1989). 
The differences in the denaturation temperatures for the various keratins 
can hence largely be attributed to differences in the matrix material, mainly 
related to its cystine and thus crosslink concentration. The matrix in this 
context comprises the non-helical parts of the IFs, the material between the 
IFs, and all other amorphous, morphological components.
 When the helical sections in the intermediate filaments undergo the 
helix–coil transition a major shape change is the consequence, which also 
imposes a large deformation on the amorphous matrix in which they are 
embedded. The higher the amount and the viscosity of the matrix material, 
the more hindered the general shape change of the filaments will be, and the 
higher in consequence the denaturation temperature in a constant heating rate 
experiment. This kinetic control is reflected in the pronounced heating rate 
dependence of the denaturation temperature (Deutz et al., 1991) which has 
to be seen in relation to the pronounced pressure dependence as observed 
by Crighton and Hole (1985). The shift of the DSC denaturation peak with 
heating rate is in fact different for the two peaks of the bimodal endotherm 
of Merino wool (Deutz et al., 1991). 
 Furthermore, consideration of this model leads to the consequence that the 
double-peak structure in the endotherm, observed quite frequently for wool 
and less frequently for other materials, is related to the denaturation of the 
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helical fraction in intermediate filaments embedded in matrices of different 
cystine contents. The morphological components to satisfy this condition are 
readily identified as ortho- and para-cortical cells. The differences in cystine 
content between the two types of cells, being relative low in the ortho- and 
higher in the para-cells, lead to an estimate for the differences in denaturation 
temperatures between the cell types that is in satisfactory agreement with the 
experimental observation. This interpretation of the bi-model endotherm by 
Wortmann and Deutz (1998) confirmed the hypothesis, first put forward by 
Haly and Snaith (1967), Crighton and Hole (1985) and Crighton (1990).
 Attributing the endotherm doublet to the ortho/para structure of certain 
keratins is in contrast to the older hypothesis by Spei and Holzem (1989), 
who attributed the second peak to the matrix (cystine decomposition). Spei’s 
hypothesis was again take up by Cao (1997) and finally comprehensively 
disproved by DSC investigations on separated ortho- and para-cortical cells 
from Merino wool by Wortmann and Deutz (1998).
 Literature data indicate that a decrease of denaturation enthalpy, such as 
due to weathering of hair or wool (Schmidt and Wortmann, 1994), which is 
associated with damage to the a-helical material, is not necessarily accompanied 
by a loss of X-ray crystallinity (Kanetaka et al., 1993). Rather intriguing 
examples are mammoth (Gillespie, 1970) as well as mummy hair (Bertrand 
et al., 2003), for which various analytical approaches indicate extensive 
damage to the intermediate filaments, while the overall structure of their 
a-helical fraction, as seen by X-ray diffraction, appears largely unperturbed. 
Kuzuhara (2006, 2007) on the other hand, using Raman spectroscopy, 
showed protein denaturation in human hair from a- to random form by 
oxidation and reduction. This scattered and somewhat anecdotal evidence is 
considered as being supportive in the context of DSC investigations for the 
‘native helix’ hypothesis (Wortmann et al., 2002, 2006b). This hypothesis 
maintains that the denaturation enthalpy relates in fact only to the amount 
of ‘native’ a-helical material, which still shows a denaturation transition, 
rather than the total amount of a-helical material in hair, which may already 
be chemically degraded to some extent.
 The theory that the denaturation enthalpy is related to the amount of 
a-helical material in keratin while the denaturation temperature reflects the 
thermal stability of the matrix has been successfully applied to interpret the 
effects of cosmetic treatments such as bleaching and perm-waving in the 
IFs and the matrix of human hair (Wortmann et al., 2002), including kinetic 
aspects of the process (Wortmann et al., 2006b, 2008). The specific role of 
the denaturation transition for the setting of wool fabrics has been elucidated 
in some detail by DeBoos (1987).
 With the consideration from the model that the denaturation temperature 
of the helices is controlled by the viscosity of the surrounding matrix, it is 
not surprising that the denaturation temperature drops with the water content, 
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as shown by Haly and Snaith (1967) by DTA experiments on wool. Similar 
experiments have recently been conducted by Cao and Leroy (2005) on 
human hair, applying DSC. It is interesting to note that they showed that 
the denaturation enthalpy is not affected by a change of water content. The 
results obtained for the denaturation temperature by both groups of authors 
are summarized in Fig. 4.17.
 The decrease of the denaturation temperature of the a-helical material in 
keratin with water content cannot primarily be attributed to the plasticization 
of the matrix, since the denaturation temperatures at all water contents are 
well above the TG of the matrix. The minimum difference between TG and 
TD is about 40°C for wool and 70°C for hair in the dry state. It is thus a 
genuine effect of water on the denaturation process of the helical material. 
The differences between the TD data groups for wool and hair in Fig. 4.17 
fall into the range expected from Fig. 4.16, due to the differences in cystine 
content and thus crosslink density of the matrix in both materials.
 To interpret the water-induced depression of TD for wool, Haly and Snaith 
(1967) applied the Flory theory of the melting point depression of polymer 
crystals by diluents (Flory, 1953), yielding in a form adapted to the current 
discussion:

  1 0 2/ T T R H V VD D hx hx 1 1 1 – 1/  = ( / ) ( / ) (  – )D F Fc  4.2

Wool

Caucasian hair

Asian hair

 0 0.04 0.08 0.12 0.16 0.20 0.24
Water content

D
en

at
u

ra
ti

o
n

 t
em

p
er

at
u

re
, 

°C

220

210

200

190

180

170

160

150

4.17 Denaturation temperatures for wool determined by DTA (Haly 
and Snaith, 1967) and for human hair by DSC (Cao and Leroy, 2005) 
up to the range of maximum water uptake of keratins. The solid line 
is the heuristic fit of the data for wool, approximating closely to any 
fit of the data applying the Flory equation (Equation 4.2).
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where TD is the denaturation temperature of the helical material in keratin 
with water and TD

0
 that in the dry keratin, respectively; R is the gas constant 

(8.3143 J K–1mol–1); DHhx is the melting enthalpy per mole of helical material; 
Vhx is the molar volume of helical material and V1 the molar volume of water; 
F1 is the volume fraction of water calculated from water content applying 
densities of 1 g/cm3 and 1.31 g/cm3 for water and keratin, respectively; 
and c is the helix/water interaction parameter. A similar form of the Flory 
equation is given by Cao and Leroy (2005).
 To evaluate Equation 4.2 and in view of the data scatter in Fig. 4.17, 
all data for wool as well as for hair were combined up to the value of the 
maximum water content (<25%). They were submitted to a non-linear 
regression procedure (Wortmann, 2007), using the Levenberg–Marquardt 
approach to achieve minimization of the least-squared errors (Statistica, 
2002), yielding (regression coefficient = 0.977, ±95% confidence limits):

  1/  = 2.093*10 ± < 10 , giving   = 205°CD
0

D
0T T– –3 6

  (R/DHhx )(Vhx/V1) = 1.38*10–3 ± 0.25*10–3

  c = 1.33 ± 0.42

so that c lies with 95% probability between 0.91 and 1.75.
 This value for the helix/water interaction parameter is in good agreement 
with the value of c ≈ 1.1 obtained from fitting, in the context of the Rosenbaum 
model (Rosenbaum, 1970), the Flory–Huggins equation to water sorption 
data for wool (Wortmann et al., 2007). This result corroborates the theory 
of the effectively homogeneous distribution of water throughout the keratin 
structure (Wortmann, 2006a).
 Calculating DHhx from these data yields an estimate of 256 J g–1, based 
on the weighted mean of 114 g mol–1 for the amino acid residues in the 
low-sulphur protein fraction (Wortmann and Deutz, 1993; Marshall and 
Gillespie, 1977). With a value of DH = 17.1 J g–1 measured for keratins in 
water (Wortmann and Deutz, 1993) this would yield a very low degree of 
crystallinity of about 7%, which is lower by a factor of about four than the 
experimental expectation value of 25–30%.
 Haly and Snaith (1967), making reference to Flory’s (1953) lattice model, 
introduced a bias for the water volume fraction of 1/4.7 = 0.21, which is 
the ratio V1/Vhx. This approach implies that only about 20% of the water 
associated with the helical material is effective in the denaturation process. 
Cao and Leroy (2005) introduced a bias of similar size, equating this fraction 
of ‘effective’ water in a non-obvious way with the crystallinity of keratin 
and linking this to the hypothesis that all water taken up by a fibre resides 
exclusively in the matrix, as discussed above. With a bias of this size, Haly 
and Snaith (1967) as well as Cao and Leroy (2005) found good agreement 
with the experimental values for the denaturation enthalpy (Haly and Snaith, 
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1967), but also a very high value for the helix/water interaction parameter 
of c = 4.5 (Cao and Leroy, 2005). 
 The author does not assume that this exceptional size of the interaction 
factor contributes to a deepened understanding of the helix/water interaction in 
keratins, but it rather suggests a serious gap in our understanding of the role 
of water for the denaturation transition, which merits further investigation, 
namely in view of the practical relevance of this process (DeBoos,  
1987). 

4.9  Conclusions

The science relating to a-keratinous materials is a very mature field. Hair 
fibres are produced in follicles, which are easily accessible and suitable 
models for active organs of protein synthesis. Accordingly, comprehensive 
information is available on the proteins of material of specific relevance, 
such as wool and hair, their sequences, the sequence of their synthesis 
and deposition in the cause of hair formation. Numerous studies have also 
addressed the complex questions of self-organization, namely of the IF/
matrix complex (Bernot and Coulombe, 2004). Though important aspects of 
the final structure of the IFs are still unclear, impressive progress has been 
made in understanding the structure of a-keratins.
 The progressive self-organization of the proteins during hair growth leads 
to a nano-scaled fibril/matrix composite with a protective skin with overall 
high performance characteristics with respect to its biological function. Against 
this background a-keratins are potentially interesting models for biomimetic 
materials.  To further this potential, and in this sharing the view of Hearle 
(2003, 2007), it would, however, be necessary to develop a total model for 
the structural mechanics of a-keratinous materials (Bryson et al., 2005). 
This would bring the understanding of the structure–property relationships 
at all levels of organization between micro- and nano-scales to a degree of 
sophistication comparable to that achieved for the biochemical aspects. 

4.10 Sources of further information and advice

As pointed out above, the field of science that investigates the biological, 
chemical, physical and mechanical properties of a-keratins in general and of 
specific fibres is very mature indeed. This applies especially for those fibres 
that are of textile (wool) or cosmetic (human hair) relevance. Accordingly, 
a very wide range of review articles and books are available and have been 
referenced in this article, covering the whole scope of fundamental as well 
as strongly applied topics, such as textile and cosmetic processing.
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The structure of silk 

F Vollrath, D Porter and C DiCko,  
University of oxford, Uk

Abstract: A key feature of silk fibres is the carefully controlled assembly 
and directed growth that produce hierarchical structures at all length scales. 
The final result is a material of outstanding strength, functional flexibility 
and often with self-healing properties. Some salient results in silk research 
are reviewed to identify the fundamental ‘bio-principles’ that make silk a 
remarkable system to study. Specific aspects of silk diversity and versatility 
are presented.

Keywords: fibre, biomaterial, extrusion spinning, spider, silk worm.

5.1 Introduction

5.1.1 What is silk?

The word ‘silk’, primarily and in commercial parlance, defines fibres spun by 
larvae of the silk-moth Bombyx mori, which for commercial use are collected 
by unravelling the pupal cocoons (Asakura and Kaplan 1994; Lee 1999). 
However, other insects produce protein fibres with specific properties, such 
as the threads produced by many other moths and some butterflies (as larval 
safety-lines or pupal cocoons) or spun by caddis-flies (for underwater nets 
and ‘houses’), by bees and wasps (in their wax- and paper-works), by fleas 
(for cocoons) as well as by non-insects, mostly arachnids such as mites (in 
protective nets) and, especially, spiders, which use it for a wide range of 
purposes (Craig 1997, 2003). These lepidopteran, neuropteran, hymenopteran, 
siphonapteran, acarid and araneid silks share much of their biophysical and 
biochemical make-up, while at the same time displaying a range of interesting 
(and occasionally functionally important) differences. Notwithstanding the 
differences, the basic structural component of all major silks is the ‘nylon 
2.2’ backbone of the macromolecule, while the basic functionality of all silks 
relies on the interaction between the amide groups of the backbone and the 
water molecules that surround it. 
 The silks of the lepidopteran moth Bombyx mori (the commercial silk 
worm) and a number of only very distantly related saturnid moths like 
Antherea spp. (wild silks) are the mainstay of commercial silk production 
and consumption (at ca. 80 000 tons p.a.).  Research on these silks tends to 
focus on commercial use and improvement of quality (Vollrath and Knight 
2004). On the other hand, spider silks (and the silks of other arthropods) so far 
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are outside the commercial world, and consequently research focuses almost 
exclusively on gaining novel insights into the structure–property–function 
relationships of the constituent components of these materials (Vollrath and 
Porter 2006a, 2006b). Such research, basic for now, will become invaluable 
if and when the production of microbial and/or synthetic production of silk 
spinning feedstock becomes economically viable.

5.1.2 Aim of this review

To understand the importance of these studies we need to briefly discuss silk 
biodiversity and experimental access to each type of fibre. The biological 
use of a silk, and the history of its evolution, with the forces of selection 
interacting with the resistance of tuning the material creating subsequent 
adaptations. For example, threads used for protective shelters (like in the 
silkworms) require resistance to drilling and biting but not (necessarily) 
elasticity, whereas the capture threads of spiders need exactly that: great 
elasticity because a web would just not function without it. This comparative 
approach coupled to state-of-the-art instrumental and theoretical analysis are 
presented and reviewed.

5.2 Silk mechanics

Natural silks are extremely fine, tough, strong and extensible even compared 
to standard polymers (see Fig. 5.1). A surprisingly diverse range of animals, all 
arthropods, generate a wide plethora of silks from a highly diverse number of 
production systems (Vollrath and Selden 2007). Some of these silk producers 
have only one type of gland while others have a veritable ‘battery’ of them, 
producing either the same kind or a wide range of very different types of 
silk filaments, fibres, ribbons, ‘cements’ or glues. Some animals, such as 
spiders, make silks throughout their life for a wide variety of purposes, 
while others, such as many insect larvae, make silk only rarely or indeed 
once, and in that case typically for a highly specific use (such as making a 
cocoon for pupation) (Foelix 1996). Accordingly, a single silk filament can 
range from a few nanometres in diameter to a few microns, and in length it 
can range from a few millimetres to over 1000 metres. In short, silk is not 
easily defined, nor is it easily placed in the context of protein extrusions.

5.2.1 Tensile properties

Among the animal taxa that produce silk, spiders stand out. Hence spider 
silks give perhaps the best image of the commercial potential of these 
interesting biopolymers. After all, spiders are the only animal order where 
all members rely heavily on the use of silk. And these animals rely on silk 
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in all walks of life, not only in one stadium and for only one or two very 
specific purposes.  Moreover, all spiders produce more than one type of silk; 
some spiders, the orb-weavers for example, produce up to seven different 
types (Kovoor 1987), all with different material properties and for a wide 
range of different functions (see Fig. 5.2) (Kovoor 1990). Figure 5.3 shows 
variation of one type of silk (major ampullate or dragline) across species 
(Vollrath and Knight 2001).
 In this dependence on the spinning conditions, silkworm silks resemble 
spider silks (see Section 5.5), which have led the way in recent silk studies 
principally because of one feature, experimental access. Spiders are much 
more amenable than silkworms to experimental manipulation, not least 
because the spider spinning from its abdomen cannot cut a thread if its 
feet are kept away, while a silkworm, spinning from its mouth, can easily 
bite through the thread. However, spider silks have another advantage over 
silkworm silks. The best of them (in terms of quality expressed in commercial, 
not biological, terms) are much ‘better’ than silkworm silks. For example, 
radius threads of Nephila show good extensibility, high tensile strength, 
large hysteresis and great toughness. For example (Vollrath et al. 2001), 
a radial/dragline thread drawn from the major ampullate (MAA) glands 
of mature female Nephila edulis (average weight 527 ± 103 mg, mean ± 
s.d.) at control spinning conditions (a drawing speed of 20 mm s–1 and a 

5.1 Comparative mechanical properties of some major polymer and 
biopolymer fibres. Modified from Wynne (1997).
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5.2 Golden orb spider silk functions and associated mechanical properties. Modified from Vollrath and Porter (2006b).
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temperature of 25°C) have an average silk diameter of 3.35 ± 0.63 µm with 
a normalised average breaking strain of 0.39 ± 0.08%, a breaking stress of 
1.15 ± 0.20 GPa, an initial modulus of 7.87 ± 1.85 GPa, a yield stress of 
0.153 ± 0.058 GPa and a breaking energy of 165 ± 28 kJ kg–1. These fibres 
had a moderate positive Poisson ratio with a linear thinning ratio of ca. 5% 
for each 10% of strain. Thus, MAA dragline silk from Nephila spiders has 
high initial modulus (~14 GPa), good tensile strength (~1.5 GPa) and high 
extensibility (~40 %), which are all desirable features for a polymer fibre 
(Madsen et al. 1999). Moreover, this kind of silk also shows remarkable 
toughness at temperatures as low as even below –60°C, as well as tough 
fracture behaviour even in liquid nitrogen (Yang et al. 2005). Even more 
unusual, the elongation to break decreases with increasing temperature 
and reaches a minimum around +70°C. Strength and toughness of this silk 
begin to decrease around +100°C, while the degradations temperature lies 
around 370°C (Yang et al. 2005). Thus, this benchmark MAA spider silk 
retains its exceptional mechanical properties over a temperature range from 
at least –66°C (and probably down to liquid nitrogen temperatures) up to 
about +100°C.
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5.3 Mechanical properties across spider species. Stress–strain 
characteristics of dragline silk reeled from different web-building 
spiders: Euprosthenops sp. (Pisauridae) (1), Cyrtophora citricola 
(Araneidae) (2), Latrodectus mactans (Theridiidae) (3), Araneus 
diadematus (Araneidae) (4) and Nephila edulis (Tetragnathidae) 
(5). The data (Vollrath and Knight 2001) were collected under 
comparable conditions by artificial reeling. They show that the silk of 
Euprosthenops (1) is stiffer and requires more force to break it but is 
much less elastic and thus takes up less energy than the comparable 
silk of Nephila (5); the characteristics of the other species lie in 
between. We note also the differences in the initial moduli and 
yielding points.
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5.2.2 Torsional properties

A novel application of the torsional pendulum has been implemented 
by Emile et al. (2007). They use the high sensitivity of the technique to 
explore the viscoelastic behaviour of silks (Fig. 5.4). It is important to note 
that such techniques are less sensitive to flaws and ‘non-destructive’, and 
are a complementary approach to tensile testing. The authors explored the 
dynamics of the relaxation of the amino-acid polymers of the spider draglines 
and compared it to known synthetic polymers and metal. In a very elegant 
manner, the authors demonstrated the existence of the torsional self-shape-
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5.4 Torsional behaviour of spider silks. Modified from Emile et 
al. (2007). (a) and (b) experimental torsion pendulum relaxation 
dynamics of four filaments: two splder dragline (diameter 2–3 µm) 
as well as Kevlar 29 (poly paraphenylene terephthalamide, 10 µm) 
thread and a copper wire (50 µm). Dotted line: new equilibrium 
position (c) torsional logarithm relaxation behaviour of a rubber resin 
adhesive system (RRAS) vs. the Araneus diadematus spider dragline. 
Black points: experimental measurements; line: theoretical fit; dotted 
straight lines: time constants associated with the different torsional 
levels of relaxation (d) experimental setup. 
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memory effect in different types of spider draglines, a thread that exhibits a 
behaviour different not only from man-made polymers or crystalline metallic 
threads but also from the common visco-elastic filaments.
 Fascinatingly, it appears that in the spider dragline threads, selection against 
twisting has led to the evolution of a self-shape-memory material. The authors 
interpret the self-repair in spider’s silk filament to be based on reformations 
of non-covalent bonds that mainly include hydrogen bonds (Pauling et al. 
1951) and van der Waals interactions. These would occur at different levels 
of the complex multilevel structure (Gosline et al. 1999b; Becker et al. 2003; 
Zhou and Zhang 2005) of a dragline silk. The so-called secondary structure, 
for instance a helix, represents the conformation of the primary amino-acid 
sequences. All domains in the dragline silk have a preferred secondary structure 
and are strongly oriented with the chains parallel to the fibre. The majority 
of the alanine residues are incorporated in regular b-sheets that form the 
microcrystalline domains and that also include part of the glycine residues. 
The remaining glycine-rich part forms the surrounding helical structures in a 
less crystalline matrix (van Beek et al. 2002). These secondary structures are 
mainly maintained by rather strong and highly directional hydrogen bonds. 
Structures in silk, beyond the secondary structure, include a larger tertiary 
structure with different folding patterns in the presence of hydrogen and van 
der Waals bonds. A quaternary fibrillar organisation in the silk includes the 
two main proteins organised in supramolecular helices and b-sheet where van 
der Waals interactions are ubiquitous.

5.2.3 Silk mechanics summary

The overview presented here shows not only the variety of silk functions, but 
also how silk can be used to provide insights into other important structural 
proteins at both a practical and a theoretical level. This leads us to conclude 
that silk can be considered as an ideal archetypal elastomeric protein. The 
range of mechanical properties that can be derived from silk-based proteins is 
enormous, from mineralised bone-like materials with a modulus of 20 GPa, 
through classical silks with a modulus of 2–10 GPa, down to viscid elastin-
like rubbers with only 1 MPa. The outlined combination of experimental 
work with analytical modelling (see Section 5.7) shows the large range of 
mechanical properties that silk can assume with apparently small changes in 
chemical structure and processing. This makes silk an important analytical tool 
as well as an interesting biopolymer (Vollrath and Porter 2006a, 2006b)

5.3 Silk composition

the origin of the remarkable mechanical properties can be derived from 
knowledge of the composition and sequence of silk proteins (Fig. 5.5) 
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(Hayashi et al. 1999). The silks of neither spider nor silkworm, nor indeed 
any other animal, are simple single-protein biopolymers. The typical spider 
dragline silk originating in the Major Ampullate (MA or Ma) gland contains 
two major proteins, namely spidroin 1 and spidroin 2. The commercial 
Bombyx silks consist of three principal main proteins (Inoue et al. 2000a) 
in the fibre and five or six principal proteins in the coating (Michaille et 
al. 1986; Grzelak 1995). The spider and silkworm proteins (Kaplan and 
Lombardi 1990b; Hinman et al. 1992) are not small (ca. 350 kDa with an 
estimated 53–34 residues and 350 kDa with 59 residues (Sprague et al. 1979) 
respectively). The silks of caddis-flies (Trichoptera) or chironomid midges 
(Diptera), both aquatic insects, can be much larger (Case et al. 1994; Case 
and Smith 1994). A chironomid silk (of C. tentans) was found to consist of 
four rather similar, and all gigantic, silk proteins ranging from ca. 1000 kDa 
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5.5 Genetic basis for silk structural strength. The spider silk genes 
share common amino acid motifs. These motifs are suggested to be 
structural modules. ‘x’ indicates a residue that may vary within or 
between proteins. MaSp1/MaSp2: Major ampullate spidroins 1/2 from 
Nephila sp. Flag: Flagelliform  silk from Nephila sp. (capture thread).  
ADF: Araneus diadematus proteins. From Hayashi et al. (1999).
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to 15 000 kDa in addition to a fair number (six and rising) of much smaller 
proteins (40–200 kDa) (Case and Thornton 1999). Moreover, while spider 
and silkworm silks are biased towards residues with small side chains (i.e. 
ala, gly and ser), making up about 63% and 86% respectively) (Fournier 
1979; Kaplan and Lombardi 1990a; Dicko et al. 2006), these are of lesser 
importance in midges and caddis-flies (about 30% and 40% respectively), 
while in these aqueous silks amino acids with polar residues and basic 
residues are more important (ca. 82% and 60% respectively) when compared 
with the dry silks of spiders and silkworms (ca. 35% and 23% respectively) 
(Case and Smith 1994). 
 Amino acid analyses tend to show that silks typically are very rich in 
glycine and alanine. Benchmark silks like those of Bombyx mori silkworms 
and Nephila spiders are cases in point (Bini et al. 2004; Dicko et al. 2006). 
Indeed, amino acids with short side chains predominate in almost all silks 
(Bini et al. 2004; Dicko et al. 2006). X-ray diffraction has, so far, already 
allowed the characterisation and grouping of many different silks from a 
wide range of taxa (Craig and Riekel 2002). Structurally these silks tend to 
all share more traits than differences; and it is typical of a ‘good’ silk to have 
a certain proportion of highly disordered, often coiled chains interspersed 
with highly ordered ‘crystallites’ of densely ‘pleated’ sheet structure, giving 
it a mixture of amorphous and block regions (Vollrath and Porter 2006b).

5.4 Fine structure and morphology

The silks of insects like the silkworm Bombyx mori have been mentioned 
several times in this chapter. In fact, far more is known about the biochemistry, 
molecular biology and genetics of the silkworm than of any spider. There are 
many similarities between insect silks and spider silks, e.g. the predominance 
of amino acids with short side chains or the occurrence of some sequence 
motifs, which can help to understand the general principles involved in the 
generation of their material properties. Yet, there are also major differences 
that have to be taken into account. Most insect silks are used as cocoons or 
protective webs in larval stages and originate in labial glands (Sehnal and 
Akai 1990). In contrast, in almost all spider species the silk glands are situated 
in the so-called opisthosoma, the abdominal body segment of these animals 
(Foelix 1996). Apart from the different phylogenetic as well as ontogenetic 
origin of the glands, there are far more different gland types in spiders and 
they are usually not restricted to a certain developmental stage. The main 
difference lies in the usage of the silks and the subsequent adaptations of the 
material. Threads used for protective shelters, for instance, do not require 
elasticity whereas the capture threads of spider webs would just not function 
without it (Vollrath 2000a, 2000b). In this section, we present the variation 
found in silk fibre morphologies.
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5.4.1 Spider silk morphology: Nephila

Most spider silks, like nearly all other silks, have some sort of hierarchical 
structure of the filament, which is partly a result of the mix (and layering) 
of the silk proteins and other components, and partly a result of the spinning 
process (Thiel et al. 1994). The fibres, however, appear relatively smooth and 
uniform under electron and light microscopy investigations. In Section 5.6 
we will explore the nanoscale arrangement. Figure 5.6 shows typical Nephila 
edulis dragline silk. The fibres are characterised by a circular cross-section 
(sub-micron to 10–20 µm in diameter). Interestingly, reeling the silk with 
the spider under anesthetic reveals the underlying fibrillar structure (Madsen 
and Vollrath 2000; Riekel et al. 2004). Another relevant observation is the 
fracture surface after failure giving a complex surface relief rather than a clean 
cleavage plan. This observation is in stark contrast with synthetic polymers 
(Perez-Riguero et al. 2001) and suggestive of a ductile failure.

5.4.2 Silkworm silk morphology: Bombyx

Bombyx mori silkworm silk (and there is only one type) shows a rather 
different morphology from that of any known spider silk fibre (Fig. 5.7). A 
silkworm thread does not represent the natural fibre per se, but a composite 
of core fibres covered by layers of coating. The core fibroin fibres are 
produced by the main part of the gland, while the coating sericin layers are 
produced in the middle and distal parts of the silk duct where they are layered 
on top of the passing liquid fibroin material, which is rapidly ‘hardening’ 
underneath the coating due to a combination of flow elongation, molecular 
alignment, pH shifts and shear-stressing. In this way, the extrusion process 
produces a layered fibroin–sericin thread (Figs 5.7a and 5.7b). In addition 
to fibrillar structure, akin to spider dragline (Figs 5.8 and 5.18), Bombyx 
fibres show a stacked-layer pattern (Putthanarat et al. 2000). The reasons 
for this arrangement are still unclear, and the present hypothesis attributes 
this pattern to the liquid crystalline formation of silk fibres. Typically, the 
fibril widths cover the range of 90–170 nm (similar numbers are found for 
Nephila silk). Their orientation is along the fibre axis, with 30–50% of 
fibril cross-overs at an angle of intersection between 30° and 50°. Similar 
behaviour is observed in Nephila silks (Vollrath et al. 1996). Differences, 
however, occur between the silks of Bombyx mori and Nephila sp. The next 
section describes these differences and their impact on silk mechanics.

5.4.3 Banding patterns vs. microvilli: crack  
deflection mechanisms?

Silks are faced with tremendous mechanical challenges. For the animal, it is 
imperative that the materials hold to ensure protection against predators or 
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(a)

10 µm

(b)

10 µm

0.1 µm

(c)

5.6 Nephila spider silk ultrastructural details. (a) Nephila dragline.  
(b) dragline of a Nephila produced under CO2 anaesthetic (Madsen 
and Vollrath 2000). (c) AFM image of Nephila dragline surface.
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10 µm
(a)

10 µm

(b)

5.7 Bombyx mori silk ultrastructural details. (a) Bombyx mori 
undegummed silk bave. Within the bave, two brins and the sericin 
coating. SEM by G. Freddi. (b) Bombyx mori bave transverse section. 
Note the non-circular cross-sections.

capturing food. Thus, energy dissipation is critical. In a standard polymer, one 
would define a minimum crack size and design the polymers accordingly. In 
silks, energy dissipation is still unclear. We now know that the strength of a 
silk can be reduced to its nano-crystalline composition (Porter et al. 2005). 
More generally, it has been found that biological materials are insensitive 
to flaws at the nano-scale (Gao et al. 2003). This observation poses two 
interesting questions: first, is there a maximum rigid structure allowable in 
silks, beyond which crack propagation is damaging? And, second, how is 
variability in spinning conditions mitigated to ensure fibre performance? A 
detailed discussion of these issues is beyond the scope of this review. Instead 
we present two possible energy dissipation mechanisms found in the insect 
Bombyx mori and the spider Nephila edulis. Figure 5.8 shows longitudinal 
cross-sections of the two silk fibres. Two striking differences are observed: 
the insect silk section shows a banding pattern (Shen et al. 1998) and the 
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spider silk has a much smoother structure with elongated cavities (Frische 
et al. 1998). Note that the chevron-like structure of the banding pattern 
might be an induced artefact due to the sectioning knife. The reasons, 
however, for such structures are unclear. Frische et al. (1998) found that the 
elongated cavities come from floating vesicles in the spinning dope that are 
later elongated during fibre formation. One can easily interpret such final 
structures as a crack deflector. The role of the banding pattern observed in 
Bombyx remains unclear.

5.4.4 Silk diversity: comparative examples

While all silks are multi-component materials, some silks are more complex 
than others. Among the more complex ones, the capture silks of the ecribellate 
and cribellate orb-weavers are perhaps the most advanced and astonishing 
composite materials (Figs 5.9c and 5.9d). They have evolved, independently, 
two very different ways to capture and hold prey insects and are excellent 
examples of the power of evolution when driven hard in a life–dinner arms 
race (between the fly and the spider, the former evolving to keep his life, 
the latter to have her dinner).
 Nephila, like all other spiders, has more than one type of silk, each with 
specific properties that appear to be optimised to perform key functional roles 

A

B

C D

5.8 Nephila dragline thread fine structure. (a)–(d) SEM images 
of longitudinal sections of silk fibres showing skin-cool and 
microfibrillar structures (after Frische et al., (1998).
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159The structure of silk

(Fig. 5.2). The principal web silk, the dragline, is produced by the major 
ampullate (MAA) gland. Minor ampullate (MIA) silk accompanies the MAA 
silk in the web, while flagelliform (FLG) silk forms the core filaments of 
the capture thread spiral. The capture thread filaments are coated by ‘silk’ 
from the aggregate (AGR) gland; this is not a solid filament, but an aqueous 
solution of hygroscopic peptides and sticky glycoproteins. Web threads are 
affixed to one another by a rapidly drying silk cement originating in the 
pyriform glands (PYR). The eggs are encased in very fine silk filaments from 
the tubuliform or cylindriform (CYL) glands as well as one type of aciniform 
(AC1) gland.  Another type of aciniform gland (AC2) produces filaments 
for a multitude of other purposes such as strengthening the cement matrix. 
A detailed account of two capture mechanisms is given in the following 
section.

Capture silks

The sticky capture silks of the ecribellate orb weaver Nephila and its kin 
are complex, albeit microscopic, mechanical windlass systems that make 
good use of the physics of biological micro-engineering (Fig 5.9c). In the 
‘windlass’ silk (which operates in the wet state) the elasticity is provided 

5 µm

(a)

5.9 Spider silk structural diversity. (a) knot of Nephila dragline silk. 
(b) dry cribellite capture silk from Uloburus sp. Note the fine hackled 
threads that stick out by van der Waals forces. (c) viscid capture silk 
from Araneus diadematus. Sticky droplets harbouring a self-coiling 
micro-windlass mechanism. Adapted from Vollrath and Edmonds 
(1992). (d) the sticky glycoprotein ‘glue’ of the ecoibellate orb-
weavers.

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08





160 Handbook of textile fibre structure

100 µm

(c)

(d)

10 µm

(b)

5.9 Cont’d
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by a combination of surface tension of the aqueous coat and recoil of the 
plasticised silk fibre (Vollrath et al. 1990; Vollrath and Edmonds 1992), while 
adhesion is bestowed by a separate glycoprotein complex (Vollrath et al. 
1990; Vollrath and Tillinghast 1991). These kinds of complex, micro-machine 
thread absorb energy by large extensibility (ca. 500%) of the wetted thread, 
which develops substantial force only after 100–200% extension, with the 
thread breaking suddenly at around 400–500% extension. Nevertheless, the 
engineering strength of such threads is in the order of 1.5 GN m–2 with a 
breaking energy of around 160 J cm–3 and is thus not far off from those 
of radial web threads and dragline threads (1.2 GN m–2 and 194 J cm–3 
respectively, measured for Araneus diadematus (Gosline et al. 1999a)). 
 The cribellate type of capture silk looks and functions rather differently. 
This silk-composite employs very fine filaments only a few nanometres in 
diameter. These nano-filaments originate, each separately, from an array of 
thousands of tiny, individual spigot ‘towers’. From here they are combed, 
by specific structures on the spider’s hind legs, into hackled bands of many 
threads onto supporting axial threads. These threads, in turn, are often 
crimped, and thus sprung. In this kind of silk, which operates only in the dry 
state, the hackled bands provide surprising elasticity as well as tremendous 
adhesion, which presumably functions largely by electrostatic forces (Opell 
1993, 1995; Kohler and Vollrath 1995). The functional and developmental 
details of the two different elastic recoil mechanisms of the two types of 
capture silk micro-machines are interesting, albeit more from a composite 
than from a structural material point of view. Specifically the interaction of 
water and silk, so cleverly used by Nature in the droplet windlass system, 
takes full advantage of the high extensibility of wetted silks that derives 
largely from the high water content of the coat. However, water is important 
not only for these threads, but for many other types of thread as well, and the 
role of water as well as other solvents for understanding and manipulating 
the mechanical properties of spider silk cannot be understated. This can be 
of special interest if we aim to produce bio-engineered silks with specific 
properties. 

Ribbon silk vs. cylindrical silk

On a different note, dragine silks can present considerable diversity, comparing  
classical fibre from Nephila orb spiders to the ribbon silk from the Loxosceles 
spider suggests that these design features depend on a fundamental difference 
between the spinning mechanisms in Loxosceles and the orb web spiders 
(Knight and Vollrath 2002b). The major gland of orb web spiders, typified 
by that of Nephila spp., produces a cylindrical thread by a mechanism 
involving an internal draw-down starting well inside the distal part of the duct, 
followed by an external draw-down in the air after the spigot (Work 1977b; 
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Vollrath and Knight 2001). In contrast, Loxosceles draws a highly flattened 
ribbon of silk directly from the spigot without an internal draw-down. To do 
this, the dope fed to the spigot must be highly fluid, in contrast to orb web 
spiders where the dope is thought to be largely solid by the time it reaches 
the spigot (Knight et al. 2000). Thus, differences between the structure of 
the MA gland in Loxosceles and orb web spiders may reflect differences in 
the spinning mechanism (see Fig. 5.10). This, in turn, probably reflects the 
different uses to which the two spiders put their MA silks: forming a retreat 
in Loxosceles, and extremely tough threads for major engineering works in 
orb web spiders. Given the antiquity of the Sicaridae to which Loxosceles 
belongs (Hormiga et al. 2000), the simplicity of the MA gland and of its 
spinning technology compared with that of orb web spiders may represent 
primitive features (Glatz 1973; Haupt and Kovoor 1993) derived from an 
ancestral spider and subsequently modified in orb web spinners.

5.4.5 Supercontraction: water plasticisation

In the preceding section, we explored some examples of silk diversity. Part 
of the problem is to be able to decouple a circumstantial observation from 
a true feature required for fibre performance. In this section, we will present 
one such feature: supercontraction. Many spider silks contract in water 
and other small-molecular solvents. Some silks, like the MAA dragline 
threads Araneus, supercontract 50% in pure water, while other silks, such 
as the dragline silk of Nephila, require a stronger agent, such as 8 mol urea 
(Vollrath et al. 1996). The degree of supercontraction seems to be a function 
of the crystallinity of the material and can be used to study both the gross 
morphology of silks and their molecular structure (Liu et al. 2005a, 2005b, 

A
B

C
D

5.10 A spider’s extrusion spinning device. The spinning dope is 
stored as an acqueous solution in the lumen of the gland. On 
demand it flows through a tapering ‘funnel’ (A) into the body of the 
duct where it undergoes first flow elongation (B) and then transforms 
into the solid fibre. Before the exit through the spicot (D) it passes a 
rachet clamp (C). Based on Vollrath and Knight (2001).
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163The structure of silk

2008). Note that Bombyx mori fibres do not supercontract and have a much 
higher crystalline content than Nephila dragline, for example. 
 The glass transition temperature of spider silk of about 75°C suggests that 
at room temperature the molecular chains are held in place by intermolecular 
hydrogen bonds. As these bonds are gradually destroyed by the actions of the 
solvents, the molecular chains begin to ‘disorient’, i.e. lose order. Thus, in 
essence, the contraction of spider silk in water results from the disorientation 
of the molecular chains (Work 1985; van Beek et al. 1999; Jelinski et al. 
1999; Savage et al. 2004). The more hydrogen bonds are destroyed, the 
larger the shrinkage until finally, and in a strong solvent, the silk is totally 
dissolved (Shao and Vollrath 1999; Shao et al. 1999). 
 In a recent study Liu et al. (2005b) proposed a novel classification of 
supercontraction by introducing the concept of capacity to shrink (Csh). 
Csh is defined as the maximum longitudinal shrinkage of an unconstrained 
fibre in standard conditions, which is taken to be an indicator of molecular 
chain orientation (see Fig. 5.11). They propose that the value of Csh can 
be attributed to the degree of molecular orientation in the spider silk. This 
hypothesis fits well with the fact that, in artificial polymers, thermal shrinkage 
is determined by the orientation of the non-crystalline area at the specific 
temperature (Wu et al. 1996). Raman spectroscopy (Shao et al. 1999), 
X-ray diffraction (Grubb and Ji 1999), NMR (Eles and Michal 2004) and 
birefringence (Fornes et al. 1983) all suggest that supercontraction is driven 
by the recoverable disorientation of the molecular chains in the fibre’s oriented 
amorphous region. Spider silk can be thought of as containing two main 
molecular ‘phases’, each with a possible range of ‘states’: amorphous (from 
disoriented to oriented) and crystalline (from poorly defined to well defined) 
(Simmons et al. 1996; Grubb and Jelinski 1997; Grubb and Ji 1999). Even 
under supercontraction, the well-defined crystalline region retains considerable 
order because solvent molecules cannot penetrate it (Simmons et al. 1996; 
Shao and Vollrath 1999), whereas at the same time the degree of orientation 
in the oriented amorphous, as well as the poorly defined crystalline, region 
decreases appreciably (Simmons et al. 1996; Grubb and Ji 1999). Spinning 
conditions would have little effect on the crystallites, but would greatly affect 
the alignment of the molecular chains in the amorphous region, thus altering 
the fraction of oriented amorphous region (see Fig. 5.11). This alone could 
explain the different capacities to shrink of the different fibres.
 At the molecular level, it has been shown that, in water, silk with high 
birefringence shrinks less than silk with low birefringence, and we may assume 
that birefringence is positively correlated with degree of hydrogen bonding 
(Work 1977a). Thus, birefringence would also be positively correlated with 
molecular orientation and higher density, i.e. more so-called ‘b-sheet crystal 
areas’; one might hypothesise that such very dense areas keep water molecules 
out, resulting in fewer broken hydrogen bonds and less shrinkage.
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5.5 Spider silk: lessons from nature  

5.5.1 Beta silks

Silk have evolved to be some of Nature’s most impressive composite materials 
(Craig 1997). Silk fibres (Denny 1980) and glues (Vollrath et al. 1990) are not 
only among the toughest polymers known, but they have a number of other 
characteristics that, although less well known, make them an interesting as 
well as an important object for research in the general areas of biopolymers 
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5.11 Supercontraction and its relation to orientation in dragline 
silk. The two states S1 and S2 and the stress–strain curves of their 
representative spider silks. In S1 the amorphous region is poorly 
oriented; in S2 the amorphous region is oriented to different extents. 
AC, amorphous molecular chains; OAR1, oriented amorphous region 
where weak polar solvents such as alcohols can penetrate; OAR2, 
oriented amorphous region where only strong polar solvents such 
as water can penetrate; CR1, crystalline region (well defined); CR2, 
crystalline region (poorly defined). The background of CR2 turns 
dark from S1 to S2, suggesting that the degree of orientation of this 
region increases. Adapted from Liu et al. (2005b).
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(Vollrath and Knight 2004), protein folding, biomimetics and the coevolution 
of behaviour, morphology and function (Vollrath 2000b).
 Silk proteins (spidroins in spiders and fibroins in Lepidoptera insects) 
are assembled into well-defined nano-fibrillar architectures (Li et al. 1994; 
Vollrath et al. 1996; Eby et al. 1999; Inoue et al. 2000b, 2001; Putthanarat, 
et al. 2000; Craig and Riekel 2002). Spidroins and fibroins are largely 
constructed from two chemically distinct repetitive motifs or ‘blocks’ (see 
Table 5.1 and Fig. 5.5), an insoluble crystalline block and a less soluble 
crystalline block (Hayashi et al. 1999; Hayashi and Lewis 2000; Fedic et 
al. 2002; Craig 2003). The crystalline blocks are composed of short side-
chained amino acids in highly repetitive sequences that give rise to b-sheet 
structures. The formation of b-sheet structures is the hallmark of all silks.
 Structural and sequence studies have highlighted two interesting pre-
requisites to fibre formation. Firstly, the animal must control the size and 
concentration of b-crystals (Iizuka 1965; Urs et al. 1993) to be able to extrude 
the silk without accidental aggregation and achieve good mechanical properties. 
Secondly, silk proteins (despite their large size and overall hydrophobicity) are 
processed in an aqueous environment at ambient temperature and pressure. This 
suggests an extremely tight control of conformation, solubility and transport 
of the protein(s) along the spinning pathway. In the following sections we 
break down the spinning process in its most important aspects. 

5.5.2 Co-evolution of silk spinning and silk ‘dope’

Silk fibre diversity is accompanied by a spinning diversity. In spiders and 
silk-spinning insects, the spinning apparatus is as important as the spinning 
dope. The evolution of silk has to take into account both these aspects, as well 
as the environmental pressures. Authors have tried to match the emergence 
of new silks and function to particular spinning innovation and evolutionary 
events (Bond and Opell 1998). In general, spider evolution and cladogenesis 
underpin the animal’s ever-increasing investment in silk production in 
this interesting taxon, and allow us to correlate spider diversification and 
silk properties (Bond and Opell 1998; Craig 2003). Not surprisingly, the 
structure–function relationship in spider silks is coupled with drastic changes 
in the design of the animal’s spinning apparatus (see Fig. 5.12). The aciniform 
glands (simple spherical or pear-shaped structures, see Table 5.1) are accepted 
candidates for the most ancestral spinning device, making protective silks to 
shelter eggs and to line burrows (Schultz 1987). More advanced ecological 
functions (such as capture webs) led to the emergence of more complex 
glands and silks. The major ampullate gland (dragline and orb-web radial 
threads) is a case in point, where composition, chemistry and processing 
together deliver a highly specialised silk with properties that excite even 
modern fibre manufacturers. 
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Table 5.1 Summary of typical silk origins, composition and sequences

Silk type Function Proteins Amino acid (%)1 Predicted structure Structure in Conformational Fibre Fibre
    from sequence2 solution3 change in degree of extensibility
      solution4 crystallinity (%)6

       (%)5

    (GA)n/(A)n b-structure Low b-Sheet 15–30% 35%
    GPGGx/GPGQQ concentration:  
Ma Dragline MASp 1 Gly (38), Ala (29), ‘b-spiral’ disorder/PPII
 Radial and 2 (?) SSC (70), PC (21) GGx 31 helix High 
 threads   n = 2–8 concentration: 
     helical/molten
     globule

Mi Auxiliary MISp 1 Gly (40), Ala (35), (GA)n/(A)n b-structure Helix like b-Sheet ? > 35%
 threads and 2 (?) SSC (80), PC (19) GGx 31 helix n = 2–8
    Spacer

Flag Sticky Flag Gly (36), Pro (14), GPGGx ‘b-spiral’ b-Spiral b-Turns None > 200%
 spiral  SSC (51), PC (27) GGx 31 helix
 threads   spacer 

Cyl Cocoon TuSp1 Ser (20), Ala (27), (A)n, (S)n, (SA)n, Helix like b-Sheet and ? 25%
 silks  SSC (56), PC (45) (SQ)n, Gx, n = 0–3  b-turn

Acinous Coating, AcSp 1 Gly (8), Ala (9), No specific repeats Helix like b-Sheet and ? 80%
 prey  ser (5), Pro (5), but ~200 amino acids  b-turn
 wrapping  SSC (22), PC (50) iteration along 
    sequence 

Pyriform Attachment ? Gly (10), Ala (11), ? Helix like b-Sheet and ? ?
 disk  Ser (10), Pro (10),   b-turn
   SSC (31), PC (52) 
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Bombyx Cocoon Heavy, Gly (43), Ala (30), (GAGAGS)5–15 b-Sheet Low b-Sheet (silk II) 40–50% 10–20%
mori  Light Ser (12), SSC (Gx)5–15 b-turns/helices concentration
  chains  (85), PC (23) GAAS spacer H-fibroin: 
  fibroins   disorder/PPII/
  and P25   b-turn type 
  (6-6-1)   II (Silk 1)
     High 
     concentration
     helical

Antheraea Cocoon Heavy Gly (27), Ala (43), (S1–2A11–13), Gx1–4 Disorder and b-Sheet 40% 35%
pernyi  chain Ser (11), SSC GGx, GGGx helical
  fibroin (81), PC (26)  structures

Galleria Cocoon Heavy, Gly (28), Ala (22), (S1–2A1–4)1–2, GLGGLS, ? b-Sheet ? 80%
mellonella  light  Ser (17), SSC xGGxG
  chains (67), PC (26) GPx
  fibroins  spacer
  and P25

Ma: major ampullate, Mi: minor ampullate. Flag: flagelliform, Cyl: cylindriform. PPII: polyproline II.
Small side chains (SSC) = Glycine+ alanine+ serine, Polar chains (PC) = Aspartic acid+ threonine+ serine+ glutamic acid+ tyrosine+ 
histidine+ arginine
1 Amino  acid composition: Ma Mi, Flag and Cyl from (Dicko et al., 2004c), Acinous and Pyriform from unpublished data, Bombyx mori, 
Antheraea pemyi and Galleria mellonella from sequences.
2 Sequences and predicted secondary structures: Ma, Mi, Flag (Hayash et al., 1999); Cylindriform (Garb & Hayashi, 2005);Tubuliform (Tian 
& Lewis, 2005); Aciniform (Hayashi et al., 2004); Bombyx mori (Inoue et al., 2000a; Zhou et al., 2000); Galleria mellonella (Zurovec & 
Sehnal, 2002); Antheraea pemyi (Sezutsu & yukuhiro, 2000).
3 Structure in solution: Bombyx mori (lizuka & yang, 1966; yao et al., 2004), Ma Mi, Flag and Cyl (Dicko et al., 2004c), Acinous and 
Pyriform (see Fig. 5.8). Antheraea pernyi (Tsukada et al., 1994). The helix like structure is looely defined as a structure with a CD 
spectrum similar to myoglobin. b-spiral structure is defined as a super helical structure formed of ‘straight’ sections and b-turns.
4 Conformational changes under denaturing conditions (see Fig. 5.8) and fibre formation.
5 Degree of crystallinity: Ma (Riekel et al., 1999); Bombyx mori and Antheraea pernyi (lizuka, 1965).
6 Fibres extensibility: Ma (Vollrath, 1999); Mi (Vollrath unpublished); Flag (Gosline et al., 1999a); Cyl (Dicko et al., 2004c); Aninous 
(Hayashi et al., 2004); Bombyx mori, Antheraea pernyi, Galleria mellonella (Denny, 1980).
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 Unlike most other silk-producing animals such as insects, spiders can 
produce up to nine different types of silks and have the ability to control 
key aspects of silk production over a wide range of conditions, (Vollrath 
and Knight 2001) controlling not only (i) silk protein composition and (ii) 
storage conditions but, crucially, also (iii) fibre extrusion conditions. The 
mechanisms by which spiders optimise and adjust silk properties and function 
are beginning to provide key information on structure–function relationships 
of silk proteins. Studies of the interplay between silks and spinning processes 
(Vollrath 2000a; Swanson et al. 2006) demonstrate a strong correlation between 
strength and relative elasticity with specific molecular architecture (Riekel et 
al. 2000; van Beek et al. 2002; Gosline et al. 2002). Numerous pitfalls await 
and over-interpretation is easily made. Figure 5.12 is an attempt to link a few 
of the structural data (silk structure in solution, X-ray diffraction of fibres 
and tensile tests) to a more classical evolutionary tree. An important point to 
make is that it is still possible to investigate such a tree because ancestral/
non-specialist spiders are still available (e.g. mygalomorph). The complexity 
and intricacy of the relationships within the tree is daunting at first. But, in 
the next sections we will present some recent work where the identification 

Ancestral

Derived

Protein glue

Primitive dragline

Dry capture silk
(cribellate silk)

Viscid capture silk
(ecribellate silk)

Modern dragline 
silk

Acinous

Tubular

Ampullate

Flagelliform

Ampullate

Pseudo 
Flagelliform

P	 	 P

P	 	 

P	 P	 P

	 	 P

P	 	 P

P	 P	 P

 Emergence Structure  Fibre Mechanical
 of new gland in solution diffraction properties

5.12 Evolution of silk glands, proteins and fibres. Composite 
evolutionary tree tracing the emergence of the different types of silk 
and their associated glands. On the other hand, known structural and 
mechanical data: (i) circular dichroism spectra of silk solution prior 
to spinning (Dicko et al. 2006); (ii) fibre x-ray diffraction pattern from 
Craig (2003); (iii) tensile tests.
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of key criteria and molecular markers has opened the way to a deeper 
understanding of silk evolution and structure–function relationships.

5.5.3 Silk processing: ‘dope’ structure, elastomericity 
and the role of glycine residues

Advances in molecular modelling of silk fibres are driving a major shift 
in our understanding of silk (Porter et al. 2005). Key features controlling 
the mechanical behaviour of the material are the ratios of the ordered and 
disordered fractions as well as the degree of hydration (Porter et al. 2005). 
Both parameters are interlinked and controlled by the animal during the 
extrusion process (Holland et al. 2006).
 The ability of the ‘silk’ to implement small chemical changes by modifying 
hydrogen bonding sites during processing affects the properties of the bulk 
material significantly and has led to its status as an archetypal model elastomer 
(Vollrath and Porter 2006b). As such, it is interesting to examine the knowledge 
of silk proteins in solution in the light of the observations of Rauscher et al. 
(2006) that a fundamental requirement for elastomeric domains to remain 
disordered in solution is controlled by two major sequence determinants: 
proline and glycine content. This suggests that elastomeric assembly is, first, 
assisted by proline residues that conformationally restrict the main chain; 
and, second, helped by glycine residues that modify backbone hydration. Put 
together, the variation in proline and glycine content in elastomeric proteins 
and amyloids gives a composition threshold by which disorder is maintained 
and by which functional elastomericity becomes possible.
 Interestingly, depending on the environment which they ‘inhabit’, 
glycine residues can promote either highly ordered or rather disordered 
structures (Chakrabartty et al. 1991; Serrano et al. 1992; Finkelstein and 
Ptitsyn 2002; Rauscher et al. 2006). This glycine ambivalence is based 
on an explicit approach of folding that properly accounts for the chemical 
nature of the backbone protein (Yang and Honig 1995a, 1995b; Yang et al. 
1996; Uversky 2003; Kim and Conticello 2007). The important effects of 
hydration both during and after chain folding coupled with the ambivalent 
nature of glycine and its interplay with proline (maintaining disorder and 
promoting elastomeric properties) point towards silk proteins as ideal study 
models for detailed investigations into the structure–function relationship 
of natural elastomers. This novel view has resulted in a new classification 
of silk proteins structures in solution using circular dichroism (Dicko et al. 
2008). In Fig. 5.13, the folding index (calculated from circular dichroism 
spectra) is plotted as a function of the glycine content in a selection of 
native silk protein extracts. The folding index is indicative of the amount 
of disorder present in each of the silks. A high folding index (above 0.6) 
indicates high folding into helical-like structures, whereas a low folding 
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index indicates more disordered structures. The conclusion found from this 
approach suggests that to promote silk specialisation and elastomericity the 
proteins must be maintained in a disordered state. The authors propose that 
glycine residues and the induced flexibility they provide allow for disorder 
to be maintained and controlled through specific chain hydration (Dicko et 
al. 2008). The second most important residue, proline, is discussed in the 
following section.

5.5.4 Silk processing: fibre formation and the  
role of proline residues

Interspecific differences in the mechanical and supercontraction properties 
are a well-established ‘window’ into silk structure–function relationships. 
liu et al. (2008) attempted to add a deeper level of understanding on the 
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5.13 Silk elastomericity and the role of glycine residues (Dicko et al. 
2008). Inverse correlation between the folding index γ and glycine 
content. The regression was calculated solely using the Nephila 
edulis 7 glands (see Fig. 5.2) and analysed by a general linear model 
(GLM), n = 36, F = 98.11, p < 0.000, adjusted R2 = 67%. The grey 
area is the 95% confidence interval. The correlation was tested with 
T, A, F-Ma, F-Ac and bmx silks. Results: (i) the model quantitatively 
explained the structure function relationship found in the selected 
silks; and, (ii) to achieve specialisation and performance, silks require 
higher structural flexibility at the expense of reduced stability and 
increased conversion energy. Legend: Nephila edulis (Tetragnathidae) 
major ampullate (N-Ma), minor ampullate (N-Mi), flagelliform 
(N-Flag), cylindriform (N-Cyl), aciniform (N-Ac), pyriform (N-Pyr), 
median (N-Med); Kukulkania hibernalis (Filistatidae) major ampullate 
(F-Ma) and acinous (F-Ac); Antrodiaetus unicolor (Antrodiaetidae) 
single type glands (A), and Aphonopelma chalcoldes (Theraphosidae) 
acinous (T); Bombyx mori (Insecta: Bombicidae) (bmx).
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compositional level. Thus, the experiments they present, for the first time, 
demonstrate the quantitative relationships between the physical properties of 
spider major ampullate silks and their contents of a key amino acid: proline. 
These relationships, in combination with protein sequence data, support the 
hypothesis that the proline-related motif, that is, GPGXX, may be a key motif 
in silk (see Table 5.1 and Fig. 5.5). This motif possibly prevents tight packing 
and thus allows water molecules to access and disorient ordered glycine-rich 
motifs, which in turn leads to softening and to supercontraction. Furthermore, 
the initial modulus was found to decrease with increasing proline content. 
liu et al. attribute this to a decreasing fraction of hydrogen bonds owing to 
proline’s lack of one H-bond donor. Csh appears constant for proline-rich 
MA silks, probably due to a corresponding dense packing of proline and a 
limit of contraction in the molecular backbone. Because of their different 
capacities to shrink, supercontracted MA silks of different species display 
a variety of mechanical behaviours. Such findings, alongside a previous 
experimental study on the supercontraction phenomenon (Liu et al. 2005b), 
help us to better understand the link between mechanical properties and the 
structure of a spider MA silk. The results are summarised in Fig. 5.14. 
 The authors conclude that, for a given proline content (e.g., a species-
specific MA composition), a fibre’s physical properties would be determined 
largely by the degree of order locked into the final product by the processing 
conditions. Between silks of different species, on the other hand, both the 
chemical composition (the proportion of proline as proposed in this study) 
and the degree of order in the non-crystalline region (as determined by 
processing) would together determine the physical properties of the fibre. 
This conclusion must be true at least for those eight species of spiders we 
studied. Apparently, not all MaSp2 proteins of the MA silks in this study 
are identical in their domain architectures, and the crystal crosslink density 
of silks can vary depending on the largerscale sequence architecture of the 
dragline fibroins. It is possible that proline, alongside details in protein 
sequence (which cannot be identified by our comparative study), tunes the 
mechanical behaviour by changing the crystal crosslink density and hydrogen 
bonding network.
 Taken together, a spider silk’s properties are affected by the interplay 
of processing conditions and chemical composition. Processing conditions 
can adjust a spider silk’s Csh in a certain range, while the proline content 
appears to determine in which range a silk’s Csh can be adjusted. Mechanical 
properties are tuned by processing conditions, which mainly change the 
‘order’ of molecular chains, while an important parameter, that is, initial 
modulus, is linked with proline content if the effect of ‘order’ is taken out. 
In the next section, we explore the geometry of the spinning pathway as 
well as two key processing paramters (reeling speed and temperature).
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5.5.5 Silk processing: dye geometry and  
processing variables

In the dragline silks, as in the capture silks, the different components and 
their interactions heavily depend on processing conditions during the natural 
extrusion and post-extrusion processes. Figure 5.15 shows the storage 
glands and spinning ducts from Bombyx mori and Nephila edulis. From the 
liquid feedstock in the gland, a silk converts into the solid thread inside 
the extrusion/spinning duct, a tapering tube of varying length and diameter 
(Figs 5.15c and 5.15d), which exits at a spigot (see Fig. 5.10a) (Knight and 
Vollrath 1999). The spider modifies the mechanical properties of its silk 
not only on a medium-term basis (e.g. in response to starvation) but also 
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5.14 Structural order and supercontraction, and proline residues. 
Representative stress–strain curves of MAA silks from a range of 
species tested in either the native (solid line) or the supercontracted 
state (dashed line). Breaking points of all tested samples are shown 
as solid squares (native silk, 103 samples) or hollow squares 
(supercontracted silk, 93 samples). The reeling condition was tuned 
to produce native silk samples with a breaking strain of 0.24 ± 
0.03. Each species is illustrated in a different shade of grey (from 
left to right), Cyrtophora citricola; Latrodectus hesperus; Nephila 
edulis; Nephila senegalensis; Nuctenea sclopetaria; Argiope lobata; 
Argiope argentata; Araneus diadematus. The proline content and 
ordered fraction (Porter et al. 2005) of supercontracted MA silks are 
marked. The straight black line defines the upper limit of native MA 
silk, where the ordered fraction is 1.0; the straight grey line roughly 
separates the stress–strain curves of native and supercontracted 
silks. Adapted from Liu et al. (2008).�� �� �� �� �� IP
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in rapid response to immediate static and dynamic requirements of the web 
(Madsen et al. 1999). The animal must be able to do this not by changing 
the molecular structure (the feedstock dope is prepared well in advance of 
spinning) but by controlling molecular refolding and crosslinking during 
the extrusion process (Dicko et al. 2004a, 2006). Here, the feedstock is 
chemically modified by subtle pH alterations and the rate by which salts and 
water are pumped in and out of the duct as well as by the rate and ratio of 
flow elongation and the resulting shear forces (Vollrath and Knight 2001). 
All these factors have direct consequences on silk mechanics by affecting 
the degree and distribution of the different levels of order. The coating of a 
fibre will also have an effect (if nothing else, on the degree of water wetting 
possible). Finally, post-draw, whether inside the duct by the ratchet clamp 
mechanism (Vollrath and Knight 1999) or outside the duct by the action 
of pulling or scraping (Riekel et al. 2000), settles the silk’s mechanical 
behaviour by locking the molecules into position. Many of these parameters 
and variables are affected by a centrally controlled production system (the 
spider’s central nervous system) with considerable scope for feedback.
 Two examples of dramatic consequences of processing variables are 
presented in Figs 5.16 and 5.17. The reeling speed is important not only 
for the animal’s survival but also for the correct alignment and degree of 
crystallinity. Figure 5.16 shows a typical bell-shaped curve of the effect 
of reeliing speed on breaking energy. An optimum is found at around 20 
mm/s, which is the most natural spinning speed observed in the wild. 
Interestingly, temperature also affects the breaking energy, most likely by 
reducing conversion barriers. Another dramatic effect of reeling speed is 
found in Bombyx fibres. The animal spins his cocoon at a steady rhythm. 
Figure 5.17 shows that when the silk is forcibly reeled out of the worm, the 
quality (tensile property) increases dramatically to eventually be comparable 
to that of spider silk (Shao and Vollrath 2002). 

5.5.6 Silk processing: the other influences

The wealth of articles on silk and its remarkable protein-based mechanical 
properties has somehow eclipsed the other components present in the gland 
extracts. Although predominantly protein-rich, the gland contains in varying 
amounts glyco-proteins (Vollrath and Tillinghast 1991), carbohydrates, lipids 
(Schulz 2001), small molecules (e.g. pigments, Holl and Henze 1988) and a 
wealth of ions, e.g. phosphates, calcium, potassium or sulphur (Knight and 
Vollrath 2001). The presence of all those compounds may be circumstantial. 
For example, silk glands can be considered as a dumping sac to remove 
toxins as well as retrieving water. Thus, compounds present in the silk may 
just happen to be there for no particular reasons. On the other hand, glyco-
proteins and carbohydrates are thought to contribute to silk solubility by 
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Anterior division

Middle division

Posterior division

Spinneret

(a)

(b)

5.15 Spinning the fibres. Bombyx mori vs. spider ducts. (a) Bombyx 
mori silk gland, production and spinning from left to right. Right end 
is the spinneret. (b) Nephila edulis major ampullate spinning gland, 
production and spinning from left to right. (c) detail of the duct, 
spinning path, of Samia cynthia ricini silkworm (similar to Bombyx 
mori). Total length of the duct 670 µm; plotted is the change in cross-
section along the duct. It shows a sharp drop in diameter from the 
base from 670 to 630 µm, a shallow drop (hyperbolic profile) from 
630 to 400 µm and a constant cross-sectional area from 400 µm to 
the exit spinneret. Total change of cross-sectional area 9000 to 1500 
µm2. (d) plot of the diameter change along the spinning duct of 
Nephila edulis and Araneus diadematus spiders (duct length of 20 
mm and 10 mm respectively). The spiders’ ducts are hyperbolic die 
with diameter change of 100–300 µm to 20–40 µm. From Knight and 
Vollrath (1999) and Asakura et al. (2007).

balancing their hydrophobicity (Foo et al. 2006). The yellow pigmentation 
found in Nephila dragline is thought to help control the pH (Dicko et al. 
2004a). While tanins in silkworm fibres are thought to contribute to the 
fibre’s antibacterial defence system (Brunet and Coles 1974).
 At the gene level, varying composition of silk protein polymorphs via 
gene splicing is also common (Craig and Riekel 2002). The animal uses a 
recombination of two genes (spidroin 1 and spidroin 2) to generate new silk 
protein constructs in response to its need.
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5.6 Silk fibre and its models

Remarkably, the overall mechanical properties (Denny 1980; Gosline et al. 
1999a; Vollrath 2000b) of silks seem to depend less on the complex hierarchical 
organisation of silk on a microscopic level (Vollrath and Knight 1999; Inoue 
et al. 2000b; Knight and Vollrath 2002a) and more on the overall molecular 
structure (Gosline et al. 2002; Craig 2003; Fedic et al. 2003; Sponner et 
al. 2005) which by a complex spinning process (Vollrath and Knight 2001; 
liu et al. 2005b) is formed into a material where nano-scale interactions 
predominate (Porter et al. 2005; Vollrath and Porter 2006b). From the early 
X-ray diffraction studies (Warwicker 1954; Marsh et al. 1955; Lucas et al. 
1960; Rudall and Kenchington 1971) to the more modern spectroscopic results 
(Grubb and Jelinski 1997; Riekel et al. 1999; van Beek et al. 2000, 2002; 
Sirichaisit et al. 2003; Rousseau et al. 2004; Papadopoulos et al. 2007), the 
identification of the different conformations present in silk fibres and their 
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5.16 Processing variables: reeling speed and temperature. The 
effect of spinning conditions on the breaking stress of dragline 
silk spun by Nephila edulis. The black circles give the effects of 
modifying reeling speed and the white circles those of modifying 
body temperature. The average breaking energy for the sample 
threads at control conditions was 165 ± 30 kJ kg–1. In the graph, 
breaking stress is used rather than breaking force because the 
differences between individual spiders (as well as silk reeling speed 
and body temperature) affect the diameter of the silk thread, which 
in turn influences the force needed to break the thread. The control 
temperature was 25°C when the reeling speed was varied, and the 
control speed was set to 20 mm s–1 when the body temperature was 
varied, with the average natural spinning conditions for this species 
taken to match the control conditions. Adapted from Vollrath and 
Knight (2001).

role in determining the mechanical properties of silks have highlighted the 
presence of three major types of silks: (i) the rarely observed b-silk (Hepburn 
et al. 1979; Sutherland et al., 2006), (ii) the cross-b silks (Geddes et al. 1968); 
and (iii) the commonly observed co-llinear (i.e. with strands parallel to the 
fibre axis) b-silks (Rudall and Kenchington 1971; Craig 1997). Interestingly 
b-silks and cross-b silks have been reported to undergo, upon post-processing 
(i.e. stretching), a transition to the co-llinear b structure.
 Figure 5.18 summarises the most salient models of Nephila fibres and 
how they arise in time. Starting from the left are the first X-ray diffraction 
patterns measured by Kratky et al. in 1956 (Kratky 1956). Although these 
were from Bombyx fibres, Nephila spider dragline does not vary greatly in 
its diffraction pattern. Typically it was found and later confirmed that silk 
consists of, simply put, disordered regions interspersed with regions of 
order. The ordered regions can be either of high and permanent order (i.e. 
consist of crystalline blocks) or of medium and transient order (i.e. consist 
of molecular patterns that more readily unfold or refold). The crystalline 
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177The structure of silk

blocks or domains contain b-pleated sheets oriented anti-parallel to the fibre 
axis. Crystallite size is in the nano-scale region, e.g. 7 ¥ 5 ¥ 2 nm (Riekel et 
al. 2000), with important implications on material properties (Vollrath and 
Porter 2006b). The degree of order, not necessarily identical to the degree 
of crystallinity, of Nephila MA fibres is in the region of 30–50% (Gosline 
et al. 1986) and is highly dependent on the conditions under which a fibre 
was spun (Liu et al. 2005a, 2005b, 2008). 
 The b-pleated sheets consist primarily of long stretches of poly-alanine 
motives. In Nephila clavipes MA silk, about 80% of the alanine is incorporated 
in this way, with about half of it residing densely packed in a highly orientated 
fraction. The other fraction is packed less densely, it is less well orientated 
and is, moreover, suspected to contain the GAG motifs flanking the highly 
orientated fraction (Simmons et al. 1996). The degree of integration of 
glycine (G) rich sequence motifs into the ordered regions, particularly the 
inclusion of GGX motifs, is still unresolved (Thiel et al. 1995; Kümmerlen 
et al. 1996; Michal and Jelinski 1998).
 The following models show the increase of information regarding the 
interphase region between the crystalline b-sheets and amorphous regions. 
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5.17 Reeling speed improves Bombyx mori silk fibres. Comparison of 
silks drawn at different speeds from the silkworm Bombyx mori. 
Stress–strain curves of washed and degummed single-filament 
silkworm silk (motor-reeled at 25°C at the indicated speeds), Nephila 
spider dragline silk (20 mm/s at 25°C) and standard, degummed 
commercial silk from a cocoon spun by the animal in the natural 
‘figure of eight’ at speeds oscillating between 4 and 15 mm/s at 20°C. 
The area under the stress–strain curve represents the energy that a 
fibre can take up before breaking, and thus indicates its toughness. 
Adapted from Shao and Vollrath (2002).

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08





178
H

andbook of textile fibre structure

 1955 1994 1996 2000 2005

5.18 Orientation and structural models. Timeline of silk models, from left to right. 1955, first x-ray diffraction pattern of 
Bombyx silk (Kratky 1956). 1994, Termonia model (Termonia 1994). 1996, upper part, Vollrath model (Vollrath et al. 1996); 
lower part Jelinsky and Grubb NMR model (Jelinski 1996). 2000/2002, upper part, Riekel x-ray diffraction model (Riekel 
et al. 2000); lower part, van Beek NMR model (van Beek et al. 2002). 2005, Sapede neutron diffraction model (Sapede et 
al. 2005) and Porter predictive modellisation (Porter et al. 2005).
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Interspaced are two models that attempt to explain silk mechanical behaviour 
based on ultrastructural knowledge. The first model by Termonia (1994), 
though ground-breaking at the time, failed to explain the complex behaviour 
of silk proteins. It was only in 2005 that a more physically realistic model 
was proposed (Porter et al. 2005). This model is further explored in Section 
5.7.
 The novel view on silk and its model, viewed from neutron diffraction 
(Sapede et al. 2005) includes water molecules and their dynamics. This new 
step is critical to understanding silk deformation mechanics, with water playing 
such an important role in plasticisation as well as toughening mechanisms 
(Vollrath and Porter 2006b; Porter and Vollrath 2008).

5.7 Influence of structure on properties

From the preceding discussion on the complex hierarchy of structure in 
silks, the key structural elements that determine the bulk physical properties 
of any given silk fibre must now be identified and transformed into a 
quantitative set of structure–property relations that includes most of the 
very large number of different types of silk. Early models for silk, such 
as that of Termonia, consider silk as a semicrystalline polymer, composed 
of ‘hard’ crystal domains that act like a distribution of crosslink sites in a 
‘soft’ rubber matrix (Termonia 1994). While providing a relatively simple 
physical model that embodies the main features of silk as a semicrystalline 
polymer, a more general model is required to quantify the role of each of 
the structural features in silk, and how they combine to give such a large 
range of mechanical properties. Without understanding what differentiates a 
natural silk from conventional semicrystalline polymers or even regenerated 
silk, it is unlikely that synthetic analogues of silk will be developed.
 Here, we give a brief summary of recent models for silk properties that 
are based upon the biological principle of efficient management of energy 
for survival (Vollrath and Porter 2006b; Porter and Vollrath 2008).  Each 
biological function requires a specific combination of stiffness, strength 
and toughness in a silk fibre. For example, dragline silks that support the 
weight of a spider or provide the structural scaffold of a web require stiffness 
and strength, while capture threads must absorb a considerable amount of 
kinetic energy and bind the prey of the spider. Cocoon silks must defend the 
insects or eggs against a wide range of penetration threats, which require a 
subtle combination of strength and durability. These key factors of stiffness, 
strength, and toughness can be expressed in terms of storage and dissipation 
of mechanical energy of deformation in a material, which can then be traced 
right back to mechanisms at the molecular and nanometre scales of structural 
morphology.
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5.7.1 Order–disorder, water and nanostructures

Since silks are so diverse in their functions and structure, any model must 
use very general parameters that embody and quantify the effects that any 
specific combination of molecular structural features that has evolved can 
provide. This is particularly important, since analytical techniques such 
as X-ray scattering or NMR do not provide an unequivocal measure of 
structural features at the macromolecular and nanometre scales.  The three 
main effects are the fractions of ordered (crystal) and disordered (glass 
and rubber) sites, the water fraction, and the nanoscale morphology for the 
structural domains. 
 A key structural feature that differentiates many silks from synthetic 
polymers can be suggested to be the nanoscale ‘string of beads’ morphology 
shown in Fig. 5.19, which shows a fibroin structure taken from the Swiss 
Protein Database and a graphical simplification. Viney et al. (1994) suggested 
that silk molecules assemble into lines of macromolecular balls that behave 
like liquid crystals in solution to facilitate the flow of the dope during spinning. 
However, the size, connectivity and orientation of the structural domains 
that are inferred from analysis and the combination of physical properties 
suggest a nanofibril structure that consists of domains (beads) of a hairpin 
folded polymer chain with lengths of the order of 4 nm and dry diameters of 
about 2 nm. The dry diameter comes from the removal of water from more 
symmetrical domains in the hydrated state in solution that are optimised for 
their flow profile.
 The ‘string of beads’ nanofibril morphology in Fig. 5.19 is important for 
a number of physical properties. First, this liquid-crystal form facilitates 
the flow of the silk dope during solution spinning, which has been observed 
directly (Holland et al. 2006, 2007). Second, the nanometre size of the beads 
functions very much like nanoscale grains in a super-strong metal, where 
fracture mechanics suggests that failure strength has an approximately inverse 

5.19 Nanofibril ‘string of bead’ structure. Adapted from Vollrath and 
Porter (2006a). 
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square-root relation with size of the main structural features (Porter et al. 
2005; Porter and Vollrath 2008). As a rough guide, a silk with a modulus of 
10 GPa and a domain size of 4 nm with a surface energy of 0.15 J m–2 would 
be expected to have strength of about 1.7 GPa, which is in good agreement 
with observation. Third, surprisingly isotropic mechanical properties are 
found in silks even though their optical birefringence suggests that they are 
highly oriented. This confusion is easily resolved by the bead morphology, 
since each bead consists of highly oriented segments of a polymer chain in 
the fibre axis, but this orientation consists of many short folded segments that 
have little mechanical connectivity. Thus, the nanometre scale of natural silk 
nanofibril morphological domains could be a key differentiator over synthetic 
polymers, or even regenerated silk, where aggressive solvent processing 
tends to remove these nanostructural features.
 Since silks (and proteins in general) can take so many different 
crystallographic forms, a very pragmatic option is simply to look at the 
fraction of ordered and disordered states (Porter et al. 2005). Ordered states 
can be loosely identified with the different crystal forms of proteins, and more 
precisely as the fraction of peptide segments that have both hydrogen bonds 
in the amide group bonded to another amide group. This automatically implies 
some degree of alignment between parallel molecular chains. Disordered 
states have only one hydrogen bond of the amide group linked to another 
adjacent amide group, which implies misalignment of macromolecular chains. 
Disordered states can be either glassy or rubberlike, depending mainly on 
the fraction of water in the disordered domains, which reduces the glass 
transition temperature from the dry reference value of about 200°C. The size 
of the ordered and disordered domains is deliberately kept open at this stage, 
but the strength and toughness of silk fibres does imply an ability to share 
energy between the different forms at a nanometre scale. Also, the ‘string 
of beads’ morphology allows an assumption that mechanical properties are 
relatively isotropic, to a good first approximation.

5.7.2 Mechanical predictive and interpretative model

The main distinguishing features of ordered and disordered states are that 
ordered states tend to be quite rigid due to the strong hydrogen bonding, but 
disordered states are relatively mobile and allow low-temperature dynamic 
relaxations that dissipate mechanical energy and give toughness. This simple 
classification allows the energy management principle to be translated directly 
into a molecular-level model for mechanical properties, and the key step is to 
quantify the fraction of mechanical energy that is dissipated in the disordered 
fraction during deformation.
 The model starts by calculating a reference pure elastic modulus for the 
polymer, which is the bulk modulus, B, that is determined by the cohesive 
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binding energy, Ecoh, between peptide segments with a volume, V, in adjacent 
protein chains:

  

B E
V

  18 coh≈

For example, the cohesive energy of an average peptide segment of a Nephila 
dragline silk is about 45 J/mol with a volume of 52 ¥ 10–6 m3/mol using 
group additivity tables, which suggests a reference value of 15 GPa for the 
elastic modulus. This elastic modulus is then reduced in magnitude by the 
energy dissipated in the disordered fraction due to the loss tangent, tand, 
associated with low-temperature relaxations.
 In many silks, the main low-temperature peak in loss tangent occurs at 
about –70°C and has been attributed to side-chain mobility of the side-chain 
fragment of a peptide segment. The area under this loss peak, tanD ≈ 19, 
can be quantified as a local transition event that is scaled in the disordered 
fraction, fd, and then taken to have a normal distribution around the peak 
position to give an approximate height and width of the peak. 
 The transformation of the reference modulus, B, into an actual tensile 
modulus, Y, is then done using the equation

  

Y B
f T

A B

T

 = exp –
tan dd
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˜
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where A ª1.5 kPa–1 is a structural factor in segment dimensions that can be 
calculated easily from the molecular structure. For example, a disordered 
fraction of 0.33 in a typical dry Nephila spider dragline silk suggests a 
tensile modulus of 11 GPa, which reduces with greater fractions of disorder. 
A similar calculation can be done for the modulus above the glass transition 
of the disordered fraction at about 200°C, which includes loss through the 
glass transition zone and shows that the modulus reduces to a lower limit 
of about 10 MPa for fully disordered material, with a value of about 2 GPa 
for the typical dragline silk given above. Figure 5.20 shows more detailed 
calculations of the dynamic mechanical properties of a generic silk in the 
form of modulus and loss tangent as a function of temperature.
 The next step in predicting mechanical properties is to transform the 
modulus temperature curves of Fig. 5.20 to stress–strain plots through to 
failure. At the simplest level, this is done by using temperature as a dummy 
variable to calculate strain, e, and stress, s, in a self-consistent form using 
the linear coefficient of thermal expansion, b ≈ 0.0001 K–1, which can be 
calculated using structure–property relations (Porter 2002):
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The yield point corresponds thermodynamically to the glass transition 
condition at a model elastic strain of about 2%, so the post-yield modulus 
corresponds to the modulus above the glass transition temperature. The 
strain hardening above the yield point in many silks is due to the gradual 
transformation of rubberlike states back to either crystal or glassy states of 
matter as mechanical energy forces the interacting molecular segments back 
together under higher strains. Generally, lower fractions of disorder absorb 
this strain energy faster and show hardening at lower strains. 
 This strain-hardening behaviour also has a direct influence on failure 
conditions in silk, since the material becomes brittle when all the rubberlike 
states have been transformed back to rigid crystal or glassy states. The 
failure stress and strain (if below the fracture mechanics limit of about 1.7 
GPa) occur at the point where all the rubberlike states are lost. This is very 
much like the strain hardening and failure of conventional rubbers. Figure 
5.21 shows the results of model calculations of stress–strain to failure for 
generic silks with different fractions of disorder, which shows all the main 
features associated with mechanical properties of dry silk fibres.
 Finally, water plays an important role in controlling the mechanical 
properties of silks, and most other biological materials. The main effect of 
water is to soften the disordered fraction, since it is unable to destabilise 
the strong hydrogen bonding in the ordered states. One dramatic effect is 
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5.20 Property plot: DMA. Adapted from Vollrath and Porter (2006a).
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to induce supercontraction of about 50% shrinkage in some spider dragline 
silks as water attacks the proline segments that have been frozen into a 
metastable oriented structure by the ordered sites all around them, but relax 
to a disordered state as soon as water relaxes these local constraints (Liu et 
al. 2008). More generally, water reduces the Tg of the disordered fraction, 
and a Tg value of 300 K is reached at a water weight fraction of about 25% 
or 80% humidity (Porter and Vollrath 2008). Under these conditions, silk 
becomes much softer, as discussed above for temperatures above Tg. 
 The combination of water content and fraction of ordered and disordered 
states is a very powerful control mechanism for mechanical properties, such 
that silks (and proteins in general) can have a massive range of mechanical 
properties, from an upper limiting modulus value of about 20 GPa in a highly 
ordered dragline silk to the properties of a reinforced rubber with a modulus 
of the order of MPa in a highly hydrated disordered silk. Using the models 
outlined here, it is possible to understand and calculate the properties of a 
silk with a prescribed structure and composition, which will be a great asset 
in attempts to mimic silk as a synthetic engineering or biomedical fibre.

5.8 Artificial silks

Silks are biopolymers with a wide range of interesting mechanical properties 
(Vollrath 2000b; Vollrath and Knight 2001). If these silks could be manufactured 
in quantity and quality and with comparably cheap and environmentally 
friendly production methods (Fahnestock et al. 2000; Fahnestock 2005), they 
could indeed become interesting alternative fibres to low-tech materials such 
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5.21 Property plot: mechanical envelope of properties. Adapted from 
Vollrath and Porter (2006a).
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as nylon or cotton (which are cheap, but environmentally costly) or hi-tech 
materials such as Kevlar or Twaron (which are expensive and environmentally 
costly). The worldwide production of synthetic fibres exceeds several million 
tons per year and requires an equal amount of fossil carbohydrates; the 
consumption of energy is not even considered. Although decay of deposited 
synthetics is slow, in the end the degradation of these fibres will add to the 
overall balance of the greenhouse gas carbon dioxide. Recombinant spider 
silk, on the other hand, can be generated from sustainable resources and 
could be recycled since it is made of proteins and therefore fully degradable 
(Fahnestock et al. 2000). Thus, even the replacement of low-tech fibres 
would be beneficial by lowering carbon dioxide output and saving valuable 
resources. However, the key to low-tech applications lies in the capabilities 
to find cheap and efficient production methods to deliver the huge amount 
of material that is demanded. 
 Initially, artificial dragline-type spider silk will probably find use in medicine 
(Vollrath et al. 2002; Altman et al. 2003), partly because of the traditionally 
high return on investment in this field, partly because spider silks already 
have a long tradition as ad hoc emergency plaster. However, there would 
also be a potential future in other markets; it is likely that techno-silks, in 
addition to replacing some now traditional man-made fibres, might find a 
use in novel applications. Magnetic silk–fibre composites, for example, can 
be made by binding colloidal magnetite (Fe3o4) nanoparticles to threads 
of dragline spider silk (Mayes et al. 1998). Such mineralised fibres retain 
their high strength and elasticity but can be oriented by an external magnetic 
field. Finally, artificial silks could find profitable employment in lightweight 
composites where their toughness and good thermal stability might be rather 
desirable.

5.8.1 Regenerated silks

An interesting idea to tailor silk fibre properties is to reuse silk proteins 
gathered from native silks and modify them to form new biomaterials. This 
process, often referred to as ‘regeneration’, consists in dissolving silk fibres 
(commonly silkworm silk cocoons) in chaotropic salt solutions to produce 
soluble silk proteins (Yamada et al. 2001). Alternatively, organic solvents 
can be used. Although very successful in its approach to providing large 
quantities of silk protein feedstock, the quality and polydispersity of the 
proteins are far from those of the native ones. Various tricks can be applied 
to crosslink or chemically modify regenerated silk in order to produce 
‘silk’ fibres, films or porous structures. Figure 5.22 shows a typical graph 
comparing mechanical properties from a regenerated fibre and a native fibre. 
The gap between the two groups highlights the remarkable feat of spiders 
and insects in producing high-performance fibres. It has been a problem 
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screening for the right preparation method or fibre making method. This 
is simply because tensile testing was the preferred method of comparison. 
Recently, however, a thorough and detailed use of rheology showed that one 
could readily quantify the differences between regenerated silks and native 
silks (Holland et al. 2006).
 Figure 5.23 shows a typical viscosity measurement over a range of shear 
rates. The data compares a native silk extract to a regenerated silk. The 
test sensitivity to silk preparation further emphasises the key role played 
by rheological tests (Holland et al. 2007). Furthermore (data not shown), 
over the range of all concentrations tested, natural silk dope consistently 
exhibited a zero shear viscosity and power law shear-thinning typical of 
a molten polymer, with higher concentrations representing higher overall 
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5.22 Regenerated silk mechanical properties. Natural and 
reconstituted silks have substantially different material properties. A 
representative sample drawn from the current published literature 
of the mechanical properties of silk fibres created by a variety of 
different reconstitution/respinning techniques (whose stress has been 
reported in Pa). Lines represent exemplar stress–strain curves, while 
points represent sample variation from that experiment. Natural silk: 
spider (Nephila edulis) major ampullate (diamonds) and silkworm 
(Bombyx mori) cocoon (crosses) have breaking stresses much 
higher than silks prepared from reconstituted spider silk spun in 
water (right-facing triangles) and reconstituted silkworm silk spun in 
water (circles) or spun in solvent with different spinning conditions 
(triangles and stars). Adapted from Holland et al. (2007).
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viscosities. When compared on the same scale, reconstituted silks behaved 
like Newtonian fluids with significantly lower viscosities, in agreement 
with previous findings (Chen et al. 2001). The different concentrations of 
reconstituted silk dope that were tested had only slightly different rheologies, 
which suggests that for this material there is a direct, positive link between 
amount of material and viscosity. Taken together, these data (Holland et al. 
2007) indicate that, despite the origin of the reconstituted molecules from 
native silk, the reconstitution process did substantially alter the integrity of 
the silk molecules. This alteration must have been sufficiently invasive to 
render the reconstituted molecules unable to respond to shear in the same 
way as their native predecessors.

5.8.2 Genetically engineered silks

In order to find an efficient way to produce spider silk proteins, a number 
of researchers and companies have attempted to express the relevant genes 
in a range of organisms that are relatively easily and cheaply cultured. This 
has included transgenic plants (e.g. potato tubers) and mammals (e.g. goat’s 
milk), which could provide substantial harvests in agricultural production 
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5.23 Regenerated silk rheological properties. Representative viscosity 
measurements of natural and reconstituted silkworm dope. Dry 
weight concentrations of natural dope are 18.6% weight/volume 
(squares) and 4.6% (circles), and of reconstituted dope 18.5% 
(triangles) and 4.5% (diamonds). For each concentration the same 
sample is represented in both graphs for consistency. Adapted from 
Holland et al. (2007).
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systems (Arcidiacono et al. 1998; Scheller et al. 2001; Huemmerich et al. 
2004; Karatzas et al. 2005). These more ‘advanced’ but not necessarily more 
productive systems were used in addition to the more typical fermentation 
systems where spider silk genes were expressed in microorganisms such as 
E. coli and Pichia pastoris (O’Brien et al. 1998). Other host systems like 
MAC-T or BHK mammal cell lines were also used, but due to the high costs 
these were more of scientific interest (Lazaris et al. 2002). Commercially 
more interesting could be the use of specialist spider or insect cell lines. 
Products of sizes up to 150 kDa were successfully expressed in these systems 
and the applied gene cassette models are capable of extending the product 
size at will. However, it remains unclear whether the natural protein size is a 
requirement for the fibre quality and, aside from molecular size, whether the 
heterogeneity observed in the sequence repeats might also be important.
 It is, of course, very much hoped that one or several of these production 
systems will be able, in the not too distant future, to supply sufficient 
amounts of raw materials to allow spinning silk-like fibres at a commercial 
scale. However, we must not forget the parallel development of appropriate 
‘spinning’ extruders. Once a good and reliable expression system is up and 
running then we can test and optimise both the artificial spinning dopes 
and the spinning methods. Only by tuning both to act in synergy will we be 
able to manufacture fibres to match the spider’s threads and their millions 
of years of co-evolution of feedstocks and extrusion systems. While such 
a biotechnological approach in itself poses a range of problems, both with 
the transfer of genes as well as with the expression and extraction of the 
relevant proteins, it emerges that the exceptional properties of a silk do not 
depend solely on the unique nature of the silk precursor feedstock. There 
is now strong evidence that a spider’s (as well as a silkworm’s) spinning 
mechanism may be no less important in determining a filament’s material 
properties than the feedstock polymer (e.g. Vollrath and Knight 2001; Dicko 
et al. 2006).

5.9 Conclusions

The Napoleonic industry of using spider silk (i.e. from the golden silk spider 
Nephila madagascariensis) to spin gloves was of limited success, mainly 
because of the cannibalistic nature of the spiders. But spider silks before and 
since were seen as exemplary fibres for applications that required of their 
materials both thinness and toughness. Until very recently, the cross-hairs in 
optical instruments were made of spider silks (e.g. from the garden cross spider 
Araneus diadematus) not least because this silk is fine and of even diameter 
along its length. In today’s public belief spider silk is often associated with 
bullet-proof vests. However, the ways in which a flak-jacket and a spider’s 
web handle kinetic energy are rather different, and not interchangeable; 
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the toughness of a web silk relies on its extensibility, that of a flak jacket 
emphatically not. However, spider silks (and their analogues) seem to be 
finding a ready market in biomedical applications. First and foremost, most 
spider silks seem to be biocompatible (Meinel et al. 2005) over appropriate 
timescales as well as tough and readily decorated with interesting compounds. 
Consequently, today a major effort is being invested in developing spider 
and spider-like silks for this application (Vollrath and Porter 2006b). While 
it is one thing to use existing silks, with or without chemical modifications, 
it is another altogether to produce silks biosynthetically (i.e. using other 
organisms to express the silk proteins) or fully synthetically (using artificial 
sequencing). 
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6
The structure of man-made  

cellulosic fibres

J Ganster and H-P Fink, Fraunhofer-institute for  
applied Polymer research, Germany

Abstract: After a short introduction to cellulose fibre spinning methods, 
general aspects of cellulose man-made fibre structure at various levels 
of molecular organisation are outlined. In subsequent sections, the fibre 
structures of viscose, Lyocell and cellulose acetate fibres are studied in 
more detail. The main body of data given is obtained from scanning and 
transmission electron microscopy, wide and small angle X-ray scattering, 
and birefringence. Some market figures are provided for the most important 
fibre types. New developments are covered in a short final section. 

Key words: cellulose man-made fibre, viscose, Lyocell, fibre structure, 
cellulose acetate.

6.1 Introduction and spinning methods 

Cellulose is the most abundantly biosynthesized polymer in nature, reaching 
production rates of about 1.5 ¥ 1012 tons per year (klemm et al. 2005). 
In combination with lignin and hemicelluloses it serves as the structural 
component in the cell wall of annual plants and trees, providing stiffness and 
strength. In particular pure form and high crystallinity, cellulose is synthesised 
by certain bacteria (e.g. Acetobacter xylinus) and occurs in certain algae as 
well (e.g. Valonia ventricosa).
 For processing of cellulose, wood pulp is the most important material 
source which is mainly used for the production of paper and cardboard. 
A minor part, roughly 2%, corresponding to about 3 million tons per year 
of special-grade pulp with cellulose content higher than 93%, so-called 
dissolving pulp, goes into the production of fibres, films and cellulose esters 
and ethers. For the shaping of cellulose in general and for fibre production 
in particular, special methods have to be employed, since cellulose with its 
extended hydrogen bond network (see Section 6.2) is neither meltable nor 
soluble in the common organic solvents, let alone water. A detailed account 
of regenerated (spun) cellulose fibres is given in the book edited by Woodings 
(2001a). 
 For fibre production, two major processing principles are industrially 
implemented nowadays (Fig. 6.1): derivative methods and direct methods. 
In the former a cellulose derivative is produced after activation of cellulose, 
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dissolved and spun into a coagulation bath where the pure cellulose is 
regenerated. In the latter special solvent systems are employed without 
chemical alteration of the cellulose chains.

6.1.1 Derivative methods

Being more than 100 years old, the viscose process (Götze 1967) is still 
dominating in cellulose fibre production with an annual output of more 
than 2 million tons. For this wet-spinning process cellulose xanthogenate 
is produced by adding liquid carbon disulfide to pressed alkali pre-treated 
cellulose. This derivative is soluble in alkali and forms the so-called viscose, 
a viscous liquid resembling honey in both colour and consistency. After a 
certain period of ripening, the viscose is spun into an acidic coagulation 
bath where the xanthate groups are cleaved off the polymeric chains and 
the pure cellulose is regenerated in fibre form, called rayon, viscose rayon 
or viscose fibre. Depending on how the actual process is conducted, fibre 
qualities range from textile (filament and staple) to technical grades (rayon 
tyre cord yarn).
 Another derivative method using urea instead of carbon disulfide has 
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been developed to commercial maturity, the CarbaCell process (Voges et al. 
2000). Environmental benefits in avoiding carbon disulfide altogether are 
combined with the perpetuation of the viscose wet-spinning technology.
 The manufacture of cellulose acetate fibres (e.g. Rustemeyer 2004) can 
be subsumed under the derivative methods, although acetate production and 
fibre spinning are separate industrial processes in this case. Cellulose acetate 
(CA) is produced by acetylation with acetic acid and acetic anhydride with 
sulfuric acid as catalyst. Cellulose triacetate (CTA) is obtained, which is partly 
saponified to get the desired degree of substitution (DS) of 2.4 to 2.5. Fibres 
are spun from CA for textile applications and filter tow (cigarette filters) 
from acetone in a dry-spinning process. A special type of highly oriented 
pure cellulose fibre, called Fortisan, was produced by steam drawing of CA 
fibres with subsequent saponification with caustic soda or sodium acetate 
(Sprague and Noether 1961).

6.1.2 Direct methods

Although cellulose is not soluble in the common organic solvents, a series 
of special solvents has been discovered in the long history of cellulose 
research (see Heinze and Liebert 1998, and Ganster and Fink 1999 for an 
overview). Only some of them have been used to spin cellulose fibres via 
a direct method.
 the most important direct method that is industrially utilised is the 
NMMO or Lyocell process (see, e.g., Coulsey and Smith 1996, Fink et al. 
2001), where an N-methylmorpholine-N-oxide/water mixture (Chanzy et al. 
1979) is used at elevated temperatures as the solvent. Fibre spinning from 
the cellulose–NMMO–water system is performed via a dry-jet/wet-spinning 
process with an air gap between nozzle and aqueous precipitation bath. 
Remarkably, the shaping of the dope in the nozzle and the air gap can be 
considered like a melt-spinning process (Liu et al. 2001), hence, appropriate 
procedures like film-blowing and melt-blown non-wovens technologies were 
developed on the basis of the Lyocell process (Fink et al. 2001, Ebeling et 
al. 2006).
 Other direct methods developed are the copper ammonia technology 
(cupro silk, see, e.g., Nishiyama 1997) still in production, the Celsol process 
(Vehviläinen and Nousiainen 1997) with sodium hydroxide and the use of 
DMAc/LiCl (Bianchi et al. 1989) as well as phosphoric acid (Boerstoel et 
al. 2001) as solvents.
 More recently, ionic liquids as solvents for cellulose have been investigated 
(Laus et al. 2005, Hermanutz et al. 2008, Kosan et al. 2008). Results are 
promising, first of all with the prospect of higher concentrations in the 
spinning dope (almost 20% reported in Kosan et al. 2008).
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6.2 Structural levels and general models

6.2.1 Single chain

On the very basic, i.e. the configurational, level of covalent bonds, cellulose 
is a linear polysaccharide consisting of anhydroglucose units (AGUs) in the 
the 4C1 chair conformation linked through b(1 Æ 4) glycosidic bonds such 
that, in contrast to amylose in starch which is a(1 Æ 4) linked, a rather 
straight chain conformation is easily generated (see Fig. 6.2). The number 
of AGUs constituting a chain is called the degree of polymerisation (DP). 
In wood pulps, typical values range from 300 to 1700 (Klemm et al. 2005), 
while viscose fibres have DPs in the range from 300 to 500 and NMMO 
fibres above that, a typical value being 600 (Fink et al. 2001).
 Going from the single chain to the bulk solid state, cellulose turns out to be 
a partially crystalline polymer (see below). This holds true both for naturally 
occurring and for man-made (spun), i.e. regenerated, cellulose. However, 
at this structural level, where the chain conformations in conjunction with 
inter-chain interactions play the decisive role, marked differences between 
native and processed cellulose crystal structures are found.

6.2.2 Crystal structures – cellulose

As is widely accepted nowadays, biosynthesised cellulose crystallises 
either in the triclinic ia form or in the monoclinic space group P21, the ib 
form (see Zugenmaier 2008 for a detailed discussion and an outline of the 
historical development of X-ray models for native cellulose). The standard 
crystalline polymorph for both mercerised (alkali treated) and regenerated 
(spun) cellulose is called cellulose II, a monoclinic form of space group P21 
which is remarkably different from native cellulose crystals (see below).
 Classical models of cellulose II date back to 1929, where Andress 
investigated the X-ray diagram of mercerised cellulose and determined the 
unit cell dimensions (Andress, 1929). Later, Kolpak and Blackwell (1976) and 
Stipanovic and Sarko (1976) used X-ray scattering and model calculations to 
determine the non-hydrogen atomic positions in the unit cell. More recently, 
those models were refined by Langan et al. (1999, 2001, 2005) with neutron 
and high-resolution synchrotron X-ray scattering. In contrast to the 1976 
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models, the authors propose a different hydrogen bonding scheme and report, 
for the first time, a complete set of atomic coordinates including hydrogen 
atoms (Langan et al. 1999). In Fig. 6.3, the crystal structure according to 
Langan et al. (2001) is depicted by a projection onto the a–b plane which 
is perpendicular to the chain axes (Fig. 6.3a) and three drawings show the 
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molecules in the (010) sheet through the origin (Fig. 6.3b), the centre (c), and 
in the (110) sheet (d) of the unit cell as visualised by Zugenmaier (2001). A 
well-developed hydrogen bond system with both intra and inter-chain bonds 
is seen, as indicated by the narrow lines drawn between one oxygen and the 
other oxygen hosting the hydrogen in question.
 One of the most striking differences of this crystal structure from native 
cellulose crystals is the chain orientation. While in cellulose Ia or ib all the 
chains have the same parallel direction, corner (origin) and centre chains in 
the cellulose II unit cell have anti-parallel directions, i.e. point in or out of 
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the paper plane in Fig. 6.3a. In Fig. 6.3b, both chains point downwards, if one 
counts the direction from C1 to C4, while in Fig. 6.3c the direction is upwards, 
and it is mixed in Fig. 6.3d. This poses some difficulties in explaining the 
solid state phase transition after swelling by alkali from native cellulose to 
cellulose II such that an inter-diffusion model was proposed between cellulose 
chains from adjacent native cellulose crystallites of opposite orientation 
(Okano and Sarko 1985). An alternative model based on a non-uniform 
fringed fibrillar morphology in connection with a conformation transition 
from bent to bent and twisted single chain conformations has been proposed 
by Hayashi et al. (see model discussions in Fink and Philipp (1985)).
 Other cellulose polymorphs (III and IV) are described in the literature 
(see Zugenmaier 2008 and references therein) but are rarely encountered 
in practice since they are formed only after special treatment (dry liquid 
ammonia and heat treatment at 260°C, respectively).

6.2.3 Crystal structures – cellulose acetate

Cellulose acetate crystallises best when all hydroxyl groups at positions 2, 
3 and 6 (Fig. 6.2) are substituted by acetyl (COCH3) groups, i.e. when the 
degree of substitution (DS) is 3 (44.8% acetyl content). The derivative is then 
called cellulose triacetate (CTA) or primary CA. There are two crystalline 
polymorphs, CTA I originating from native cellulose, and CTA II obtained 
from cellulose II or by complete dissolution of native cellulose I. Again, an 
anti-parallel chain arrangement is observed for the CTA II crystal structure. 
Starting from a CTA II crystal structure proposed by Roche et al. (1978), 
Zugenmaier (2008) published the atomic coordinates of a refined orthorhombic 
model also having the space group P212121. The a–b projection of this model 
perpendicular to the chain direction is shown in Fig. 6.4. The two parallel 
chains on the a-axis are transformed by the symmetry operations to their 
anti-parallel counterparts shown on the right side of the unit cell. Hydrogen 
bonds are no longer formed since all hydroxyl groups are substituted by 
acetyl moieties and CTA is thermoplastic with a melting temperature of 
307°C (Zugenmaier 2004).
 Fibres are spun from partially saponified CTA called secondary or two 
and a half acetate having a DS of around 2.5 (acetyl content around 40%) 
and a random substituent distribution. Crystallisation is hampered due to 
the molecular irregularity such that no particular crystal structures have to 
be determined.

6.2.4 Partially crystalline structure

In general, man-made cellulosic fibres are considered partially crystalline 
with various degrees of crystallinity, crystallite dimensions and appreciable 
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non-crystalline fractions. In contrast to many synthetic polymers, a spherulitic 
morphology is not observed. 
 A detailed theoretical approach to fibre properties, taking into account 
the morphological features of partial crystallinity with its application to 
selected cellulose spun fibres has been provided by Hearle (Hearle 2001). 
Three basic morphologies are defined: a lamellar structure with crystallites 
extending in the lateral direction forming lamellae perpendicular to the fibre 
direction, a micellar structure with broken-up lamellae and somewhat increased 
dimensions in the fibre direction, and a fibrillar structure with elongated 
crystallites in the fibre direction. In all cases, chain axes are more or less 
parallel to the fibre axis. The third type, in connection with fringe molecules 
connecting the crystallites, seems to be the most appropriate model for the 
morphological structure of most cellulose spun fibres (Hearle 1958, Schurz 
1980, Fink and Walenta 1994) and is called the fringed fibrillar model as 
visualised in Fig. 6.5. However, there is a continuous transition between the 
fibrillar and micellar morphologies with decreasing fibril length such that 
viscose in contrast to modal fibres tend to have a micellar character (Hearle 
1967). 
 In the following, crystallinities, crystallite dimensions and molecular 
orientations are discussed, which will further elucidate the given model 
concepts.

[001]

b

a

6.4 Crystal structure of cellulose triacetate according to Zugenmaier 
(2008), projection onto the a–b plane (with kind permission of 
Springer Science and Business Media).
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6.3 Rayon (viscose)-type fibres

Worldwide, the majority of viscose fibres are produced as staple fibre for 
textile and non-woven applications. In 2006 the world production was 2.168 
million tons (Koslowski 2008). Filament yarns from the viscose process for 
textile and technical applications reached 363 000 tons in 2006 (Koslowski 
2008) with an estimated share of technical yarns of 20% (based on data for 
2005: Chemical Fibers International 2006).
 Owing to the versatility of the viscose process, the products range from 
textile fibres with typical tenacities of around 25 cN/tex (375 MPa; see, e.g., 
adusumalli et al. 2006) over technical yarns with 55 cN/tex or 825 MPa 
(rayon tyre cord yarn, e.g. Ganster et al. 2008) to specialities with extremely 
high moduli (2100 cN/tex (31.5 GPa), Cordenka EHM, e.g. Eichhorn et 
al. 2001) which are, however, no longer produced. Modal and polynosic, 
which figure in Table 6.1, are special viscose fibres with high wet modulus 
(HWM). Despite this broad property range, which is mainly due to changes 
in molecular orientation, a set of morphological features typical for viscose 
fibres can be highlighted.

6.3.1 Cross-section, morphology and pore structure

Cross-sectional morphology is determined here and in what follows by 
transmission electron microscopy (TEM) with a Philips TEM CM 200 at 

6.5 Fringed fibrillar model of cellulose according to Fink and Walenta 
(1994).
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120 kV from ultra-thin cross-sections (approx. 60 nm) prepared with an 
ultra-microtome Leica Ultracut S after initial embedding in a polymethyl 
methacrylate matrix (Purz and Schulz 1979).
 A typical cross-section for a viscose fibre spun in our laboratory is shown 
in Fig. 6.6a. Clearly seen is the lobular outer shape of the viscose fibre and 
the core–skin morphology with a porous and less dense core section and a 
well-developed and dense skin region of 1 to 2 µm thickness. In Figs 6.6b 
and c, the inner and outer regions, respectively, of the fibre from Fig. 6.6a 
are shown with higher magnification. In contrast to the skin region, voids 
are present in the core with dimensions of around 100 nm diameter. In both 
regions pores in the order of 10 to 15 nm are visible. The longitudinal cut 
of a commercial viscose fibre with high wet modulus as shown in Fig. 6.6d 
also clearly displays the skin–core morphology. Obviously, the voids have 
a spindle-like shape in the direction of the fibre axis. (The creases visible 
in the figures are artefacts from the microtome cut.) Similar results have 
been found by other authors, notably by Abu-Rous et al. (2006), who also 
investigated Lyocell and modal fibres by TEM. 
 Note that other cross-sectional shapes can be generated by the use of 
non-circular spin holes, by hollow fibre spinning, or by injecting a gas or a 
gas-forming medium into the viscose to produce inflated fibres (Woodings 
2001b). Moreover, all-skin morphologies for tyre yarn can be realised by 
adding dimethylamine or dimethylformamide to the viscose and/or spinbath 
(Woodings 2001b).
 Scanning electron micrographs (SEM) of cross-sectional surfaces, cryo-
fractured at liquid nitrogen temperature, were taken after sputtering with  

Table 6.1 Mechanical properties and X-ray crystallinities (WAXS-xc) of various 
cellulose spun fibres (data extracted from Röder et al. 2006)

Sample Titre Tenacity  Elongation  WAXS-xc  Fibre type 
no. (dtex) (cN/tex) (MPa) (%) (%)   

3 1.03 42.6 640 11.4 40 Lyocell Filament Exp.
8 1.30 24.0 360 6.0 47 Lyocell Staple Exp.
9 1.30 36.0 540 13.0 44 Lyocell Staple Comm.
12 1.32 42.8 640 15.5 27 Modal Staple Comm.
15 1.43 27.3 410 13.7 25 Polynosic Staple Comm.
17 1.50 23.4 350 17.4 26 Viscose Staple Comm.
19 1.36 29.1 435 15.8 30 Viscose Staple Comm.
23 1.89 52.3 785 15.1 24 Viscose Filament Comm.
26 2.52 22.3 335 24.3 29 Cupro Filament Comm.
27 3.32 17.0 255 7.8 38 Celsol Filament Exp.
28 2.85 19.8 300 7.7 46 Carbamate Filament Exp.
29 0.68 23.9 360 3.2 47 Fortisan Filament Exp.

Shaded area represents data for fibres spun by the viscose process although not 
all the fibres are called viscose.
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4 nm platinum with a JEOL JSM 6330 F at 5 kV acceleration voltage and 
low probe current here and in what follows.
 In Fig. 6.7 cryo-fracture micrographs are shown for viscose fibres from 
different starting pulps. Again the lobular fibre morphology is recognised. 
The first fibre fractures in a blunt manner while in Fig. 6.7b a rather step-
wise fracture morphology is observed. Some inner detail is revealed which 

3 µm

(a)

6.6 TEM micrographs of viscose fibre cross-sections: (a) lobular outer 
shape and skin-core structure; (b) zoom into inner region; (c) zoom 
into outer region; (d) longitudinal cut.

500 µm

(b)
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500 nm

(c)

5 µm

(d)

6.6 Cont’d
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becomes clearer when the single fibres (filaments) are subjected to a wet 
abrasion treatment with a rotating moist grinding rod. This test was used for 
quantifying the strong wet fibrillation tendency of Lyocell-type fibres of the 
first generation (Fink et al. 2001).

3 µm

(a)

5 µm

(b)

6.7 SEM micrographs of cryo-fracture surfaces of viscose fibres: (a) 
blunt fracture; (b) step-wise fracture.
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 In Fig. 6.8, an SEM micrograph is presented of a viscose fibre treated 
in the manner described above. The oriented fibrillar morphology in accord 
with Fig. 6.5 is exposed by the mechanical destruction of inter-fibril linkages. 
However, the abrasion time to reach such a state is at least one order of 
magnitude higher than for Lyocell-type fibres of the first generation (cf. Fig. 
6.12).

6.3.2 Crystallinity, crystallite dimensions  
and orientation

Crystallinities for viscose and other spun cellulose fibres as determined by 
wide angle X-ray scattering (WAXS) are presented in Table 6.1 as an excerpt 
from Table 1 in Röder et al. (2006). The X-ray method employed (Fink et al., 
1985) is based upon the work of Ruland (1961) and Vonk (1973) and uses 
isotropised samples and the scattering intensity of the complete measured 
angular range. By this method crystallites smaller than 2 to 3 nm are not 
included in the WAXS crystallinity (Ruland 1961). Besides crystallinity xc, 
this method provides a lattice distortion measure k (disorder parameter).
 Obviously, the fibres spun by whatever variant of the viscose process 
(shaded lines) have the lowest crystallinities in the whole table (except for 
Cupro), i.e. as compared to direct methods or saponified CA (Fortisan). 
Moreover, no correlation between crystallinity and tenacity is found. Even 
the viscose fibre with lowest tenacity of 23.4 cN/tex (no. 17) has a higher 

3 µm

6.8 SEM micrograph of viscose fibre after wet abrasion treatment.
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crystallinity of 26% than the fibre with the highest strength of 52.3 cN/tex 
with a crystallinity of 24%. (no. 23).
 Crystallinities of various spun cellulose fibres were also determined with 
WAXS by Lenz et al. (1988). Their values confirm the higher crystallinity 
in Lyocell compared to viscose fibres but are in general considerably 
higher than those given above. This is certainly due to the fact that Lenz 
et al. do not isotropise their samples and use only selected meridional fibre 
reflections for crystallinity evaluation, thus biasing the average towards 
higher crystallinity.
 Crystallinity values for a series of spun cellulose fibres have been 
determined by 13C-CP-MAS solid state NMR by Ibbett et al. (2007). The 
authors claim a three-phase model of crystalline ordered, partially ordered 
and fully disordered regions with corresponding peak positions in the C4 
region between 92 and 80 ppm and use a peak-fitting procedure to determine 
the mole fractions of the phases. A restructured excerpt of their Table 1 is 
presented here as Table 6.2. The crystalline fraction alone does not fit the 
findings from X-ray scattering in Table 6.1. However, the sum of crystalline 
and partially ordered fraction (ordered fraction) gives reasonable agreement 
with the values in Table 6.1. On the other hand, the well-established fact 
that 13C-CP/MAS-NMR spectroscopy reflects both the crystallinity and the 
crystallite dimensions of a cellulose sample (Newman 1999, Fink et al. 2004) 
should be taken into account in the discussion of NMR results.
 Crystallite dimensions D(hkl) perpendicular to the (hkl) lattice planes can be 
determined by WAXS from the half-width of the corresponding interference 
peak according to the classical Scherrer equation (e.g. Klug and Alexander 
1974). An improved single-line method based on the micro-strain concept 
(Hofmann and Walenta 1987) has been applied to cellulose II by Hofmann et 
al. (1989) (see also Fink et al. 1995). Generally for cellulose II, it is difficult 
to separate an interference coming from lattice planes perpendicular to the 

Table 6.2 Crystalline and partially ordered fraction of various cellulose 
spun fibres from 13C-CP/MAS-NMR (data from Ibbett et al. 2007)

Fibre type Crystalline  Partially ordered  Ordered fraction 
 fraction (%) fraction (%) (sum) (%)

Lyocell 17 26 43
Modal 13 16 29
Polynosic 9 12 21
Viscose 13 13 26
Tyre cord 9 8 17
Cupro 14 18 32
Fortisan 33 25 58

Shaded area represents data for fibres spun by the viscose process 
although not all the fibres are called viscose.
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chain axis in an isotropised sample. From oriented samples, Haase et al. 
(1973) obtained a value of 11.2 nm for the crystallite dimension in the chain 
direction of a viscose fibre called Tufcel. This is in accord with findings by 
Rihm (2003), who determined 9.8 nm and 9.7 nm for viscose and tyre cord 
yarn, respectively.
 Results for lateral dimensions from isotropised fibre samples of Table 6.1 
are shown in Table 6.3 together with a calculated approximate measure for 
the crystallite area A = D(1-10) D(110) perpendicular to the chain axis (Patil 
et al. 1962). Obviously, D(hkl) values tend to be generally higher for viscose 
than for Lyocell, while disorder parameters tend to be lower. 
 In polymeric fibres, chain orientation is the most crucial parameter for 
the mechanical properties such as modulus and strength. Due to the strong 
covalent bonds in the chain direction and the minor lateral interactions, only 
molecules with a high orientation in the fibre direction contribute significantly 
to high moduli and tenacities. Even for cellulose, where lateral hydrogen 
bonds impart a stronger interaction than ordinary van der Waals forces, the 
anisotropy is considerable. Molecular modelling of cellulose II at room 
temperature has shown that even for the crystalline state with a well-defined 
hydrogen bond network the two lateral moduli are roughly four and six times 
smaller, respectively, than the modulus in the chain direction (Ganster and 
Blackwell 1996). Therefore, a high chain orientation in the fibre direction, 
in particular in the non-crystalline regions where the hydrogen bond network 
is not as well developed, is required for high tensile properties.
 Crystalline orientation is usually quantified by the Hermans factor fc and 
is measured by X-ray diffraction using the second moment of the azimuthal 

Table 6.3 Tenacity, lattice distortion parameter k, crystallite dimensions D(hkl) and 
cross-section A for the fibres of Table 6.1 from X-ray diffraction

Sample Tenacity k D(1–10)  D(110) D(020)  A Fibre  
no. (cN/tex) (10–2 nm–2) (nm) (nm) (nm) (nm2) type

 3 42.6 1.8 3.9 4.3 4.2 16.4 Lyocell
 8 24.0 2.1 4.2 4.2 3.9 17.6 Lyocell
 9 36.0 1.8 4.2 4.3 4.3 18.1 Lyocell
12 42.8 1.4 5.3 4.2 4.6 22.3 Modal
15 27.3 1.4 5.2 3.9 4.3 20.3 Polynosic
17 23.4 1.3 5.3 4.6 3.9 24.4 Viscose
19 29.1 1.4 5.6 4.2 4.5 23.5 Viscose
23 52.3 1.5 – 3.6 4.7 – Viscose
26 22.3 1.5 5.7 4.9 5.4 27.9 Cupro
27 17.0 1.8 4.2 4.7 4.3 19.7 Celsol
28 19.8 2.1 3.9 5.1 4.3 19.9 Carbamate
29 23.9 1.5 6.1 5.0 5.6 30.5 Fortisan

Shaded area represents data for fibres spun by the viscose process although not 
all the fibres are called viscose.
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intensity distribution of a certain interference while total orientation is 
measured by birefringence (see, e.g., Alexander 1969). From an average 
weighted with crystallinity, the amorphous (non-crystalline) chain orientation 
can be obtained.
 Our results for various cellulose spun fibres are shown in Fig. 6.9. The 
meridional reflection (004) was used for the moment calculation of crystalline 
orientation. For calculating the total and amorphous orientation factors, a 
maximum crystalline and amorphous birefringence of 0.062 and 0.056, 
respectively, were assumed. The decisive role of amorphous orientation 
is seen. All the fibres have very similar crystalline orientation factors; 
however, the total and thence the amorphous orientation differ widely. For 
the two viscose fibres, the tyre cord yarn (Cord) with its high tenacity and 
modulus has a considerably higher amorphous orientation than the textile 
viscose fibre (Visc.). The development of carbamate fibres started out with 
low amorphous orientation (Carb1) and ended (Carb6) with an amorphous 
orientation comparable to viscose fibres.
 Much lower and much more varying crystalline orientation factors were 
found by Lenz et al. (1993) for modal, viscose, NMMO, polynosic, carbamate 
and LiCl/DMAc fibres. They also used WAXS as the technique but evaluated 
two lateral reflections on the equator of the scattering pattern, the second 
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6.9 Total (ft), crystalline (fc) and amorphous (fa) orientation factors for 
Lyocell (LY1, LY2), viscose (Visc., Cord) and carbamate (Carb1, Carb3, 
Carb6) cellulose fibres.
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of which, i.e. (10-1), is overlapping with (002) (in their nomenclature) and 
thus broadening the distribution.
 It must be kept in mind that all the values given are averages over the whole 
fibre, i.e. over skin and core regions. An attempt to differentiate between skin 
and core with X-ray microbeam and electron diffraction of longitudinal fibre 
cuts has been reported by Müller et al. (2000). The authors find a far better 
crystallite alignment in the skin region (certainly due to higher shear forces 
there in the spinneret) and no significant differences in crystallinity and lateral 
crystallite size. Better chain orientation in the skin layer was corroborated by 
eichhorn et al. (2003) with synchrotron X-ray diffraction with a 3 µm spot 
size using an equatorial interference, i.e. lateral lattice planes.

6.4 Lyocell-type fibres

Being the most important direct method, the Lyocell process is practically 
solely used by Lenzing AG to spin staple fibres, with an estimated fibre 
production of 115 000–120 000 tonnes in 2006 (Koslowski 2008). The first 
fully commercial-scale line was put into operation in 1997 and since then 
steady growth and improvement of properties, e.g. by crosslinking to avoid 
wet fibrillation, has occurred (Ward 2001). A recent update on Lyocell fibre 
properties from the textile viewpoint can be found in Firgo et al. (2006).

6.4.1 Cross-section, morphology and  
pore structure

A typical cross-section for a Lyocell fibre is shown in Fig. 6.10a. In contrast 
to viscose fibres, a widely circular cross-section, no lobulation and no visible 
skin–core morphology is observed. The magnified view (Fig. 6.10b) of the 
inner region is very similar to the morphology of the skin region in the 
viscose fibre. A more detailed analysis of the pore structure in Lyocell fibres 
has been performed by Abu-Rous et al. (2006). They used an OsO4 staining 
technique and observed nano-pores in the bulk with a slight gradient in pore 
density and a very porous skin layer.
 The overall void structure in NMMO-type fibres (Tencel, Courtaulds) 
fibres was analysed using small-angle X-ray scattering with synchrotron 
radiation by Crawshaw and Cameron (2000) in both the wet and dried, as 
well the as rewetted and redried, states. An extensive network of small pores 
with average length 11 nm and lateral dimensions of approx. 0.3 nm and 36 
nm were detected in the wet state. Upon drying, the overall pore volume is 
drastically reduced but the average size of a single pore is increased to 270 
¥ 5 ¥ 34 nm3. Successive drying and rewetting decreases void length and 
volume fraction, and the authors compared that behaviour to the so-called 
hornification in native cellulose.
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 Cryo-fracture micrographs taken with SEM are displayed in Fig. 6.11. 
The fracture morphology is different from that for viscose fibres and appears 
with sharper features. A zoom into the fracture surface as in Fig. 6.11b shows 
a fibrillar structure which results in the damaged fibre structure seen in  

1 µm

(a)

300 µm

(b)

6.10 TEM micrographs of Lyocell fibre cross-sections: (a) overall 
shape; (b) zoom into inner region.
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Fig. 6.12. As for Fig. 6.8, a wet abrasion treatment has been performed and, 
in comparison to the viscose case, finer fibrils are revealed.

6.4.2 Crystallinity, crystallite dimensions  
and orientation

In Tables 6.1 and 6.2 for crystallinity and crystal size, respectively, Lyocell-
type fibres have already been included. Crystallinities are generally higher 

10 µm

(a)

(b)

6.11 SEM micrographs of cryo-fracture surfaces of Lyocell fibres: (a) 
overall view; (b) zoom into fibrillar structure.
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than for viscose fibres and seem to be inversely correlated with tenacity. 
Crystallite sizes perpendicular to the (1-10) planes and lateral crystallite areas 
are lower than for viscose fibres and the crystallites are less perfect since 
the k-factor is higher. For the crystallite dimension in the chain direction, 
Rihm (2003) finds 17.5 nm for an anisotropic Lyocell fibre sample. Thus, 
in Lyocell fibres the crystallites are considerably longer and slightly thinner 
than in viscose fibres. Moreover, using the crystallite areas and crystallinities 
from Tables 6.1 and 6.3 together with the mentioned crystallite lengths, the 
number of crystallites in Lyocell fibre no. 9 is 25% greater than the number 
of crystallites in viscose fibre no. 26, both taken as typical examples.
 Combining SAXS and WAXS results, Lenz et al. (1992), provide a 
model of the so-called elementary fibril in Lyocell and modal fibres with 
crystallinities in the chain direction of 90% and 50–60%, respectively. In 
both cases, fibril thickness is 8 nm, while the lengths of the crystalline and 
amorphous regions are 16 nm and 8 nm in the Modal, and 21 nm and 2 nm 
in the Lyocell case.
 As to chain orientation in Lyocell fibres, the two entries LY1 and LY2 in Fig. 
6.9 represent Lyocell fibres of the first and second generations, respectively. 
Struggling with the wet fibrillation tendency of first Lyocell fibres, it became 
clear that amorphous chain orientation had to be reduced in order to improve 
the lateral connection between the fibrils. That was accomplished as seen 
in the figure. Total orientation factors from birefringence for four different 
Lyocell fibres, a viscose fibre and an experimental high modulus/high strength 

10 µm

6.12 SEM micrograph of Lyocell fibre after wet abrasion treatment.
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fibre spun from phosphoric acid are reported by Gindl et al. (2008). Values 
are in the range of Fig. 6.9 and a systematic increase in modulus and strength 
is found with increased birefringence and reduction in diameter.
 A systematic study of overall fibre orientation by birefringence and strain-
induced Raman band shift as well as properties of NMMO fibres spun with six 
different draw ratios (from 0.7 to 8.9) was performed by Kong and Eichhorn 
(2005). Except for draw ratio 6, a monotonous increase in birefringence is 
seen. From the values reported, total orientation factors can be calculated to 
be in the range from 0.28 to 0.9, i.e. covering the values displayed in Fig. 
6.9.
 Quite recently, the crystalline and amorphous orientation of a Lyocell fibre 
(titre 13.55 dtex) as a function of strain up to 8% was investigated by Gindl 
et al. (2007). They used synchrotron radiation to determine the crystallite 
orientation fc from the compound peak (110)/(020) (indexing according to 
Kolpak and Blackwell 1976) and found an fc of 0.73 for the unstrained fibre. 
This is low compared to the values from Fig. 6.9 and is certainly due to 
the use of the equatorial double peak (110)/(020) instead of the meridional 
(004) reflection. Straining the fibre to 8%, fc increases only slightly, while 
amorphous orientation measured from birefringence increases from 0.48 to 
0.65. This is in full accord with Fig. 6.9 from which it can be concluded 
that amorphous (non-crystalline) in contrast to crystalline orientation is the 
crucial parameter for fibre development.
 recently, crystal orientation and crystal reorientation under tensile load in 
the NMMO fibres from Kong and Eichhorn (2005), was studied by synchrotron 
radiation with a beam size of 500 nm (Kong et al. 2007). Utilising the high 
spatial resolution, higher orientation was found in the skin than in the core 
region for all draw ratios due to higher shear forces near the fibre surface 
in the spinneret. 

6.5 Cellulose acetate-based fibres

The world production of cellulose acetate filament yarn and acetate filter 
tow in 2006 was 70 000 tonnes and 680 000 tonnes, respectively (Koslowski 
2008). Yarns are used in textile applications and filter tow mainly for cigarette 
filters. More details on application can be found on the Global Acetate 
Manufacturers’ Association (GAMA) website (GAMA, 2008). A recent 
Macromolecular Symposium was devoted to properties and applications 
(Rustemeyer 2004). Currently produced acetate fibres have tenacities around 
13 cN/tex, elongations at break over 20% and moduli around 340 cN/tex 
(own measurements, unpublished results). In general, cellulose acetate fibres 
are far less thoroughly studied than regenerated cellulose fibres, so that the 
information given here rests heavily upon our own investigations.
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 A pure cellulose fibre obtained by saponification of CA fibres which, 
however,  has been out of production for decades is called Fortisan and will 
be covered in part in this section.

6.5.1 Cross-section, morphology and  
pore structure

Typical cross-sections of three commercial CA filaments are shown in Fig. 
6.13. The shape with its lobular circumference resembles that of viscose 
fibres. A skin-core structure with a coarser core region and a denser skin is 
present also here, as seen from the micrographs of the inner and outer regions 
of the fibre from Fig. 6.13 presented in Figs 6.14a and 6.14b, respectively. 
The differences are not as pronounced as for the viscose fibres from Fig. 
6.6. Cryo-fracture micrographs taken with SEM from the respective fibres of 
Fig. 6.13 are displayed in Fig. 6.15. Compared to viscose and Lyocell, the 
acetate fracture surfaces have a smoother and less ragged appearance.

6.5.2 Crystallinity, crystallite dimensions  
and orientation

Crystallinities of CA fibres spun in our laboratory and determined by the 
above-mentioned Ruland–Vonk method were between 13 and 15% with 

3 µm

(a)

6.13 TEM micrographs of three different commercial cellulose acetate 
fibre cross-sections.
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disorder parameters k in the range of 1.8 to 2.2. In contrast, the saponified 
Fortisan fibre has a crystallinity as high as 47% (Table 6.1).
 Due to the low crystallinities even compared to the viscose fibres from 
Table 6.1, no crystallite dimensions could be determined for the CA fibres. 

3 µm

(b)

3 µm

(c)

6.13 Cont’d
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For Fortisan large crystallites with the highest lateral area of 30.5 nm2 of 
all the fibres in Table 6.3 are detected.
 Chain orientation can be qualitatively assessed by wide-angle X-ray fibre 
patterns as shown in Fig. 6.16. It is clear from the X-ray diagrams that CA 

300 nm

(a)

300 nm

(b)

6.14 TEM micrographs of (a) inner and (b) outer regions of the fibre 
from Fig. 6.13a.
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3 µm
(a)

5 µm

(b)

3 µm
(c)

6.15 SEM micrographs of cryo-fracture surfaces of the fibres shown 
in Fig. 6.13.
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227The structure of man-made cellulosic fibres

fibres are very different with their weak crystalline reflections as well as 
their complete amorphous halo which have only minor increased intensity 
in the equator region. This means weak anisotropy and a very low degree 
of chain orientation for the existing CA fibres.

(a) (b)

(c) (d)

6.16 X-ray flat film photographs of (a) viscose, (b) cellulose tyre cord 
yarn, (c) Lyocell, and (d) cellulose acetate fibres.
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6.6 Future trends

Although more than 100 years old, the viscose process is the subject of some 
recent investigations, though more from an industrial optimisation point of 
view. One obvious approach, for instance, is the use of less expensive pulps 
for fibre manufacture (Fink et al. 2008). A series of pulps has been tested and 
fibre properties reached levels of conventional fibres spun from dissolving 
pulps, whereas filtration processes are yet to be optimised in order to permit 
an industrial process.
 As disclosed in a series of patents by Weyerhaeuser (e.g. Luo et al. 2001), 
high hemicellulose pulps have also been used to spin fibres with the Lyocell 
process (Zhang et al. 2008). The latter authors claim that spinning at higher 
concentrations is possible and that improved mechanical properties, increased 
fibrillation resistance, as well as better dyeing properties are obtained. 
They find a slightly lower crystallinity (50% vs. 52%) and a slightly higher 
crystalline orientation (0.827 vs. 0.818). 
 An exceptionally stiff and strong cellulose fibre spun from an anisotropic 
solution in phosphoric acid is described by Northolt et al. (2001). The authors 
report a strength of 1.3 GPa, a modulus of 45 GPa and a tensile elongation 
as low as 4.6%. Crystallite dimensions from X-ray scattering of the lateral 
(1–10) and the (004) chain reflections are found to be 3.9 nm and 17.8 nm, 
respectively. Compared to textile viscose (2.9 nm) and Cordenka 700 tyre 
cord yarn (3.7 nm) the lateral dimensions do not change much, though 
crystalline length is increased considerably (9 nm for viscose and 9.6 nm 
for tyre cord). From radial cracking and electron diffraction studies on a 
particular phosphoric acid spun fibre, they conclude a radial texture of the 
(110) lattice planes to be present in the fibre.
 More recently, Fink et al. (2006) reported on cellulose fibres spun from 
highly concentrated anisotropic solutions of cellulose carbamate in NMMO 
via a dry jet-wet process. Resulting fibres show extraordinary high tenacities 
(up to 65 cN/tex, i.e. 975 MPa) and moduli (3300 cN/tex, i.e. 49.5 GPa) 
at high drawing ratios. Compared to former attempts at liquid crystalline 
solution spinning, the carbamate–NMMO system has the strong advantage 
of being based on existing technologies.
 Cellulose filaments spun from an aqueous NaOH/urea solution prepared 
at reduced temperatures (precooled to –12°C) have been developed in view 
of setting up an alternative industrial process in the group of L. Zhang (Chen 
et al. 2006, Cai et al. 2007). Advantages of the new process are described as 
low cost, simplicity, reduced environmental impact and shorter production 
cycle. Tensile properties with maximum strength of 18 cN/tex (270 MPa) 
at an elongation of 13% do not yet reach typical textile viscose values  
(23 cN/tex, i.e. 345 MPa with 17% elongation) and an increase of cellulose 
concentration to 8% is anticipated. In terms of structure, round cross-sections 
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similar to those of Lyocell fibres are found along with higher crystallinity 
and lower crystalline orientation as compared to textile viscose fibres. Like 
viscose, the new fibres display a clear SAXS pattern generated by needle-
shaped voids or a fibrillar structure aligned parallel to the fibre direction. 
However, the pattern is much enlarged compared to viscose, indicating the 
smaller dimensions of the voids or lamellar arrangements.
 Electrospinning of cellulose to sub-micron scales from LiCl/DMAc and 
NMMO solutions has been reported by Kim et al. (2006). The authors find 
cellulose II crystallinity in fibres spun from NMMO and amorphous X-ray 
diffraction patterns in case of LiCl/DMAc.
 Novel cellulose melt-blown non-wovens using the Lyocell process are 
described in Ebeling et al. (2006). Microfibre mats are obtained with fibres 
of circular to oval shape displaying a distinct skin–core structure in the TEM 
micrographs. Voids are present in both regions with dimensions in the range 
of 10–50 nm for weak coagulation and 30–130 nm for intensive coagulation 
with a tendency to larger pores in the core region.
 As a new development, spinning cellulose and cellulose derivatives from 
ionic liquids must be mentioned (cf. Section 6.1.2). However, to the authors’ 
knowledge, structural data such as given above for these kinds of fibres are 
not yet available in the open scientific literature.
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7
Regenerated protein fibres: a preliminary  

review

M M Brooks, University of southampton, Uk

Abstract: This chapter describes the structure and characteristics of 
regenerated protein fibres, sometimes called azlons, a group of fibres which 
were first developed in the late nineteenth and early twentieth centuries, 
actually produced in the mid-twentieth century but then rapidly forgotten 
and only returned to the market in the late twentieth and early twenty-
first centuries. These are man-made fibres produced from either animal or 
vegetable non-fibrous proteins which have been reconfigured to take up a 
fibrous form to emulate the natural protein fibres wool or silk. Production 
methods are described and the available evidence for their structure and 
behavioural characteristics is reviewed.

Key words: regenerated protein fibres, azlon fibres, regenerated protein fibre 
production, fibre characteristics, fibre behaviours.

7.1 Introduction

This chapter describes the structure and characteristics of regenerated protein 
fibres, a group of fibres which were first developed in the late nineteenth and 
early twentieth centuries, actually produced in the mid-twentieth century but 
then rapidly forgotten and only returned to the market in the late twentieth 
and early twenty-first centuries. Regenerated protein fibres, sometimes called 
azlons, are man-made fibres produced from either animal or vegetable non-
fibrous proteins which have been reconfigured to take up a fibrous form to 
emulate the natural protein fibres wool or silk. They are defined in the USA 
Textile Fiber Products Identification Act (1958) as manufactured fibres ‘in 
which the fiber-forming substance is composed of any regenerated, naturally 
occurring proteins’.
 Three generations of these regenerated protein fibres may be identified. The 
first were developed at the turn of the nineteenth and in the early twentieth 
centuries, the second in the mid-twentieth century and the third in the late 
twentieth and early twenty-first centuries. Each generation was developed 
in response to contemporaneous economic and social factors, but as the 
technology used for the first and second generations has close similarities 
(these will be discussed together) while the technologically different third 
generation fibres will be discussed separately. The relative paucity of 
surviving examples of these fibres means that analysis of second generation 
regenerated protein fibres is heavily dependent upon contemporaneous textual 
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evidence and that of first generation is totally dependent upon this. More 
detailed data is becoming available about the third generation fibres which 
are now available commercially. However, much of the evidence from all 
three generations comes from manufacturers and promoters and must be 
treated with caution without corroborative evidence drawn from artefacts. 

7.2 First and second generation regenerated 
protein fibres

7.2.1 Development

The first generation fibres developed in the late nineteenth and early twentieth 
centuries were intended as substitutes for silk or for the substitute silks made 
from regenerated cellulose, commonly known as rayons. Protein sources 
explored included milk casein, gelatine, blood, egg albumen and vegetable 
albumen. Interest in these fibres seemed to have died away until the mid-
1930s when the opposing forces of surplus (such as excess milk by-products) 
and actual or perceived lack of natural fibre (in the form of threatened wool 
imports and increased military demand) encouraged renewed interest. The 
search for a substitute for wool became dominant. At a time when synthetic 
fibres were in their infancy, wool was of vital military importance. As an 
American contemporary noted: 

At the opening of the war, wool caused perhaps more concern than any 
other fiber. This was because it is a vital necessity in war – almost as 
precious as ammunition. Within a month after Pearl Harbor, the War 
Production Board brought pressure on mills to blend wool with other fibers 
in civilian goods … Every ounce of this valuable fiber is needed for our 
men in the front lines … Warm clothes may become as essential as either 
food or guns … Textile fibers from the redwoods and from yuccas are 
being studied. Fibers from milk casein, from soybeans and many other 
sources are making their appearance. (O’Brian, 1942: 513)

 Military textile requirements had the effect of restricting supplies available 
for the civilian market as the needs of the forces escalated and those fibres 
which were available for the domestic market were of lower quality. A 
1944 survey undertaken by the American Bureau of Human Nutrition and 
Home Economics showed ‘how essential fabrics were downgraded during 
the war’ (Morrison and Fletcher, 1946: 21). An urgent search for substitute 
fibres was supported by American and European governments and industry. 
An extraordinary range of animal and vegetable protein sources, including 
blood, castor oil seeds, collagen, egg white, chicken feathers, fish albumen, 
gelatine, hair, hemp seed, hooves, horn, milk casein, soya beans, sunflower 
seeds, peanuts, corn (maize) zein as well as silk and wool waste were explored 
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for their potential to form fibres to blend with, bulk out or substitute for 
wool. This range indicates both the scope of the research – and possibly 
the randomness of some of the experimentation – in Europe, America and 
Japan. Only a few of these fibres reached commercial production. 
 Table 7.1 summarises what is so far known about the production dates, 
trade names and manufacturers of these first and second generation regenerated 
protein fibres. These included the milk fibres Aralac (USA) and Lanital 
(Italy) and its variants, the peanut fibres Ardil (Uk) and Sarelon (USA) and 
the corn fibre Vicara (USA). Extensive research into the potential of fibres 
made from soya bean protein by Henry Ford and the Drackett Company 
does not seem to have resulted in a trademarked fibre, although a soya bean 
fibre was produced and used in hat felts (Brooks, 2005). Owing to persistent 
difficulties with the performance of regenerated protein fibres, particularly 
their wet strength, they were often blended with natural, man-made or 
synthetic fibres. However, technical and economic problems meant that the 
azlon fibres could not compete effectively – or economically – with either 
natural fibres or the newly developed synthetic fibres. They failed to become 
mainstream fibres and, despite the extensive time, energy, investment and 
promotion lavished upon them, were largely forgotten by both manufacturers 
and consumers (Brooks, 2007).

7.2.2 Surviving examples

Although some of the first generation azlon fibres were produced commercially, 
no surviving samples have yet been located (Brooks, 2006). Some surviving 
examples of the second generation fibres have been located. The vast majority 
are small fibre or tow samples, many of which are in the University of 
Leeds International Textile Archive, which holds the important collection 
of azlon fibres made by Ralph Marsden, an ICI employee (Walsh, 1987). 
Other significant holdings are in the Whitworth Museum, Manchester and 
the Smithsonian Institute, Washington, DC. These include samples of woven 
fabric swatches in both solid colours and printed designs. 

7.2.3 Production

Production methods used for first and second generation fibres differ greatly 
from those developed for the third generation fibres, with a consequent impact 
on their respective fibre structures and properties. The following discussion of 
manufacturing processes therefore describes the first and second generation 
fibres together as their production methods have many similarities, while 
production methods for third generation fibres are discussed separately. 
 Proteins are more complex than cellulose and thus more difficult to use as 
a regenerated fibre source than cellulose. Wormell, a leading mid-twentieth 
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century British researcher, noted that unlike ‘cellulosic fibres [which] are 
regenerated immediately on coagulation … protein filaments have to be 
cross-linked if fibrous products are to be obtained’ (1954: 19). Briefly, the 
process required the isolation of the protein from the source material, then 

Table 7.1 Production dates, trade names and manufacturers of first and second 
generation animal and vegetable regenerated protein fibres

Date Fibre source Trade names Manufacturer 

1894 Gelatin  Vanduara 1894 Adam Millar, Scotland
 (slaughter-  Vanduara Company  
 house waste) 

1904– Milk ‘casein sellwolle’ Frederick Todtenhaupt, Deutsche
1909   Kunstseidenfabrik, Germany

1930s/  Lanital SNIA Viscosa (Societià Nazionale
1940s  Merinova Industria Applicazioni), Italy, and
   Leumann (possibly Leumann
   Nobilitazioni Tessili), Italy 
  Caslen 1949 Rubberset Co Casein fibre
   as replacement for horsehair  
  No known trade name Les Textiles Nouveaux, Belgium
  Cargan Belgium 
  Casolana The Netherlands
  Lactofil The Netherlands 
  Tiolan/Thiolan  VEB Thuringisches Kunstfaserwerk
   ‘Wilhelm Pieck’, Germany
    Thiozell Lódzkie Zaklady Włokien
   Sztucznych, Poland
  Silkool 1938 Kanebo, Japan 
  Fibrolane A, B, BX Courtaulds, UK
  Lactron Unknown manufacturer
  Aralac and Aralac  1939/1942–1948 Atlantic 
  R-53 Research Associates, USA  

1940s? Chicken  No known trade name USA, manufacturer unknown;
 feathers  possibly United States Rubber Co. 

1940s Egg white Zealon Technical fibre only; Northern
   Regional Laboratory, USA 

1948– Corn (maize) Vicara Virginia-Carolina Chemical Corp.,
1957   Richmond, VA, USA
  Zycon used with  Virginia-Carolina Chemical Corp.,
  animal fibres in Richmond, VA, USA
  hat felts 

1935– Peanuts Ardil Imperial Chemical Industries (ICI), 
1957 (groundnuts)  UK
  Fibrolane C Courtaulds, UK
  Sarelon US Department of Agriculture

1939– Soya beans No known trade name Ford Motor Company, USA
1946?  No known trade name Drackett Products Company
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its solubilisation so it could be extruded into a coagulating bath followed 
by various after-treatments so that the fibres thus formed could be stabilised 
by creating cross-linkages. In practice, this was a delicate process which 
required careful management and considerable understanding (or intuition in 
the case of the earlier researchers) into the nature of the processes of protein 
denaturation and fibre formation.
 Five main production stages can be identified, normally including the 
following:

1. Separation of the protein
 If the protein was not in a readily accessible form, the first stage was to 

render the source protein into a suitable form for producing a fibre. In 
the case of milk or peanuts, this required the removal of fats and oils 
from the source protein, leaving a solid curd which had to be washed 
and dried and was then often ground into granules. The preparation 
of this curd was a delicate process. One of the reasons for the relative 
success of Ferretti’s Italian milk fibre as opposed to that of Todtenhaupt’s 
German fibre was the former’s insistence on the type and quality of the 
casein curd used (Wormell, 1954: xv).

2. Solubilisation
 This was required in order to produce a spinning solution. For proteins 

such as gelatine, this was the first stage and was relatively straightforward. 
Once obtained from slaughterhouse waste, the gelatine was dissolved 
in either hot water and potash or glacial acetic acid. If the protein took 
the form of curd or granules, this needed to be dissolved in a suitable 
solvent to form a ‘spinning’ solution with a high solids content. This 
solution was usually allowed to mature to improve viscosity, although 
careful control of oxidation and bacterial activity was vital during this 
process. Lundgren and O’Connell (1944: 372) used a synthetic detergent 
to create a viscous solution. 

3. Extrusion
 The ripened solution was then forced through spinnerets, usually into a 

coagulation bath, resulting in the formation of fibres, a process described 
contemporaneously as ‘spinning’. These baths were usually salt and acid 
baths, such as sodium, aluminium or magnesium sulphate and sulphuric 
acid. The osmotic pressure created by the salt caused the diameter of 
the newly extruded filaments to shrink, thus strengthening them and 
minimising their tendency to clump together.

4. Insolubilisation (often called ‘hardening’)
 The aim of the insolubilisation treatment was to encourage the formation 

of networks between protein chains with sufficient cross-links to improve 
the wet strength of the resulting fibre, but not with too many, which 
would result in an over-rigid structure (Wormell, 1954: 90). Acid baths 
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of formaldehyde were often used and the filaments could be stretched 
at the same time in an attempt to improve the parallel orientation of the 
molecules to the fibre length, resulting in better wet and dry strength. Lack 
of strength in the hot baths required for processing such as dyeing was 
a persistent problem. A delicate balance of acidity level and temperature 
was required to improve resistance to boiling water without damaging 
the fibre’s physical appearance or properties. Acetylation, sometimes 
using acetic anhydride at temperatures of 80°C or above, could be used 
to improve colour, handle and dyeing performance (Traill, 1951: 268). An 
alternative method was to expose newly formed fibres to formaldehyde 
vapours. 

5. Washing, cutting and further production processes
 The resulting tow was washed and dried and could then be cut into staple 

lengths. Further processing could be undertaken using standard textile 
techniques and machinery.

It should be remembered that certain processes could be carried out 
simultaneously or in a different order. For example, insolubilisation could 
be achieved by mixing the requisite chemicals into the liquid protein before 
extrusion, adding them to the coagulating bath or introducing them as an 
after-treatment in either a chemical bath or vapour.

7.2.4 Identification

The first step in understanding the fibre characteristics of the surviving 
first and second generation regenerated protein fibres is identifying those 
fibres which may have survived. This can be difficult as the makers were, 
obviously, striving to replicate the chemical content of silk or wool and 
physical structure as closely as possible. For example, Millar was aiming 
to use protein derived from blood or egg albumen, milk casein or vegetable 
albumen in combination with metallic compounds to produce fibres which 
were chemically and physically comparable in flexibility, elasticity and tensile 
strength to silk, wool and hair (BP patent 6,700 1898/1899). Furthermore, 
regenerated fibres themselves were very similar to one another and so can 
be hard to distinguish. The peanut fibre Aralac had similar physical and 
chemical properties to those of the milk fibre Lanital (Park and Shore, 1999: 
208). Identification is further complicated by the fact that regenerated protein 
fibres are usually found as blended yarns or in mixed fibre fabrics, which 
may also be protein fibres, so it is necessary to distinguish and identify the 
different fibres one from another and sample yarns from both the warp and 
weft direction. As noted, matters are made more challenging by the fact 
that there are few – or in some cases no – samples available for testing, and 
firmly identified comparators are rare.
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 Techniques used to identify regenerated protein fibres include traditional 
methods of identification such as burn tests (Carroll-Porczynski, 1961: 43, 
45, 47), microscopy, stains or measuring fibre density. Tests such as those 
described by the Textile Institute (1975) may be useful to establish the presence 
of protein fibre, although these tests, of course, do not always distinguish 
a regenerated protein fibre from a natural protein fibre. Some methods do 
enable this. Moncrieff (1975) noted that casein, peanut, soya bean and zein 
fibres will all give a yellow-orange colouration with cold Shirlastain A stain. 
Evans et al. (1947) reported that acetylated zein fibre gives a weak colour 
reaction with Millon’s reagent as opposed to the very dark red colouration of 
non-acetylated zein fibres. Measuring fibre density or specific gravity was the 
established method of distinguishing azlon fibres in the industry. The peanut 
fibre Ardil (specific gravity 1.31) could thus be distinguished from casein 
fibres (specific gravity 1.29). Methods such as conventional and polarised 
Fourier-transform infrared (FT-IR) spectroscopy now offer the possibility 
of more precise identification of specific types of regenerated protein fibres 
if comparative spectra of known fibres are available (Fig. 7.1).1

7.2.5 Characteristics

To aid comparison between the different fibres – and to help clarify which 
fibres are not regenerated protein fibres, although they are made from protein 
sources – their respective  physical structures will be discussed by protein 
source in alphabetical order. The fibres are generally similar chemically, sharing 
as they do the goal of mimicking a protein fibre. At a microscopic level, 
regenerated protein fibres tend, like synthetic fibres, to be smooth, uniform 
and almost featureless, although they do have some differentiating features 
such as longitudinal striations. Cross-sections tend to be round, although this 
depends on the form of the spinnerets used in the extrusion process.

Blood

Blood as a source for fibres was mentioned in some of the earliest patents 
for the first generation of regenerated protein fibres and in one patent dating 
from the second generation. Interestingly the latter foreshadows the third 
generation fibres in that it seeks to  combine protein-based fibres with synthetic 
materials in an attempt to gain the benefits of both while minimising their 
disadvantages. However, there is no evidence that any fibres were made 
commercially from blood or from blood/synthetic fibre mixtures, and blood 
seemed to have disappeared rapidly from proposed sources. Millar’s 1898 

1 See the Notes at the end of this chapter.
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patent (BP 6,700 1898) claimed that filaments produced from blood albumen 
were ‘similar in chemical composition to silk, wool, hair and other insoluble 
animal products’. In order to achieve insolubility in water, Millar treated the 

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm–1)

Aralac felt

Aralac interlining

Silk reference

Wool reference
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7.1 ATR FT-IR spectra of Aralac, silk, wool and cotton (taken by Paul 
Garside, Textile Conservation Centre).
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air-spun fibres with a variety of agents including ‘formic-aldehyde’, alum, 
chrome alum, ‘bichromate of potass’ or metallic compounds. Du Pont’s 1941 
patent (BP 550,022) proposed combining different proteinaceous materials 
including globin from blood haemoglobin with synthetic linear polyamides 
or interpolyamides, using them almost as a form of plasticisers to form films 
or fibres. Little technical data is available on the physical characteristics 
of either of these blood fibres. Millar claimed his blood albumen fibre had 
greater flexibility, elasticity and tensile strength than fibres made from 
gelatine or albumen. Similarly, du Pont reported that their combined blood 
globin/synthetic fibre had good strength, flexibility and pliability. No data 
comparing such fibres with other natural or man-made fibres has yet been 
found and no surviving examples are known.

Egg albumen

Millar used the same method to produce fibres from egg albumen as he had 
for fibres from blood albumen but with the addition of aluminium chloride 
to improve the viscosity of the spinning solution and the strength of the 
resulting fibre (patent BP 6,700 1898). As with his blood fibre, Millar claimed 
the resulting egg albumen fibres were similar to the natural protein fibres. 
No fibres appear to have been produced commercially and no samples are 
known. In the 1940s Lundgren and his co-workers at the US Department of 
Agriculture Western Regional Research Laboratory researched the potential 
of egg albumen for fibres using detergents as a solvent and a salt coagulation 
bath (Lundgren and O’Connell, 1944: 373). The surviving samples of an 
egg white fibre named Zealon were made by Northern Regional Laboratory 
(Walsh, 1987) but the fibre does not seem to have been produced commercially. 
Under microscopic examination these egg white fibres were smooth with 
some darker flecks (Fig. 7.2). 

Feathers 

Feathers were explored as sources for fibres in the 1940s by researchers in the 
Western Regional Research Laboratory of the US Department of Agriculture. 
As with the egg fibres, detergents were used to ‘unwind’ the protein chains 
(Traill, 1951: 263) before extrusion into a coagulating salt bath (Lundgren 
and O’Connell, 1944: 373) and orientation in steam. Experimental fibres 
were reported to have a feather content of 60–70% (Sherman and Sherman, 
1946: 309). Chicken feather fibres were used for blankets by the American 
military, although their use was discontinued on account of their smell 
(Anon., 1945). The United States Rubber Company developed a blended 
fabric using chicken feathers for women’s suits and dresses.
 Microscopically, feather fibres were similar to other regenerated fibres 
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with some striations and flecking, depending on the degree of bleaching. 
Feather keratin is finer than wool keratin (5 mm rather than 2–30 mm). It 
therefore has a very high surface area, making it an excellent absorbent but 
also meaning that moisture is retained by the fibre when it is saturated. The 
fibre was said to be softer, warmer and lighter than wool with a high lustre 
(Sherman and Sherman, 1946: 309). 

(a)

(b)

7.2 (a) Regenerated and stretched technical egg white fibres; (b) 
left, a polyfilament egg albumin thread, spun mechanically and 
containing 100 filaments fused together; right, a single egg albumin 
filament drawn by hand (Lundgren and O’Connell, 1944: 373).
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Fish and whale flesh 

Hamor (1941) reported on a Japanese wool substitute made from whale or 
shark meat protein hardened with formaldehyde, which may have been a 
regeneration process.2 Little evidence has yet been found about the physical 
characteristics of such fibres.  

Gelatine

Gelatine is a collagen protein derived from animal slaughterhouse waste 
including hides, hoof and horn. Gérard’s 1887 patent (BP 2694) proposed 
extruding a ‘gelatine solution through small orifices, to form threads in 
a gaseous medium such as ammonia or superheated steam’ (Wormell, 
1954: xiv) although none was produced commercially (Koch, 1972: 27). 
Millar’s gelatine fibre Vanduara was patented in 1894 (BP 15,522) and 
produced commercially in his factory in Paisley, Scotland (Koch, 1972: 27). 
Vanduara had coarse threads  of 40 mm (Koch, 1972: 27) but was said to be 
a ‘beautifully lustrous fibre’ (Barker, 1919: 59). By 1919, Barker reported 
that Vanduara’s wet strength problems meant that ‘it is now little, if at all 
used’ (1919: 60). The Arthur B. Little laboratories of Boston, USA made a 
purse from gelatine as a laboratory experiment to disprove the proverb that 
‘You can’t make a silk purse from a pig’s ear’.3 This was a promotional 
project intended to demonstrate the value of research and had no commercial 
application (Arthur D. Little, 1921). Other fibres were produced from animal 
sources during the 1940s and 1950s using mechanical treatments rather than 
regeneration processes.4

Milk casein

The casein found in milk formed the basis of some of the most successful 
regenerated protein fibres despite the fact that the globulin protein in milk 
lacks the straight chain typical of the linear polymers found in most fibres. 
The production process therefore needed to first straighten the protein and 
then retain it in an orientated form. Millar’s 1890s patents seem to be the first 
recorded attempt to exploit the fibre-forming potential of milk, although he 
does not appear to have been successful in producing a viable fibre. In the 
early twentieth century, the German chemist Todtenhaupt patented a process 
for making milk casein into fibres. He intended this to be a substitute for 
artificial silk (itself a regenerated cellulosic fibre imitating a natural fibre) and 
horsehair. Unfortunately, his production company Deutsche Kunstseidenfabrik 
failed and little successful research seems to have been carried out until the 
1930s when Ferretti, an Italian scientist, modified Todtenhaupt’s method to 
improve the fibre’s wet strength. The resulting casein fibre was produced 
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commercially by the Italian textile conglomerate SNIA Viscosa. By 1940 
at least eight countries were producing casein fibres including Lanital and 
Merinova in Italy, Casolana in Holland, Polan in Poland, Tiolan and Thiozell 
in Germany, Cargan in Belgium and Fibrolane in England, as well as Japan, 
France, Canada and Czechoslovakia. Licensed production of the Italian milk 
fibre continued in Europe until the 1960s (Koch, 1972: 30). 
 In America, Atlantic Research Associates, National Dairy’s spin-off 
company, produced and marketed a viable milk fibre trademarked Aralac. The 
interest and involvement of the US government in alternative fibre sources 
is further demonstrated by the public service patents for milk fibres issued 
by Earle O. Whittier and Stephen P. Gould, chemists working for the Bureau 
of Dairy Industry, Department of Agriculture. In England, Courtaulds had 
the rights to Ferretti’s casein fibre process but did not produce Fibrolane 
commercially in any quantity. Milk fibres were used for clothing and domestic 
textiles in blends with wool, cotton and rayon. 
 Of the first generation milk fibres, Todtenhaupt’s description of his own 
casein fibre suggested that he had undertaken some systematic analysis. He 
stated that it ‘fairly accurately resemble[d] natural silk, having a percentage 
of nitrogen from about fifteen to sixteen per cent’ (1905/1906 US patent 
836,788). The chemical composition of wool, Fibrolane and Aralac are 
compared in Table 7.2.
 The significantly lower sulphur content in Fibrolane and Aralac should 
be noted, as this indicates that the important cystine cross-links found in 
wool were not present in the casein fibre. In consequence, casein fibres had 
less strength and resistance to chemical attack. Whittier and Gould noted 
that their fibre had not been analysed for its sulphur content so ‘we do not 
know how it compares with Lanital in this respect’ (Whittier and Gould, 
1939: 374). 
 In his 1906 patent (US 836,788), Todtenhaupt asserted that Millar’s 
milk fibre was brittle but his casein fibre was, in turn, criticised for being 
hard, brittle and having a tendency to stick together. Park and Shore (1999: 
208) reported that Aralac’s characteristics were closer to chlorinated wool 
than to natural wool. Aralac was produced in fibre widths of 15–30 mm 

Table 7.2  Chemical composition of wool and casein fibres (Byrne and 
Johnstone, 1987: 14;  Moncrieff, 1970: 296)

Element Wool (%) Fibrolane (%) Aralac (%)

Carbon 49.2 53.0 53.0
Hydrogen 7.6 7.0 7.5
Oxygen 23.0 23.0 23.0
Nitrogen 15.9 15.5 15.0
Sulphur 3.6 0.7 0.7
Phosphorus – – 0.8
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and lengths of 0.5 to 6 inches (12.7 to 152.4 mm). Microscopically, the 
fibres were uniform, smooth and almost featureless, having faint striations 
and some surface graininess (Fig. 7.3). Moncrieff reported pitting, which 
enabled these fibres to be easily recognised (1970: 299). In cross-section, 
they were almost circular. Delustrants showed up as small specks in dulled 
fibres (Harris, 1954: 81). 

(a)

(b)

7.3 (a) Longitudinal view (¥ 75) of mid-twentieth century milk protein 
fibre Aralac (Harris, 1954: 81); (b) cross-sections (¥ 380) of mid-
twentieth century milk protein fibre Aralac (Harris, 1954: 81); (c) 
Aralac/wool fibres from Merrimac hat (private collection) (copyright 
of the author); (d) SEM image of Aralac fibre. Sample supplied by 
Dr Kathryn Jakes, Ohio State University, April 2005. SEM image 
collected at 300¥, with uncoated sample on carbon tape. Copyright: 
Scientific Research Lab, Museum of Fine Arts, Boston, MA; 
reproduced by permission.
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 one of the most important characteristics of the second generation of 
milk casein fibres such as Aralac and Fibrolane, and in marked contrast to 
the regenerated cellulosics, was their wool-like warmth, softness and good 
hand. Figure 7.4 shows the close resemblance of Lanital and wool fibres at 
a macro level. 
 Finer grade fabrics of 100% Aralac were said to feel like angora while 
coarser grades were like sheep’s wool (Dirks, 2000: 81). Gould’s and 
Whittier’s fibre was said to be like the best quality carded Merino wool. 

Peanuts (groundnuts)

Imperial Chemical Industries (ICI) produced the British peanut fibre Ardil in 
1951, although Astbury and Chiball had patented the original process in 1936 

(c)

(d)

7.3 Cont’d

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08



http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


248 Handbook of textile fibre structure

(BP 467,704) and early development work had been undertaken before the war. 
Intended as an alternative product for ICI’s redundant explosives factories, 
Ardil was used for clothing, curtains and carpets. Its poor wet strength and 
uncompetitive price in comparison to wool meant that production ceased in 
1957 (Brooks, 1993). Neither the American peanut fibre Sarelon developed 
by the US Department of Agriculture nor Courtaulds’ version Fibrolane C 
seem to have been very successful. 
 Chemically, Ardil was very close to wool and Fibrolane although it 
contained some phosphorus (Table 7.2). Microscopically, peanut fibres are 
similar to casein and soya bean fibres. They appear translucent and almost 
featureless. In longitudinal section, they are straight and uniform, although 
there may be some longitudinal striations and a faint granular pattern on the 
otherwise smooth surface. The cross-section is generally circular, although 
some have a small marginal indentation (Harris, 1954: 82). Figure 7.5 shows 
micrographs of peanut fibres.
 As a staple fibre, peanut fibre had many of the qualities of wool, being 
warm, soft and resilient. It had a slight lustre and was produced in a variety 
of cream to buff colours. 

Soya bean fibre

The US Department of Agriculture, Atlantic Research Associates and Ferretti 
were all interested in soya bean protein as an alternative to milk casein, but 
Henry Ford emerges as the champion of soya bean fibres (Brooks, 2005). Soya 

7.4 Lanital fibres (left) and wool fibres (right) (Anon., 1939: 33).
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(a) (b)

(c)

7.5 (a) Longitudinal view (¥ 75) of mid-twentieth century peanut fibre 
(Harris, 1954: 82); (b) cross-sections (¥ 380) of mid-twentieth century 
peanut fibres (Harris, 1954: 82);  (c) fibre stained with Shirlastain A 
from Ardil blend nightdress, Wallis Archive, York Castle Museum, 
UK (Museum No. 431.78). This fibre appears to have more striations 
(York Museums Trust (York Castle Museum)).
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beans formed an essential part of his vision of ‘farm chemurgy’, industrial 
production based on natural materials. His research laboratory explored the 
industrial potential of soya beans as plastic for car bodywork and as fibres 
for upholstery fabrics and fillings and produced soya bean fibre between 1939 
and 1942 (Sherman and Sherman, 1946: 183). Always a brilliant publicist, 
Ford paraded in a soya bean and wool fibre suit which was apparently both 
rather weak and itchy to wear. Unsuccessful in persuading the armed forces 
to use this fibre, Ford sold the process to the Drackett Company who had 
supplied his source soya bean protein alysol (Sherman and Sherman, 1946: 
183). Drackett successfully manufactured soya bean fibre for hat felts, and 
possibly some yarn, until 1949. The Japanese soya bean fibre Silkwool 
produced in 1938 was not a technical success (Araki et al., 1946).
 Soya bean fibres were produced as continuous filaments and as staple 
fibres between 0.25 and 6 inches long (6.35–152.4 mm) with a fibre width of 
14–27 mm. Seen under magnification, soya bean fibres were translucent and 
uniform with a smooth surface, although some granulation and streakiness 
was often visible. The cross-section was almost circular (Fletcher, 1942: 15; 
Harris, 1954: 82). Figure 7.6 shows micrographs of soya fibres.
 Ford’s process apparently resulted in a white fibre whereas Drackett’s 
fibre was light tan to white (Wormell, 1954: 168).  The staple fibre was 
described as ‘a loose, fluffy mass with a resemblance to scoured wool’, soft 
to touch, with a natural crimp and good resiliency (Sherman and Sherman, 
1946: 185). 

Corn (maize)   

Although Ostenberg first patented a process for the production of fibres 
from zein, the alcohol-soluble protein (prolamin) obtained from corn, in 
1919 (US Patent 1,316,854), it was not until Swallen’s 1939 patent (US 
Patent 2,156,929) that a more commercial process was developed. The zein 
solution could be either dry or wet spun from a solution containing zein 
and formaldehyde. The fibres were baked after extrusion to complete the 
zein formaldehyde cure and to achieve good wet strength (Lawton, 2002: 
11). US Department of Agriculture scientists Croston, Evans and Smith 
undertook research into the production of zein fibres, including hardening 
methods using formaldehyde methods and acetylation to improve hand and 
water resistance. The Virginia-Carolina Chemical Corporation, working in 
cooperation with Evans and Croston, produced zein fibre from 1948 to 1957 
(Brooks, 2006). Two versions were produced: Vicara for use in wool, cotton 
and nylon blends, and Zycon for hat felts.
 Zein fibres were produced in lengths of 0.5 to 6 inches (12.7 to 152.4 
mm) and in widths of 12–23 mm. Microscopically, zein fibres were similar 
to casein and soya bean fibres. They were translucent with relatively smooth 
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surfaces but some granularity and occasional short longitudinal striations. In 
cross-section, the fibres were round and uniform except for the coarser fibres 
which tended to be more like flat ribbons and were less uniform (Harris, 
1954: 81). Figure 7.7 shows micrographs of zein fibres. Vicara was said 
to be a soft, warm, light-gold and bleachable fibre with a silky lustre and 
smooth feel which blended well with nylon, cotton and wool. 

7.2.6 Behaviour 

The paucity of surviving artefacts means that finding data with which to 
corroborate – or contradict – contemporaneous evidence for the behavioural 

(a)

(b)

7.6 (a) Longitudinal view (¥ 75) of mid-twentieth century soya bean 
fibres (Harris, 1954: 82); (b) cross-sections (¥ 380) of mid-twentieth 
century soya bean fibres (Harris, 1954: 82).

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08



http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


252 Handbook of textile fibre structure

properties of the first and second generation fibres is challenging. In some 
cases, the available documentary evidence may be partial or simply does not 
exist; the data available is not comprehensive and often uses different measures, 
making accurate comparison difficult. However, enough contemporary textual 
evidence exists to enable key qualities to be identified and comparisons made 
between the different fibre types and those of natural fibres. This section seeks 
to summarise and compare available evidence for the properties of the main 
regenerated protein fibres; this is summarised in Table 7.3. Where relevant, 
comparisons are made with other natural and man-made fibres.
 Some aspects of the behaviour of regenerated protein fibres were satisfactory 
or comparable to wool. For example, like wool, regenerated protein fibres 
tended to be easily damaged by alkalis. Casein and soya bean protein fibres 
had similar moisture absorption properties to wool. They do not seem to 
have been more susceptible to ultraviolet light than other protein fibres, 
suffering no serious degradation unless exposed to exceptional levels. They 
were inflammable, although they tended to yellow if heated for short periods 
at 100°C and rapidly decomposed at 150°C. Second generation azlon fibres 
were generally stable in organic solvents. Casein fibres were reported to be 
stable in perchlorethylene and white spirit (Cockett, 1966: 77). The lack of 
fibre scales meant that azlon fibres such as casein did not felt like wool nor 
shrink when washed in hot water, although it could be used in combination 
with wool to make blended felts and seemed to improve felting qualities 
(Dirks, 2000: 81).
 Opinions varied as to the resistance of azlon fibres to pest and microbial 
activity, a quality which had obvious commercial implications. Some claimed 
casein fibres were mothproof whereas others stated they could be attacked 
by moth and suffered from mildew (Cockett, 1966: 77; Byrne and Johnstone, 
1987: 14). Whittier and Gould sensibly pointed out that ‘a suit of casein 

(a) (b)

7.7 (a) Longitudinal view (¥ 75) of mid-twentieth century zein fibres 
(Harris, 1954: 81); (b) cross-sections (¥ 380) of mid-twentieth century 
zein fibres (Harris, 1954: 81).
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Table 7.3 Behavioural properties of first and second regenerated protein fibres in comparison to wool (Caroll-Porczynski, 1961: 43, 45, 47; Cockett, 1966: 77; 
Dirks, 2000: 81; Koch, 1972: 30; Lawton, 2002: 11; Lundgren and O’Connell, 1944: 373; Press, 1959: 110; Sherman and Sherman, 1946: 20, 21, 193)

Behavioural Chicken Egg Gelatine: Milk: Milk: Milk: Milk: Milk: Soyabean Soya: Peanut: Zein Wool
properties feather  albumin Vanduara Todtenhaupt Aralac Lanital Merinova Fibrolane 1940s Silkool Ardil Vicara
 keratin (USA)   (Scotland) (Germany) (USA) (Italy) (Italy) C (USA) (USA) (Japan) (UK) (USA)

Specific      1.29   1.3 1.31  1.3 1.25 1.28–
gravity             1.33
Density   1.37 1.29  1.30 1.30   1.30 1.30   1.33
(g/cm3)
Breaking Dry–up 20–701   Commercial    Commercial    17–25
strength  to 80    casein up     soya bean
(1000     to 101    up to 10 
lb/sq.in)         

Moisture         Approx.   13–15 10.0 
regain (%)        14
Moisture        13.5–14 13.5–14   11.5 15 13 14.5
uptake 
at 65% RH
Tenacity   0.55 0.64  1.0–1.2 1.0–1.2   0.55  1.1–1.3 1.1–1.8
conditioned
(p/den)
Breaking Up to 80 20–70   Up to 10    Up to 10    17–25
strength 
(thousands 
lb/sq in)
Breaking        50–60   40–60 25–35
extension (%)
conditioned
Breaking        60–70   50–70 30–45  
extension 
(%) wet
Extension   4.5 3.8  50–70    5.1 30–35 30–35 28–48
at break 
(% orig. length) 
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Extensibility –     30–50    30–40    30–50
dry (elongation
at break) (%)
Extensibility –     85–120    60–70    30–60
wet (elongation
 at break) (%)
Elastic     Poor   High   40–60 80%  
recovery            at 5%
Relative wet   7.4 18.7  40–55 40–55   44.2 50–70 45–55 76–87
tenacity (% of 
conditioned
tenacity)
Tensile strength        1.0–1.1   0.7–0.9 1.2–1.5
(g/denier)
conditioned
Tensile strength Wet Wet     50–35  0.5–0.6 30  0.4–0.6 0.65–0.8 0.9
(g/denier) wet strength strength
 significantly much 
 lower less
Tenacity,      0.6–0.8    0.6–0.7    1.2–
dry (g/den)             1.7
Tenacity, 
wet (g/den)         0.355     
Wet tenacity      40%–50%    35%–50%    80%–
% of dry              90%
tenacity  

Table 7.3 Cont’d

Behavioural Chicken Egg Gelatine: Milk: Milk: Milk: Milk: Milk: Soyabean Soya: Peanut: Zein Wool
properties feather  albumin Vanduara Todtenhaupt Aralac Lanital Merinova Fibrolane 1940s Silkool Ardil Vicara
 keratin (USA)   (Scotland) (Germany) (USA) (Italy) (Italy) C (USA) (USA) (Japan) (UK) (USA)
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fibre that had hung in a damp basement through a summer would probably 
be badly damaged but so would a wool suit’ while noting that ‘reliable 
authorities have stated that casein fibre is moth resistant’ (Whittier and 
Gould, 1939: 374). Manufacturers claimed that casein fibres were resistant 
to moths but Cockett and Dirks both supported Whittier’s and Gould’s view 
that these fibres could be severely attacked by mildew and were attractive 
to moth larvae (Cockett, 1966: 77; Dirks, 2000: 81).
 Other aspects of their behaviour were more problematic. Poor abrasion 
resistance was a persistent problem. Azlon fibres tend to be resistant to cold 
and hot dilute acids but were susceptible to concentrated acid. Casein, for 
example, disintegrated and dissolved in concentrated acid. They were also 
more sensitive to alkali than wool, swelling and disintegrating in alkaline 
baths. Such behaviour obviously presented problems in dyeing and other 
after-treatments and in after-care. However, their overwhelming problem 
was that of poor strength. Dry tenacity tended to be less than wool, itself a 
fibre which has low tenacity in comparison with other natural and synthetic 
fibres, but tenacity dramatically worsened when the fibre was wet. This was 
particularly true of the first generation fibres. Millar’s gelatine fibre Vanduara 
swelled more in water than any other fibre, showing a 130% increase in 
thickness (Koch, 1972: 27) and became ‘extremely tender’ (Barker, 1919: 
59). 
 In his 1905 patent (US 836,788), Todtenhaupt asserted that Millar’s casein 
fibre absorbed water so readily it could not be used but his own casein fibre is 
reported to have lost 90% of its strength when wet (Fletcher, 1942) and had a 
tendency to stick together. The problem persisted with the second generation 
regenerated protein fibres. Casein fibres lost 40–50% of their dry strength 
when wet with a regain of only 14%, making them 10–20% weaker than 
rayon. In addition, some claimed that Aralac had the unpleasant quality of 
having ‘an odour similar to that of spoiled milk’ when wet (Dirks, 2000: 81). 
Others contested this. Moncrieff argued that wet Lanital smelt ‘cheesy’ but, 
because Aralac had undergone an acetylation process, it did not smell when 
wet (1970: 297). Soya bean fibres lost 35–50% of their dry strength when 
wet in comparison with wool which loses about 15% of its dry strength when 
wet (Sherman and Sherman, 1946: 22, 185). Zein fibres had particularly low 
tensile strength (Lawton, 2002: 13). Azlon fibres consistently exhibited high 
elongation (an indication of poor strength) and elasticity, particularly when 
wet, and performed badly in comparison to wool. The lack of an ordered 
molecular structure in azlon fibres, tending more to random coiling or folding 
than to parallel orientation, contributes to their low wet tenacity.
 The number of patents filed by researchers and manufacturers seeking 
to improve the poor wet strength of these fibres indicates that this was a 
persistent problem. Traill and Simpson’s 1947 patent (BP 639,342) for ICI 
is one such example. This proposed a method for improving the wet strength 
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of casein, peanut and soya bean fibre using ionisable mercury salt. Atwood’s 
1944 and 1946 patents (US 234,994; US 2,408,026) described acetylation 
treatments to improve the performance of casein fibres. Evans et al.  (1947) 
also claimed that acetylation improved water and boil resistance, whitened 
fibres by removal of yellow pigments and slowed dye uptake. Acetylation  
also moderated reaction with formaldehyde so reducing shrinkage and 
helping to ensure the fibres remained soft and separated readily. Chemical 
crosslinking could be used to overcome this to some extent in the case of 
zein fibres. Alternatively, these physical weaknesses could be addressed 
by blending with natural or man-made fibres. For example, Picard, Bonnet 
and du Pont claimed in their 1937 patent (US 2,224,693) that regenerated 
casein–viscose blend fibre containing 35% casein had better tenacity than 
most wool fibres and much better than that of 100% casein fibres.

7.3 Third generation regenerated protein fibres

7.3.1 Development

Interest in regenerated protein fibres revived in the late twentieth and early 
twenty-first centuries thanks to innovations in biotechnology, the existence 
of compatible synthetics and the demand for fibres to have a reduced 
ecological footprint. Regenerated protein fibres with different structures and 
different properties are being developed, often with a stress on imitating silk 
rather than wool (Hudson, 1997). It has taken some time for these fibres to 
become economically as well as technically viable. The Japanese produced 
a milk/acrylic fibre called Chinon in the 1970s but it is said to have been 
very expensive and production ceased quickly (Kiplinger, 2003). Interest 
is focusing primarily on milk and soya beans as protein sources, although 
chicken feathers are also being researched. These fibres are being promoted 
as forming luxurious and high-quality niche fabrics. Technically, these fibres 
usually aim to exploit the soft hand and lustre of the protein element while 
adding strength and durability through the addition of a synthetic resin. These 
fibres are also claimed to have ecological benefit. Soya bean fibres may become 
a substitute for cashmere, reducing the number of grazing cashmere goats 
and thus helping to minimise desertification in China (Woolmark Company, 
2001). Others are said to be biodegradable (BharatTextile, 2001). Chinese 
milk fibres have passed the Oeko-Tex Standard 100 green certificate for 
ecological production (Swicofil, n.d.a).

7.3.2 Production

The technical innovations which are enabling the production of a third 
generation of azlon fibres include the use of biochemistry to modify the 
structure of the source protein and the incorporation of synthetic materials such 
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as polyvinyl alcohol (PVA) to improve fibre strength and modulus (Garside 
and Brooks, 2006). Fibres which seek to be simulations of either wool or 
silk or to have their own characteristics are being developed. Bicomponent 
structures are used to create fibres which combine increased strength and 
durability with lustre and a soft hand, for example a PVA or acrylonitrile 
(AN) core surrounded by an outer sheath of a protein such as soya or milk  
(Brooks, 2005; Zhang et al., 1999).
 Guanqi Li5 has led Chinese soya bean fibre research, both establishing 
commercial companies and undertaking research, the latter with the support 
of the Chinese government (Fong, 2004). His company, the Shanghai 
Winshow Soybean Fibre Industry Co. Ltd, is now marketing the Jianghe 
TianRongSi Fiber soybean protein fibre, sometimes just referred to as ‘SPF’ 
(Shanghai Winshow, 2004). American research, much of it undertaken at the 
Georgia Institute of Technology, has focused on developing bicomponent 
monofilament fibres with soya bean protein and PVA or polyacrylic acid 
(Kotliar and Ghasemzadeh, 1994; Zhang et al., 1999). These third generation 
soya bean fibres are spun using a wet spinning process and stabilised using 
hydroformylation before standard textile processing (Yi-You, 2004: 8). Soya 
bean fibre is available as a pure fibre or in blends with cashmere, wool, 
cotton and synthetic fibres (Brooks, 2005).
 Bio-engineering and a wet spinning process are being used to produce 
the new generation of milk fibres. Grafting has been used to combine casein 
with acrylonitrile as it is thought to have less effect on fibre strength and 
mechanical behaviour (Dong and Gu, 2002). Micro-zinc ions incorporated 
in the fibre enhance durability and give the fibre anti-bacterial properties. 
Professor Yiqi Yang of the University of Nebraska-Lincoln, USA, is using 
a regenerated approach to produce chicken feathers but one that differs 
from Lundgren and O’Connell’s work.6 This research is aiming to produce 
biodegradable substitutes for wool and synthetic fibres (Hill, n.d.; Hull, 2006: 
16). 
 Ecological concerns are also influencing production methods and selection 
of source materials such as soya bean, wheat gluten and corn (Huda et al., 
2007). Euroflax Industries (n.d.), who market milk fibre in India, report that 
these third generation fibres are produced in an environmentally friendly way 
using a graft copolymerisation method which does not require formaldehyde. 
Investigations are being undertaken at the Institute of Textile Technology, 
Charlottesville, VA and the University of Illinois into a new formaldehyde-
free environmentally friendly zein fibre which would have high resilience, 
absorbency, elongation and dyeability (Yang et al., 1996). This uses a dry 
spinning method with polycarboxylic acids as crosslinking agents to avoid the 
use of environmentally problematic chemicals such as formaldehyde (Lawton, 
2002: 13). Although the use of non-toxic citric acid or butane-tetracarboxylic 
acid did allow the production of a high resiliency experimental fibre with 
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breaking tenacity of 1 g/d, elongation of 30% and good boiling resistance, 
the researchers acknowledge that problems remained with low orientation 
and crystallinity (Yang et al., 1996). Nevertheless, there is sufficient interest 
in such alternative fibres for companies such as DuPont to have filed a patent 
for the dry spinning of zein fibres (1997 US Patent 5,750,064). 

7.3.3 Identification

In addition to the methods discussed above to identify proteins, it is necessary 
also to establish the nature of any synthetic material present in third generation 
azlon fibres. ATR FT-IR analysis enables the nature of the co-polymers, 
such as PVA or polyacrylonitrile, to be identified; see Fig. 7.8 (Brooks and 
Garside, 2005; Garside and Brooks, 2006). 

7.3.4 Fibre properties

Manufacturers typically claim that these bicomponent regenerated fibres, 
which naturally have elements of both the chemical and physical qualities 
of the source proteins and synthetics from which they are made, nevertheless 
exceed the characteristics of the separate source materials. The excellence 
of their tactile qualities is repeatedly stressed. SPF yarn is produced in fine 
deniers and is said to have a soft, smooth handle similar to cashmere, and 
a silk-like lustre. However, as they have a low crimp ratio, anti-slippage 
agents are required when spinning (Swicofil, n.d.b).
 The health benefits claimed for these fibres appear to be due to the 
antibacterial agents which are added during the manufacturing process. The 
Chinese milk protein fibres are promoted as being beneficial to the skin, 
possessing special humectant qualities (Cyarn, n.d.). The ‘amino acid’ in soya 
bean fibres is said to ‘activate collagen in the skin’ (Euroflax Industries, n.d.) 
while Yi-You (2004: 9) reports that the addition of Chinese herbal medicines 
during the spinning process gives the fibre medical benefits which last longer 
than those of surface finishes as they are bound into the protein. 
 Their microscopic appearance is very different from the second generation 
regenerated protein fibres, and generally reflects their bicomponent structure. 
SPF fibre has an irregular, dumbbell-shaped cross-section and what is described 
as ‘an islands-in-a-sea’ structure. This microporous structure makes it air 
and moisture permeable (Fig. 7.9). 

7.3.5 Behaviour

The relatively little information that is available on the behaviour of these 
fibres is generally drawn from manufacturers’ data; a summary is given in  
Table 7.4. They appear to have better tensile properties than their predecessors, 
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as would be expected from the presence of synthetic materials. Some features 
appear to be better than those of natural fibres. For example, third generation 
soya bean fibres have improved strength in comparison to the earlier casein 
fibres and similar moisture absorption, air permeability and heat retention 

0°

90°

4000 3500 3000 2500 2000 1500 1000 500
(a) Soya bean fibre

(b) Wool

0°

90°

7.8 (a) Polarised ATR FT-IR of third generation soya bean fibre (with 
fibres aligned parallel (0°) and perpendicular (90°) to the electric 
vector of the polarised incident radiation (taken by Paul Garside, 
Textile Conservation Centre); (b) polarised ATR FT-IR of wool fibre 
(with fibres aligned parallel (0°) and perpendicular (90°) to the 
electric vector of the polarised incident radiation (taken by Paul 
Garside, Textile Conservation Centre).
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but better UV resistance than cotton (Euroflax Industries, n.d.). SPF fibre 
has low specific gravity, good elongation and resistance to acid and alkali 
with a moisture absorption performance which is comparable to cotton (Yi-
You, 2004) but its low crimp ratio means that it has poor elastic properties 

(a)

(b)

7.9 (a) Longitudinal view of third generation soya bean fibre 
(©Harvest SPF Textile Co. Ltd, 2002); (b) Cross-section of third 
generation soya bean fibre (©Harvest SPF Textile Co. Ltd, 2002).
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(Swicolfil, n.d.b).  Soya bean fibres are said to be resistant to both mildew 
and pest attack (Swicofil, n.d.b).

7.4 Summary

For different reasons, relatively little is known about the characteristics and 
behaviour of the three generations of regenerated protein fibres. However, 
the merging of the qualities of synthetic and natural properties in the latest 
generation of regenerated protein fibres suggests that this version has a chance 
of achieving public acceptability. Their chemical and physical characteristics 
appear to make them an attractive alternative. However, it remains to be seen 
whether they achieve economic viability and technological longevity. 

7.5 Notes

1. The ATR spectra presented in this paper were recorded using a Perkin-
Elmer ‘Spectrum One’ FT-IR spectrometer, fitted with a ‘Universal ATR’ 
accessory; spectra were recorded over the range 4000–400 cm–1, using 
a resolution of 4 cm–1 and 32 scans. The spectra were subsequently 
manipulated using Galactic ‘GRAMS/32’ software. This analysis was 
undertaken by Dr Paul Garside, Textile Conservation Centre (see Garside 
and Brooks, 2006).

2. This appears to be different from the Japanese fibre Cetalon which was 

Table 7.4 Behavioural properties of third generation regenerated protein fibres in 
comparison to natural fibres (Cyarn, n.d.; Swicofil, n.d.a, n.d. b; Yi-You, 2004: 8)

Characteristics Soyabean  Chinese Silk Cotton Viscose Wool
 (SPF) milk fibre 

Fineness (dtex) 0.9–3.0  1.52 – 1.2–2.0 – – 
Density (g/cm3) 1.29 – 1.34–1.38 1.50–1.54 1.34–1.38 – 
Tensile strength – 3.8–4.0 2.8 3.8–4.0 1.9–3.1 1.5–2.0 2.6–3.5
dry  (cN/dtex)
Tensile  strength – 2.5–3.0 2.4 1.9–2.5 2.2–3.1 0.7–1.1 0.8
wet (cN/dtex)
Dry extension 18–21 25–35 14–25 7–10 18–24 
at break (%) 
Initial modulus – 60–80 60–80 60–82 – 44–88
(cN/dtex)
Moisture  8.6 5–8 8–9 7–8 13.0 15–17
regain (%)
Behaviour Yellows – Stable at – Loses –
with heat and   148°  strength
 tackifies    after
 at approx.    lengthy
 120°C    processing 
     at 150°
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produced by compressing whale blubber to the point at which a wool-
like fibre could be extracted (Loasby, 1952: 145).

3. The Arthur B. Little Laboratory produced two such purses. One is in 
the Smithsonian Institution, Washington, DC. ‘The other was in the 
company’s archive until it was auctioned in 2002; its current whereabouts 
are unknown (Krasner, 2002).

4. The German fibre Marena used for upholstery fillings and brush filaments 
was made from waste hides and skins produced during leather making 
(Koch, 1972: 32). It could be used in combination with wool to produce 
textiles (Jaumann, 1936). Carnofil was made from ox or horse muscle 
and could used for surgical purposes or for textiles such as suiting 
(Jaumann, 1936). German researchers also explored the possibility of 
making fibres from tendons and horsemeat (Hamor, 1941).

5. The Anyang Soybeanfibre Research Centre was set up by Guanqi Li to 
facilitate collaboration with Chinese scientists and engineers (Textiles 
& Leather Marketplace 2008).

6. Personal communication, Professor Yiqi Yang, Department of Textiles, 
Clothing & Design, University of Nebraska-Lincoln, USA, email, 9 
March 2008. 
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8
The structure of alginate, chitin and  

chitosan fibres

B Niekraszewicz, Technical University of Lodz, Poland  
and a Niekraszewicz, institute of Biopolymers  

and chemical Fibres, Poland

Abstracts: This chapter discusses the fibres produced from natural polymers 
such as alginates, chitin and chitosan. The chapter reviews specific properties 
of these polymers and the fibres obtained from them, together with the 
methods of producing fibres. The chapter also discusses the influence 
of polymer structure and spinning conditions on the properties of fibres 
obtained from these biopolymers. The chapter includes the main fields of 
applications and the future prospects for alginates, chitin, chitosan and fibres 
produced from them (composite fibres, nanofibres, nanoporous).

Key words: alginate fibres, chitin fibres, chitosan fibres, biopolymers, 
wound dressings.

8.1 Introduction

For years there has been an increasing demand for fibres that are produced 
from natural polymers such as alginates, chitin and chitosan. These fibres 
are characterized by such unique properties that it is possible to extend the 
field of their application. Also, recent and sudden developments in modern 
technology, such as nanotechnology or composite technologies, add to that. 
An even greater number of applications are found in producing modern fibre 
materials from these biopolymers. Owing to their biocompatibility, they are 
excellent raw materials for creating wound dressings, scaffolds for tissue 
engineering or resorptive implants or surgical threads.1
 This chapter will present specific properties of alginates, chitin, chitosan 
and fibres obtained from them, together with the methods of obtaining fibres. 
Also the influence of polymer structure and conditions of spinning on the 
properties of fibres obtained from these polymers will be presented here. 
an important part will be the future prospects for alginates, chitin, chitosan 
and fibres produced from them (composite fibres, nanofibres, nanoporous).

8.2 Alginate fibres

Nowadays, alginate fibres are a subject of increasing interest to both producers 
and consumers. alginates are quite common in many kinds of seaweed species: 
brown seaweeds and alginates are commonly produced worldwide. Owing to 
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their abundance and low cost, alginates are well-known and commonly used 
gelling and thickening agents in the textile, food and pharmaceutical industries. 
For this reason about 50% of alginates are used in the textile industry, 33% 
in the food and pharmaceutical industry and the rest mainly in the paper and 
cosmetic industries. Thanks to their properties, such as biocompatibility, high 
absorption capacity and ion-exchange properties, they are used as medical 
textiles.2 Alginate fibres, typically those made of calcium alginate, are able to 
absorb any exudates and have the unique property of being able to partially 
change into a gel. This property allows the painless removal of the wound 
dressing. Nowadays, alginate wound dressings are one of the most modern 
and universal forms, and their market grows about 40% per year.3

8.2.1 Structure of alginates

alginate is a linear polysaccharide derived from brown seaweeds or from soil 
bacteria. Of most importance, from a commercial point of view, are the genera 
Ascophyllum, Laminaria and Macrocystis.4 From a chemical point of view, 
alginates are linear copolymers based on b-(1Æ4)-d-mannuronic acid (M) 
and a-(1Æ4)-l-guluronic acid (G) units (see Fig. 8.1). in the polymer chain, 
the units G and M may create three types of blocks, namely GG, MM and 
MG (see Fig. 8.2). Each of these has a different conformation and therefore 
physical behaviour. so, alginates can be regarded as true block copolymers, 
composed of homopolymeric regions of M and G blocks, interspersed with 
alternating MG blocks. Detailed investigations have shown that alginates have 
no regular repeating unit and have various distributions of the monomers 
along the polymer chain. The main difference at the molecular level between 
algal and bacterial alginates is presence of O-acetyl groups at positions c2 
and/or c3 in the bacterial alginates.5 
 Owing to the fact that the b-d-mannuronic acid and a-l-guluronic acid 
units are the basic components of the block structure of the polymer, their 
properties are described by various parameters, e.g. the ratio of the individual 
units and their distribution (polydispersity), composition and the average 
molecular weight of the b-d-mannuronic acid, a-l-guluronic acid blocks 
and their copolymer blocks. Viscosity data has shown that the stiffness 
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8.1 Chemical structure: (a) a-l-guluronic acid (G), (b) b-d-mannuronic 
acid (M). 
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of the blocks increases in the order MG < MM < GG; so four glycosidic 
linkages, namely diequatorial (MM), diaxial (GG), equatorial–axial (MG) 
and axial–equatorial (GM), are possible in alginate.5 Diaxial linkages in 
G-blocks cause a large hindered rotation around the glycosidic linkage, which 
could be the reason for the stiff and extended nature of the alginate chain. 
Due to the polyelectrolyte character of alginates, the electrostatic repulsion 
between the charged groups on the polymer chain also increases the chain 
extension, and hence the intrinsic viscosity.5,6 The structure of alginates has 
been widely studied using X-ray diffraction and infrared spectroscopy.7
 Depending on their source and their growth conditions, alginates differ 
in composition (proportion of M/G) and sequential structure8 (see Table 
8.1). Alginates derived from seaweed stems are usually characterized by a 
high content of guluronic blocks (high G), whereas alginates derived from 
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8.2 Structure of alginic acid: (a) G-G-G-G blocks, (b) M-M-M-M blocks, 
(c) G-M-G-M blocks. 
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seaweed leaves are characterized by a higher content of mannuronic blocks 
(high M). The carboxylic group in guluronic acid is situated on the top of 
the triangle carbon/carbon/oxygen, and is more reactive than in mannuronic 
acid. in the case of GG blocks, the stereochemical structure of the two repeat 
units allows the creation of the space and the closing of calcium ions (see 
Fig. 8.3), thus creating an egg-box-like conformation.7,9 alginates have the 
ability to create a gel through divalent metal ions. such a structure makes it 
harder for calcium ions to be exchanged with sodium ions, and therefore these 
structures are able to retain water. On the other hand, when MM blocks are 
in the majority water can be absorbed between the polymer chains, and this 
makes it easier for calcium ions to be exchanged with sodium ions. alginates 
with higher content of GG blocks create stronger gels than those with a high 
content of MM blocks due to their greater ability to bind calcium.3
 alginates may be prepared with a wide range of average molecular weights 
(50 000–100 000 units) to suit the application.2 They are polydisperse with 
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8.3 The stereochemical structure of the GG block (adapted from ref. 
29). 

Table 8.1 Composition of alginates obtained from alginophytes from various 
geographical regions (adapted from ref. 8)

Source of alginates Sources of M content G content M/G ratio 
 alginophytes (%) (%)

Ascophyllum Norway, Ireland, 65 35 1.85
 UK, France

Ecklonia South Africa 62 38 1.60

Macrocystis pyrifera USA, Mexico, Chile 61 39 1.56 

Laminaria digitata France, Iceland 59 41 1.45

Laminaria hyperborea Norway, Ireland, 31 69 0.45
 UK, France
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respect to molecular weight. Polydispersity index values are usually between 
1.4 and 6.0 and depend on the preparation and purification processes used. 
Polydispersity can be important for the applications of alginates. Fragments of 
alginate chains with low molecular weight, which contain only short G-blocks, 
may not take part in the formation of a gel-network, and as a consequence 
do not contribute to gel strength. in some high-tech applications, however, 
the leakage of high mannuronic blocks from gels can cause problems.4 

8.2.2 Alginate production methods

alginates are present in nature as one of the consituents of brown algae 
(Phaeophyceae), and as capsular polysaccharides in soil bacteria. Despite the 
fact that studies carried out by various groups have shown that they can be 
obtained through microbial fermentation and post-polymerization modification 
of alginate molecules, all of the commercial alginates are currently obtained 
from algal sources. alginate is the most abundant marine biopolymer, and 
occurs in the intercellular mucilage and algal cells of brown seaweeds in the 
form of calcium, sodium and magnesium salts of alginic acid.
 Alginic acid was first discovered by Stanford in 1881, and the first patents 
concerning obtaining alginates from algae were published in the 1930s.10,11 
More specific descriptions of the process of obtaining alginates from algae 
have been published by McHugh,4,12 Moss and Doty,13 and Hernandez-
carmona et al.14 some of the biggest producers of alginates are the china 
Seaweed Industrial Association, Danisco Cultor (Denmark), Degussa Texturant 
Systems (Germany), FMC BioPolymer (USA), ISP Alginates Ltd (UK), 
Kimitsu Chemical Industries Co. Ltd (Japan) and Pronova Biomedical A/S 
(Norway). Nowadays the total capacity of alginate production is about 33 000 
tonnes per annum: 16 000 tonnes in europe, 14 000 tonnes in Asia-Pacific 
and 3000 tonnes per annum in the americas.4,5 
 The alginate with the greatest industrial importance is sodium-based salt 
derivative. The potassium, ammonium and calcium salts have the same 
applications, as well as alginic acid itself. The sodium salt of alginic acid 
is soluble in water, whereas the magnesium and calcium salts are insoluble. 
Obtaining alginates from algae is a multi-stage process. The general process 
of obtaining alginates is based on converting all alginate salts into sodium 
salts, dissolving them in water and removing the seaweed residue. To do 
this, seaweeds are broken into pieces and stirred with a hot solution of alkali, 
usually sodium carbonate (concentration 1.5%) at temperatures from 50–90°C 
for 1–2 hours. The dissolved sodium alginate later separates from the alkali-
insoluble seaweed residue, mainly comprising cellulose, by flotation and 
filtration. The next step is the precipitation of the alginate from this diluted 
filtered solution. This can be done in two ways: as a calcium salt of alginic 
acid or as alginic acid alone.4 This process is schematically presented in Fig. 
8.4.
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Wet chopped seaweed

Acid treatment
(0.1M H2SO4 or HCl, 30 min, 50°C)

Alkaline extraction
(1.5% Na2CO3, 50°C, 2h)

Formaldehyde treatment
(0.1–0.4% formaldehyde solution, 15–30 min)

Flotation and filtration

Diluted sodium alginate

Seaweed residue

Precipitation of fibrous calcium alginate
(10% CaCl2)

Bleaching (12% NaOCl)

Bleaching (12% NaClO)

Alginic acid (fibrous) Alginic acid (gel) (1–2% solids)

Conversion (solid Na2CO3)
(pH 5.5–6.0, 50/50 alcohol/water)

Conversion (solid Na2CO3)

Sodium alginate (solid)

Conversion (diluted HCl, pH 2)

Precipitation of alginic acid 
(5% H2SO4, pH 1.5–2.0, 60 min)

Flotation

Dewatering

Sodium alginate (solid)

Dewatering

8.4 Scheme of production of sodium alginate (adapted from ref. 4). 
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 When the first method is used, diluted sodium alginate solution is added 
into a calcium chloride solution (about 10%) and solid calcium alginate is 
formed as a fibre. This resulting material is a good form for further treatment. 
It is easy to separate fibrous calcium alginate, to wash, to dewater and then 
to bleach by treatment with sodium hypochlorite solution (12%). The next 
step is conversion of calcium alginate into alginic acid, which is realized by 
stirring it in dilute HCl (0.5 M) with a pH less than 2. Fibrous alginic acid 
is dewatered to contain more than 25% solids. such alginic acid is mixed 
with sodium carbonate to form a heavy paste, which is then extruded as 
pellets, dried and then milled.4 The approach involves initially bleaching 
with NaclO (12% solution). Sodium alginate extract is then treated with 5% 
H2sO4 solution in pH 1.5–2.0. After 60 min an alginic acid gel is formed. 
The next step of this process is the flotation of gel (filtration is not possible). 
The alginic acid gel obtained from flotation contains only 1–2% solids. The 
water content of this gel can be removed in three ways; pressing or squeezing 
and centrifuging or mixing with an alcohol. Pressing and squeezing can 
increase the solids content to 25–30%, centrifuging to 7–8%, but mixing 
with alcohol is uneconomical on a large scale. The most popular approach 
is centrifuging. conversion of alginic acid into sodium alginate is made by 
introducing a 50:50 mixture of alcohol (ethanol or isopropanol) and water 
to 7–8% alginic acid. To obtain a paste of sodium alginate, solid Na2cO3 is 
added and then this paste is extruded as pellets, dried and milled as for the 
calcium alginate process.15 
 Both processes have advantages and disadvantages. in comparison to the 
alginic acid process, the calcium alginate process requires an extra step, but 
the handling of the fibrous calcium alginate and alginic acid is easier and an 
expensive alcohol does not have to be used. in the second process, alginic 
acid forms gelatinous precipitates, which are difficult to separate, and the 
losses of alginic acid are greater than for the first process. Because of this, 
alcohol must be used for the conversion to sodium alginate, which makes 
the process more expensive.4 
 The main properties of alginates, which are particularly important to their 
application, are: 

∑ alginates have some unique properties such as non-toxicity, 
biocompatibility, biodegradability and hydrophilicity and have a relatively 
low cost.

∑ alginates have the ability to create permanent gels as a result of their 
reactions with calcium salts. This ability is used, for example, in processing 
into medical materials.

∑ Alginate fibres are produced mainly for medical use (especially as wound 
dressings), so the alginates used should be characterized by appropriate 
properties, such as molecular weight, polydispersity and an appropriate 
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participation of individual blocks. Taking into consideration demands 
put in front of fibre-forming polymers and the demands concerning 
fibre tenacity, it is recommended that they should have a high molecular 
mass and low polydispersity. To ensure an appropriate functionality of 
the fibres from the point of view of using them in wound dressings, it 
is necessary for the presence of a fraction with lower molecular weight 
to partake.

∑ alginates were found useful also as carriers controlling drug release, in 
tissue engineering and in artificial pancreas construction. 

8.2.3 Methods of alginate fibre production

alginate fibres have been known for a long time. Their commercial production 
was established in england and the Usa during the second world war. 
Acordis Speciality Fibers, UK (now Speciality Fibres and Materials Ltd) 
was the first company in the world to develop a commercial process for the 
manufacture of alginate fibres, and is a world leader in technology today. 
The fibres are obtained by a wet spinning method, and depending on the 
technology used, they can be in the form of salts, esters or other alginate 
acid derivatives.
 Fibres are mostly produced from sodium alginate or from calcium-
sodium alginate.15,16 Fibres are usually spun from 4–10% of an aqueous 
spinning solution into a spinning bath, where an exchange of sodium ions 
into calcium ions takes place. The content of the bath depends on whether 
the formed fibre is going to contain alginate acid, calcium alginate or other 
alginates. in the case of fibres made from calcium alginate, the coagulation 
bath usually includes calcium chloride, hydrochloric acid and a supporting 
agent. when spinning fibres made from alginate acid, sulphuric acid and 
sodium sulphate are present in the coagulation bath. it is also possible to 
have various combinations of salts in the coagulation bath (salts of zinc, 
magnesium, copper).17 Following that stage, the fibres are washed, drawn 
and dried before they are cut and further processed into nonwoven felt via 
a conventional textile process.3,18 
 calcium alginate fibres can also be processed into calcium-sodium 
alginates fibres by first treating with hydrochloric acid and replacing 
some of the calcium ions by hydrogen ions. These hydrogen ions are then 
replaced by sodium ions as a result of treatment with sodium carbonate or 
sodium hydroxide. Fibres that include both the insoluble calcium alginate 
and the water-soluble sodium alginate are the effect of such action. These 
fibres will be characterized by even better absorption properties when more 
sodium ions introduced into the fibre structure.3,18 These properties are the 
key to the wide range of uses of alginate fibres, most importantly for the 
production of high-tech wound dressings. alginate fibres have unique gel-
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forming characteristics. in the gel state, the dressings provide an ideal moist 
healing environment for the wound.3 some dressings contain calcium alginate 
fibres (Algisite M, Sorbsan, Tegagen) and others contain sodium-calcium 
alginate fibres (Melgisorb, Seasorb, Kaltostat). Many clinical examinations 
have confirmed that alginate wound dressings not only have high absorption 
capacities, but also have the ability to promote wound healing.19–21 
 Alginate fibers are used in nonwovens, including composite products, and 
speciality yarns for moist wound dressings on difficult-to-heal chronic wounds 
such as pressure sores and leg ulcers. The fibres create a rapid gel blocking 
action, which prevents lateral wicking, reducing the risk of macerating healthy 
skin around the wound. Alginate fibres have many advantages over other 
traditional dressings (cotton and viscose fibres), and have now become one of 
the most important materials for wound management. It has been confirmed 
that alginate-based dressings are non-toxic, non-carcinogenic, non-allergic, 
haemostatic, biocompatible, have reasonable strength, are capable of being 
sterilized, can incorporate medications and are easy to process.22,23 calcium 
alginate fibers can be used for the production of yarns and fabrics for medical 
applications, and as drug carriers for wound healing.23–25 
 Owing to their ability to dissolve in diluted aqueous alkali solutions and 
to the fact that they are fire-resistant, alginate fibres were traditionally used 
to produce upholstery, but nowadays they are replaced by much cheaper 
speciality chemical fibres.3 

8.2.4 Influence of structure on properties 

Generally, the properties of alginate fibres are generated by their fibre-forming 
material structure. standard calcium alginate fibres are characterized by the 
following properties:26 

∑ Density 1.78 g/cm3

∑ Tenacity (at 21°C and 65% RH) 11–18 cN/tex 
∑ Elongation (at 21°C and 65% RH) 5%
∑ Typical absorbency (at 0.9% saline) 18 g/100 cm2 
∑ Moisture sorption (at 20°C and 65% RH) 20–35%.

 Alginate fibres show poor resistance to UV. Fibre solubility depends 
on the degree and type of crosslinking with multivalent metal ions. The 
character of the created gel (rigid or elastic gel), its thermomechanical 
properties and the value of the dynamic module depend on the ratio M/G 
(mannuronic block/guluronic block). Ion exchange also has relevant influence 
here.27 Good absorption properties of alginate fibres are connected to their 
hydrophilic character as well as their porous structure that is created during 
the spinning process.28 in the case of man-made fibres, the fibre structure is 
strongly dependent on the spinning conditions. in wet spinning, because of 
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low polymer concentration in the spinning solution there is a large amount 
of solvent in the as-made fibres. in the case of these fibres, the mechanism 
of dehydration influences their structure and cross-section. Alginate fibres 
have irregular cross-sections and a rather rough surface (porous structure), 
a typical result of wet spinning, as shown in Figs 8.5a and 8.5b. 

(a)

(b)

8.5 SEM micrographs of alginate fibres: (a) cross-sections, (b) 
surface. 
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 ion exchange, absorption and gel swelling properties of alginate fibres are 
very important for using them as wound dressings. Qin et al.29,30 examined 
the ion exchange of alginate fibres and the wound dressings obtained from 
them, and confirmed that polymeric acid, which is alginate, can form salts 
with calcium, sodium, zinc and many other metal ions. ion exchange in 
alginate fibres depends on the character of their structure (M/G ratio). In the 
case of fibres with a high guluronic block content (high G), calcium ions are 
strongly connected through the fibre structure, and ion exchange does not 
readily occur. This is caused by the formation of a stable egg-box structure, 
which does not allow the easy exchange of calcium ion with other ions 
(see Fig. 8.3). Alginate fibres (high G) swell only a little in the presence of 
body fluids, and the fibre structure and the wound dressing are not radically 
violated during the treatment. In the case of alginate fibres with a high 
mannuric block content (high M), calcium ions are easily exchangeable for 
sodium ions and they swell, thus becoming an elastic gel. Qin et al. have 
examined the gel swelling properties of alginate fibres.3,31,32 The swelling 
properties of fibres with a high guluronic block content can be regulated by 
introducing sodium ions into the fibres. water absorption through sodium-
calcium alginate fibres (high G) is higher than in the case of fibres formed 
from calcium alginate, which is a result of the ability to bind water through 
sodium ions in the fibre. calcium alginate fibres with a high mannuric block 
content (high M) are, however, characterized by a much higher absorption 
of saline than calcium-sodium alginate fibres and alginate fibres (with high 
guluronic block content). This leads to the excellent ability of alginate fibres 
with a high mannuric block content (high M) to gel 3,32 (see Table 8.2). 
 Qin29 confirmed that calcium alginate fibres can also be treated with 
zncl2 solutions where calcium/zinc alginate fibres were obtained. These 
fibres have the ability to deliver zinc ions when placed in contact with body 
fluids. Zinc is needed for functioning of most enzymes in the body, and is 
necessary for zinc-deficient patients. examinations have shown that a high 
M-type dressing generally has better haemostatic properties than a high 
G-type alginate dressing. By incorporating silver ions into alginate fibres, 
highly absorbent alginate wound dressings with antibacterial properties can 
be made (silverlon® calcium alginate dressing).29,33 By the release of silver 

Table 8.2 Gel swelling properties of various alginate fibres (adapted from ref. 32) 

Property Alginic fibres with various calcium contents

 ~98.2% Ca ~76.6% Ca ~54.3% Ca

Gel swelling ratio in water, g/g 2.68 ± 0.26 24.15 ± 0.86 20.65 ± 2.68 
Gel swelling ratio in 0.9% saline, g/g 8.48 ± 0.61 13.43 ± 1.13 18.60 ± 0.95
Gel strength, g 85.1 19.9 7.5
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ions from fibres, the bacteria that are trapped within alginate wound dressings 
are killed. 
 Fabia et al.34 described investigations into the structure of fibres at their 
supermolecular level using WAXS (wide angle X-ray diffraction) and SAXS 
(small angle X-ray diffraction) methods. They examined fibres obtained 
from high mannuronic sodium alginate (Protanal LF-10/60 LS), which were 
spun into an aqueous solution of calcium chloride, sodium chloride and/or 
hydrochloric acid under suitable concentrations. waXs examinations have 
shown that the intensity of the peaks from crystalline planes, particularly of 
guluronian (110), (020) and (200), decreases when the calcium ion content 
in the alginate fibres increases. SAXS examinations have confirmed the 
existence of the guluronian and mannuronian blocks’ structure.
 Mikolajczyk and Wolowska-Czapnik17 carried out examinations of the 
production of water-soluble alginate fibres and comparative analysis of the 
effects of basic fibre spinning parameters on the porous structure, moisture 
absorption and strength of the fibres from zinc and copper alginates. These 
fibres were obtained from solutions of sodium alginate (Protanal LF 60/20, 
FMC Biopolymer AS), which were wet spun into baths containing 3% of 
zncl2 or 3% of cucl2 and 0.3% of Hcl. The exchange of sodium ions with 
zinc or cooper ions during the solidification stage allowed the production of 
zinc alginate or cooper alginate fibres with properties suitable for medical 
applications. The spinning conditions that were used allowed the introduction 
of about 8.4–8.6 wt% zinc or copper ions into the fibre structure. These fibres 
were characterized by a strong antibacterial activity, as shown in Table 8.3. 
Other examinations carried out by the authors have shown that additional 
protection of wounds against infection by microorganisms and accelerated 
wound healing can be obtained by introducing antibiotics into the spinning 
solution.35 The best and optimal spinning conditions for the production of 
Cu-alginate fibres have been selected in respect to their strength properties 
and high values of water retention for Zn-alginate fibres. This optimization 
is carried out specifically for the fields of uses of obtained fibres. Optimal 

Table 8.3 Results of antibacterial tests for various alginate fibres obtained in 
optimal conditions (adapted with permission from ref. 17)

Sample Time (h) Amount of Bacteriostatic Bacteriocidal Growth
  bacteria activity, activity, value,
  colony (cfu) log (cfu) log (cfu) log (cfu)

Standard  0 9.1 ¥ 104 – – – 
Standard 24 6.5 ¥ 107 – – 2.8 
Zinc alginate fibres 24 47 6.1 3.3 – 
Copper alginate fibres 24 <20 6.5 3.7 –

Note: cfu – colony forming unit.
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spinning conditions and the main properties of various modified alginate fibres 
are shown in Table 8.4.36 Generally, higher values of moisture absorption at 
65% RH (over 20%) for fibres substituted Ca2+, zn2+, cu2+ and Na+ ions are 
connected with the hydrophilic character of the fibre-forming material. High 
values of water retention are connected with the quantitative predominance 
of large and very large pores in the examined fibres and with the swelling 
of fibres due to water penetration into their supermolecular structure. The 
fibre spinning conditions have an influence on the character of the porous 
structure, as shown in Table 8.5.36 
 As well as the use of alginate fibres for modern wound dressings, 
Mikolajczyk et al. propose to use calcium alginate fibres as precursors to 

Table 8.4 Properties of various alginate fibres obtained under the optimal 
conditions (adapted from refs 36 and 37)

Fibres* As-spun Total Moisture Degree of Water  Tenacity
 draw  draw absorption crystallinity retention (cN/tex)
 ratio (%) ratio (%) at 65% (%) (%)
   RH (%)

Alg-Ca 70.37 54.65 23.21 8.5 69.68 23.53
Alg-Ca3% SiO2  60.00 63.66 23.48 11.2 69.44 19.93
Alg-Ca5% SiO2  90.23 59.03 22.36 10.2 66.35 19.29
Alg-acid 120.00 17.72 15.53 27.0 165.00 16.05
Alg-Na 32.00 25.00 22.65 11.8 177.04† 13.23
Alg-Zn 30.50 64.63 25.00 5.8 101.53 21.24
Alg-Cu 119.90 73.25 21.35 9.5 61.54 21.41

*Alg-Ca – calcium alginate fibres, Alg-Ca3% SiO2  
– calcium alginate fibres with 3% 

silica nanoparticles per polymer,
 

Alg-Ca5% SiO2
 – calcium alginate fibres with 5% 

silica nanoparticles per polymer, Alg-acid – alginic acid fibres, Alg-Na – sodium 
alginate fibres, Alg-Zn – zinc alginate fibres, Alg-Cu – copper alginate fibres.
† Percentage of water absorbed by sodium alginate fibres from a moist substrate 
for 1 h.

Table 8.5 Total pore volume, internal surface and percentages of capillary sets of 
various alginate fibres (adapted from ref. 36)

Fibres Total Internal Percentage pore content (%)
 pore surface ————————————————————————
 volume of pores  Small Medium Large Very large
 (mm3/g) (m2/g) 4–12.3 nm 12.3–75 nm 75–750 nm 750–7500 nm 

Alg-Ca 54.32 1.80 6.82 0.0 11.36 81.72
Alg-Ca3% SiO2  91.25 4.53 18.07 8.22 10.96 65.75
Alg-Ca5% SiO2  90.70 5.53 16.67 11.54 10.26 61.53
Alg-acid 58.73 3.88 18.93 21.62 13.52 45.95
Alg-Zn 47.67 1.60 9.76 0.0 7.2 82.90
Alg-Cu 146.15 4.98 7.89 14.48 15.79 61.84
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the preparation of carbon fibres.28,36,37 implants obtained from such fibres 
could support the process of bone reconstruction. This process can also be 
advantageously affected by presence of silica, one of the main components 
necessary to rebuild bones. Nanoparticles of siO2 have been incorporated 
into alginate fibres during the preparation of the spinning solution. Optimal 
spinning conditions, mechanical parameters, hygroscopic parameters and 
characteristics of the porous structure of alginate fibres with nano-siO2 are 
reported in Tables 8.4 and 8.5. Results showed that the alginate fibres obtained 
under certain spinning conditions, which give a high total pore volume and an 
internal surface with a tenacity of 20cN/tex, are suitable for the carbonization 
process. The incorporation of 5% of siO2 nanoparticles does not significantly 
influence the fibre sorption properties, despite increased fibre porosity. This 
approach, however, decreases the tenacity of the fibres by 15%.28 The effect 
of fibre-forming material structure and content of nanosilica have an influence 
on the thermal stability of alginate fibres. examinations of thermal properties 
showed that the thermal stability indicator T50 (temperature corresponding 
to a 50% weight loss) for fibre modified using nanosilica achieves values 
of 440–450°C in comparison with 400°C for Ca-alginate fibres and 330°C 
for Na-alginate fibres. These parameters for various alginate fibres can be 
arranged in the following series:36 

 T50: alg-ca-siO2 > alg-ca > alg-zn > alg-cu > alg-Na > alg. acid

The fibres made from various types of alginates generate negative static charges 
in contact with human skin. The fibres obtained from alginates of bivalent 
metals and those containing nanosilica show a lower level of static charge 
in comparison with fibres from sodium alginate. The level of the generated 
charge and its negative polarization can determine the enhancement of the 
therapeutic effects of alginate fibres. Fibres from alginic acid and sodium 
alginate show a considerably higher conductivity by three orders of magnitude 
as compared with that of fibres from Zn, Cu and Ca alginates.37 
 The original technology for manufacturing alginate fibres using a pilot-
scale spinning machine was developed at the institute of Biopolymers and 
chemical Fibres (Poland).38 commercial sodium alginate (Protanal LF 10/60, 
FMC Biopolymer) was used for the preparation of alginate fibres. This sodium 
alginate contained 65–75% of guluronic acid, 25–35% of mannuronic acid, 
less than 18–24% of ash and less than 20 ppm of heavy metals. The fibres 
were obtained using an aqueous solution of sodium alginate, which was 
spun into an aqueous acidic coagulation bath containing calcium chloride 
and additives to improve the spinning process. As-spun alginate fibres were 
stretched by 50% into a bath system containing a diluted aqueous solution 
of calcium chloride, washed in demineralized water and dried at 80°C. 
They were spun out at a rate of up to 100 m/min. This technology allows 
the manufacture of alginate fibres with a controlled calcium ion substitution 
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degree and extremely different properties (see Table 8.6). when the calcium 
ion substitution was higher than 30%, fibres with tenacity of 15–22 cN/tex, 
elongation of 12–20% and moisture content of 15–25% were obtained. 
clinical tests showed their full conformity with the requirements, including 
an irritation time iT50 > 10 days and no allergic action for human skin. The 
original technology of the institute of Biomaterials and chemical Fibres is 
based on several advantages:38 

∑ The ability to use the modifications at the spinning solution and coagulation 
bath stages 

∑ a controlled ratio content of ca+2/Na+ ions
∑ controlled structure
∑ continuous or staple fibres
∑ a relatively simple technology. 

alginate fibres obtained by this technology can be used in medicine, as a 
rope-form filament, for difficult healing wounds, or as staple fibres in the 
form of nonwovens for wound protecting dressings, or as a component of 
blended biomaterials. 

8.2.5 Future prospects

For years there has been increasing demand for fibres produced from alginate. 
These fibres are characterized by such unique properties as, e.g., non-
toxicity, biocompatibility, biodegradability, high absorption, and the ability 
to create permanent gels. It is possible, therefore, to extend the field of their 
application. Great progress in such modern technologies as nanotechnology, 
biotechnology and composite technologies allows alginate fibres to be used 
for the following purposes: 

∑ New high-tech wound dressings
∑ scaffolds for tissue engineering
∑ resorptive implants
∑ surgical threads
∑ carriers controlling drug release
∑ Nanofibres and nanocomposites for advanced applications.

alginate fibres are one of the most important materials for wound management. 

Table 8.6 Influence of calcium ion content on properties of alginate fibres 
(adapted from ref. 38)

Calcium ion content (wt%) Substitution degree (%) WRV (%)

 3.2 31 561 
10.2 99  97
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Modern active dressings, besides their function of providing a moist wound 
environment, should also be adaptable to the stage of wound healing and, on 
this basis, be capable of stimulating the granulating process or protecting against 
the damage of a newly formed tissue. introducing other polymers (chitosan, 
carboxymethylchitosan, keratin, branan ferulate) or special additives (silver 
and their salts, antibiotics, deodorizing agent) allows a more functional wound 
material into alginate material.39–41 The use of alginate in textile scaffolds 
that may be knitted, woven, nonwoven, braided, embroidered or combined, 
has certain specialized applications. Flexibility provides versatility, and that 
is why alginate fibre systems are ideal for encouraging cells to reconstruct 
the tissue structure in three dimensions.22,23 There is also a high potential 
for nanofibres from this biopolymer42 to be used in tissue engineering, as a 
carrier of various drugs to specific sites. 

8.3 Chitin and chitosan fibres

chitin is the second most important natural polysaccharide in the world after 
cellulose. Chitin is present in nature as ordered crystalline microfibrils forming 
structural components in the exoskeleton of arthropods or in cell walls of 
fungi and yeast. it is also produced by a number of living organisms in lower 
plants and animal kingdoms, serving many functions where reinforcement 
and strength are required.43 The main commercial sources of chitin are 
crab and shrimp shells. chitosan is a partially N-deacetylated derivative of 
chitin. it is the most important derivative of chitin. These polymers are of 
commercial interest due to their high content of nitrogen (6.89%) compared 
to synthetically substituted cellulose (1.25%), making them useful chelating 
agents.44 Chitin/chitosan fibres and chitosan derivatives are characterized by 
excellent antibacterial properties and wound healing. They are additionally 
haemostatic and fungistatic so that they are widely used as wound care 
products and for other medical uses. chitin and chitosan are recommended 
as suitable functional medical materials because of their excellent properties, 
i.e. biocompatibility, biodegradability, absorption, ability to form film or 
fibres, and ability to chelate metal ions.44 

8.3.1 Structure of chitin and chitosan

With regards to their chemical structures (see Fig. 8.6), chitin and chitosan 
are similar to cellulose, but an acetamide group or amine group replaces the 
hydroxyl group at the c2 position of the glucosidal ring. chitin is a polymer 
of b-(1Æ4)-2-acetamido-2-deoxy-d-glucopyranose, while chitosan is a 
copolymer of b-(1Æ4)-2-amino-2-deoxy-d-glucopyranose and 2-acetamido-
2-deoxy-d-glucopyranose, obtained by deacetylation of chitin. Because pure 
chitin with 100% acetylation of the amine groups, and pure chitosan with 
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100% deacetylation, rarely exist, they are often described as copolymers 
of N-acetyl-d-glucosamine and d-glucosamine.45 The difference between 
chitin and chitosan is in the acetyl content of the polymer. The degree of 
deacetylation (DD) is one of the most important structural parameters in 
chitin and chitosan. when the degree of deacetylation of chitin reaches 
about 50% (depending on the source of polymer), it becomes soluble in 
an aqueous acidic media and is called chitosan. For a typical commercial 
chitosan DD must be 80–85% or higher. It is connected with protonation 
of the –NH2 group on the c2 position of the d-glucosamine repeat unit 
and conversion of the polysaccharide to a polyelectrolyte in acidic media. 
chitosan is a pseudonatural cationic polymer43 with the ability to chemically 
bind with negatively charged fats, lipids, cholesterol, metal ions, proteins 
and macromolecules. 
 Three polymeric crystal structures of chitin (a, b and g) are known. a-chitin 
is the most crystalline orthorhombic form where the chains are anti-parallel, 
and can be obtained from the shell of crabs, lobsters and shrimps. b-chitin 
has a monoclinic form where chains are parallel, and is obtained from the 
pen of loligo and squid. g-chitin is a mixture of a- and b-chitins. a-chitin 
is rather resistant to chemical modifications due to the peptide-like hydrogen 
bonds between chains, and harsh reaction conditions are required to break 
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8.6 Chemical structure: (a) chitin, (b) chitosan. 
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it down, whilst b-chitin is less stable, and can be modified under milder 
conditions. During dissolution or extensive swelling, b-chitin converts to 
a-chitin. it is, however, not possible by the reverse approach.46 
 chitosan is also crystalline and exhibits polymorphism depending on its 
physical state (various structures for an anhydrous, hydrate or salt form). 
This has been confirmed by X-ray diffraction analyses.47 chitosan is a 
semicrystalline polymer and its degree of crystallinity is a function of the 
degree of deacetylation. crystallinity is maximum for chitin and for fully 
deacetylated chitosan. Minimum crystallinity is achieved at intermediate 
degrees of deacetylation. Because of its stable crystalline structure, chitosan 
is normally insoluble in organic solvents and aqueous solutions at a pH 
above 7. However, it dissolves readily in most dilute organic acids such as 
formic, acetic and citric acids because the free amino groups are protonated 
and the molecule becomes fully soluble below pH 5. chitosan is soluble to 
a limited extent in dilute inorganic acids (except phosphoric and sulphuric). 
The pH-dependent solubility of chitosan is a very useful property.1 chitin is 
insoluble in water and is difficult to isolate without degradation. It is soluble 
in concentrated mineral acids. 
 The reactivity of –OH and –NH2 groups allows various reactions in order 
to modify the properties of chitin and chitosan, thus obtaining their various 
derivatives. The basic free amine groups of chitosan can react with many 
inorganic and organic acids, forming water-soluble salts (mostly). During the 
acylation of amine groups of chitosan using acyl anhydride, the chitosan in 
solution slowly loses solubility and a gel is formed. acetylation of chitosan 
fibres using acetic anhydride in methanol as a solvent leads to regenerated 
chitin fibres. During this reaction, –NH2 groups with aldehydes or ketone 
Schiff bases can be formed. So as a result of the modification of chitosan 
using such compounds, products with excellent chelating properties are 
obtained. The reaction of chitin and chitosan (–OH and –NH2 groups) with 
halogen-substituted compounds allows the modification of the structure of 
both polymers, and yields various derivatives with a variety of properties. 
The ability of chitin and chitosan to absorb heavy metal ions is explained 
by the fact that they form metal ion complexes with many transition metal 
ions, and this chelating property is mainly as a result of the primary amine 
groups.45,48 chitosan can be hydrolysed by lysozymes. The degradation 
products of chitosan are amino sugars.1 

8.3.2 Chitin and chitosan production methods

Chitin was first isolated in 1811 by Braconnot, and chitosan in 1859 by 
rouget who reported the treatment of chitin using a concentrated potassium 
hydroxide solution. Hoppe-Seyler in 1894 proposed the name of chitosan 
for the product.43 Potential sources for chitin production are shells of crabs, 
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crustaceans, shrimp and lobster, insects, jellyfish, algae and fungi. A novel 
method for making a chitin-based fibrous dressing material uses a non-animal 
source, namely microfungal mycelia, as the raw material. The resulting 
microfungal fibres are different from the normal spun ones.23 commercially, 
chitin and chitosan are mainly produced from shells of crustaceans such 
as crabs, shrimps and krill, which are generated by the seafood processing 
industries as a shell waste. These shells contain three components: proteins 
(30–40%), calcium carbonate (30–50%) and chitin (20–50%). These various 
percentage contents depend on the crustacean species and the season in 
which they are harvested.47,48 
 The methods of chitin and chitosan production are various, generally 
divided into two groups, chemical and biological, but all of them consist 
of four main stages: deproteinization, demineralization, decolorization 
and deacetylation. chitin and chitosan are commercially manufactured by 
a chemical method, as schematically shown in Fig. 8.7. Sometimes the 
sequence of demineralization and deproteinization stages can be reversed. 
in some procedures demineralization occurs before deproteinization.49 
Technological parameters are different for various methods, but most often 
the shells are first cleaned, ground and then treated with an aqueous 3–5% 
NaOH solution at 100°C for a few hours to decompose the proteins. Then, 
after neutralization the shells are treated with an aqueous 3–5% HCl solution 
at room temperature to remove calcium carbonate and calcium phosphate. To 
remove pigments, a bleaching process is performed, and chitin is obtained 
as an almost colourless to off-white powdery material. chitosan in nature 
exists only in a few species of fungi. commercially, chitosan is produced 
from chitin by deacetylation with a highly concentrated (40–50%) solution of 
NaOH at high temperature (100–150°C).47–49 chitosan can also be obtained 
from squid pens. in this case, chitosan is synthesized from b-chitin (amine 
group aligned with OH and cH2OH groups) while crustacean exoskeleton 
chitosan is synthesized from a-chitin (anti-parallel chain alignment). 
 in enzymatic methods proteases can be used for the deproteinization of 
shells. Microbial synthesis of chitosan is found in various organisms including 
Mucor rouxii, Phycomyces blakesleeanus and others. cell cultures of these 
organisms have been used for the production of chitosan, and the yields 
obtained were improved by addition in the culture medium of a chitin source 
such as Aspergillus niger. Thus the mechanism of production was attributed 
to chitin deacetylation.50 KitoZyme S.A. (Belgium) produces about 100 
tons per year of chitin and chitosan using biological methods, from fungal 
mycelium. 
 chitin, and their derivatives like chitosan, is being produced by about 50 
companies, mainly in Asia (China, South Korea, India, Thailand and Japan), 
North america and europe. examples of these companies are Primex ehf 
(Iceland), France Chitin (France), Qingdao Heppe Biotechnology Ltd (china/
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Germany), FMC BioPolymer (USA), NovaMatrix (Norway), Dalwoo-chitosan 
BLS (Korea), Meron Biopolymers (India), Golden-Shell Biochemical Co. 
Ltd (China) and Vanson Inc. (USA).
 chitosan can be produced: 

∑ at various degrees of purity, which is determined by its use (medical–
pharmaceutical grade, industrial grade), 

Wet shellfish wastes

Washing, drying, grinding, sieving

Deproteinization
3–5% NaOH, 0.5–72 h, 100°C

Demineralization
3–5% HCl, 30 min, at room temp.

Deacetylation
40–50% NaOH, 100–150°C, 1h, exclusive of air

Decoloration
KMnO4 or oxalic acid or NaOCl

Washing

Washing and dewatering

Chitin

Washing and dewatering

Washing and drying

Chitosan

8.7 Scheme of chitin and chitosan production using chemical 
method. 
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∑ at various molecular weights (high and low density chitosan, chitosan 
oligomer), 

∑ at different degrees of deacetylation (50–95%), depending on use, 
∑ at various particle sizes. 

almost all the properties of chitin and chitosan depend on two fundamental 
parameters: the degree of deacetylation (DD) and the molecular mass 
distribution (or average molecular weight), although they do have some 
contrasting properties. The molecular weight of chitin and chitosan can 
be determined by methods such as chromatography, light scattering and 
viscometry. There are many methods that are well described in the literature 
for estimating DD, e.g. ir spectroscopy, UV spectroscopy, gel permeation 
chromatography, various titration schemes and others. converting chitin into 
chitosan lowers the molecular weight and changes the degree of deacetylation, 
and thereby alters the charge distribution, which turn influences agglomeration. 
The weight-average molecular weight of chitin44 is 1.03–2.5 ¥ 106, but the 
N-deacetylation reaction reduces this to 1.0–5.0 ¥ 105. Depending on the 
source and preparation methods, commercial chitosan’s average molecular 
weight ranges from 50 to 1000 kDa. commercially available preparations 
have degree of deacetylation in the range 50–90%. 
 The main properties of chitin and chitosan, which are important in many 
applications, are:43,44 

∑ Highly basic polysaccharides
∑ semicrystalline structures
∑ Formation of polyoxysalt
∑ Ability to form films, fibres and gels
∑ Good complex formation with metals
∑ ability to bind with negatively charged fats, lipids, cholesterol, metal 

ions, proteins and macromolecules
∑ Non-toxicity
∑ Biocompatibility
∑ Biological activity
∑ Possibility of forming derivatives.

chitin is highly hydrophobic and is insoluble in water and most organic 
solvents, but is soluble in hexafluoroisopropanol, hexafluoroacetone and 
chloroalcohols in conjugation with aqueous solutions of mineral acids and 
dimethylacetamide containing 5% lithium chloride. chitosan is soluble in 
dilute acids such as acetic acid, formic acid, etc. chitosan has a gel-forming 
ability in N-methylmorpholine N-oxide. 
 From the point of view of special properties, particularly biological activity, 
chitin, chitosan and their derivatives can be used for many applications:44 

∑ Medicine: wound dressing materials, sponges, artificial blood vessels, 
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blood cholesterol control, tumour inhibition, membranes, dental/
plaque inhibition, skin burns/artificial skin, eye humour fluid, contact 
lenses, controlled release of drugs, bone disease treatment and tissue 
engineering.

∑ Cosmetics and toiletries: make-up powder, nail polish, moisturizers, 
fixtures, bath lotion, face, hand and body creams, toothpaste and foam 
enhancers.

∑ Water treatment: removal of metal ions and flocculant/coagulant 
proteins. 

∑ Food: removal of dyes, solids, acids and preservatives, colour stabilization, 
and as an animal feed additive.

∑ Agriculture: seed coating, leaf coating, hydroponics/fertilizer, controlled 
agrochemical release and as a fertilizer.

∑ Biotechnology: enzyme immobilization, protein separation, chromatography, 
cell recovery, cell immobilization, glucose electrode and within 
biosensors. 

∑ Pulp and paper: surface treatment, photographic paper and carbonless 
copy paper.

∑ Membranes: reverse osmosis, permeability control and solvent separation 
medium.

∑ Special purpose: chitosan can be used in tobacco slice glue.

8.3.3 Methods of chitin and chitosan fibre production

wet spinning is mostly used to produce chitin and chitosan fibres, as they 
cannot be formed by either melt- or dry spinning methods. The strong 
inter-chain forces as derived from the hydroxyl, acetamido and amino 
groups raise the melting point of chitin and chitosan to well above their 
thermal degradation temperatures. Therefore, melt spinning is typically not 
possible for chitin and chitosan.48 Besides that, these two natural polymers 
can only be dissolved in polar solvents that have high boiling points. as 
a consequence, dry spinning is also not practical for producing chitin and 
chitosan fibres. in wet spinning processes, dissolving the polymer in an 
appropriate solvent first makes a polymer solution. The solution is then filtered 
and degassed before it is extruded through fine holes into a non-solvent to 
precipitate the polymer in a filament form.48 in the case of chitin fibres, a 
number of solvent–coagulant systems have been tried to form the chitin 
fibres. spinnability of the chitin solutions can be improved with increasing 
the coagulation bath temperature and with the addition of the right type of 
plasticizer to the spinning solution.48 
 regenerated chitin fibres can be produced using a viscose method from 
chitin xanthate. At first chitin is converted into chitin xanthate by treatment 
with 40% NaOH at room temperature and then after removing the caustic 
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soda the chitin solution is shaken with carbon disulphide for 4 hours at 25°C. 
suitable solutions for the production of fibres are obtained after mixing chitin 
xanthate with crushed ice, and other additional operations. The chitin xanthate 
solution in aqueous NaOH is then filtered, degassed at room temperature 
and spun into a coagulation bath containing 8–10% sulphuric acid, 25% 
sodium sulphate and 1–3% zinc sulphate. These fibres are characterized by 
low tenacity at break (about 2.7 cN/tex).48–53 
 Other methods of regenerated chitin fibre production use a halogenated 
solvent system. in this case, the spinning solutions are obtained using di- or 
trichloroacetic acid in combination with organic solvents such as formic acid, 
acetic acid, chloral hydrate and methylene chloride. The chitin solutions are 
extruded into an acetone coagulation bath.44,48 Tokura and co-workers used 
a combination of formic acid, dichloroacetic acid and isopropyl ether as a 
solvent system. chitin solutions were obtained by a freezing process. They 
extruded the spinning solution into various coagulation baths (ethyl acetate 
and water, isopropyl ether), and at various draw ratios.48,53 Unitika co. used 
trichloroacetic acid/dichloromethane and trichloroacetic acid/chloral hydrate/
dichloroethane solvent systems for chitin. all spinning solutions in this system 
were spun into an acetone bath at various concentrations. Fibres obtained 
in this way have good mechanical properties, but the solvents used, namely 
solutions in amide organic solvents with some additives, mostly lithium 
chloride (LiCl) (amide–lithium systems), 44 are corrosive and degrade the 
polymer produced. a mixture of N-methyl-2-pyrrolidone (NMP) and lithium 
chloride (LiCl) is often used as a solvent. Chitin solutions are extruded into a 
coagulation bath, which is usually acetone or alcohol. Fibres obtained in this 
way are characterized by low tenacity (about 2.5 cN/tex), which results from 
low concentration of chitin in the solution (about 2%) and a low molecular 
weight.49 
 Chitin fibres with greater tenacity have been obtained from a 3–3.5% solution 
of chitin, which consists of N-methyl-N-pyrrolidone (NMP), dimethylacetamide 
(DMAc) and LiCl. When solvents containing NMP and DMAc in the ratio 
1:1 with 5% additive of Licl were used, a spinning solution with a relatively 
low viscosity was obtained. a mixture of DMAc–glycol–ethanol was used 
in a volumetric ratio of 4:4:2 as a coagulation bath. Under these conditions, 
fibres with a tenacity of about 12–18 cN/tex were obtained. When drawing 
fibres in a plastification bath, a glycol and ethanol mix of 50:50 was used. 
In this approach the tenacity of the chitin fibres increased to 27 cN/tex, 
with 3% strain at break.49 The problem with this system is the removal and 
recovery of lithium from the fibre.44 
 Agboh and Qin described a wet spinning process for chitin fibres using 
DMAc–LiCl.48 At first chitin was depolymerized by pre-treatment in p-toluene 
sulphonic acid in i-propanol. After this treatment a 5–9% solution of chitin in 
DMAc–LiCl was prepared. Then this spinning solution of chitin was extruded 
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into various coagulation baths and fibres were obtained. This spinning solution 
is suitable for dry-jet spinning. At first the solution was spun into an air gap 
and then into a non-solvent coagulation bath. They proposed a coagulation 
bath mixture of DMac and H2O (75:25), at temperatures of 40–75°C, or 
methanol at room temperature. Chitin fibres obtained using these conditions 
were 20–80 μm in diameter and had tenacities of 0.7–2.2 cN/tex, an initial 
modulus of 10–54 cN/tex and an elongation at break of 7–75%.48 
 wet spinning of chitosan fibres is obtained by extruding the viscous chitosan 
solutions in a dilute acid into a coagulation bath. in dilute acids, the free amino 
groups of the glucosamine residues are protonated and the molecule becomes 
fully soluble below pH 6. To form the spinning dope, chitosan (3%) is thus 
dissolved in an acidic solution (usually 0.5–4% aqueous acetic acid). Viscous 
solutions can be transformed into fibres in different coagulation solutions, 
such as aqueous solutions of NaOH (5%),53–57 kOH,58,59 cupric ammonia,60  
alcohol or calcium chloride or acetate,61 NaOH–Na2sO4 or NaOH–AcONa,62 
NaOH–40% methanol,63 cusO4–NH4OH or cusO4–H2sO4,64 etc. The 
coagulated fibre can be subsequently washed in water to remove the excess 
of coagulant, dried and collected on a winder. The washing bath usually 
comprises distilled water,59 aqueous methanol or ethanol.60,61 This mixture 
often plays the role of a pre-drying bath. in order to obtain fibres with good 
mechanical properties, some physical and chemical treatments, which are 
called drying treatments, can be used at the end of the process. it has been 
found that the drying treatments, as well as spinning conditions, have a 
strong effect on the fibre properties.58,65 
 Special chitosan fibres for medical applications were obtained by a wet 
method at the institute of Biopolymers and chemical Fibres.38 The acidic 
spinning solution containing dissolved chitosan and special additives to 
improve properties was spun into an alkaline coagulation bath at a temperature 
of 20–30°C. Then fibres were stretched by 35% into a double-bath system 
containing diluted aqueous alkali, washed in demineralized water, prepared 
by a Span-20/Tween-20 blended avivage, and dried at a temperature of 70°C. 
chitosan fibres were spun out at a rate of 20–25 m/min. Fibres obtained by 
this method had typical properties for medical uses:38 

∑ Titre 1.5–3.0 dtex
∑ Tenacity in standard conditions 10–15 cN/tex
∑ Tenacity in wet conditions 3–7 cN/tex
∑ elongation in standard conditions > 10%
∑ average molecular weight (Mv) 150–300 kD
∑ Polydispersity (Pd) 3.5–6.0
∑ Water retention value (WRV) > 150%
∑ Crystallity index (CrI) 35–50%.

The advantages of this method for the preparation of chitosan fibres are:38 
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∑ controlled bioactivity and biodegradability of fibres
∑ controlled structure
∑ ability to utilize most commercial chitosan grades
∑ continuous or staple form fibres
∑ relatively simple technology
∑ Fibres are not irritating or allergic to human skin.

 Notin et al.66 described a new method to spin polysaccharides in the 
absence of any aqueous bath after the spinneret. This coagulation method 
consisted of subjecting the extruded monofilament to gaseous ammonia. 
They applied this new process to chitosan and studied the role of several 
parameters to enable optimal spinning conditions.
 The pH-dependent solubility of chitosan is a very useful property, which 
provides a convenient mechanism for processing chitosan under mild 
conditions. For example, viscous solutions of chitosan can be prepared at 
low pH and then extruded and gelled in higher pH solutions or baths of 
non-solvent such as methanol. The gel fibres obtained can be subsequently 
drawn and dried to form high-strength fibres. 
 The development of new spinning solvents and coagulating baths as well 
as new techniques is still important for the production of high quality chitin 
and chitosan fibres and their derived fibres.

8.3.4 Influence of structure on properties

Modification of the structure of chitin and chitosan fibres allows the creation 
as well as the improvement of their specific properties at the molecular, super-
molecular and morphological levels, at different stages of the manufacturing 
processes,38 namely whilst:

∑ preparing the spinning solution
∑ spinning the fibres
∑ stretching the fibres
∑ finishing the fibres. 

Some typical properties of chitin and chitosan fibres in comparison with 
other natural polymer-based fibres are reported in Table 8.7.48 
 it is known that the solvent system and the type of coagulation bath 
influence the fibre structure and as a consequence, the fibre properties. The 
surface and cross-section of fibres are strongly affected by the mechanism 
of dehydration of as-spun fibres during wet spinning. Chitin and chitosan 
fibres are characterized by a rather round cross-section under most spinning 
conditions, but their surface depends on the methods used for coagulation 
and drying. Cross-sections and surfaces of chitosan fibres are shown in Figs 
8.8a and 8.8b. Tokura and co-workers48,53 used a combination of formic acid, 
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dichloroacetic acid and isopropyl ether as a solvent system. They extruded 
spinning solutions into various coagulation baths and with various draw 
ratios. These examinations showed that the fibres spun into ethyl acetate and 
water have the best fibre properties. Fibres spun into isopropyl ether had a 
dull fibre surface and many cracks along the fibre axis, but other fibres had 
smooth surfaces and lustrous textures.
 Chitin fibres with high tenacity (about 27 cN/tex) were obtained from 
solutions of chitin in a mixture of NMP, DMac and Licl, which were spun 
into a special coagulation system (DMAc–glycol–ethanol) and drawn in a 
plastification bath containing glycol and ethanol.49 according to the authors, 
such high tenacity parameters result from the chain stiffness and highly 
oriented fibrillar structure of fibres. On the basis of X-ray examinations and 
electron microscopy, the authors suggested that the spinning solutions of chitin 
used in the work have a liquid crystal character. Confirmation of this idea 
is provided by an 80% loss of tenacity of the chitin fibres in the wet state 
where, at the same time, the elongation at break increases by a factor of 5.49 
The amide–lithium systems showed some of the best dry tenacities, although 
they still lack adequate wet tenacities. Low wet tenacities are probably due 
to low crystallinity and poor consolidation of the fibre.44 High-strength fibres 
were manufactured using special spinning conditions such as the dry-jet wet 
spinning technique and special solvent systems to obtain a liquid crystal 
phase for the chitin and chitosan solutions. Thanks to this technique, fibres 
can be made into highly oriented structures when they are stretched to a high 
degree. it is known that chitin and chitosan are semicrystalline polymers, 
which can form three-dimensionally ordered structures. in the case of chitin, 
the type of polymorphic form has an influence on the properties of the fibre, 
e.g. a-chitin has high hardness, but b- and g-chitins have high toughness, 
flexibility and mobility.48 
 examinations carried out by east and Qin58 showed that when producing 
chitosan fibres from solutions in 2% aqueous acetic acid, the spinning conditions 
such as jet stretch ratio and draw ratio and the composition of the coagulation 
bath have little effect on the fibre properties, though higher draw ratios are 
obtained at lower jet stretch ratios and slightly improved fibre tenacities 

Table 8.7 Comparison of typical properties of chitin and chitosan fibres with other 
natural polymer-based fibres (adapted from ref. 48)

Type of fibres Specific gravity Moisture Tenacity Elongation 
 (g/cm3) (%) (g/tex) (%) 

Cotton 1.54  7–8.5 2.3–4.5 3–10
Viscose rayon 1.52 12–16 1.5–4.5 9–36
Alginate 1.78 17–23 0.9–1.8 2–14
Chitin 1.39 10–12.5 1.2–2.2 7–33
Chitosan 1.39 16.2 0.61–2.48 5.7–19.3
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(a)

(b)

8.8 SEM micrographs of chitosan fibres: (a) cross-sections, (b) 
surface. 
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are obtained by using a more dilute NaOH solution as the coagulant. The 
drying conditions, however, had a big effect on the fibre properties. Fibres 
obtained by air-drying had much higher extensibilities than those dried by 
radiant heating. strong fibres were obtained by using a coagulation bath 
containing concentrated Na2sO4 with a small amount of NaOH. east and 
Qin explained that, when the chitosan fibres are acetylated to produce chitin 
fibres, the increase of both the dry and wet strengths with the increase in the 
degree of acetylation is a reflection of the increase in interchain forces and 
the increase in the degree of crystallinity.58 This was confirmed by X-ray 
examinations.58 During acetylation, at first wet strength decreases, which 
is caused by the irregularity of the polymer structure. chitosan is a highly 
irregular copolymer of glucosamines and acetylglucosamines. The moisture 
regain of the fibre also has an influence on the strength of chitosan fibres. 
 The creation of chitosan structure, which is responsible mainly for 
its bioactivity, is also utilized during the preparation of fibres.38 The 
biological significance of chitosan in the human body depends mostly on 
the biodegradation action of enzymes, such as lysozymes and lipases. The 
resulting chitooligomers stimulate various cells; the released monomers 
are phosphorylated and incorporated into hyaluronan, a component of the 
intracellulose matrix and connective tissue.67 The specific behaviour of 
chitosan fibres with different properties during the biodegradation test in 
the presence of lysozyme is reported is Table 8.8. These results confirmed 
the influence of the structure of chitosan fibres on their biological activity. 
 Because of the primary amine groups in the structure, chitosan is a natural 
chelating polymer with excellent absorption capacities for many heavy metal 
ions, especially silver, copper and zinc. These metals are useful for biomedical 
applications. Because of their large specific surface area, chitosan fibres are 
particularly effective in absorbing metals ions. Qin et al.68–70 prepared chitosan 
fibres containing silver, copper, or zinc. They examined the absorption and 
release of these metal ions by chitosan fibres. chitosan fibres can chelate up 
to 9.0% and 6.2% of their own weight of copper and zinc ions, respectively.69 
results showed that chitosan fibres containing silver, copper or zinc had 

Table 8.8 The specific behaviour of chitosan fibres with different properties during 
the biodegradation test in the presence of lysozyme (adapted from ref. 38)

Chitosan Tenacity Crystallinity WRV Mv Mv (kD)  Oligoamino- 
fibres (cN/tex) index (%) (%) before   saccharide 
    test   content (mg/cm3) 
    (kD) ——————— ————————— 
     after after after after 
     6 days 24 days 6 days 24 days 

1 14.8 48.0 240 252 145 75 0.05 0.15 
2 10.9 35.3 290 235 102 34 0.11 0.25 
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much stronger antimicrobial properties than the original chitosan fibres. 
chelation is enhanced for greater degrees of deacetylation of chitin, and it 
is also related to the degree of polymerization of oligo-chitosans. 

8.3.5 New fibres based on chitin and chitosan

Pure chitosan fibre processing has rarely been reported in the literature. 
The formation of chitosan fibres crosslinked by epichlorohydrin57 has been 
described. a series of novel human-made fibres (biofibres) based on chitin and 
chitosan have been prepared by wet spinning, and post-chemical modification 
of chitosan fibres was recently reviewed by Hirano.71 He showed the possibility 
of obtaining monocomponent, bicomponent and tricomponent fibres. Many 
of his papers have detailed the preparation of composite chitosan fibres 
such as N-acylchitosan–cellulose fibres,72,73 fragrant chitosan derivatives,74 
chitosan–collagen fibres,75 chitosan/poly(vinyl alcohol) blend fibres76 or 
chitosan–silk fibroin fibres.77,78 Moreover, post-treatments were performed on 
chitosan fibres with solutions containing phthalate or phosphate ions,59 and 
even aldehydes including vanillin.62 These biofibres based on chitin, chitosan, 
chitin–cellulose, chitosan–cellulose–silk fibroin, chitosan–tropocollagen and 
chitin–cellulose–silk fibroin have been proposed for applications including 
antithrombogenic, antimicrobial, haemostatic and wound healing. N-hexanoyl 
and N-octanoylchitosan fibres are antithrombogenic, blood compatible 
and resistant to chitanase and lysozyme hydrolyses, and are usable as 
antithrombogenic biomaterials. N-acylchitosan filaments have been used for 
surgical suture production. The N-acylchitosan suture is digested by lysozymes 
in tissue, and the digestion period is controlled by the chemical structure of 
N-acyl groups and their degree of substitution. it is not necessary to take 
out the stitches after the operation when using this material.71 
 Novel chitosan–alginate fibres are very promising for wound dressing 
applications. chitosan is increasingly being combined with other materials, 
especially with lower-cost biopolymers, for effective and better wound healing 
properties. This has the potential of considerably reducing the unit cost of 
chitosan dressings as well as improving properties.79 chitosan and alginate 
under certain conditions can have opposite charges. chitosan is a cationic 
polysaccharide consisting of glucosamine, and alginic acid is anionic. an ionic 
interaction can be expected between them.79 so far it has been impossible 
to obtain composite alginate–chitosan fibres because of the differences in 
the solubility of both polymers, as chitosan is soluble in aqueous solutions 
of organic and inorganic acids, whereas sodium alginate is soluble in water 
and aqueous alkali solutions.39 The problems of directly manufacturing 
alginate–chitosan fibres have been solved in different ways, e.g. the alginate 
and chitosan staple fibres have been obtained separately and then mixed in 
order to produce a nonwoven. another method has consisted of introducing 
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a chitosan solution into a coagulation bath containing an aqueous solution of 
calcium chloride while spinning alginate fibres. The chitosan concentration 
was, however, relatively low using this method and the amount of polymer 
introduced into the fibres was not high enough. 
 steplewski et al.,39 from the institute of Biopolymers and chemical Fibres, 
have proposed a manufacturing process for obtaining modern two-component 
alginate–chitosan fibres of the core–skin types (calcium alginate and chitosan, 
respectively). Two methods have been developed. The first method (A) of 
producing fibres, which consists of fibre spinning by feeding chitosan into 
a coagulation bath, allowed alginate–chitosan fibres to be produced with a 
maximum chitosan content of about 3.1%. The second method (B) turned 
out to be more efficient. This method consists of using chitosan in a finishing 
process and obtained alginate–chitosan fibres with a chitosan content of up to 
9.2%. In order to further increase the chitosan content in the alginate–chitosan 
fibres manufactured by method B, polyvinylopyrrolidone (PVP), in amounts 
from 4% to 20% in relation to calcium alginate, was introduced into the 
spinning solution. PVP enables better penetration of the chitosan solution 
into the alginate fibres, an increase in the total amount of chitosan deposited 
on the fibres, and better binding of the chitosan shell with the alginate core. 
Furthermore, the addition of PVP enables the production of two-component 
fibres with a chitosan content twice that of fibres spun without PVP. The 
two-component fibres manufactured with the use of PVP, and which included 
11.6% of chitosan, were characterized by a tenacity of 22.3 cN/tex and an 
elongation at break of 19%. Additionally, the alginate–chitosan fibres of 
this type were characterized by very high water retention values (WRV) 
of up to 1300%, which make these fibres suitable for use in sanitary and 
medical products, especially for new generations of dressings.39 This group 
examined the molecular, supermolecular and morphological structures of 
the obtained fibres.39 it is possible to obtain alginate–chitosan fibres with a 
chitosan core and an alginate skin. Examinations of these fibres, however, 
showed the worst mechanical and wrV results. seM micrographs showed 
significant differences in the cross-sections which are clearly visible when 
comparing chitosan–alginate fibres with chitosan shells and alginate cores 
(see Fig. 8.9a) and chitosan–alginate fibres with alginate shells and chitosan 
cores (see Fig. 8.9b).39 
 it is known that using chitin for higher technology products, such as fibres 
for modern wound dressings, is limited because of its lack of solubility 
in common solvents. Therefore the practical application of chitin in this 
technology requires suitable methods of modification to increase its reactivity 
and solubility.80 Modification of chitin by butyric anhydride treatment 
produces dibutyrylchitin (DBC), a chitin derivative which is soluble in 
organic solvents such as dimethyl formamide (DMF), dimethyl sulphoxide 
(DMSO), N-methyl-2-pyrrolidone (MP), ethyl alcohol (EtOH) and others. 
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DBc solutions distinguished by high stability and suitable rheological 
properties can be used for spinning DBC fibres.80,81 The dry, wet–dry and 
wet methods can be used for spinning of DBc fibres, depending on the 
kind of solvent used to obtain the DBc spinning solution. wawro et al.80 
and Binias et al.81 examined dissolution conditions for many solvents and 

(a)

(b)

8.9 SEM micrographs of cross-sections of chitosan–alginate fibres: 
(a) chitosan shell, alginate core; (b) alginate shell, chitosan core 
(adapted with permission from ref. 39). 
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spinning conditions to obtain DBC fibres with the best properties. When they 
used solvents such as DMF, MP, DMSO and EtOH to spin DBC fibres, they 
obtained fibres with different mechanical properties, depending on the type 
of solvent and spinning conditions.80 DBC fibres spun from EtOH solution 
were characterized by low tenacity (8.12 cN/tex), which was probably caused 
by large porosity. In this case, high-porous DBC fibres were produced.80,81 
These fibres are being considered for the production of knitted materials, 
namely bandages, dressing gauzes, and nets for supporting and/or isolating 
internal organs under surgery.80 

8.3.6 Future prospects

The many unique properties of chitin and its derivatives are now attracting 
more and more scientific and industrial interest from diversified fields such 
as chemistry, biochemistry, medicine, pharmacology, biotechnology, and food 
and textile sciences. Properties such as biodegradability, biocompatibility, 
non-toxicity, wound healing and antimicrobial activity have generated much 
research work and show promise for the future. Products produced using 
chitin have been shown to increase wound healing in animals and humans. 
chitin has also demonstrated a physiological compatibility with living 
tissues. chitin’s ability to form sulphate esters, which are non-thrombogenic, 
appears to make it a promising candidate for prosthetic structural devices of 
any shape or size. Therefore, chitin could serve as replacements for bone, 
cartilage, arteries, veins, and musculo-facial replacements. The uses of chitin 
and chitosan are only limited by the creativity of the biomedical engine. 
Many unique products have been developed for various applications such 
as surgical sutures, artificial skin, cosmetics and dietary foods. Hirano71 and 
other scientists believe that the following directions will be important for 
chitin and chitosan fibres in the future: 

∑ Novel methods for preparation of the parallel oriented fibrils
∑ New composite materials
∑ New artificial intelligent materials which have mechanical movements, 

magnetic functions, shape-memory and novel biological functions. 

New promising functional fibres from chitin/chitosan derivatives or composite 
fibres with other polymers, i.e. alginates, branan ferulate, hyaluronian, 
carbamate23 and others, are described in Section 8.3.5. Reduced molecular 
weight and lowered crystallinity by random deacetylation generally improves 
chitosan solubility in dilute acids and enables processing into various forms, 
such as beads, membranes and fibres.
 Recent attention has been focused on making chitosan fibrous membranes 
by electrospinning. Pure chitosan fibres have only been electrospun from 
7–8% solutions of chitosan at relatively low molecular weights, such as 210 
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kDa (Mv) and 78% degree of deacetylation in trifluoroacetic acid, and 106 
kDa and 54% degree of deacetylation in 90% aqueous acetic acid.82,83 Others 
have reported fibre generation by electrospinning of chitosan mixtures with 
other polymers, for example with silk fibroin; polyvinyl alcohol (PVA) and 
poly(ethylene oxide) (PEO)82,83 have also been reported. Li and Hsich82 
prepared chitosan/PVA bicomponent nanofibres, but by using an alkaline 
treatment of these nanofibres, and removing the PVA phase, new nanoporous 
structures (nanoporous fibre) were obtained. In parallel, electrospinning 
experiments using other polysaccharides, especially cellulose, crosslinkable 
chitosan derivatives and synthetic polypeptides, are in progress.83 in the 
literature, chitin nanofibrous matrix (membranes) for wound dressings, 
for scaffolds in tissue engineering, for sensing applications and for filter 
applications are reported.84,85 as future materials for scaffolds in tissue 
engineering, there are special chitosan86,87 and alginate–chitosan fibres.88 
New advantages in nanocomposites based on chitosan can be focused and 
new materials (hydroxyapatite, magnetite, carbon nanotubes, montmorillonite) 
have been utilized to develop chitosan composites; most of them are expected 
to be used in medical fields.89–91 

8.4 Conclusions

Chitin/chitosan and alginate fibres are still some of the most interesting 
constructive biomaterials designed for special applications, especially for 
medical uses. These biopolymers are ecological and environmentally friendly. 
The specific properties of alginate, chitin and chitosan polymers and fibres 
allow them to find more and more uses in chemistry, biochemistry, medicine, 
pharmacology, biotechnology, food and textile sciences for the production of 
modern and functional materials. Further development of new technologies 
of production, for instance micro- and nanofibres based on electrospinning, 
will allow the construction of special new materials, including wound 
dressings, drug carriers for controlled release and implants, and scaffolds 
for tissue regeneration. Fibres that are produced using dibutyrylchitin should 
have high potential because of the more effective technology of spinning 
them. Mastering the technology of producing composite fibres will allow 
the production of new multifunctional materials.

8.5 Sources of further information and advice 

Some details of described polymers and fibres are in the references (Section 
8.7) and on producers’ websites, which are listed below: 

Alginate producers’ websites: 
http://www.ispcorp.com/products/alginates
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http://www.fmc.com, www.fmcbiopolymer.com
http://www.texturantsystems.com
http://www.kimica.com
http://www.waila.or.jp/kasei

Alginate fibres and wound dressings producers’ websites: 
http://www.sfm-limited.com 
http://www.convatec.com
http://wound.smith-nephew.com
http://silverlon.com 

Chitin/chitosan producers’ websites: 
http://www.france-chitine.com
http://www.primex.is
http://www.fmcbiopolymer.com
http://novamatrix_info@fmc.com
http://www.dalwoo.com/chitosan
http://www.meronbiopolymers.com
http://www.golden-shell.com.cn

Chitin/chitosan fibres producers’ websites: 
http://www.fujibo.co.jp
http://www.omikenshi.co.jp
http://www.swcofil.com/
http://www.ibwch.lodz.pl
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9
The structure and properties of  

glass fibres

F R Jones, University of Sheffield, UK and  
n T HuFF, owens Corning Inc., usA

Abstract: This chapter describes the structure and properties of the variety 
of glass fibres manufactured principally for use as reinforcements for 
composites. Optical glass fibres are considered in Chapter 14. We give a 
brief history of the glass fibre industry before describing the fundamental 
thermodynamic and atomistic concepts of glass formation. Sufficient detail 
is given to enable the manufacture, structure and properties to be described. 
The role of the different oxide compositions is reviewed, as is a detailed 
discussion of the strength of fibres. The phenomenon of static fatigue 
is also considered. For completeness, the role of sizing technologies on 
protecting glass fibres from damage and for functionalising the surface for 
compatibility with polymers and resins in composite manufacture is also 
given. Recent ideas about the structure of silane coupling agents (adhesion 
promoters) deposited on glass fibres, is also reviewed.

Key words: glass fibres, manufacture, structure, strength, static fatigue, 
sizing technologies, structure of silane coupling agents, interphase formation 
in composites.

9.1 Introduction

On a weight basis, more than 99% of glass fibres (also known as synthetic 
vitreous fibres or SVCs) in use today are spun from silicate glasses. Therefore, 
this discussion of glass fibres will be limited to silicate (containing at least 
50% SiO2 on a molar basis) glass fibres. For example, we will not discuss 
fibres made from chalcogenide glasses which are mainly used in infrared 
optics. Fibres made from glassy metals will also not be discussed. However, 
glass optical fibres (almost 100% SiO2) are discussed in Chapter 14.

9.1.1 Historical perspective

Glass fibres have been known for centuries but there were few utilitarian uses 
for them until the middle of the nineteenth century. At that time, methods 
were devised for melting naturally occurring basaltic rocks and producing 
fine fibres from them. This ‘rock wool’ (also known as mineral wool or 
basalt wool) was used as a thermal insulation material. This wool material 
had a large range of fibre diameters (from one to more than 15 microns in 
diameter). It also contained a significant amount of shot or partially melted 
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input raw material. The composition of rock wool varies depending upon the 
geographic source of the basaltic material. This material is still used in many 
applications as a high-temperature thermal insulation material throughout the 
world. However, there are now health concerns associated with its use because 
of the number of very small (<3 microns) diameter fibres it contains. These 
fibres have the potential of being inhaled into the deep lung. Since they are 
not readily soluble in lung fluids, they may cause health issues because they 
could be a long-term irritant in the lung (European Directive 97/69/EC).
 One of the more unusual examples of the early use of glass fibres was 
in a dress worn by an actress of the day at the Columbian Exposition in 
Chicago in 1893 to draw attention to a cut glass exhibition (1). The first 
actual significant commercial use of glass fibres made from ‘standard’ glass 
making raw materials where the composition was closely controlled in a 
glass melting furnace would appear to be as a substitute for steel fibres in 
air filters. These were produced in the 1920s from a furnace used for making 
milk bottles in Newark, Ohio, USA (2).
 It was recognised by a number of people in the early part of the twentieth 
century that fine glass fibres made with a controlled glass composition could 
be a very effective material for thermal insulation. However, it was not 
until the 1930s that a commercially viable process was developed which 
could compete with the rock wool processes of the day. The breakthrough 
occurred in 1932 when a recently graduated engineer, Dale Kliest, working 
at Owens-Illinois attempted to seal architectural glass blocks together using 
a metal layer gun. The compressed air metal layer gun was popular at that 
time in applying a thin layer of bronze to objects. Instead of a bronze rod, 
the researcher used a glass rod in the device. Instead of a smooth layer of 
molten glass being laid down on the blocks, fine fibres came out of the gun in 
a manner totally unacceptable for sealing glass blocks together. An associate 
researcher, Jack Thomas, involved in the use of fibreglass for air filters saw 
the fibres and immediately recognized that this could be a method of making 
fibreglass for thermal insulation applications. Compressed air was replaced 
with steam and the first commercial fibreglass thermal insulation based on 
this concept, identified in the ‘failed’ sealing experiment, was installed in 
October 1933. Work continued on a commercial process at both Owens-Illinois 
Glass Company and Corning Glass Works, and at St Gobain in France. In 
1935, Owens-Illinois and Corning decided to pool their technical resources 
and in 1938 they formed a joint venture known as Owens Corning whose 
main product was fibreglass produced in the former glass milk bottle factory. 
That factory is still a major producer of fibreglass for thermal insulation 
applications.
 In 1933, the same Owens-Illinois research group utilised a refractory 
‘bushing’ to produce continuous glass filaments. Experiments were performed 
using these continuous filaments in textile machines, substituting the glass 
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fibres for natural fibres such as cotton. In 1935, the first polymer–glass fibre 
composites were produced. That same year, a commercial process for the 
manufacture of continuous glass fibres was made operational in the same plant 
in Newark, Ohio, that was now being utilised to produce the glass wool used 
for thermal insulation and air filters. The first plant dedicated exclusively to 
the manufacture of continuous filament glass fibres was commissioned in 1941 
at Ashton, Rhode Island, USA. This plant showed that it was commercially 
feasible to produce continuous filament fibreglass for use as a reinforcement 
material in literally thousands of composite applications. 
 The three people most responsible for the development of the modern 
fibreglass business, Dale Kleist, Jack Thomas and Games Slayter, were 
inducted into the (USA) National Inventors’ Hall of Fame in 2006 for their 
pioneering efforts in this now global industry. 

9.1.2 Fibreglass for insulation and filtration

The first significant commercial application was in air filtration, especially 
in forced air furnace systems for buildings. Fibreglass dominated the market 
for several decades. Although in the last decade, lower-cost organic polymer 
fibres have replaced fibreglass in most air filtration systems for home and 
commercial applications, the market for thermal insulation has continued 
to grow, driven by the desire to provide more energy-efficient buildings. 
This market is, in fact, the largest (by mass) user of fibreglass of all types. 
The energy required to produce thermal insulation products from fibreglass 
compares very favourably with the energy which can be saved in space 
heating/cooling applications over a few years. This makes fibreglass wool 
one of the most energy-efficient commodity products on the market today. 
This is especially important where, in the USA, 40% of the total energy 
usage is in residential and commercial buildings. 

9.1.3 Fibreglass for reinforcement

The second largest market (by mass) for fibreglass is in composite 
materials, where the fibreglass is used as reinforcement for a polymer. The 
tensile strength and elastic modulus of fibreglass reinforcement are much 
higher than those for the matrix polymer. However, the glass fibre can 
serve as a reinforcement only when stress transfer to the polymer matrix 
can occur. Otherwise, the glass filaments would simply act as a filler 
reducing the overall cost of the composite. To achieve this, the fibres are 
coated within milliseconds of exiting the spinaret or bushing with a dilute 
(typically aqueous) mixture or emulsion of organic molecules called the 
sizing. The sizing system effectively acts as an adhesive which bonds the 
polymer to individual glass filaments. The mechanism by which the sizing 
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system functions has been and rightly continues to be the subject of much 
investigation (see Section 9.5).

9.1.4 Other glass fibres

Fibres used for optical communications are an order of magnitude larger in 
diameter (>100 μm) than typical insulation and reinforcement fibres (5–30 μm). 
Furthermore, the manufacturing process is very different. A chemical vapour 
or particulate deposition process is used to produce ‘preforms’ weighing up 
to a few kilograms which are used in the optical fibre drawing process. This 
is to be compared with the tons of raw materials which are charged into a 
fossil fuel-fired or electric furnace to produce fibreglass wool or continuous 
filament fibreglass for the reinforcement market. The chemical composition 
is also very different. For optical communication, extremely high purity 
silica with precisely controlled concentrations of doping ions to adjust the 
refractive index are utilised. In contrast, a mixture of several oxides with a 
range of impurities is used for drawing continuous filaments. Glass fibres 
used for communication will be discussed in Chapter 14. Furthermore, there 
is a range of glass-ceramic fibres available commercially but these are not 
considered here. There are also limited uses for non-oxide glasses whose 
structure will not be discussed in this document.

9.2 The nature of glass

9.2.1 A thermodynamic viewpoint

In the absence of long-range order within the atomic structure of a glass, the 
material solidifies in an amorphous arrangement. The polymeric nature of 
the chain molecules in organic polymers and inorganic silicates means that 
on cooling the viscous ‘melt’ there is insufficient time for crystallisation to 
occur and a random structure forms. This leads to the concept of the glass 
transition (3). This concept of a non-equilibrium structure being ‘frozen in’ 
implies that the particular structure which is frozen in is a function of the 
kinetics of the relaxation process. Because of the rapid change in viscosity 
of glass-forming liquids (especially silicate glasses) with temperature, the 
structure which is frozen in is dependent upon the cooling rate. Thus, there 
is a range of temperatures over which the transition from a true liquid to 
the glassy state occurs. This is called the glass transition temperature range. 
One can define a glass transition temperature based upon measurements of 
specific properties of the material. For example, Fig. 9.1 shows how a glass 
transition temperature can be defined by monitoring the change in volume 
of the material (or thermal expansion coefficient) as it is cooled. Because 
of the change in heat capacity of the material in the glass transition region, 
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one can also define the glass transition temperature Tg through calorimetric 
methods. Again, the value of Tg obtained is dependent upon the measurement 
conditions and the glass cooling rate.
 The concept of the ‘fictive temperature’ as represented in Fig. 9.1 is 
an attempt to characterise uniquely the structure of the glass. The fictive 
temperature itself is dependent upon the cooling rate which the material 
undergoes. However, Agarwal et al. (4) have utilised IR measurements in an 
attempt to measure the fictive temperature of glasses where the measurement 
technique itself is performed at a constant temperature. 
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9.1 Volume–temperature relationships for glasses, liquids, 
supercooled liquids and crystals. On fast cooling the supercooled 
liquid curve follows path A and on slow cooling path B.  The 
temperature at which the structure of the supercooled liquid is 
‘frozen in’ is referred to as Tf or the fictive temperature.  The glass 
transition temperature Tg can be defined by extrapolating the linear 
expansion curves above and below the transformation range. After 
Hutchins and Harrington (3).
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 Thermodynamically, there is a difference in heat capacity between the 
glass and its liquid. It is also seen that the glass which was prepared after 
fast cooling has a higher Tg (Tg2 in Fig 9.1) and occupies more volume and 
therefore has a lower density. After slow cooling, the glass which forms has 
a Tg at Tg1 and a higher density. Thus, the entropy of the glass formed at Tg2 
must be higher than that of Tg1. As a result, it can be considered that the 
configurational structure of the glass differs across the transformation range 
of (Tg2 – Tg1). Therefore, the glass cannot be considered to be a supercooled 
liquid. The temperature at which the liquid becomes supercooled is referred 
to as the fictive or configurational temperature Tf in Fig. 9.1 (5). In Fig. 9.1, a 
fast-cooled glass will also have a higher fictive temperature than that prepared 
after slow cooling. Studies on polymer glasses have attempted to examine 
whether the glass transition is a thermodynamic quantity. A second-order 
transition is represented by a discontinuity in a second-order thermodynamic 
property.
 According to the well-known thermodynamics of Ehrenfest, for a glass to 
exhibit a second-order transition of temperature, T2, the following relationships 
need to be applicable:
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where P is pressure, DV is the change in volume at the transition, DS is the 
change in entropy, DCp is the change in heat capacity, Da is the difference 
between the linear thermal expansion coefficients above and below T2, and 
Dk is the compressibility. The second-order temperature dependence of 
Gibbs free energy, G, is given by equation 9.3, and pressure dependence by 
equations 9.4 and 9.5:
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9.5

 For a detailed discussion of the thermodynamics of second order transitions, 
the reader is referred to the review by Haward and Young (6). Gibbs and 
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DiMarzio (7) have argued that T2 is effectively the lowest value of Tg 
which can be achieved. At this temperature, the configurational entropy 
is considered to be zero and no further reorganisation of the molecular 
glass structure occurs at temperatures below T2. Thus, this model has been 
applied to inorganic glasses (8) with some success to explain the structure 
and formation of glasses. In practice, equation 9.1 holds but equation 9.2 
does not, so a glass has both kinetic and thermodynamic characteristics. If 
neither equation 9.1 nor equation 9.2 hold, the glass is considered to be a 
supercooled liquid. Thus T2 can be considered the lowest value of Tg which 
would be achieved by cooling the glass infinitely slowly. 

9.2.2 An atomistic viewpoint

The structure of glass on an atomistic level has been the subject of much 
theoretical speculation and experimental work for nearly a century. Still, 
however, we do not have a clear atomic-level concept of glass structure. This 
difficulty comes from the lack of a high degree of long-range (greater than 1 
nm) atomic-level order present in the glass structure. Attempts to explain the 
short-range order but long-range disorder of glasses have revolved mainly 
around two theories. One explanation, proposed by Lebedev (9), postulated 
the presence of ‘crystallites’ in glasses. These crystallites were essentially 
assumed to be very ‘small’ regions consisting of dozens of atoms which 
were arranged in a crystalline order in the glass. These ‘crystallites’ were 
joined together in a somewhat random manner. There were a number of 
variations on this theme proposed from the 1920s for the next 50 or so years. 
As the sensitivity of experimental techniques has improved the maximum 
possible size of these ‘crystallites’ has decreased to the point where there is 
little to distinguish them from the ‘1 to 2 nearest neighbour’ order assumed 
by Zachariasen (10) in his random network model. Zachariasen’s model 
suggested that vitreous silica was composed of a random network of SiO4 
tetrahedra. Early X-ray diffraction work (11, 12) supported Zachariasen’s 
general picture of short-range order present in silica (<0.3 nm) but little 
long-range order (>3 nm). Early two-dimensional representations of the 
differences between (a) a crystal, (b) a SiO2 glass, and (c) a glass with 
‘modifier cations’ are presented in Fig. 9.2. The short-range order but lack 
of long-range order in Fig. 9.2b results from SiO4 tetrahedra being the basic 
building block of amorphous silica, but the orientation of the tetrahedra with 
each other possesses some random character. The O atoms at the corners of 
the tetrahedra are shared between two tetrahedra. Thus, the overall chemical 
composition is that of SiO2.
 Molecular dynamics (MD) modelling of silica glass using a variety of 
force fields (13) indicates that the basic building block is a four-coordinated 
Si atom surrounded by four oxygen atoms as suggested by Zachariasen (10). 
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MD simulations suggest that the O–Si–O bond angle distribution is centred at 
about 108° with the bond angle distribution at half the maximum amplitude 
(full width half maximum or fwhm) of the distribution being about 15°. This 
implies that the O atoms assume a fourfold tetrahedral arrangement around 
the Si atoms. Calculations on the MD structure indicate that about 99% of 
the Si atoms are fourfold coordinated. Thus, some disorder is introduced 
even at the nearest neighbour inter-atomic distance. These same calculations 
indicate that there is a much wider distribution of angles between tetrahedra 
(represented by the Si–O–Si bond angle). The tetrahedron-to-tetrahedron bond 
angle is about 155° while the fwhm is about 35°. With this wide variation 
in bond angles, the resulting structure is a three-dimensional joining of the 
tetrahedra. This is represented in Fig. 9.3a.

(a)
(b)

(c)

Silicon

Oxygen

Modifier cation M1

Modifier cation M2

Intermediate cartion M3

9.2 Two-dimensional schematic representation of (a) a crystalline 
structure; (b) a simple glass; and (c) a multicomponent glass.�� �� �� �� �� IP
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(a)

(b)

9.3 Two different representations of a molecular dynamics-generated 
structure of silica glass.  Figure 9.3(a) emphasizes the tetrahedral 
configurations of O atoms around Si atoms at the centre of the 
tetrahedrons.  Figure 9.3(b) is a CPK representation of the same 
atomic arrangement in (a)  In this representation, the spheres are 
proportional to the van der Waals radii of the atoms.
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 The tetrahedra tend to form non-planar ring structures. The most common 
ring size contains six Si and six O atoms. (In the inorganic glass community, 
the size of these rings is commonly referred to by the number of Si atoms 
contained in the ring. Thus, a ring containing six Si and six O atoms would 
be called a six-membered ring.) The large variation in the Si–O–Si bond 
angles is consistent with a three-dimensional structure where there is a rather 
large distribution of ring sizes, varying from three Si member rings to 10 Si 
member rings. Smaller rings will produce structures with somewhat strained 
Si–O bonds. When these are located at the surface of the glass, they are 
expected to be more reactive than other regions containing six-membered 
rings. Molecular dynamics and density functional ab initio calculations 
support this view (14). 
 Because of the irregular distribution of strained bonds, these reaction 
sites will probably be randomly located on the glass surface. This, of course, 
greatly complicates our ability to study how the coatings (e.g. sizing systems) 
on a glass surface are assembled at the molecular level. This, in turn, makes 
the study of the interphase region between the glass surface and an organic 
polymer matrix a very complex subject (see Section 9.5).
 Because of the somewhat random relative orientation of SiO4 tetrahedra, 
significant variation in the density of the glass can occur over distances 
of 1–2 nm. MD calculations suggest that the density of regions of several 
hundred atoms can vary by as much as 5%. This is supported by experimental 
scattering measurements (15).
 From a thermodynamic standpoint, this random nature of glass structure 
suggests that there are many atomic configurations that silica glass can 
assume which are very nearly of the same energy. The energy barriers 
between local minima are relatively low. This is consistent with the concept 
of fictive temperature discussed by Tool (16) that results from the inability 
of the glass structure to transition from one configuration to another of 
lower energy, because the rate at which the silica can move over an energy 
barrier to a lower-energy configuration becomes slower and slower as the 
thermal energy in the glass (represented by the average glass temperature) 
is reduced. Moynihan et al. (17) and others have expressed the change in 
fictive temperature as a function of the rate of change in cooling of the glass 
and a structural relaxation activation energy which is approximated by the 
shear viscosity activation energy. Again this type of model is consistent with 
the idea that there are many atomic configurations of nearly the same energy 
which are separated by low energy barriers. 

9.2.3 Glass forming systems and composition

The discussion above has focused upon amorphous silica. Commercial 
glasses, including fibreglasses, contain significant amounts of elements other 
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than Si. In fact, most large tonnage glasses typically contain between 55 and 
75% SiO2 on a molar basis. Elements in the first column (e.g. Na, K) and 
second column (e.g. Mg, Ca, Sr, Ba) of the periodic table typically make up 
a significant fraction of the compositions used for most fibres. These exist as 
cations and are generally referred to as network modifiers, which disrupt the 
corner bonding of tetrahedral SiO4 units. This results in significant changes 
in the physical properties of glasses. The thermal expansion and density 
increase, while the viscosity decreases. This leads to a decrease in hardness, 
tensile strength and electrical resistivity (especially for the alkali metal 
atoms) at a given temperature. Other properties, such as refractive index, 
can either increase or decrease on addition of network modifiers to the silica 
glass. Chemical durability can either increase or decrease depending upon 
the environment. For example, the addition of alkali metals to silica will 
decrease the chemical durability of the glass in acidic solutions. However, 
it will tend to increase the chemical durability in alkaline solutions. 
 Atoms in the third column of the periodic table (e.g. B, Al) can participate 
in the network structure by assuming either threefold or fourfold coordination 
with the O atoms. This type of coordination is dependent upon the network 
modifiers present in the glass. Boron plays a significant role in the thermal 
conductivity properties of fibreglass used for thermal insulation. Aluminium is 
a significant component of various types of fibreglass used for reinforcement 
of organic polymer materials. Boron is also present in many reinforcement 
fibreglasses (18, 19) but its use is decreasing in order to reduce batch 
costs and pollution control equipment required in the melting and forming 
process.
 Although pure silica glasses appear to mostly have random arrangements 
of atoms beyond the nearest neighbours, when network modifiers (e.g. Na, 
Ca) and alternative network formers (e.g. B and Al) are introduced, some of 
the randomness of the structure is compromised. For example, in a sodium 
silicate glass, molecular dynamics simulations indicate that there are regions 
of relatively higher and lower concentrations of sodium atoms. This sort of 
phenomenon can result in phase separation in some glasses where, in essence, 
there are two types of glass compositions present in a glass body. The two 
phases can separate either in a spinodal manner, where one phase can form 
channels through the other phase, or in a droplet manner, where one phase 
separates typically into droplets within the other phase. 
 The existence of glass lasers also implies that order beyond just the 
nearest neighbours of the atoms does exist in modified silicate glasses. For 
example, the phenomenon responsible for laser properties of some glasses 
implies that there is order in more than just the nearest neighbours of the 
lasing ions (e.g. Nd3+) in silicate glasses.
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9.2.4 Fibreglass compositions

Table 9.1 illustrates the range of glass compositions which have been used in 
fibre spinning operations (18, 19). The applications and some characteristics 
of these are described below.

‘A’ glass

Fibreglasses designated as ‘A’ glasses are essentially a soda-lime–silica glass 
very similar to the type of glass used to produce bottles and flat glass. It has 
lower batch costs than the glasses typically used for thermal insulation and 
reinforcements for plastics. ‘A’ glasses typically have lower tensile strengths 
and lower chemical durability, especially in acidic media, than glasses normally 
used in thermal insulation and reinforcement applications. 

AF (wool) glass

AF glasses are typically used in producing fibreglass used as thermal insulators 
and for sound absorbers in buildings. The name AF (all fibre) was coined to 
differentiate it from basalt glass wool insulation which contains significant 
amounts of non-fibrous materials (shot). The composition of AF glasses is 
similar to that of glass container and flat glasses (basically a soda-lime–silica 
glass). The main difference is the inclusion of 2–10% B2o3. The addition 
of boron to the glass batch does significantly increase the batch cost. It also 
significantly affects the melting characteristics of the glass, its chemical 
durability, and the effective thermal conduction properties of the glass in 
its fibrous form. 

AR glass

AR (alkali resistant) glass fibres were developed as a reinforcement fibre 
which could be used in alkaline environments. Specifically, AR glass is mainly 
used as a reinforcement in concrete. It is considered as a speciality glass but 
it is produced in furnaces using standard fibreglass melting techniques.

Basalt glass

Historically, basalt glasses have been used in thermal insulation applications 
(often called mineral wool). The method of producing these wool glasses is 
quite different from the glass melting tank and spinners used in the production 
of AF glasses for insulation.
 Because of the production techniques, the wool pack contains particles 
of unfibreised materials called shot. As the name implies, basalt glass is 
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Table 9.1 Compositions (wt%) of typical glasses for fibres (18, 19)

Constituent E ECR Advantex® (20) C A S-2® R Cemfil (21) AR1 (22) AR2 D

SiO2 55.2 58.4 59–62 65 71.8 65.0 60 71 60.7 61.0 75.5
Al2O3 14.8 11.0 12–15 4 1.0 25.0 25 1 – 0.5 0.5
B2O3 7.3 0.09 –5 5 – – – – – – 20.0
ZrO2 – – – – – – – 16 21.5 13.0 –
MgO 3.3 2.2 1–4 3 3.8 10.0 6 – – 0.05 0.5
CaO 18.7 22.0 20–24 14 8.8 – 9 – – 5.0 0.5
ZnO – 3.0 – – – – – – – – –
TiO2 – 21 <1 – – – – – – 5.5 –
Na2O 0.3 – 0.1–2 8.5 13.6 – – 11 14.5 – 
K2O 0.2 0.9 <2 – 0.6 – – – 2.0 14.0 

30

Li2O – – – – – – – – 1.3 –
Fe2O3 0.3 0.26 <0.5 0.3 0.5 trace – trace trace – 
F2 0.3 – <0.5 – – 0 – – – –

}
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produced using naturally occurring basalt rocks as the main batch ingredient. 
As a result, the composition of basalt glass varies significantly from one 
geographical region to another. Recently, there have been some efforts to add 
other batch materials to basalt rocks in an attempt to have a more consistent 
glass composition and to alter its chemical durability so that it will dissolve 
in the lungs and thus not have any long-term health effects if very fine fibres 
are inhaled into the deep lung. (Fibres need to be less than about 3 μm in 
diameter to be inhaled into the deep lung.)
 Some basalt compositions have also been used in the production of 
continuous roving for use in reinforcement applications. Because of the 
high content of FeO in basalt rock and the relatively high tendency of 
these compositions to form crystals, the production of continuous basalt 
roving has been limited to rather low throughput and thus labour-intensive 
production methods. (The presence of relatively large amounts of FeO in 
these compositions greatly reduces the radiative thermal conductivity of 
these glasses in melting and forming operations, which results in glass with 
poor thermal homogeneity. This greatly reduces the efficiency of melting 
and forming operations.) Up to the present time, this has severely limited 
the use of continuous basalt fibreglass in reinforcement applications.

E-glass

Table 9.2 illustrates the composition of a range of E-glass fibres (18, 19). 
Glasses broadly classified as E-glass are primarily used as reinforcements in 
a wide variety of organic polymers (plastics). The term E-glass came from its 
early use as a reinforcement in electrical applications. At room temperature, 
E-glasses have very high electrical resistivity. Thus they are well suited 
as reinforcement in such applications as printed circuit boards. E-glasses 
have higher viscosity at a given temperature than most other high-tonnage 
fibreglasses or glass compositions used in container and flat glass applications. 
The chemical durability of these glasses in acidic solutions is very good, 
exceeding the resistance of most stainless steels to acids containing chloride 
ions. The main oxides used in these glasses are silica, calcia and alumina. 
Most E-type glasses have contained boron. However, E-type glasses without 
boron or fluorine are now gaining wide acceptance in the fibreglass industry 
because of lower batch costs and lower emissions during the melting and 
forming operations. These glasses have even higher chemical durability to 
acidic solutions than the boron-containing type of E-glasses but also higher 
melt viscosities (and thus melting temperatures). Because of the excellent 
chemical durability, especially in acidic solutions, they belong to the subclass 
of E-glasses called ECR (chemically resistant) E-glasses. 
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Table 9.2 E-glass compositions, 1940–2008 (wt%)

Constituent Original ‘Improved’ 621 MgO-free 816 F-free B- and F-free Advantex® Low nD 
 E-glass (23) E-glass (24) glass (25)  glass glass (26) glass (27) glass (28)  glass (29)

SiO2 60 54.3 54.0 54.3 58.0 55.3 59 60 55.8
Al2O3 9 14.0 14.0 15.1 11.0 13.9 12.1 13.5 14.8
B2O3 – 10.0 10.0 7.4 – 6.8 – – 5.2
TiO2 – – – – 2.4 0.2 1.5 – –
MgO 4 4.5 – 0.1 2.6 1.8 3.4 3.0 –
CaO 27 17.5 22.0 22.1 22.5 21.4 22.6 22.5 21.0
ZnO – – – – 2.6 – – – –
Na2O/K2O – 1.0 1.0 0.1 1.0 0.4 0.9 1.0 1.4
Fe2O3 – trace trace 0.2 0.1 0.2 0.2 – n.d.
F2 – 0.5 0.5 0.6 0.01 – – – 0.5
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9.4.6 High strength glass (R and S glasses)

High strength glasses typically have relatively higher amounts of SiO2 than 
the other types of fibreglass (Table 9.1). Because of this, these glasses have 
higher melting temperatures than the conventional E-glasses. There are a 
number of designations of these types of glasses with various degrees of 
improved tensile strength. R glass is a calcia-magnesia-alumina-silica glass 
of slightly lower strength than S-2® glass. The highest tensile strength 
glass sold in relatively large tonnages is called S-2®1 glass. This magnesia–
alumina–silica glass has a tensile strength which is about 50% higher than 
that of standard E-glasses (Table 9.3). It is melted in special small-volume 
and very high-temperature melters. As a result, it is relatively expensive and 
is used only in speciality applications where very high thermal durability and 
strength retention is required. Recently, a magnesia–alumina–silicate glass 
with significantly higher tensile strength than E-glass has been developed 
which can be melted in modified conventional E-glass melters. Because of 
the relatively high throughput achievable for this glass, it holds the potential 
for greatly increasing the use of glass as a reinforcement material in such 
applications as ballistics, wind turbine blades and compressed gas tanks. 
The term high performance glass has been used to characterize these fibre 
glasses. 

D-glass

For the specific requirements of fast-response electronic circuit boards, 
dielectric glass (D-glass) with low dielectric constant is available as shown 
in Table 9.1 where a typical D-glass composition is given.

9.3 Fibre manufacture

The manufacture of glass and glass fibres is described in detail by Mohr 
and Rowe (32) and Loewenstein (18) and only a brief description is given 
here.

9.3.1 Wool process

The main process used today to produce fibreglass wool for thermal insulation 
purposes involves draining a stream of molten glass into a spinner (a bowl-
shaped base metal container with holes in the walls). The spinner operating 
temperature is typically 900–1100°C. The spinner typically rotates at 2000 
rpm to more than 3000 rpm, ejecting fine streams of glass through the holes 
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Table 9.3 Some typical properties of glass fibres (18, 19, 30, 31)

Property E ECR Advantex® C A S-2® R Cemfil (21) AR1 AR2 D

Liquidus temperature* (°C) 1140 – – – 1010 – – 1201 1172 – –
Fiberising temperature† (°C) 1200 – 1250 – 1280 – – 1470 1290 – –
Single fibre tensile strength at 
 25°C (GPa) 3.7 3.4 3.8 3.4 3.1 4.7 4.5 2.9 3.24 2.5 2.4
Single fibre tensile modulus 
 (GPa) 76.0 73.0 – – 72.0 86.0 85.0 – 73.0 80 52
Density (g/cm3) 2.53 2.6 2.62 2.49 2.46 2.48 2.55 – 2.74 2.74 2.1
Refractive index no 1.550 1.58 1.56 – 1.541 1.523 – – 1.526 1.561 1.465
Coefficient of linear thermal 
 expansion (10–6 K–1) 5.4 5.9 – 7.1 9 2.85 4.10 – 6.5 – 2.5
Volume resistivity (Ω cm) 1015 – – – 1010 1016 – – – – –
Dielectric constant at 25°C 
 and 106 Hz 6.6 6.9 – 6.9 6.2 5.3 6.4 – 8.1 – 3.85
Dielectric constant at 25°C 
 and 1010 Hz 6.11 7.0 – – – 5.2 – 5.21 – – 4.0
Loss tangent at 25°C and  
1010 Hz (10–3) 3.9 – – – – – 1.5a 6.8 – – 0.5

*The liquidus temperature is the highest temperature at which a glass, if held there sufficiently long, will develop crystals. The greater 
the difference between this and fiberising temperature, the more stable the fibre-forming process with respect to process interruptions 
caused by crystals forming in the glass.
†The temperature at which the viscosity of the glass is 103 P.
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in the spinner sidewalls. These streams of glass coming out of the sidewalls 
are attenuated by high velocity air and combustion gases or steam into fine 
(<10 mm diameter) fibres which are several centimetres in length. A binder 
is applied to the glass fibres just below the spinner and the discontinuous 
filaments move through the ‘forming hood’ and are collected on a moving 
chain belt. The function of the forming hood is to distribute the fibres evenly 
and in a random alignment across the width and length of the moving chain. 
The chain continues through an oven which dries and cures the binder. The 
wool mat is then cut into appropriate lengths and widths and packaged. 
Because the fibres are thermally quenched at high rates, the density of the 
glass is less than the density of the same composition which had been cooled 
slowly (annealed). 

9.3.2 Continuous filament process

While the wool manufacturing process produces fibres of varying length and 
diameter, the process used to produce filaments for reinforcement purposes 
produces fibres with small diameter (most reinforcement fibres have diameters 
between 9 and 25 mm) with a relatively narrow diameter distribution (e.g. 
one standard deviation of the fibre diameter is normally less than 8% of the 
mean diameter). In addition, the fibres are typically produced in packages 
with strand lengths up to 10 km. (A strand is a collection of typically 100 
to several thousand fibres.) 
 Figure 9.4 shows a schematic representation of a typical continuous 
filament fibre glass production process. The continuous fibres are produced 
using bushings (sometimes called spinnerets) which have a few hundred 
to several thousand small tubes (or tips) in the bottom (a flat plate) of the 
bushing. One fibre is produced from each tip. The temperature of the glass 
exiting the tip is typically in the range of 1150–1300°C, depending upon 
the composition of the glass. The bushings are typically made from an 
alloy of platinum and rhodium. The rhodium improves the high-temperature 
mechanical properties of the bushing. Attempts to utilise ceramic oxides to 
coat or strengthen the bushing have not been commercially successful for 
continuous-filament large-tonnage fibreglass compositions. 
 The glass will normally flow out of the bushing under the force of gravity 
into fibres on the order of 1 mm diameter. The final diameter of the glass fibre 
is a strong function of the tension applied to the fibre as it is being drawn. 
Tension increases with lower glass temperatures (higher glass viscosity) and 
with higher pull speeds. Both temperature and pull speed are process variables 
that are adjusted to obtain the desired fibre diameter. Typically, lower pull 
speeds are utilised for large-diameter fibres and high pull speeds are utilised 
with small-diameter fibres. In commercial production operations, the pull 
speed of the fibre is produced by winding the fibres around a rotating tube 
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(collet) placed 1–4 metres below the bushing. In addition to collecting long 
lengths of the strands of fibre glass, the rotation of the tube applies stress 
to the fibre and stretches the fibres to their final diameter. This force on the 
fibres also results in the glass moving through the tips at a higher velocity 
than is attained from gravity only. The linear pull speeds typically range from 
a few metres per second to more than 30 m/s. This results in the glass fibre 
velocity increasing from a few millimetres per second through the bushing 
tip to as high as 30 m/s (108 km/h) over a distance of a few centimetres.
 In some processes, the continuous filaments are not collected on a tube but 
instead are chopped into short lengths (a few millimetres to a few centimetres 
in length). In this process, a large wheel serves the same function (pulling 
the filaments) as the collet in Fig. 9.4. The fibres are cut into short lengths 
while the strand is in contact with the wheel by a smaller rotating wheel 
which has a series of blades. These blades cut (or more precisely break) the 
continuous filaments into bundles of the appropriate length. 
 Clean air and water (a fine mist) are introduced into the area just below 
the bushing to help remove the heat from the vicinity of the bushing and 
cool the individual fibres. The thermal quench rates which the fibres undergo 
are the highest quench rates of any high-volume commercial process. These 
quench rates are typically in the range of 500 000 to 1 000 000 K s–1. 
 Because of the high quench rates and acceleration of the fibres, the 
structure of the glass fibres is of a more open nature (lower density) than 
if the fibres had been cooled slowly. Fine fibres are cooled more quickly 
than more coarse fibres. As a result, as-formed large-diameter fibres will 

Fibre forming

Bushing

Light water spray

Fibre size applicator

Gathering shoe

Traverse

Collet

9.4 Schematic of a typical continuous filament fibreglass production 
process.  The left side of the figure represents the view from the 
front of the bushing.  The right side of the figure represents the view 
from the end of the bushing.
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typically have a higher density than small-diameter fibres of the same glass 
composition.

Marble process

In the early days of continuous fibre operations, the glass was made into 
marbles. The marbles were produced by a machine similar to a bottle-making 
machine in that the glass stream coming out of the forehearth was cut into 
individual ‘gobs’. These gobs dropped into a marble machine which rolled the 
gob into a sphere. These marbles would be cooled and shipped to a facility 
where the marbles were remelted in specially designed bushings and drawn 
into continuous filaments. Originally, the marble process could produce higher 
glass quality (good chemical homogeneity, low bubble populations, etc.). 
Now comparable glass quality can be obtained with large continuous melt 
furnaces, so the marble process is being phased out. Because of the remelt 
process, the energy required to produce continuous fibres from marbles is 
higher. The continuous filament process described above involves a very 
large furnace and tank in which the mineral batch is continuously melted, 
refined and homogenised as it flows into the tank immediately above the 
bushing. However, for smaller specialist fibre drawing, the marble process 
is still used. One advantage of remelting on a smaller scale is that the fibres 
exiting the bushing can be quenched rapidly without the need for water spray. 
More details are given by Mohr and Rowe (32).

9.4 Strength of glass fibres 

Table 9.3 gives the typical properties of a range of glass fibres. The modulus 
of E-glass is very much a function of the chemical forces operating within 
the amorphous network. As the number and strength of the chemical bonds in 
the three-dimensional network decrease and/or become weaker, the modulus 
of the glass will decrease. Thus, the introduction of network modifiers such 
as alkali or alkaline earth oxides will decrease the moduli of the various 
glasses. Typical glass formulations used for continuous filament applications 
will have a Young’s modulus on the order of 70–80 GPa. Similarly, the tensile 
strength of the fibres will vary with the composition of the glass. For typical 
E-type glasses, the tensile strength or filaments collected without contacting 
other filaments will have tensile strengths around 3.5 GPa. Pure silica glass 
filaments collected in the same way will exhibit tensile strengths up to about 
7 GPa. The introduction of alkali network modifiers can reduce the tensile 
strength of the fibres to around 2.5 to 3 GPa. Borate glasses, phosphate 
glasses and lead silicate glasses typically have strengths of approximately 
1–2 GPa.
 While tensile strength as typically determined is a function of composition, 
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it is not a fundamental material property because it depends heavily on the 
presence of defects and flaws within the structure. Although the actual flaw 
responsible for the strength of a glass is still uncertain, molecular dynamics 
simulations are starting to give us insights into the mechanism of brittle 
fracture (33). 

9.4.1 Griffith theory of strength

It has been established by Griffith (34) that the strength of glass is a strong 
function of the presence of flaws or defects in the material. He used the 
spinning of glass fibres to validate the theory of strength. Equation 9.6 
defines the critical stress before fracture, where g is the surface free energy 
of the solid, E is the modulus and c is the crack length. If we assume that 
a micro-crack exists at the surface, we can substitute half the depth of the 
micro-crack for the crack length c in equation 9.6 to obtain the maximum 
technical strength (sm) of the glass (equation 9.7).
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where l is the depth of a surface crack which is half that of an inner flaw.
 Thus the strength is a function of the surface free energy created when 
the crack propagates. The surface free energy of glass changes from 122 erg/
cm2 to 290 erg/cm2 in the presence of water, which is the explanation for the 
observation of static fatigue. Thus, in the presence of flaws the theoretical 
strength of approximately E/10 is reduced further. Thus a glass with a Young’s 
modulus of 70 GPa would have a theoretical strength of 7 GPa, but its practical 
strength could be as low as 0.07 GPa (35) for bulk glass. Converting bulk 
glass into fibres reduces the probability of the presence of a strength-reducing 
flaw, enabling the actual strength to be nearer to the theoretical. However, 
to reduce the development of surface flaws, methods have been developed 
to coat the fibre with a polymer or otherwise hermetically seal the fibre to 
protect it from damage and attack by moisture. Fibre strengths approaching 
the theoretical E/10 value can be obtained with such processes.

9.4.2 Theories of fibre strength and structure

The explanation for the distribution of fibre strength is dominated by the 
ideas of Metcalfe and Schmitz (36) and Bartenev (37), Fig. 9.5 illustrates 
the observation of three strength levels in fibre populations (38).
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Concepts of Metcalfe and Schmitz (36)

These authors used a statistical analysis to conclude that the fibres had a 
distribution of flaws of different severity, which gave rise to the differing 
populations of strength. The fibres of average strength of 3 GPa could be 
attributed to severe surface flaws at a separation of 20 mm. The population 
of average strength of 4.5 GPa could be attributed to flaws spacing of 0.1 
mm. The population of average strength of 5 GPa could be attributed to 
internal defects 10–4 mm apart, characteristic of a defect-free filament with 
an uninterrupted surface layer.
 Hand and Seddon (39) have attempted to identify the Griffith flaws 
responsible for the strength of a glass network and have associated these 
defects with the random structure of the glass network. 

Concepts of Bartenev (37)

Figure 9.5 shows the distribution of strengths in 175 specimens of industrial 
alkaline-free aluminium boro-silicate glass fibre of diameter 10 mm, with 
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9.5 Distribution of strength values for three series of industrial glass-
fibre specimens 10 μm in diameter in order of serial number. (1) 
Average strength 1.48 GPa, specimen length 40 mm (). (2) 1.76 GPa 
and 25 mm (s).  (3) 1.89 GPa and 25 mm (d) (after Bartenev and 
Izmailova, 37, 40)  Reproduced from McCrum (38) with permission of 
the controller,  Her Majesty’s Stationery Office, London.
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gauge lengths of 25 and 40 mm. As with Metcalfe and Schmitz (36), three 
levels of strength are apparent in the distribution: s1 is the lowest strength, 
s2 the intermediate strength and s3 the maximum strength. The population 
of highest strength, at 3 GPa, is considered to be determined by the presence 
of a tempered surface layer of 10 nm thickness, because after treatment with 
hydrogen fluoride, to remove a 10 nm surface layer, the strength decreased to 
the s2 level of 2.0 GPa. s2 was considered characteristic of a flawless glass 
where the strength was determined by structural heterogeneities within the 
glass. This was confirmed because heat-treated fibres required 60 nm etching 
before the strength returned to the magnitude of s2.
 Furthermore, industrial glass fibres, after prolonged storage, required the 
removal by etching of 40 nm before the strength returned to s2. They also 
demonstrated that heat-treated fibres have a lower level of strength, to s0 
of 0.821 GPa. In summary, Bartenev and co-workers (37, 38) identified six 
strength levels within inorganic glasses, ranging from 0.05 GPa to 3 GPa. 
The maximum strength observed was 10–20 GPa. They also pointed out that 
the data in Fig. 9.5 would move to the right after heat treatment, indicating a 
higher population of fibres of s1 and s2 strengths. Thus, the strength of these 
glass fibres was attributed to a tempered surface layer 10 nm thick arising from 
the cooling of the polymeric inorganic glass and viscoelastic deformation. 
The tempered layer was considered either to exhibit a compressive thermal 
stress or to have a more uniform molecular structure. 

Fibre strength – summary

As described above, the theories of fibre strength discuss the population 
and size of strength-reducing flaws. The role of a tempered surface layer is 
not generally accepted because for a 10 mm fibre the temperature gradient 
across the fibre is calculated to be less than 5 K which would be insufficient 
to set up a tempered layer. Therefore, the drawing of fibres under clean 
conditions with a very low concentration of surface flaws is probably more 
important. This can also explain the diameter-dependence of strength (40). 
Low tensile strength can be attributed to significant flaws, such as partially 
melted batch material.

9.4.3 Weibull statistics of strength

It is clear from Fig. 9.5 (36, 37) that the distribution of strengths within one 
continuous fibre or within a bundle of glass fibres can be characterised by 
a statistical method. The Weibull statistical method is commonly used to 
describe the distribution of strengths. This can be used to enable the strengths 
of fibres at different lengths to be analysed. First, the strength is strongly 
dependent on the gauge length of the fibre under test, and this can lead to 
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uncertainty about the correct value of strength to be used in any predictive 
analyses of mechanical properties.
 Figure 9.6 shows the typical Weibull plot for the strength of glass fibres 
with different treatments (19). Marks and Jones (42) have also studied the 
effect of plasma polymer coatings on the statistics of strengths of glass 
fibres, and these are summarised in Table 9.4. The role of surface defects 
on fibre strengths again comes to the fore, since manipulating the fibres for 
plasma polymer coating reduced the fibre strength from 1.46 GPa to 1.35 
GPa and the Weibull modulus (m) from 3.10 to 1.65. The latter shows that 
the distribution of fibre strength was also much broader. It confirms the 
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9.6 Weibull plots for three laboratory coated E-glass fibres showing 
differing protective abilities.  = Pure g-APS (Sigma Chemicals); s = 
commercial g-APS (A1100);  = polydimethyl siloxane.  The values 
of the Weibull parameter m and the characteristic strength s0 are, 
respectively, 4.88 and 3.1 GPa; 6.1 and 3.4 GPa; 6.7 and 3.4 GPa. L = 
gauge length of fibres tested (= 6.35 mm); P = probability of failure 
(19).

Table 9.4 Single filament strength of plasma polymer-coated E-glass fibres (42)

Fibre type/plasma copolymer Average failure Weibull
 stress (GPa) modulus

90% Acrylic acid/10% 1,7-octadiene 1.33 ± 0.56 3.94
0% Acrylic acid/100% 1,7-octadiene 1.58 ± 0.64 3.58
Unsized (as received fibres) 1.46 ± 0.8 3.10
Unsized (after spreading tow, and travelling 1.35 ± 0.7 1.65
through the uncharged reactor)

Note: The unsized fibres were water sized and stored before use.
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benefit of polymer coatings in protecting strength. Note that the relatively 
low strengths arise from the fact that as-received fibres were water-sized 
and not coated with a polymeric size on manufacture.

9.4.4 Static fatigue of glass fibre

Glass fibres suffer from time-dependent fracture under load. This is referred 
to as static fatigue (43, 44). This differs from the conventional use of the 
word fatigue, in that the load is constant. Static fatigue of glass fibres is 
illustrated in Fig. 9.7 (43, 44). This shows the fibre strength as a function 
of time at a constant temperature in distilled water. This illustrates that the 
static fatigue phenomenon is, in effect, a stress corrosion phenomenon. Water 
is the effective reagent and only in the high vacuum is the time dependence 
of strength absent. It is worse in alkali glasses because the sodium ion, Na+, 
acts as a catalyst for the hydrolysis of the silica network. The degradation 
of the silica network is shown below. 

  si—o–Na+ + H2o j Si—OH + Na+ + OH–

  si—o—si  + OH– j si—o– + OH—Si  9.8

  si—o– + H2o j Si—OH + OH–

 Static fatigue occurs in three stages, giving rise to differing time dependence, 
depending on the load applied. In stage 1, where the fracture behaviour 
is largely dominated by the mechanics of crack growth, the static fatigue 
phenomenon is considered to be sodium ion diffusion rate determining. In 

 10–2 100 102 104 106
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9.7 Static fatigue of E-glass strands in distilled water.  A load of 2 kg 
caused an applied strain of 0.5%.  Redrawn from Aveston et al. (43, 
44).
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stage 2, which is the stress corrosion region, a synergism exists between the 
applied load and the environment because the rate of crack growth is equal 
to the rate of corrosion. Thus, the crack always remains sharp and propagates 
into the weakened material. Stage 3 occurs through stress-assisted corrosion, 
where the effect of stress on the failure time is much less significant. This is 
because the rate of hydrolysis of the silica network is higher than the rate of 
crack growth. According to the theory of Charles (45), the crack tip is blunted 
by corrosion so that the stress concentration at the crack tip is reduced. The 
rounding results in a reduction in the radius (r) of the propagating crack so 
that in accordance with equation 9.9 a higher load is required for the crack 
to propagate at the same rate:

  
s s rmax a

1/2

= 2 xÊ
ËÁ

ˆ
¯̃

 
9.9

where x is the crack length.
 Ghosh (46) has studied sub-critical crack growth in E-glass and measured 
the static fatigue limit of the threshold stress intensity factor (Kth), which had 
a value of 0.15 ± 0.04 MN m–2/3 compared with the critical stress intensity 
factor (K1c) of 0.93 ± 0.03 MN m–3/2 for monotonic mode I loading. In order 
to predict the time to failure of a filament, the stress corrosion exponent to 
Kth is required, for the calculation crack growth rate. This can be estimated 
from the strain rate dependence of fibre strength. For a bundle of fibres (as 
a model for a composite) this needs to be combined with Weibull statistics 
(47).
 The static fatigue of glass fibres will determine the maximum life of any 
structural material based on glass fibres. In a composite material, where 
resin is used to bind the fibres together, the rate of moisture diffusion will 
be a controlling factor and, as such, the protection given by a well-bonded 
resin matrix can extend the life of the structure significantly. Under these 
circumstances diffusion of moisture through the resin becomes an important 
predictive parameter for the life of the structure. It is also important to ensure 
that the interfacial bond between the glass fibre and any matrix is maintained 
in the presence of moisture, otherwise the capillary action associated with a 
poor interface would dominate the failure process. While interfacial failure 
may not necessarily lead to brittle fracture, it can reduce the strength of a 
composite material significantly. 

Environmental stress corrosion

In the presence of moisture, E-glass fibres have a reduced lifetime under load 
as indicated by the static fatigue described above. However, in the presence of 
more severe degrading environments, usually of low pH, brittle fracture can 
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be initiated (Fig. 9.8). This is referred to as environmental stress corrosion 
cracking (ESCC). Also included in Fig. 9.8 are comparative failure times for 
composite materials showing the direct link between time-dependent fracture 
of glass fibres and the failure of an epoxy composite. As with static fatigue, 
there is a synergism between the stress and the chemistry as described above 
for stage 2. Clearly with a more corrosive environment, the load at which the 
crack propagates at the same rate as the corrosion leads to a brittle fracture 

9.8 The stress corrosion failure times of single E-glass filaments  
(d) and their epoxy resin composites  (j) in 0.5M aqueous sulphuric 
acid.  An error of ±10% on applied strain for 10 μm single filaments 
(48).
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at a lower load than for water alone. In alkaline environments the rate of 
corrosion is relatively slow so that the phenomenon observed is mostly that of 
stress-assisted corrosion, rather than environmental stress cracking. In acidic 
environments corrosion of the glass is highly pH dependent, and at acidities 
at which the glass modifiers can be readily dissolved, fracture of the glass can 
occur at strains as low as 0.1%. The network modifiers which are involved 
in the corrosion process are those associated with Ca2+, Al3+, Mg2+, Na+ and 
K+. This means that glasses which have reduced aluminium concentration 
and alkaline concentration can have more resistance to environmental stress 
cracking. ECR glass, or Chemical Resistant E-glass, is an example of these 
phenomena. High-strength glasses, such as S-2® glass, also exhibit good 
resistance to stress corrosion cracking. 
 Owens Corning has recently introduced to the market Advantex®1 glass 
fibres. These are based on boron-free, fluorine-free E-glass compositions 
(Table 9.2). As such, they tend to be closer in structure to the ECR glass 
and have brought a higher chemical resistance to the commercial ‘E-glass 
fibres’. 
 Of particular relevance to the structure of glass fibres is the phenomenon 
that the extractions of alkali and other network modifiers from the glass fibre 
can lead to spiral cracking of unstressed fibres (49) after storage in aqueous 
acid (Fig 9.9). While it is not clear whether the formation of the spiral crack 
is the result of drying during electron microscopic examination, one could 
assume that the formation of a weakened sheath on the fibre surface implies 
that the structure of the glass is not homogeneous. This is consistent with the 
Bartenev model (Section 9.4.2). Although there are only limited studies on 
the effect of annealing on this phenomenon, slight inhomogeneities within 
the glass fibre structure certainly contribute to the static fatigue and ESCC 
phenomena.
 Figure 9.10 demonstrates how the retained strength of unloaded E-glass 
fibres is affected by the pH of the environment (50). E-glass fibres have 
the least durability in an acidic pH of 0.5. This can be explained by the 
thermodynamics of the interaction of aqueous solutions with the glass. 
Figure 9.11 shows how the solubility of the different glass modifiers varies 
with pH (44, 51). It can be seen that below pH 9, aluminium is soluble, 
and similarly above a pH of about 10.5 calcium is insoluble. As a result, in 
mildly alkaline environments the network modifiers become mobile in the 
aqueous environment, but can be precipitated at higher pH. At pH above 10, 
the silica network becomes hydrolysable and the ions then become soluble as 
various silicate salts. In this way, the corrosion rate in alkali is increased.

1OCV Intellectual Capital LLC
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(a)

(b)

9.9 (a) E-glass fibres showing ‘spiral cracking’ after immersion in 
0.5M aqueous sulphuric acid. (b) Stress-corroded fracture surface of 
an E-glass fibre showing core sheath structure (49).
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Effect of composition

Following the discussions above, the strength of a glass fibre is generally 
a function of chemical composition and microstructural features. The 
microstructural features which are responsible can be induced through 
the drawing conditions, thermal history, environmental effects and those 
conditions that can introduce surface defects. Experimental studies show 
that the highest strength is achieved in melted quartz and S-2® glass which 
has a composition near to MgO, Al2o3, sio2 eutectic (52, 53).
 Khazanov et al. (52, 54, 55) have classified glass fibres into three 
groups:
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9.10 Schematic of the retained strength of unloaded E-glass fibres in 
environments of differing acidity and alkalinity (50).
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9.11 Thermodynamic calculations of the aqueous solubility of 
differing glass components at differing pH (after Fox, 51).
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1. Fibres of high strength (5–7 GPa) from quartz or S-2® glass 
composition.

2. Fibres of intermediate strength (2.5–3 GPa) of aluminosilicate 
composition.

3. Fibres of low strength (1–2 GPa) from borate, phosphate and multi-alkali 
glasses.

 Figure 9.12 shows the range of strengths for a variety of glasses as a 
function of diameter. The filaments were captured between the bushing 
and before the fibres were wound up. Fibres from high-temperature low-
viscosity melts, structurally non-uniform (e.g. borosilicates) and low-
chemical-resistant (e.g. sodium silicate and high boron oxide) glasses had a 
weak dependence on diameter. Thus, high-performance glass fibres tend to 
come from compositions where there is strong diameter dependence, which 
demonstrates that introduced flaws and defects are important. These glasses 
were mainly those with strong structural bonding and, hence, higher moduli. 
In the seminal work of Thomas (41), it was demonstrated that under careful 
control of the fibre-drawing process, the strength–diameter phenomenon was 
absent for E-glass. Thus, with these glasses fibre-drawing conditions are 
critical to the production of high-strength fibres (53, 55).

Thermal effects

After heat treatment, glass fibres exhibit a reduced strength. Figure 9.13 shows 
how fibres of differing composition respond to heat treatment. Quartz fibres 
are the most resistant, showing an effect only above 600°C, whereas borate 
glasses appear to show a linear degradation in strength even at temperatures 
below 200°C. A heating–cooling cycle can induce a reduction in strength 
through the following mechanisms:

∑ Network hydrolysis (see above)
∑ Annealing of compressive tempered layers
∑ Devitrification of the glass.

The time dependence of glass fibre strength (static fatigue) is independent 
of temperature as shown in Fig. 9.14, demonstrating that the dominating 
mechanism is one of network hydrolysis. Nishioka and Schramke (56) have 
shown how water is lost from the surface at temperatures near 300°C and 
from the bulk at higher temperatures.
 Thus, commercial fibreglasses tend to exhibit degradation in strength 
as a result of interactions with water. Equation 9.8 shows that sodium and 
potassium are catalysts for hydrolysis so that more recent commercialised 
glass fibres which are closer in composition to S-2® glass can be expected 
to have reduced strength sensitivity at high temperatures.
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 Most recently, Feih et al. (57) have re-examined the temperature dependence 
of commercial E-glass in the context of the residual strength of glass fibre 
composites in fire. Fig. 9.15 shows the temperature dependence of sized 
E-glass bundles of 300 tex. The most important observation is that temperatures 
in excess of 250°C have a major effect on fibre strength. This data further 

0 5 10 15 20 25
d (μm)

s 
(1

02  P
a)

500

400

300

200

100

0

1

2

3
4

7

5

6

9

8
10

11

9.12 Dependence of strength of glass fibres of various chemical 
compositions on diameter: 1, 2, magnesium aluminosilicate 
containing 10 and 20 wt% respectively of MgO; 3 zinc titanium 
magnesium of aluminosilicate; 4, sodium calcium aluminosilicate; 5, 
E-type aluminoborosilicate; 6, copper aluminoborosilicate; 7, sodium 
calcium aluminosilicate; 8, borate; 9, lead; 10, phosphate; 11, sodium 
silicate (After Khazanov et al., 52).
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supports the silica network hydrolysis mechanism. Below ~300°C surface 
silanol groups will tend to condense to siloxane bonds, whereas above this 
temperature hydrolysis will dominate. 
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9.13 Influence of chemical composition of glass on glass fibre 
strength after heat treatment: 1, quartz; 2, silica; 3, alkali-free 
aluminoborosilicate; 4, sodium calcium silicate; 5, borate (After 
Khazanov et al., 52).
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9.14 Time dependence of E-type glass fibre strength at various 
temperatures: s, 124°C; , 400°C; ∆, 500°C; d, 600°C (After 
Khazanov, et al., 52).
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  SiOH + HO Si  s Si–O–Si  + H2O 9.10

 The clear switch from strength stability below 300°C can be attributed to 
the thermodynamics of the above reaction. As with any chemical reaction, 
the rate of hydrolysis is a function of the presence of catalysts. Since the 
alkali metal glass modifiers (sodium/potassium) catalyse hydrolysis, alkali 
metal-free glasses are expected to show more resistance to high-temperature 
excursions.

9.5 Protection of fibres for strength retention

Sizings and binders
In production, commercial glass fibres are immediately coated at the bushing 
with a polymeric sizing. An aqueous-based emulsion is generally used for 
coating the fibres in contact with a rubber or graphite roller. There are many 
designs of sizing applicators, but usually they involve the fibres touching 
a roller which is in contact with the aqueous-based size. One role of the 
sizing is to provide the fibre surface with protection during handling and 
transport for the manufacture of artefacts such as woven textiles, preforms 
or composite materials. In addition, the sizing is chosen to provide strength 
protection and compatibility with the matrix into which the fibres will be 
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9.15 Effect of time and temperature on E-glass fibre bundle strength 
(After Feih et al., 57).
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incorporated. The sizing is also chosen to suit the manufacturing process 
for the composite material. For example, where the maintenance of strand 
integrity or slow wet-out is needed in certain manufacturing processes, 
hard-sized fibres with reduced sizing solubility are used. Where preforms 
or fibre mats are employed, a secondary binder is used to hold the fibres 
together during manufacture. Therefore, the finish that is applied to a glass 
fibre typically consists of (a) an adhesion promoter which is often a silane 
coupling agent, (b) a protective polymeric film former, (c) lubricants of 
different composition to aid the flow of the fibres through machinery without 
damage, (d) differing surfactants used in the emulsification of the polymeric 
film former, and (e) an optional polymeric binder. A typical emulsion applied 
to the glass fibre will have a solid content of approximately 10% of which 
0.3–0.6% will be the silane coupling agent. The film former will be an 
appropriate compatible polymer which can be either emulsified or synthesised 
as a polymer emulsion. A lubricant is usually present in the emulsion at a 
concentration of 0–0.3%. A surfactant is often added at a level of 0–0.5%, 
while an antistatic agent may also be used at a loading of 0–0.3%. The term 
‘sizing’ may refer to the film former polymer, as well as the compounded 
finish, sometimes independently of the silane coupling agent, which is used 
as an adhesion promoter. The generic term ‘finish’ universally refers to the 
deposited solids on the glass fibre and will include any optional binder in 
the case of fibre mats and textiles. The film former is used to impart good 
handleability and control wet-out kinetics for the manufacture of composite 
materials and is therefore chosen for compatibility with the matrix as well 
as the choice of fabrication process. For specialist applications such as those 
requiring environmental resistance, the chemical nature of the film former 
and/or the binder should be chosen to have excellent compatibility with the 
resin matrix, otherwise the interface can fail during service, giving rise to 
a low-durability composite.
 The film former needs to satisfy a number of criteria: (a) compatibility 
with coupling agents and other components of size, (b) a stable emulsion 
during application at the bushing, (c) good handling characteristics of the 
roving after the drying of the package, (d) for textile rovings and similar 
structures the sizing needs to allow the fibres to be unwound for repackaging, 
(e) the wet-out rate in the resin matrix, and (f) achievement of good hot/wet 
properties for the composite materials. 
 Since emulsion technology is used in the preparation of the coating 
on the fibres, the sizing deposited onto a typical glass fibre has a very 
complex chemistry. Typical surfactants are polyoxyethylene monophenyl 
ethers. Typical lubricants are fatty acid amides which are protonated in the 
presence of the acetic acid used to adjust the pH of the sizing emulsion. 
The cationic quaternary ammonium sites have an affinity to the negatively 
charged glass surface, providing the glass with the lubricated structure. The 
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build-up of static electricity during the use of glass fibre rovings can also 
lead to degradation of the structure of the rovings and other phenomena 
associated with fabrication breakdown. Therefore, anti-static agents such as 
alkyltrimethyl ammonium chloride are used to impart surface conductivity 
to the roving (18, 19). 

Silane coupling agents and the structure of hydrolysed  
silanes on the glass surface

Adhesion promoters are added to the sizing emulsion to provide the glass 
with compatibility and chemical reactivity to the appropriate matrix. The 
silane needs to displace adsorbed water from the glass surface to create a 
hydrophobic surface with the correct thermodynamic characteristics for 
complete wetting by the matrix resin. This aids the development of a strong 
interfacial bond between the fibre and the polymeric resin.
 Table 9.5 gives details of typical silane coupling agents (19, 58) which 

Table 9.5 Typical coupling agents for glass fibre–resin adhesion (19, 58)

Vinyl CH2==CHSi(OCH3)3

Epoxy

 

Methacrylate

Primary amine H2NCH2CH2CH2Si(OCH3)3

Diamine H2NCH2CH2NHCH2CH2CH2Si(OCH3)3

Mercapto HSCH2CH2CH2Si(OCH3)3

Cationic styryl CH2==CHC6H4CH2NHCH2CH2NH(CH2)Si(OCH3)3HCI 
 CH3 CI–

 | +
Cationic methacrylate CH2==C—COOCH2CH2—N(Me2)CH2CH2CH2Si(OCH3)3

Cycloaliphatic epoxide
 

CH2CH2Si(OCH3)3

O

Titanate [CH2==C(CH3)—COO]3TiOCH(CH3)2

Chrome complex

CH2CHCH2OCH2CH2CH2Si(OCH3)3

O

CH2 C

CH3

COOCH2CH2CH2Si(OCH3)3

CH3

CCH2

C

O O

Cr Cr ClCl

H2O H2O
O

H

ClCl

ROHROH
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are used to promote adhesion between polymers and the glass fibres. The 
majority of them are trialkoxy organosilanes with a generic structure as given 
below:

  

 R′
 │
Ro—si—oR
 │
 oR

where R¢ is a polymer compatible or reactable organic group, and R is either 
ethyl or methyl.
 In the aqueous emulsion, the alkoxy groups are hydrolysed into hydroxyl 
groups. Depending on the pH of the emulsion, the rate of hydrolysis can 
vary. The pH is often chosen to be slightly acidic at a pH of 4. Under 
these conditions, the rates of hydrolysis and polycondensation are such 
that oligomeric siloxane polymers are formed which are deposited together 
with oligomers and monomers onto the glass fibre surface. As shown in Fig. 
9.16, the deposit on glass fibre is a complex crosslinked polymer containing 
oligomers of varying degree of polymerisation which depends on the relative 
rate constants for silanol polycondensation and alkoxy hydrolysis. The 
polycondensation of the alkoxy groups is an equilibrium polymerisation 
whose floor concentration is of the order of 0.1%. This means that above this 
concentration, silanol polymers form in the aqueous solution, whereas below 
it monomeric trihydroxysilanes are more stable. Therefore, for monomeric-
type silane deposits the concentration of silanol in the sizing solution has 
to be very low. Typically, the concentration of silane in the sizing emulsion 
is ~0.5%, so that there will always be a mixture of oligomeric silanols of 
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9.16 The chemistry of hydrolysis of a typical organosilane and its 
adsorption onto a glass fibre surface showing the formation of a 
complex multi-molecular layer deposit (19).
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differing degrees of polycondensation. Since the floor concentrations of the 
differing hydrolysed silanes vary, their concentration in the sizing emulsion 
has to be varied to optimise the compatibility and the adhesion of the glass 
fibres to the matrix.
 An E-glass fibre surface has been shown to be largely silica-rich so that 
after cooling with water it contains hydroxyl groups. The structure of the 
glass has a major impact on the formation of a strong interface. For example, 
the presence or absence of boron in the fibreglass composition necessitates 
a change in the sizing composition to optimise performance. The impact of 
surface boron atoms upon the interaction of the glass surface with specific 
molecules has been studied by Pantano et al. (59). The very complex 
chemistry that occurs in the interphase region between a glass surface and 
the polymer (where the sizing is present) is discussed below. Lui, Thomason 
and Jones (60) have determined the concentration of surface hydroxyl groups 
on E-glass and boron-free E-glass from the contact angle with water in an 
octane environment, using the technique of Carré et al. (61). Figure 9.17 
shows the contact angle as a function of pH. From the maximum, which is 
the point of zero charge, the concentration of silanol groups can be estimated. 
Table 9.6 gives the concentration of silanol groups (noH) per nm2. This shows 
that an E-glass surface exhibits a lower concentration of silanols compared 
to a boron-free E-glass.
 Silanol groups on the surface of the glass fibre react with those formed 
during hydrolysis of the alkoxy silane. There is a competition for condensation 
between the monomeric and oligomeric triols and the glass surface. On 
drying, the concentration of the silanol groups in the sizing increases, which 
promotes polycondensation (62, 63). Therefore, in the deposit on the surface 
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9.17 The effect of pH of water on the contact angle of E-glass (39 
± 3°) () and boron-free E-glass (32 ± 2°) (j).  It is calculated that 
E-glass surface has 2.29 ± 0.04 nm–2 and boron-free E-glass surface 
has 2.38 ± 0.03 hydroxy groups (OH) nm–2 (60).
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Table 9.6 Maximum water contact angle (CAmax) and calculated concentrations of hydroxyl groups on a variety of E-glass and boron-free 
E-glass surfaces (60)

 E-glass B-free Dehydrolysed Dehydrolysed Rehydrolysed Rehydrolysed
  E-glass E-glass B-free E-glass E-glass B-free E-glass

CAmax 39 ± 3 32 ± 2 71 ± 2 61 ± 2 52 ± 3 47 ± 5
pH 3 2 3 2 3 2
nOH(nm–2) 2.29 ± 0.04 2.38 ± 0.03 1.71 ± 0.03 1.91 ± 0.03 2.08 ± 0.05 2.16 ± 0.08
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of E-glass fibres there are typically around 100 molecular layers, of which 
90% can be extracted into the matrix on fabrication of the composite. The 
remaining crosslinked component can then accept the penetration of the 
matrix resin to form an interpenetrating network. 

The silane sizing/matrix interphase

Because of the presence of other matrix-soluble components (64) within the 
sizing, the interphase region which forms will consist of a semi-interpenetrating 
network between the silane and the resin, together with dissolved surfactants 
and monomeric and oligomeric silanols which have diffused over a longer 
length scale. The interphase region, therefore, has a dimension determined 
not just by the thickness of the silanol deposit, but also by the diffusional 
length scale of the other additives, which includes the film former. Figure 
9.18 illustrates schematically the structure of the interphase which forms in 
a composite (65).
 A further complication arises because of the sensitivity of the E-glass to 
the aqueous environment of the sizing emulsion. It is reported (66, 67) that 
certain elements of the glass structure are solubilised in the presence of an 
alkaline or acidic pH. As a result, it is possible to observe the presence of 
glass elements within the surface coatings on glass fibres. It has been shown 
by XPS and TOF SIMS analysis that the silanised glass fibre surface has 
an enriched concentration of aluminium. It appears that aluminium can be 
extracted from the surface of the E-glass and become copolymerised into 
the silane deposit. A further consequence of this is that the glass surface 
becomes denuded of these ions, enabling penetration of the silane into the 
surface of the glass fibre. Therefore, the interphase region within a glass fibre 
composite can extend into the subsurface of the glass fibre. The structure of 
a silanised glass fibre after silanisation with g-aminopropyltriethoxysilane, 
shown in Fig. 9.18a, should be modified by the incorporation of –O–Al–O– 
bonds in the deposit at the fibre surface. In a previous publication, a revised 
structure was given (19, 68).

Silanes – their role in strength retention

It can be seen in Fig. 9.6 that the silane deposit has a major impact on the 
strength distributions of individual coated glass fibres. Both the Weibull 
parameter, which represents the distribution of strengths, and the average 
strength of the fibres are clear functions of the coating. The purity of the 
silane used for the silanisation also has a major impact. The reasons for this 
are unclear, but it demonstrates the need for careful sizing of glass fibres 
and the choice of appropriate conditions for the silanisation.
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9.18 Schematic of the structure of (a) the silane deposit, (b) sizing structure and (c) interphase in a composite (65).
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Silanes – selection for adhesion promotion

Several mechanisms of adhesion have been identified (19). The most common 
is that of chemical bonding which is referred to as chemical coupling. In 
this mechanism it is assumed that monolayer silane deposits are adhered 
to the glass fibre surface and that the resin-compatible group is reacted 
directly to the polymer during the curing mechanism. This gives a strong 
chemical bond between the two components in the formation of an interface. 
However, as shown above, it is more likely that an interphase region is 
formed in which an interpenetrating network has been created. Therefore, 
the deformable layer hypothesis of adhesion can also be invoked, as this 
can explain many of the phenomena associated with the micromechanics of 
adhesion of fibres to resins. It has to be recognised that many of the adhesion 
test methods used for fibre composites measure the stress transfer efficiency 
between the two components. Since the stress transfer is also a function 
of the properties of the interphase region, it is clear that the deformable 
layer hypothesis merely represents this concept. It also explains why the 
sizing formulations on glass fibres have to be finely tuned to the matrix into 
which the fibres will be introduced. This is because interphase formation 
can have a major impact on the micromechanics. It has been shown by 
finite element analysis and together with experimental validation that for 
optimum performance the interphase region should have a yield strength 
which is slightly below that of the matrix, so that the shear stresses at the 
interface can be accommodated by deformation rather than debonding (69). 
Ideally, the moduli of the two components should be similar so that the shear 
stress is confined to the interphase region and the stress transfer efficiency 
maximised. This observation also explains why the reversible hydrolytic 
bonding mechanism of Plueddemann (58) may not be applicable. Reversible 
recovery of dry properties after immersion in water can be accounted for by 
local reversible plasticisation of the interphase region, so that the concept of 
reversible hydrolysis of the siloxane bonds is not required. 

Adhesion of unsilanised and unsized glass fibres

It is also observed that under dry conditions, E-glass fibres form an apparently 
strong bond to epoxy resins (70). It is known that this interfacial bond is lost 
after immersion in water or humid environments. Therefore, this interfacial 
response can be attributed to hydrogen bonding between the cured epoxy 
resins and the glass fibre surface, and radial thermal residual stresses which 
form on cooling after curing at elevated temperatures. It should be emphasised 
that silane coupling agents are still essential for durable composites because, 
in service, residual matrix stresses will relax and interfacial hydrogen bonding 
will be lost on moisture absorption.
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Plasma polymers as functional sizing for adhesion and protection

Plasma polymerisation is a technique for depositing molecularly thin conformal 
polymeric layers onto surfaces. By choosing appropriate conditions, the 
functional group within the deposit can be retained at a high level. Therefore, 
this approach is a good sizing technique for achieving a functional adhesive 
coating at the same time as providing strength protection to the fibres. Table 
9.4 shows the strength retention after plasma polymer coating of E-glass 
fibres. Liu, Zhao and Jones (70) have shown that the interlaminar shear 
strength of the composites can be increased to above that of the matrix 
through the formation of an interphase between the plasma polymer and 
the epoxy resin. 
 This demonstrates how the interphasal properties of the composite can 
be optimised for performance. An interphase of thickness 5 nm appeared 
to provide an optimum mechanical performance of the composite. Plasma 
polymerisation represents, therefore, an efficient and environmentally friendly 
technique for creating a functional coating on reinforcing fibres and at the 
same time producing the appropriate protection that the sizing polymer 
needs to give to the fibres for use in manufacturing techniques. Swait et al. 
(71) have demonstrated that the combination of controlled interphase and 
fibre strength retention can change the micromechanics to benefit energy 
absorption.

9.6 Summary

The structure and properties of glass fibres have been discussed. The 
requirements for fibre drawing have been identified and used to explain their 
properties. The chemical structure of the glass has been related to the strength 
properties of drawn filaments. The need for the coating of glass immediately 
after forming has been addressed. Further, the role of these coatings on the 
formation of a strong fibre and a durable composite has been discussed.

9.7 References
 1. The Evolution of Excellence, Owens Corning Publication 15-GL-23185 (1998).
 2. (Various internal documents of Owens Corning have been utilised in this 

summary.)
 3. J. R. Hutchins III and R. V. Harrington, ‘Glass’, in Kirk-Othmer Encyclopedia of 

Chemical Technology, 2nd edn, Vol 10, Wiley, New York, 1966, 533–604.
 4. A. Agarwal, K. M. Davies and M. Tomozawa, ‘A simple IR spectroscopic method for 

determining fictive temperature of silica glasses’, J. Non-Cryst. Solids, 185 (1995) 
191.

 5. A. Q. Tool, J. Res. Matl. Bur. Stand., 37 (1946) 73–90.
 6. R. N. Haward and R. J. Young (eds), The Physics of Glassy Polymers, 2nd edn, 

Chapman & Hall, London, 1997, Chapters 1 and 3.

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08



http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


350 Handbook of textile fibre structure

 7. J. H. Gibbs and E. A. DiMarzio, J. Chem. Phys., 28 (1958) 373–383. 
 8. G. W. Scherer, Relaxation in Glass and Composites, Krieger, Malabor, FL, 1992, 

1–15.
 9. A. A. Lebedev, Trudy Cossud., Opt. Inst., 2 (1921) 57.
 10. W. H. Zachariasen, ‘The atomic arrangement in glass’, J. Am. Chem. Soc., 54 (1932) 

3841.
 11. B. E. Warren, J. Appl. Phys., 8 (1937) 645.
 12. B. E. Warren, J. Appl. Phys., 13 (1942) 602–610.
 13. N. T. Huff, E. Demiralp, T. Çagin and W. A. Goddard III, ‘Factors affecting molecular 

dynamics simulated vitreous silica structures’, J. Non-Cryst. Solids, 253 (1999) 
133–142.

 14. N. T. Huff, unpublished work (2007).
 15. P. H. Gaskell, ‘Medium-range structure in glasses and low Q structure in neutron 

and X-ray scattering data’, J. Non-Cryst. Solids, 351 (2005) 1003–1013.
 16. A. Q. Tool, ‘Relation between inelastic deformability and thermal expansion of glass 

in its annealing range’, J. Am. Ceram. Soc., 29 (1946) 240–253. 
 17. C. T. Moynihan, A. J. Easteal, M. A. DeBolt and J. Tucker, ‘Dependence of the fictive 

temperature of glass on cooling rate’, J. Am. Ceram. Soc., 59 (1976) 12–16.
 18. K. Loewenstein, The Manufacturing Technology of Continuous Glass Fibres, 3rd 

edn, Elsevier, Amsterdam, 1993.
 19. F. R. Jones, ‘Glass fibres’, in High-Performance Fibres, ed. J. W. Hearle, Woodhead, 

Cambridge, 2001, Chapter 6, 191–238.
 20. Owens Corning, US Patent 5,789,329 (1998).
 21. A. J. Majumdar, GB Patent 1,243,972/1,243,973 (1971).
 22. Kanebo Ltd/Nippon Electric Co. Ltd, GB Patent 1,548,776 (1979).
 23. GB Patent 520, 247 (1940).
 24. R. A. Schoenlaub, US Patent 2, 334, 961 (1943).
 25. R. L. Tiede et al., US Patent 2, 571, 074 (1951).
 26. W. N. Haggerty, Canadian Patent 1, 067, 230 (1979).
 27. S. Yamamoto et al., European Patent 275, 541 (1987).
 28. D. E. McWilliams et al., European Patent 275, 541 (1987).
 29. J. Sproul, Canadian Patent 1, 248, 555 (1989).
 30. D. Hartman, ‘High strength glass fibres’, technical paper, AGY (http://www.agy.

com/technical_papers.htm).
 31. D. Hartman, ‘evolution and application of high strength glass fibres’, The Glass 

Researcher, Bulletin of Glass Science and Engineering, 4(2) (1995) 6–13, 5(1) 
(1995) 10–11.

 32. J. G. Mohr and W. P. Rowe, Fibreglass, Van Nostrand, New York, 1978.
 33. J. H. Simmons, Morey Award Lecture, J. Non-Cryst. Solids, 239 (1998) 1–15.
 34. A. A. Griffith, ‘The phenomena of rupture and flow in solids’, Phil. Trans. Roy. 

Soc., Lond., A221 (1920) 163.
 35. A. Kelly and N. H. MacMillan, Strong Solids, 3rd edn, Clarendon, Oxford, 1990.
 36. A. G. Metcalfe and G. K. Schmitz, ‘Mechanism of stress corrosion in E-glass 

filaments’, Glass. Tech., 13 (1972) 5.
 37. G. M. Bartenev, The Structure and Mechanical Properties of Inorganic Glasses, 

Walters-Noordhoff, Groningen, 1970.
 38. N. G. McCrum, Review of the Science of Fibre Reinforced Plastics, HMSO, London, 

1971; and F. R. Jones, ‘Fibre reinforced plastic composites’, in Aluminium Alloys – 

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08



http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


351The structure and properties of glass fibres

Contemporary Research and Applications, ed. A. K. Vasudevan and R. D. Doherty, 
Academic Press, New York, 1989.

 39. R. J. Hand and A. B. Seddon, ‘A hypothesis on the nature of Griffith’s cracks in 
alkali silica glasses’, Phys. Chem. Glasses, 381 (1997) 11.

 40. G. M. Bartenev and L. K. Izmailova, DAN SSR, 146 (1962) 1136–1138; and Soviet 
Physics Sol. St., 6 (1984) 920. 

 41. W. F. Thomas, ‘An investigation of the factors likely to affect the strength and 
properties of glass fibres’, Phys. Chem. Glass, 1 (1960) 4–18.

 42. D. J. Marks and F. R. Jones, ‘Plasma polymerised coatings for engineered interfaces 
for enhanced composite performance’, Composites A, 33 (2002) 1293–1302.

 43. J. Aveston, A. Kelly and J. M. Sillwood, ‘Long-term strength of glass reinforced 
plastics in wet environments’, in Advances in Composite Materials, ed. A. R. Bunsell 
et al., Pergamon, Paris, 1980, 556–568.

 44. F. R. Jones, ‘The effects of aggressive environments on fatigue in composites’, in 
Fatigue of Composite Materials, ed. B. Harris, Woodhead, Cambridge, 2003, Chapter 
4, 117–146.

 45. R. J. Charles, ‘Static fatigue of Glass I and II’, J. Appl. Phys., 29 (1958) 1549.
 46. S. B. Ghosh, PhD Thesis, University of Sheffield, UK, 2006.
 47. A. Kelly and N. McCartney, Proc. Roy. Soc. Lond., A374 (1981) 475–489.
 48. F. R. Jones, J. W. Rock and J. E. Bailey, ‘The environment stress corrosion cracking 

of glass fibre-reinforced laminates and single E-glass filaments’, J. Mater. Sci., 18 
(1983) 1059–1071.

 49. F. R. Jones and J. W. Rock, ‘On the mechanism of stress corrosion of E-glass fibres’, 
J. Mater. Sci. Letters, 2 (1983) 519.

 50. D. R. Cockram, Glass Tech., 22 (1981) 211–214.
 51. P. G. Fox, ‘Mechanisms of environment sensitive cracking in glasses’, Proc. Congress 

on Mechanisms of Environmental Stress Cracking, London, Metals Society, 1977, 
268–282.

 52. V. E. Khazanov, Yu. I. Kolesov and N. N. Trojimov, ‘Glass fibres’, in Fibre Science 
and Technology, ed. V. I. Kostikov, Chapman & Hall, London, 1995, 15–230.

 53. M. S. Aslanova, ‘Strength and chemical content of glass’, Steklo i Keramika, 4 
(1967) 1.

 54. M. S. Aslanova, ‘Les facteurs determinant les propriétés mécaniques des fibres de 
verre et de quartz et des plastiques par ces fibres’, Verre Textile Plastiques Renforcés, 
1 (1966) 14.

 55. M. S. Aslanova, Résistance à la traction des fibres, de silice vitreuse en fonction de 
l’état de surface et de la microstructure, Verres et Refractaires, 22 (1968) 585.

 56. G. M. Nishioka and J. A. Schramke, ‘Desorption of water from glass fibres in 
molecular characterisation of composite interfaces’, in Molecular Characterisation 
of Composite Interfaces, ed. H. Ishida and G. Kumar, Plenum, New York, 1983.

 57. S. Feih, Z. Mathys, A. G. Gibson and A. P. Mouritz, ‘Tensile strength modelling 
of glass fibre–polymer composites in fire’, J. Composite Materials, 41 (2007) 
2387–2410.

 58. E. Plueddemann, Silane Coupling Agents, 2nd edn, Plenum, New York, 1991.
 59. C. G. Pantano, R. A. Fry and K. T. Mueller, Phys. Chem. Glasses, 44 (2003) 

64–68.
 60. X. M. Liu, J. L. Thomason and F. R. Jones, ‘The concentration of hydroxyl groups 

on glass surfaces and their effect on the structure on E-glass surfaces’, in Silanes 

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08



http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


352 Handbook of textile fibre structure

and Other Coupling Agents, Vol 5, ed. K. L. Mittal, Brill Academic Publishers, 
Leiden, The Netherlands and Boston, MA, 2009, 25–38.

 61. A. Carré, J. Coll. Interface Sci., 260 (2003) 49.
 62. H. Ishida and J. L. Koenig, ‘An FTIR spectroscopic study of the hydrolytic stability 

of silane coupling agents on E-glass fibres’, J. Polym. Sci., Polym. Phys. Ed., 18 
(1980) 1931.

 63. H. Ishida and J. L. Koenig, ‘FTIR spectroscopic study of the structure of silane 
coupling agents on E-glass fibres’, J. Coll. Interface Sci., 64 (1978) 565.

 64. J. L. Thomason and L. J. Adzima, ‘Sizing-up the interphase: an insider’s guide to 
the science of sizing’, Composites A, 32 (2001) 313.

 65. X. M. Liu, J. L. Thomason and F. R. Jones, ‘XPS and AFM study of interaction of 
organosilanes and sizing with E-glass fibre surface’, J. Adhesion, 84 (2008) 322.

 66. D. Wang and F. R. Jones, ‘A surface analytical study of the interaction between 
g-amino propyltriethoxysilane and E-glass surface, part 11: XPS study’, J. Mater. 
Sci., 28 (1993) 2481.

 67. D. Wang, F. R. Jones and P. Denison, ‘A TOFSIMS and XPS study of the interaction 
of hydrolysed g-aminopropyl triethoxysilane with E-glass surfaces’, J. Adh. Sci. 
Technol., 6 (1992) 79–98.

 68. T. Choudhury and F. R. Jones, ‘The interaction of Resole and Novolak phenolic 
resins with g-aminopropyl triethoxysilane treated E-glass surface: A high resolution 
XPS and micromechanical study’, in Silanes and Other Coupling Agents, Vol 2, ed. 
K. L. Mittal, VSP, Utrecht, 2000, 79–97.

 69. R. Lane, S. A. Hayes and F. R. Jones, ‘Fibre–matrix stress transfer through a discrete 
interphase, Part 2, high Volume fraction systems’, Comp. Sci. Technol., 61 (2001) 
568–578.

 70. Z. Liu, F. M. Zhao and F. R. Jones, ‘Optimising the interfacial response of high 
volume fraction glass fibre composites using a function plasma polymer’, Comp. 
Sci. Technol., 28 (2008) 3161–3170.

 71. T. Swait, C. Soutis and F. R. Jones, ‘Optimisation of interfacial properties for tensile 
strength by plasma polymerisation’, Comp. Sci. Technol., 28 (2008) 2302–2309.

�� �� �� �� �� IP
 A

dd
re

ss
: 1

29
.1

32
.2

11
.1

08



http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR01P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR01P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR01P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR01P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR01P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR01P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR01P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR01P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR01P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR01P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR01P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR01P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR01P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR01P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR01P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR01P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR01P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR01P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR01P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR01P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR01P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


353

10
The structure of carbon fibres

O Paris, University of Leoben, austria and  
Max Planck institute of Colloids and interfaces, Germany and  

H PeterLik, University of Vienna, austria

Abstract: Carbon fibres are characterised by low weight and very high 
values of tensile strength and tensile modulus, which are maintained up to 
temperatures well above 2000°C. These properties make carbon fibres ideal 
candidates for lightweight composites, in particular for high temperature 
aerospace applications. The microstructure of carbon fibres is characterised 
by several peculiar features at different length scales, which are all based on 
the stacking of graphene sheets and their mutual orientation. This chapter 
provides an overview about the current knowledge of carbon fibre structure, 
its manipulation during fibre production and processing, and how the 
structure determines fibre properties. 

Key words: graphene sheets, polyacrylonitrile (PAN)-based carbon fibres, 
mesophase pitch (MPP)-based carbon fibres, mechanical properties, 
turbostratic structure, preferred orientation.

10.1 Introduction

Carbon fibres are based solely on the element carbon and are therefore among 
the lightest inorganic materials available on earth. The strong covalent bonding 
between sp2 hybridised carbon atoms leads to extremely high stiffness which 
is not surpassed by any other material. Modern high-performance carbon 
fibres based on mesophase pitch (MPP) precursors, for instance, can have a 
tensile modulus of almost 1 TPa (1000 GPa), in connection with excellent 
thermal conductivity. Carbon fibres based on polyacrylonitrile (PAN)  
polymer precursor exhibit outstanding tensile strength, and fibres with 6.4 
GPa strength are currently available on the market. Hence, the specific 
strength of carbon fibres can surpass typical values for steel by more than 
an order of magnitude. The vast majority of carbon fibres are therefore used 
for lightweight structural applications in composites ranging from sporting 
goods to aerospace materials. PAN-based fibres for ultra-high strength, 
high temperature applications comprise about 90% of the total carbon fibre 
production worldwide, while mesophase pitch-based fibres are used for high 
modulus and thermal management applications. Cellulose-based fibres have 
almost vanished from the market, and vapour-grown fibres are still awaiting 
the breakthrough for structural applications. 
 Besides a short historical overview (Section 10.2) and a brief review 
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of fibre production (Section 10.3), this chapter provides a comprehensive 
description of major structural features (Section 10.4) and related mechanical 
properties (Section 10.5) of high-performance carbon fibres used for structural 
applications in composite materials. Graphite whiskers as well as vapour 
grown carbon nanofibres, and in particular carbon nanotubes, may have even 
superior mechanical properties. These materials as well as activated carbon 
fibres will, however, not be discussed within this chapter. 

10.2 Short historical overview

The first carbon fibres were produced already around 1880 by Thomas Edison 
who made lamp filaments from cotton and bamboo. But it was not until the 
beginning of the 1960s that high-performance carbon fibre development started. 
A key experiment stimulating the research on carbon fibres was probably the 
one by Roger Bacon (Bacon 1960) who produced for the first time graphite 
whiskers and demonstrated that they exhibit extremely high tensile strength of 
about 20 GPa and a modulus of at least 700 GPa. First reports on PAN-based 
(Shindo 1961) and isotropic pitch-based (Otani et al. 1965) carbon fibres stem 
from Japan. A few years later in the UK, the Royal Aircraft Establishment 
(Moreton et al. 1967), as well as Rolls Royce Ltd (Standage and Prescott 
1966) also reported on high-strength and high-modulus carbon fibres based 
on acrylic precursors. Almost in parallel, basic investigations on cellulose 
based carbon fibres were published by Bacon and Tang (1964), and Union 
Carbide Corporation in the US began commercial production of carbon fibres 
from rayon cellulose. The prospect of novel lightweight composites ranging 
from sporting goods to aircraft and aerospace applications initiated a ‘boom’ 
in the investigation of the processing, structure and mechanical properties 
of carbon fibres based on rayon cellulose and polyacrylonitrile (PAN) (Cahn 
and Harris 1969; Jeffries 1971; Diefendorf and Tokarsky 1975). About 10 
years later in the mid-1970s, carbon fibres from mesophase pitch were first 
developed and commercialised (Bright and Singer 1977; Otani 1981), after 
the pioneering work on mesophase by Brooks and Taylor (1965). These fibres 
very soon became the second important class of high performance carbon 
fibres beside PAN-based fibres, in particular because of their extremely high 
tensile modulus (Endo 1988). Finally, vapour grown carbon fibres were first 
reported in 1976 by Oberlin et al. (1976) and, due to the prospect of low-
cost production, they very soon became a field of intensive investigation 
(Dresselhaus and Endo 2001). Though carbon fibre research is now almost 
50 years old, there is still quite some effort to improve fibre properties and 
in particular to decrease production costs in order to open new markets (Edie 
and McHugh 1999).
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10.3 Types and production of carbon fibres

The common step in the production of all carbon fibres is a final high 
temperature treatment (HTT) of a structurally stabilised and thermally, 
mechanically and/or chemically pretreated precursor fibre. Concerning HTT, 
conventions in literature usually speak about carbonisation for temperatures 
below about 2000°C and about graphitisation above this temperature. 
This is somewhat misleading, since many carbon fibres do not graphitise 
even at temperatures above 3000°C, and the term graphitisation should be 
used only if the final fibre exhibits graphite structure. Besides the HTT, a 
second important factor concerns the choice of the precursor material and 
its processing. In the following we recall very briefly the basic processing 
steps for the four major classes of carbon fibres, namely (i) cellulose based, 
(ii) PAN based, (iii) mesophase-pitch based, and (iv) vapour grown carbon 
fibres. More information about the details of fibre production can be found 
in many textbooks (Fitzer and Manocha 1998; Edie and McHugh 1999; 
Dresselhaus and Endo 2001) and in numerous overview articles, e.g. Oberlin 
(1984), Fitzer et al. (1986), Jain and Abhiraman (1987), Jain et al. (1987) 
and Edie (1998). It should be mentioned that several other precursors have 
also been explored for carbon fibres such as, for instance, lignin (Johnson 
et al. 1975) and chitosan (Bengisu and Yilmaz 2002), but they do not play 
any role in applications.

1. Cellulose based carbon fibres are almost exclusively based on regenerated 
cellulose II fibres (viscose rayon) (see Chapter 6). Natural cellulose I 
fibres such as cotton and ramie are not suitable as precursors for high 
performance carbon fibres, since a high defect density limits the strength 
of the fibres. The basic process of converting rayon into carbon fibres 
with high preferred orientation consists of a low temperature stabilisation 
(300–400°) in air followed by slow heating to high temperature (1500–
3000°C) in inert atmosphere. The details of the chemical reactions 
with thermal treatment, and in particular the development of preferred 
orientation in cellulose based materials, are still not fully clear (Byrne 
and Nagle 1997; Paris et al. 2005), and are mainly based on an early 
model by Bacon and Tang (1964). Carbonisation of cellulose-based fibres 
under tension increases the preferred orientation of the graphene sheets 
with respect to the fibre axis, in particular if hot stretching is applied at 
temperatures above 2700°C (Walker 1993).

2. The precursors for polyacrylonitrile (PAN) based fibres are resins 
consisting of copolymers with acrylonitrile as the major monomeric 
component with some other monomers added to control oxidation rate 
and glass transition temperature. PAN fibres are wet spun from the resin, 
stabilised in air at temperatures between 200°C and 400°C, and finally 
carbonised in inert atmosphere to temperatures up to 1500–3000°C. 
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Rigorous exclusion of impurities in the precursor fibre, as well as detailed 
control of fibre stabilisation and heating rate, are crucial steps for the 
final structure and properties of the fibres (Jain and Abhiraman 1987; 
Walenta and Fink 1990; Schaper and Fink 1990; Edie 1998). The tensile 
strength is highest for temperatures around 1500°C, the reason being that 
some high strength PAN-based carbon fibres contain residual nitrogen 
(Edie and McHugh 1999). The chemical and structural changes during 
the processing of PAN-based carbon fibres are schematically visualised 
in Fig. 10.1a.

3. Mesophase pitch (MPP)-based carbon fibres are based on discotic 
nematic liquid crystalline materials which are obtained from the thermal 
polymerisation of petroleum- or coal tar-based pitches, or from catalytic 
polymerisation of pure compounds such as naphthalene. Melt spinning is 
used to convert the mesophase-pitch into fibre form. High shear stresses 
during flow through the spinneret capillary lead to an orientation of the 
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10.1 Basic production steps for (a) PAN-based carbon fibres and (b) 
MPP-based carbon fibres.
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disc-shaped molecules, which is further improved by drawing the as-spun 
fibres (Edie 1998). A stabilisation treatment in air at around 300°C is 
applied before high temperature carbonisation in inert atmosphere up to 
3000°C drives off all non-carbon elements and transforms the fibre into 
high-strength, high-modulus carbon fibre (Edie 1998; Edie and McHugh 
1999). The most important steps and associated structural changes during 
MPP processing are illustrated schematically in Fig. 10.1b.

4. The preparation of vapour grown carbon fibres is based on the growth 
of a thin hollow tube by a catalytic process based on ultra-fine particles 
that have been supersaturated with carbon from the pyrolysis of a 
hydrocarbon gas at about 1000°C. The fibre thickening occurs through 
an epitaxial growth process, and subsequent heat treatment at high HTT 
(~ 2500°C) results in fibres with tree-ring coaxial cylinder morphology. 
Vapour grown fibres can be produced with a wide range of diameters 
from 10 nm to more than 100 mm, and all of them have central hollow 
cores. Vapour grown fibres with diameters up to 100 nm are called 
nanofibres, and their properties are somewhat between those of carbon 
fibres and multiwall nanotubes (Dresselhaus and Endo 2001). 

10.4 Fibre structure

10.4.1 General overview

Perfect graphene denotes a two-dimensional (2D) layer of sp2 bonded carbon 
atoms that are exclusively positioned on planar hexagonal cells forming 
a perfect 2D crystal. The most stable carbon polymorph graphite is then 
obtained by the stacking of these graphene sheets in such a way that a three-
dimensional (3D) hexagonal crystal with space group P63/mmc is formed. 
A major characteristic of the graphite structure is the large difference in 
bonding strength within (covalent) and between the graphene layers (van 
der Waals), which leads to a strong anisotropy in many physical properties 
parallel and perpendicular to the sheets. This high anisotropy is also a major 
structural feature common to all high performance carbon fibres, resulting 
from planar assemblies of graphene sheets oriented more or less parallel to 
the fibre axis. Carbon fibres should, however, not be seen as homogeneous 
anisotropic materials similar to fibrous graphite. They are rather a collection 
of anisotropic nanoscale units linked in such a way that they represent 
composites in their own right. Figure 10.2 visualises schematically three 
different levels that are expected to be of major influence for important fibre 
properties such as stiffness and strength. The structure at each of these levels 
depends on the precursor material and on the detailed processing conditions. 
Hence, tailoring individual fibre properties for specific functions is possible 
in principle by manipulating the structure at the respective level.
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1. Hierarchical Level 1: The basic unit of carbon fibres is the imperfect 
graphene sheet. Imperfect means that the layer contains typically a high 
number of defects such as vacancies that open the six-atom ring structure, 
interstitials, and/or impurity atoms. As a consequence, the graphene lattice 
is strongly distorted in-plane and carbon atom positions can also deviate 
considerably from the perfect planar structure (Fig. 10.2a). Carbon fibres 
– similar to many other disordered carbons – are based on the stacking of 
such imperfect graphene sheets. In contrast to graphite, the high density 
of in-plane defects and a finite lateral extension of the sheets lead usually 
to a stacking without any orientational and positional order between the 
sheets, which results in a so-called turbostratic structure. The missing 3D 
crystalline order was first recognised and correctly interpreted already 
by Warren (1941), and is one of the most conspicuous structural features 
of almost all types of carbon fibres.

d002

c

La

Lc

 Radial Onion-skin Random

(c) Micrometre level
– Skin-core structure
– Cross-sectional texture

(b) Nanometre level
– Axial preferred orientation
– Basic structural units (BSU)
– Pores, grain boundaries, etc.

(a) Atomic level
– Imperfect graphene sheets
– Turbostratic structure

10.2 Three important structural levels of carbon fibres: the fibre axis 
is vertical, except for (c) which shows the fibre cross-sections.
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2. Hierarchical Level 2: Two characteristic length scales determine the 
structure at the nanometre level. Both the lateral extension of the sheets 
La and their stacking height Lc are in the range between one and a few 
tens of nanometres and define a kind of nanocrystallites, often also 
termed ‘basic structural units’ (BSU) (Fig. 10.2b). In carbon fibres, these 
stacks of graphene sheets are preferentially oriented parallel to the fibre 
axis with some misalignment angle c of the crystallites. The degree of 
axial preferred orientation is determined by the width of the orientation 
distribution of the graphene sheet normal vectors with respect to the fibre 
axis, and primarily determines the tensile stiffness of the fibre. This is 
easily understood by the fact that any graphene layer slightly misoriented 
from the fibre axis allows shear to become operative, and thus lowers 
the tensile modulus of the fibre. The BSU can split, twist, fold and join 
other BSUs to form micro-domains separated by slit-like or needle-like 
pores, leading to the famous picture published by Bennett and Johnson 
(1978) for PAN-based fibres which resembles qualitatively the structure 
of a crumpled newspaper (Fig. 10.2b).

3. Hierarchical Level 3: At the level of about 100 nm and above, many carbon 
fibres exhibit a pronounced microtexture, which strongly depends on the 
fibre type and processing conditions (Fig. 10.2c). Moreover, structural 
heterogeneities such as skin–core structures or production flaws may be 
present. These structural features together with the fibre diameter, the 
cross-sectional shape and the surface structure (e.g. roughness) influence 
in particular the fibre strength. 

 In the following three subsections we describe these three levels of structural 
hierarchy in more detail and in Section 10.5 we assess the implications for 
the mechanical properties of the fibres from different precursors.
 Table 10.1 sets out the structural parameters and related physical properties 
for some typical commercially available carbon fibres based on PAN and 
MPP precursors. The HTA7 series is from Tenax, K321 and K137 are from 
Mitsubishi, E35 is from DuPont and FT500 is from Tonen. HTA7 AR is the 
as-received fibre from the manufacturer; the other PAN based fibres were heat 
treated at the indicated temperatures of 1800°C, 2100°C and 2400°C. For 
the pitch-based fibres, no HTT data were provided by the manufacturer. The 
density r was taken from the producer datasheets, and structural data (fibre 
diameter D, d-spacing d002, in-plane lattice parameter a, X-ray coherence 
lengths Lc and La, azimuthal width of the 002 reflection HWHM) as well 
as the Young’s modulus E were taken from Loidl et al. (2005a, 2005b). 
The fibre strength (expressed by the scale parameter s0 (L = 200 mm) of 
the Weibull distribution) and the Weibull modulus m were derived from a 
unimodal Weibull fit of mechanical data obtained from fibre bundle tensile 
tests with 200 mm test length (unpublished data, courtesy D. Loidl). It should 
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Table 10.1 Structural parameters and related physical properties for some commercially available carbon fibres based on PAN and MPP 
precursors. For explanation and source of information, see text

Fibre D d002 a Lc La HWHM r E s0 m 
(precursor) (mm) (nm) (nm) (nm) (nm) (degree) (g/cm3) (GPa) (GPa)

K321 (MPP) 10.5 0.354 0.239 1.67 3.02 17.6 1.90 136 0.99 2.4
E35 (MPP) 9.7 0.348 0.245 3.27 4.93 12.0 2.10 197 1.71 13.5
FT500 (MPP) 10.0 0.343 0.246 10.06 10.22 6.7 2.11 380 2.49 11.2
K137 (MPP) 9.5 0.343 0.246 13.38 11.61 3.4 2.12 500 1.69 4.2
HTA7 AR (PAN) 6.8 0.354 0.238 1.47 2.83 19.0 1.77 198 2.73 4.5
HTA7 1800 (PAN) 7.3 0.350 0.238 2.18 3.60 16.3 1.77 273 2.20 2.8
HTA7 2100 (PAN) 6.4 0.346 0.244 3.78 6.30 11.8 1.71 332 2.20 3.4
HTA7 2400 (PAN) 6.2 0.344 0.244 5.11 7.61 9.6 1.91 349 2.23 3.4
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be noted that s0 increases with decreasing test length, s0(L) = s0(L0)(L0/L)(1/m). 
Thus, usually higher values are published in producers’ data sheets, because 
experiments are frequently performed at a significantly smaller test length. 

10.4.2 Atomic order: turbostratic carbon and the  
role of covalent crosslinks

The turbostratic structure of carbon is characterised by the one-dimensional (1D) 
stacking of distorted 2D graphene layers. Owing to the random translational 
and rotational arrangement of the layers with respect to each other, no ordered 
3D crystal structure is formed. As a consequence, only reflections of the type 
hk0 and 00l are observed in an X-ray or electron diffraction experiment. 
To underline this fact, only two indices hk are normally used to describe 
the graphene reflections, while the reflections along the stacking direction 
are denoted 00l. As a consequence of the imperfect graphene structure, the 
average spacing d002 between two layers is always larger than in perfect 
graphite (d002 = 0.3355 nm) (see Table 10.1). The layer spacing becomes 
smaller with increasing carbonisation temperature, indicating that the disorder 
decreases with HTT. A transformation into graphite – i.e. the observation 
of general hkl reflections with all three indices different from zero – has, 
however, been observed only for some pitch based fibres at very high HTT. 
The hk lines are related to the in-plane lattice constant of the graphene by 
a2/d 2

hk = 4(h2 + k2 + hk)/3. The in-plane lattice constant a in carbon fibres 
is usually smaller than that of perfect graphene (a = 0.2466 nm), which is 
due to the non-perfect planar structure and high defect density. a typically 
increases with increasing HTT, implying that also the in-plane structure 
develops towards higher order with HTT (Table 10.1). Generally, the layer 
spacing d corresponding to the hk and the 00l reflections can be obtained 
from a measured X-ray or electron diffraction pattern by d = 2p/q, with the 
length of the scattering vector q = 4p sin q/l, l being the wavelength of the 
radiation and 2q the scattering angle. The values of d002 and d10 are indicative 
for the degree of order of the turbostratic structure. They are different for 
different precursors at a given HTT and typically develop monotonically with 
HTT. In general, mesophase pitch-based fibres exhibit the highest degree of 
crystalline order at a given temperature.
 The turbostratic structure leads to some peculiar features in the 2D 
diffraction patterns from carbon fibres, summarised graphically in the sketch 
in Fig. 10.3. A single graphene layer produces layer lines perpendicular to 
the layer plane in reciprocal space (Fig. 10.3a). The ‘length’ of the layer 
lines is essentially given by the atomic form factor of the carbon atom, 
and their ‘width’ is determined by the lateral size of the sheet. Stacking of 
many layers in a turbostratic manner produces hk ‘cylinders’ in reciprocal 
space due to the rotational disorder of the graphene layers within the stack. 
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10.3 Turbostratic structure of carbon fibres. (a) 
Single graphene sheets produce layer lines  
in reciprocal space (only 10 layer lines are 
drawn for clarity). (b) A turbostratic stack 
produces hk cylinders in reciprocal space due 
to the rotational disorder of the graphene 
layers within the stack. Additionally, the 
stacking gives rise to 00l reflections parallel 
to the direction of a stack. (c) Synchrotron 
radiation based diffraction pattern from a 
single MPP-based carbon fibre (FT500, see 
Table 10.1) with high preferred orientation and 
random cross-sectional texture. The diffraction 
pattern can be essentially understood by a 
rotation of the hk cylinders around the axis m* 
in (b), and the layer line character of the 10 
reflections is clearly seen. The magnification 
shows the anisotropic SAXS pattern arising 
from slit-shaped pores.
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These so called hk random-layer lines (Ruland 1967a; Perret and Ruland 
1968a) are accompanied by 00l reflections parallel to the direction of a stack 
which are due to the more or less periodic arrangement of the layers. In a 
macroscopic carbon fibre, the graphene layers are preferentially parallel to 
the fibre axis, but their normal vectors are usually randomly oriented in the 
plane perpendicular to the fibre axis. In reciprocal space, this corresponds 
to a rotation of the hk cylinders around the axis denoted by m* in Fig. 
10.3b, leading to the well-known fibre diffraction pattern of carbon fibres. 
It is worth noticing explicitly that this pattern has two perpendicular axes 
of cylindrical symmetry, which is a special feature of the diffraction from 
carbon fibres. If the orientation is imperfect, this leads to an azimuthal 
broadening of the 00l reflections into arcs, and the hk reflections exhibit a 
characteristic asymmetric shape with a steep flank at the low q side, and a 
broad flank at the high q side. All these features are clearly recognised in 
the X-ray diffraction pattern from a MPP-based fibre shown in Fig. 10.3c.
 An important and still current question in carbon fibre research concerns 
the role of defects at the atomic level for the bonding strength between 
graphene sheets. The presence of covalent crosslinks between adjacent layers 
has been debated for a long time, and such energetically favourable crosslinks 
have only fairly recently been proposed by ab-initio calculations of graphite 
(Telling et al. 2003). They are based on special defect configurations, such as 
divacancies (i.e. a vacancy in each of the adjacent layers) leading to stable 
covalent bonds between the two layers. Experimentally, the existence of 
such bonds has been demonstrated, for instance, by the intertube bridging of 
carbon nanotubes using electron irradiation to create the respective defects 
(Kis et al. 2004). Since carbon fibres, and in particular those based on 
long-chain polymeric precursors such as cellulose or PAN, exhibit a large 
number of in-plane defects, the presence of a large amount of such covalent 
crosslinks is very probable. A direct proof would require demonstrating the 
sp3 character of the bonds using, e.g., UV Raman scattering or electron energy 
loss spectroscopy (EELS). This has, to our knowledge, not been reported yet 
for carbon fibres, but would be highly desirable to better understand and to 
potentially tailor the shear and compression properties of carbon fibres (see 
Section 10.5).

10.4.3 Mesoscale structure: crystallite size and axial 
preferred orientation 

The basic structural units or crystallites in carbon fibres are defined by two 
characteristic length scales, the stacking height Lc and the in-plane size La 
(Fig. 10.2b). These parameters are in the majority of cases derived from 
the width of the 00l and hk reflections by applying the Scherrer equation 
to measured X-ray diffraction profiles. Explicitly, they are calculated by  
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L = 2pK/w, where w is the radial peak width (full width at half maximum) 
and K is a constant which is usually taken to be K = 0.89–0.91 for Lc and 
K = 1.84 for La. If more than one reflection order can be measured in an 
experiment, a separation of size and microstrain is possible and is expressed 
in first approximation by w = 2pK/L + K2e

2q2, where K2 is a constant, q 
is the modulus of the scattering vector and e is related to the microstrain 
Dd/d (Ergun 1970). More advanced techniques based on detailed structural 
models have also been proposed (Perret and Ruland 1968a; Shioya and 
Takaku 1988; Ruland and Smarsly 2002), allowing one to derive more 
quantitative parameters describing additionally the in-plane and stacking 
disorder. Values for Lc have often also been obtained from lattice fringe 
transmission electron microscopy (TEM) images (Bennett et al. 1976; Guigon 
et al. 1984), which usually agree reasonably well with values obtained from 
X-ray diffraction. The layer-plane length obtained from TEM is, however, 
typically considerably larger than La determined by X-ray diffraction, since 
the latter presents a coherence length that is related to the straight portions 
of the planes (Johnson 1980). The in-plane size La in carbon fibres can also 
be estimated from Raman scattering according to an empirical relationship 
between La and the intensity ratio of the Raman D- and G-bands, first reported 
by Tuinstra and Koenig (1970). Even though this relationship breaks down 
for very low values of La (Zickler et al. 2006), it may give a good working 
estimate if X-ray diffraction data are not available.
 It is clear that different techniques and also the consideration or omission 
of experimental resolution effects may lead to some differences in La and Lc 
when absolute values are compared (Zickler et al. 2006). Nonetheless, these 
two parameters appear to be the most significant measures for structural 
coherence lengths defining apparent in-plane and stacking sizes of carbon 
fibres, respectively. Similar to the lattice constants determined by d002 and 
d10, there is a distinct dependence of Lc and La on the final high temperature 
treatment, with the general tendency to increase with increasing HTT (Table 
10.1). The geometrical interpretations of Lc and La are, however, different 
for different carbon fibre types. For MPP-based fibres, the basic structural 
units may, with some caution, be compared with grains in metals or ceramics, 
exhibiting quite well-defined turbostratic nanocrystallites separated by grain 
boundaries and/or pores. This is due to the fact that the mesophase discs 
define already a kind of crystallites that are converted into carbon and grow 
in size upon HTT. In contrast, cellulose based and PAN-based fibres are 
characterised by a ribbon structure of undulating graphene sheets, which 
upon parallel stacking form a kind of microfibrils (Fig. 10.2b) (Perret and 
Ruland 1970). La and Lc are in this case rather related to the amplitude and 
wavelength of the undulations, and the term crystallites may not be adequate 
or may even be misleading.
 The detailed structure at the nanometre scale and the way the BSUs 
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are connected to build fibrils (cellulose and PAN) or strongly textured 
crystalline domains (MPP) separated by slit-like or needle-like pores have 
been investigated intensively over the years. Besides TEM (Johnson 1980; 
Guigon et al. 1984), small-angle X-ray scattering (SAXS) has particularly 
been used to characterise the porosity in carbon fibres, following the 
pioneering work of Perret and Ruland (1968b, 1969). The most important 
structural parameter that can be obtained from SAXS is the mean chord 
length lp = 4f(1 – f)/s, where f is the pore volume fraction and s is the 
total pore surface per unit volume. lp is related to the chord length of the 
pores Lp by Lp = Lp(1 – f), which gives a measure for the smallest pore 
dimension (i.e. the average thickness of slit-like or needle-like pores). It 
is important to note that besides nanometre-sized pores between the BSU, 
also density fluctuations resulting from the variation of the stacking distance 
d002 lead to a small-angle scattering signal (Ruland 1971). The additional 
diffuse scattering term leads to a deviation from the q–4 dependence of 
the intensity at large q. As a consequence, this violation of Porod’s law, 
which is characteristic of the scattering from two-phase systems with sharp 
interfaces (Glatter and Kratky 1983), has generated speculations about an 
apparent fractal character of the porosity in carbon fibres (see, e.g., Tang 
et al. 1986). It is nowadays, however, mostly agreed that fractal structures 
play no role in carbon fibres (Ruland 2001).
 The ratio of wavelength to amplitude of the undulations in cellulose-based 
and PAN-based fibres defines the maximum deviation of the layer planes 
from the macroscopic fibre axis. Similarly, there is always an orientation 
distribution of crystallites in MPP-based fibres which deviates from the 
perfect orientation of graphene layers parallel to the fibre axis. Generally, the 
degree of preferred orientation of the BSU can be obtained experimentally 
from the azimuthal spread of the equatorial 00l reflections measured by X-ray 
diffraction (see Fig. 10.3c). The simplest parameter often used in the literature 
is the full width (FWHM) or half width (HWHM) at half maximum of the 
002 or 004 azimuthal profiles (Tang et al. 1986; Hamada et al. 1992; Paris 
et al. 2002; Loidl et al. 2003, 2005b). Other authors have used normalised 
orientation parameters such as f = 1 – FWHM/p, which varies between zero 
(no preferred orientation) and 1 (perfect alignment of the BSU parallel to 
the fibre axis) (Takaku and Shioya 1990). Several other authors used an 
analytical function – the so-called Poisson kernel g(c) = (1 – s2)/(1 + s2 – 
2s cos 2c) introduced by Ruland (1967b) – to describe the 00l azimuthal 
intensity profiles. The parameter s varies between s = 1 (perfect orientation 
parallel to the fibre axis) and s = –1 (perfect orientation perpendicular to 
the fibre axis), with s = 0 for fully random orientation. It should be noted 
that a parameter reflecting the degree of preferred orientation can also be 
derived from the SAXS signal arising from the slit-like or needle-like pores 
terminating the BSU. The orientation distribution of the BSU with respect to 
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the fibre axis for slit-like pores is directly derived from the azimuthal SAXS 
profile (see e.g. Fig. 10.3c), and the same parameters as discussed above 
for the width of the 00l reflections can thus be obtained without difficulty. 
For needle-like pores, an integral transformation equation has been given 
by Perret and Ruland (1969) for the derivation of the preferred orientation 
distribution in real space. Table 10.1 shows the azimuthal width (HWHM) 
of the 002 reflection for some PAN- and MPP-based fibres, demonstrating 
in particular the strong correlation between the axial preferred orientation 
and the tensile modulus of the fibres. The degree of orientation is typically 
controlled by the HTT and by the preferred orientation of the precursor. 
MPP-based fibres can develop extremely high orientation degrees, which is 
the main reason for their high tensile stiffness.

10.4.4 Micrometre structure: cross-sectional  
texture and skin–core structure

Cross-sectional texture in carbon fibres refers to the orientation distribution 
of the  BSU within the fibre cross-section, which is highly oriented along the 
fibre axis. Cellulose-based and PAN-based fibres exhibit usually a random 
cross-sectional texture, except perhaps a skin layer with an onion-skin type 
of layer orientation (Bennett and Johnson 1979). Very pronounced cross-
sectional textures with the typical onion skin structure (see Fig. 10.2c) are 
always found in vapour grown carbon fibres, similar to multiwall carbon 
nanotubes (Dresselhaus and Endo 2001). MPP-based fibres exhibit a rich 
variety of cross-sectional textures such as radial (see Fig. 10.2c), radial 
folded or flat-layer (Edie 1998), as a consequence of the details of the melt 
spinning process of the (disc-shaped) mesophase. Cross-sectional textures 
are important factors that can influence the fibre graphitisability (Bright and 
Singer 1979), and are particularly also believed to affect the fibre strength. 
It has been reported that fibres with random or radial folded cross-sectional 
textures tend to have higher tensile strength than fibres with radial structure 
(Endo 1988; Edie 1998). Cross-sectional texture has typically been investigated 
with scanning electron microscopy (SEM) examining fractured fibre cross-
sections (Barnes et al. 1998; Hong et al. 1999, 2000; Watanabe et al. 2000), 
and in some cases also by TEM (Bennett and Johnson 1979; Endo 1988). 
Typically, most carbon fibres exhibit cylindrical symmetry with respect to 
the fibre axis (e.g. those shown in Fig. 10.2c), even though the orientation 
distribution of the BSU is not random within the fibre cross-section. Hence, 
cross-sectional textures cannot be assessed by standard X-ray texture analysis. 
The use of X-ray microbeams in connection with fibre scanning allows, 
however, the determination of cross-sectional textures quantitatively (Paris 
et al. 2000, 2001). Detailed modelling of the X-ray diffraction as a function 
of position across the fibre allows one, for instance, to correlate the cross-
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sectional texture with the axial preferred orientation, as shown in Fig. 10.4 
for example (Paris et al. 2002).
 A particular structural feature found in many carbon fibres is a pronounced 
skin-core structure, with different BSU size, different axial preferred orientation 
and/or different cross-sectional texture. High axial preferred orientation 
and large crystallite size in a thin skin layer with otherwise random cross-
sectional texture have been identified in some PAN-based fibres by TEM 
(Bennett and Johnson 1979), and have been considered to be the limiting 
factor for fibre strength. The origins of these skin–core structures are not 
always clear and may generally depend in a subtle way on the processing 
conditions. In PAN-based fibres they have been related to the stabilisation 
process, where a strong temperature dependence was observed (Yu et al. 
2007; Hou et al. 2008). Another origin for the development of a skin–core 
structure might be the release of nitrogen during HTT, leading to different 
nitrogen content, and thus to different crystallite size in the skin and in the 
core of the fibre (Loidl et al. 2007). Besides TEM, X-ray microdiffraction 
with a beam considerably smaller than the fibre diameter can be used to 
investigate skin–core structures in carbon fibres (Paris et al. 2002; Loidl 
et al. 2005a, 2007). Such data can then be used to test the correlation 
between the local structure and the mechanical performance. The particular 
advantage of X-ray microbeam methods is the possibility of performing 
in-situ mechanical deformation of single fibres (Loidl et al. 2003, 2005a), 
which will be discussed in more detail in the next section.

c1
c2

10.4 Model for the cross-sectional texture in MPP-based carbon  
fibres derived from a mixture of isotropic pitch and mesophase pitch. 
The fibres exhibit a composite structure of random and radially 
folded crystallites with different axial preferred orientation denoted 
in the sketch by the mean tilt angle χ (reprinted from Paris et al. 
(2002), with permission from Elsevier).
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10.5 Mechanical properties of carbon fibres  
and their structural origin 

10.5.1 Tensile stiffness

The two most important arguments for using carbon fibres in aerospace 
applications are their low density (~1.5 g/cm3 for PAN-based fibres and 
~2.1 g/cm3 for MPP-based fibres) and their high stiffness (Diefendorf and 
Tokarsky 1975; Fitzer and Manocha 1998). In high-modulus fibres based 
on MPP, the Young’s modulus can range up to 900 GPa (Edie 1998) and 
thus approaches the value of diamond. A high Young’s modulus is a basic 
requirement for lightweight structures, as the buckling load of struts in these 
structures increases linearly with the modulus (Euler buckling). The high 
stiffness of carbon fibres is a consequence of the preferred arrangement 
of the graphene sheets as described in the previous section. The drawing 
process is necessary to achieve a high molecular orientation for the PAN 
precursor fibres. The preferred orientation – and thus the fibre modulus – in 
PAN-based fibres increase strongly with HTT (see Table 10.1), requiring thus 
very high temperatures for high-modulus fibres. On the contrary, PAN fibres 
develop their highest strength at rather low temperatures (Table 10.1), which 
is the reason why PAN fibres are optimised for either strength (high-tenacity 
fibres) or stiffness (high-modulus fibres). In contrast to PAN-based fibres, 
MPP fibres are already highly oriented due to the spinning process of the 
mesophase through the capillary, which may be further improved by fibre 
stretching after the spinning process. Here, research has concentrated more 
on precursor chemistry and fibre formation than on HTT, since mesophase 
chemistry offers a variety of fruitful ways to develop fibres with extremely 
high stiffness values (Edie 1998; Gallego and Edie 2001). 
 A first quantitative model for the modulus–orientation relationship was 
developed by Fischer and Ruland (1980), and was successfully applied to 
experimental data relating the stiffness of carbon fibres to the orientation 
parameter s obtained from X-ray diffraction (Section 10.4.3). This ‘elastic 
unwrinkling model’ was based on two assumptions: the elongation of the 
straight parts and the reversible increase of the distorted BSU (Fischer and 
Ruland 1980). A comparison of this early model with two other models was 
performed by Northolt et al. (1991). In the uniform stress model, the fibre 
was considered as a parallel array of identical fibrils subjected to a uniform 
stress along the axis. The uniform strain model assumes that every part of a 
cross-sectional filament is subjected to the same axial strain. Northolt et al. 
(1991) favoured the uniform stress model, as supported by experimental data 
for PAN- and MPP-based fibres on the one hand, and by structural arguments, 
like the arrangement of long wrinkled ribbons separated by elongated voids 
within the fibres, on the other hand. For a quantitative description of the 
modulus–orientation relationship, the orientation distribution must be known 
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with high accuracy. X-ray diffraction data from fibre bundles suffer from the 
fact that separating the twist in the fibre bundle from the misorientation of 
the crystallites within the fibre is not possible. This problem can be overcome 
by X-ray diffraction on single fibres instead of fibre bundles with X-ray 
microbeams exhibiting a beam size in the order of 10 mm, utilising the high 
brilliance of synchrotron radiation (Paris et al. 2001, 2002). Synchrotron 
radiation using X-ray microbeams can also be used for in-situ tensile testing 
of single carbon fibres with accompanying investigations of the structural 
development during loading. In particular, the shift of the hk reflections 
allows obtaining strains at the level of single crystallites, and the change 
of the azimuthal width of the 002 reflections allows quantifying changes in 
crystallite orientation upon loading. Using in-situ microbeam diffraction, 
Loidl et al. (2003) showed that for MPP based fibres the Young’s modulus of 
the nanosized crystallites exhibited a limiting value of 1140 GPa. The shear 
modulus estimated from the change in azimuthal width assuming the uniform 
stress model was 5 GPa for MPP based fibres and 15 GPa for PAN-based 
fibres, but increased with increasing load (Loidl et al. 2003). This increase 
is reflected in a general non-Hookean behaviour of carbon fibres (Shioya et 
al. 1996; Reder et al. 2003), i.e. the Young’s modulus increases strongly with 
increasing load. This non-linearity also limits the determination of precise 
numerical values for the stiffness of carbon fibres. 

10.5.2 Tensile strength

Whereas the modulus of carbon fibres is simply dependent on the orientation 
of crystallites, tensile strength is much more difficult to understand and to 
control. The most common approach to describe the strength and strength 
distribution is based on the weakest link theory of brittle materials, where 
the weakest link – in general the largest flaw within the specimen – controls 
the strength. For a power law dependence of the frequency of flaws, the 
strength distribution follows a Weibull distribution, with a scale parameter 
s0 for the mean strength and a parameter m for the width of the distribution, 
respectively (Weibull 1951). For carbon fibres, this approach has to be 
seen as a primarily technical approach, because fibre strength is nearly not 
affected by an increase of the crystallite size by a factor of five (Loidl et 
al. 2007) or an increase of the pore size by a factor of two (Peterlik et al. 
1994). There seems to be a general agreement that the size of the pores 
separating extensively folded crystallites (Johnson 1987) or ‘crumpled sheets’ 
(Guigon et al. 1984) are responsible for the failure of individual carbon 
fibres, but rather the interlinking and misalignment of crystallites themselves 
(Reynolds and Sharp 1974; Edie 1998). Therefore, it is very likely that the 
bimodality in the Weibull strength distribution (see Fig. 10.5) – observed for 
many types of fibres – is not a consequence of the different effectiveness of 
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surface and volume flaws, but rather is induced by a skin–core structure or 
even by a reversal of the skin–core structure from less to higher orientation 
as compared to the core (Loidl et al. 2007). The disorder induced by the 
different orientational changes during HTT in PAN-based carbon fibres might 
lead to a mechanically weaker and a stronger phase, respectively, which are 
responsible for the bimodality of the Weibull distributions. A HTT in the range 
of 2400°C leads to a more uniform strength distribution as differences in skin 
and core are healed due to the enhanced diffusion of carbon atoms. 
 Interestingly, the tensile strength of carbon fibres increases with increasing 
test temperature, which is a consequence of the improved alignment and 
possibly the release of residual shear strains in the fibres (Reynolds and 
Sharp 1974; Tanabe et al. 1991). For the Young’s modulus, either an increase 
(Tanabe et al. 1991) or a decrease (Sauder et al. 2004) was reported. An 
enhancement of the mechanical properties with temperature is a quite unique 
material property typical for carbonaceous materials. It was demonstrated by 
sauder et al. (2004) that carbon fibres are not purely elastic for temperatures 
higher than 1400°C, but show viscoelastic behaviour. For temperatures 
higher than 1800°C they may even behave in a viscoplastic way. The authors 
concluded that molecular deformations contribute to a shear strain leading 
to viscoelasticity. Finally, a critical shear stress leads to local cracking and 
sliding of the graphene planes, which induces viscoplasticity and subsequent 
failure.
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10.5 (a) Force–displacement curve from a fibre bundle test of 
PAN-based carbon fibres (HTA7, see Table 10.1). (b) Probability 
distribution of fibre strength (Weibull plot) together with the fits 
using a unimodal (dashed line) or bimodal defect distribution 
(reprinted from Loidl et al. (2007), with permission from Elsevier).
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10.5.3 Compression and bending

Compression behaviour of carbon fibres was first investigated by Raman 
spectroscopy using a cantilever bending beam method (Robinson et al. 1987; 
Melanitis and Galiotis 1990; Melanitis et al. 1994), where the Raman frequency 
shift was correlated to the respective strain in the fibre. The advantage of this 
method is that the use of a Raman microscope provides a sufficient resolution 
in the micrometre range, enabling a scanning of the carbon fibre with diameter 
of 5 to 10 microns. It can thus provide additional information on the local 
variation of the structure. A number of other compression test methods for 
carbon fibres were developed and a review may be found in Kozey et al. 
(1995). PAN- and MPP-based fibres reveal significant differences, particularly 
in compression: while the compressive strength increases significantly with 
decreasing tensile modulus in PAN fibres, the compressive strength of MPP 
fibres increases only very moderately to a value about three times smaller 
than that of PAN fibres (Kozey et al. 1995). Also, the occurrence of kink 
bands with a typical shear angle of 45° was observed in compression failure 
of MPP fibres. On the contrary, PAN fibres show buckling and kink bands at 
the innermost surface (Dobb et al. 1990). To improve both the compression 
and tension properties of MPP fibres, the importance of an extensive folding 
of the graphene planes was pointed out by Endo (1988). This is the reason 
why radial folded cross-sectional textures in MPP-based fibres (see e.g. Fig. 
10.4) are usually beneficial for higher fibre strength.
 Bending of carbon fibres occurs generally in carbon fibre reinforced 
composites due to the crimp angle in different weave patterns (usually 
either a plane weave or a satin weave). Delamination (Garg 1988; Peterlik 
et al. 1992) as well as tensile and compressive properties (Pollock 1990) of 
composites have been found to strongly depend on the crimp angle, but this 
is most probably governed by the interface properties of the composite and 
not by the fibres themselves. Bending tests of fibres can be realised by the 
bending beam test, where fibres are bonded by an adhesive on to a beam 
(which is certainly thick in comparison to the fibre), or by the loop test, 
where a loop is formed and the radius increasingly diminished up to failure 
(Kozey et al. 1995). Bending via a loop test was used fairly recently to 
characterise mechanical differences in the tension and compression region by 
scanning across the fibres with a 100 nm wide X-ray microbeam (Loidl et al. 
2005a). This allowed calculating the different Young’s moduli in tension and 
compression within the same fibre from the shift of the neutral axis. Whereas 
the difference in moduli was small in PAN-based fibres, it was found to be 
huge in MPP-based fibres and local buckling of crystallites at the nanoscale 
was observed (Loidl et al. 2005a). This led to the conclusion that extensive 
crosslinking of graphene sheets effectively strengthens PAN-based fibres in 
compression, whereas in MPP-based fibres the crystallites are only weakly 
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crosslinked. The direct confirmation of the existence of crosslinks and their 
precise localisation still remains, however, an open question. 

10.6 Open questions and future directions

From a viewpoint of basic research, the structure of carbon fibres is 
nowadays quite well understood, and extremely refined production routes 
have touched the limits in terms of achievable fibre strength and stiffness 
for structural applications in composites. Open questions from a scientific 
point of view are particularly related to a deeper understanding and better 
control of defect-mediated crosslinks between graphene sheets, in order to 
tune specific properties such as shear and compression properties, as well 
as thermal and electrical conductivity. Likely future research directions are 
most probably driven by the need to combine different fibre properties for 
new functional applications. 
 There are strong signs for a considerable increase of carbon fibre applications 
in several industrial fields. In the aerospace industry, for instance, the ‘A380’ 
from Airbus or the ‘Dreamliner’ from Boeing are specifically designed with 
a large amount of lightweight carbon fibre reinforced composites for the 
reduction of both weight and energy consumption. Many non-aerospace 
applications urgently need materials with extremely high modulus – e.g. 
extremely stiff arms to further increase the velocity and precision of robotic 
systems. Moreover, the need for materials with excellent optical and haptic 
properties in automotive industries opens entirely new fields for applications 
of carbon fibres, and only backing compounds for cars would exceed the 
today’s world production of carbon fibres. Many functional parts involving 
carbon fibres are currently in development, valve control being one example 
of many. Finally, safety aspects in automotive industries together with the 
ecologically necessary future reduction of CO2 emissions require lightweight 
components with high fracture toughness. It is therefore not surprising that a 
significant increase in the world’s consumption of carbon fibres is predicted, 
which demands further improvement of fibre properties and in particular the 
reduction of production costs.

10.7 Sources of further information and advice

Research on carbon fibres has continued now for almost 50 years, and 
accordingly the number of original papers is huge. Only a very small 
selection mostly related to carbon fibre structure has been taken into account 
in the reference list of this chapter. As a starting point for further reading, 
a comprehensive – although certainly not complete – overview of the field 
may be obtained by consulting some of the dedicated textbooks on carbon 
fibres and their composites (Chung 1998; Donnet 1998; Fitzer and Manocha 
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1998; Burchell 1999; Kelly 2004; Morgan 2005). Moreover, a selection of 
excellent overview and/or review articles can be recommended for more 
detailed information on several different aspects of carbon fibre structure 
and related properties (Diefendorf and Tokarsky 1975; Fitzer 1986; Ruland 
1990; Peebles 1994; Edie 1998; Chand 2000; Loidl et al. 2005b). 
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Processing, structure and properties of  

ceramic fibers 

G Motz, University of Bayreuth, Germany and  
R K BoRdia, University of Washington, USa

Abstract: this chapter discusses two broad classes of high performance 
continuous ceramic fibers (non-oxide and oxide). The processing, structure 
and properties of these fibers are reviewed. For non-oxide fibers, the 
emphasis is polymer derived ceramic fibers and both commercially available 
and developmental fibers are discussed. In the case of oxide fibers, the 
focus is on commercially available fibers. A summary of the current and 
anticipated applications together with research and development priorities in 
this evolving field is presented. 

Key words: oxide fibers, non-oxide fibers, polymer derived ceramics, 
ceramic matrix composites, metal matrix composites.

11.1 Introduction

Ceramic fibers have a very large aspect ratio and a very small cross-sectional 
area. Commercially available ceramic fibers, for example, have a fiber 
diameter of approximately 10 mm. Due to their geometry, the properties of 
the fibers differ significantly from those of bulk forms of the same material. 
In particular, fibers have much higher strength, higher strain to failure but also 
greater chemical vulnerability. Fibers can be manufactured as fiber fabrics, 
flows, and short or long fibers. Fine fibers are generally bundled into so-called 
‘rowings’, which consist of 500–10 000 single filaments. Bundling keeps the 
fibers flexible, makes them considerably easier to process and handle, and 
makes it possible for them to be manufactured into various fibrous forms.
 This chapter is focused on continuous, fine diameter fibers. Although the 
term ‘ceramic fibers’ refers to all inorganic, non-metallic fibers, this chapter 
will not include fibers made by the solidification of silicate glass melts or 
carbon or boron fibers. In addition, fibers made from minerals like basalt will 
also be excluded. Finally, although fibers have been made from functional 
ceramics (e.g. piezoelectric and superconducting oxides), the focus of this 
chapter is on ceramic fibers for structural applications.
 In the past half-century, there has been significant development in the 
processing and use of high performance ceramic fibers. Several compositions 
of fine diameter fibers (less than 20 mm) are commercially available and 
others are being developed. Due to the fine diameter, these fibers have very 
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high strength (in the range of 1.5 to 3 GPa) and they can be woven. They 
maintain the attractive properties of ceramics including high temperature 
usability, high corrosion resistance and high modulus. A good recent review 
of high performance ceramic fibers is presented in Ref. 1. The ceramic fibers 
can be broadly classified as non-oxide and oxide fibers. In Section 11.2, the 
processing, structure and properties of the non-oxide fibers are summarized. 
Section 11.3 focuses on oxide fibers. In Section 11.4, composition, structure 
and properties of selected fibers are compared. Section 11.5 presents 
examples of current and anticipated applications of these high performance 
fibers. Section 11.6 outlines the need for further developments. The chapter 
is summarized in Section 11.7 and sources for additional information are 
presented in Section 11.8.

11.2 Processing, structure and properties of  
non-oxide fibers

The following sub-sections give an overview of polymer-derived, non-oxide 
ceramic fibers. Both commercially available products as well as work done on 
a pilot plant and laboratory scale will be discussed. The fibers are classified 
with respect to the type of the polymer used in their manufacture (polysilane/
polycarbosilane, polysilazane, polycarbosilazane, polyborosilazane and 
polysiloxane). A generic flow chart for the process used to make non-oxide 
ceramic fibers from polymers, highlighting the important steps, is shown in 
Fig. 11.1. Important steps and the most important parameters for each step are 
presented. Manufacturing methods for specific fiber types not derived from 
preceramic polymers are briefly mentioned at the end of each section.

11.2.1 SiC fibers derived from  
polysilane/polycarbosilane

As early as the mid-sixties, Fritz et al. succeeded in producing a meltable 
polycarbosilane by means of thermal polymerization of tetramethylsilane at 
770°C.2 The low yield (<7 wt%) did not promise any commercial application 
for this synthesis; however, this work was the impetus for further research 
activities with the goal of providing a polycarbosilane with the characteristics 
and high yields necessary for fiber production on a commercial scale. The 
development of carbide or nitride fibers became necessary as both carbon 
fibers as well as oxide fibers are not suitable for many applications due to 
their low oxidation resistance and low maximum operating temperatures 
due to creep, respectively.3
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Nicalon fiber types

Nicalon®

Dodecamethylcyclohexasilane [SiMe2]6 was initially used as the base 
material for the Nicalon fibers produced by Nippon Carbon Corporation 
Ltd.4 Today, polydimethylsilane [SiMe2]n is used.5,6 depending on the 
reaction process, both precursors can be produced through the synthesis of 
dichlorodimethylsilane with sodium in a solution. Spinnable polycarbosilanes 
result from these precursors through the insertion of –CH2 groups in the Si–Si 
bonds at 470°C in an autoclave (equation 11.1). The following reaction is 
known as the ‘Kumada rearrangement’:
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 Spinning into polymer fibers takes place at 350°C under nitrogen, and the 
fibers are hardened by curing in air at 190°C.7 the individual polycarbosilane 
chains are linked through oxidation of the Si–H and Si–CH3 side chains 
via Si–O–Si, i.e. Si–CH2–O–Si bridges.8 Due to this reaction, the oxygen 

Polymer synthesis 
(solid, meltable 

polymer)
High melting point 

Viscoelasticity
Thermal stability

Melt spinning 
(‘green fibers’)

Fast curing method
Inexpensive

Fiber curing
(unmeltable

‘green fibers’)

Pyrolysis
(ceramic fibers)

High ceramic yield
Oxidation, corrosion,

high-temperature
stability

11.1 Flow chart for making polymer-derived ceramic fibers via 
the melt-spinning process (a representative scheme is shown for 
illustration).  The boxes on the left indicate the important steps and 
those on the right are the most important parameters that need to be 
optimized in each step.
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content of the ceramic SiCO fibers can be up to 15 wt%. Okamura sees this 
development as the start of intensive research in the field of silicon-organic 
polymers as precursors for ceramic fibers.9
 To avoid the polymerization step in an autoclave, Hasegawa and 
colleagues developed a method for the unpressurized production of spinnable 
polycarbosilanes.10 In this process, a mixture of conventionally manufactured 
polydimethylsilane and polyborodiphenylsiloxane is heated in a nitrogen stream 
for several hours at above 300°C. The spinning temperature of 250°C for the 
resulting polymer is considerably lower than that of the precursor obtained 
according to equation 11.1, and curing in air is possible at 110°C.11 the 
crosslinked polymer fibers are converted into SiC fibers through pyrolysis in 
an inert gas atmosphere in the temperature range of 1000–1300°C. However, 
the use of the polyborodiphenylsiloxane can lead to an oxygen content of 
up to 20 wt% in the resulting ceramic fibers.
 Nippon Carbon introduced a product code for the designation of the various 
Nicalon variants consisting of the letters NL for ‘Nicalon’ and a three-digit 
number. The first digit describes the type of fiber, the second refers to the 
denier number*, and the third gives information about the sizing agent 
used.12 More information on this coding is given in Table 11.1. In some 
publications an additional letter is affixed to NL, which designates the type 
of sizing agent, e.g. NLP-201 for a standard Nicalon fiber with an epoxy 
sizing agent.
 Structural research on Nicalon fibers shows that these fibers are composed 
of nanocrystalline b-silicon carbide, an amorphous SiOC phase and free 
carbon.13 The grain boundary phase, SiOC, links the SiC crystals (diameter 
<2 nm) to each other and to the <1 nm occlusions of free carbon.14 the 
amorphous SiCO phase contained in the Nicalon fibers limits the thermal 
stability to 1200°C due to the fact that, in addition to the decomposition 
of this phase into Co and Sio2, accelerated SiC crystal growth is observed 
above this temperature.15 thermodynamic calculations also predict the 
formation of gaseous Sio for the Nicalon system under these conditions,16,17 

*‘Denier’ is an outdated unit of measure for the fineness of a fiber with the unit 1 den 
= 1 g/9000 m. Today, fineness is usually given in tex with the unit 1 g/1000 m. 1 tex 
therefore corresponds to 9 den.

Table 11.1 ‘NL-XYZ’ coding for Nicalon products

X (fiber type) Y (denier) Z (type of sizing agent)

2 = Standard 0 = 1800 denier 1 = P sizing agent (epoxy)
4 = High volume resistivity 1 =   900 denier 2 = M sizing agent (polyvinyl acetate)
5 = Low volume resistivity 2 = 1200 denier 6 = C sizing agent (polyimide)
6 = Carbon coated 3 =   600 denier 7 = Polyvinyl alcohol sizing agent
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which has been experimentally observed using a special mass spectrometer 
technique.18 Bouillon and colleagues studied the decomposition mechanism 
using so-called ‘experimental’ SiC fibers of a Nicalon type produced in the 
laboratory, and documented the sharp drop in the tensile strength and Young’s 
modulus values due to the decomposition.19

 The oxidation behavior is also of considerable importance for the technical 
application of ceramic fibers. In oxidation tests on Nicalon fibers it was 
determined that the oxidation rate depends on the diffusion of the oxygen 
through the passivating Sio2 layer formed on the fiber surface.20 this layer 
inhibits the decomposition of the non-oxidized fiber core. The experimentally 
discovered parabolic oxidation kinetics up to 1200°C conforms well with 
the general kinetic relationship for the oxidation of cylindrical fibers.21

 The findings of these and other studies showed a maximum use temperature 
limit for Nicalon fibers of 1100 to 1200°C. It became clear that in order to 
produce SiC fibers with improved thermal stability, the introduction of oxygen 
in the fibers must be prevented. Since oxygen is introduced in Nicalon fibers 
in the curing step, this requirement implied the development of alternate cure 
reactions.

Hi-NicalontM

This fiber type represents a further development of the classic Nicalon fibers 
leading to improved thermal stability. The fibers are produced using the same 
method as with the Nicalon fibers, the only difference being that the polymer 
fibers are cured using electron beam or g-radiation in an inert enviornment. 
This results in low oxygen content in the fibers (less than 1 wt%), a level 
present in the polymer prior to pyrolysis.22 The content of Si–H groups in 
the polymer is crucial for this type of curing as the Si–H bond is most easily 
split into the radicals required for curing by radiation.23

 The low oxygen content significantly improves the thermal stability 
under inert conditions. No change in properties has been observed for heat 
treatment for 10 hours at 1500°C in argon. Observable decrease in tensile 
strength and Young’s modulus is only observed in fibers heat treated above 
1500°C. Mass loss due to decomposition does not occur at 1600°C.24–26 the 
thermal stability can be further improved with higher pyrolysis temperatures 
during production (1300 instead of 1000°C).27 this treatment results in a 
more stable fiber structure consisting of SiC nanocrystallites and free carbon, 
which ultimately leads to improved creep behavior.28 there are primarily 
two processes responsible for the reduction of the mechanical properties 
above 1500°C: the incipient SiC crystal growth and the decomposition of 
trace SiCO phase causing defects in the fiber surface.29 However, this trace 
SiCo phase can be nearly completely removed by pyrolysis under reduced 
pressure (0.13 Pa) at 1300°C. The oxygen is released as carbon monoxide 
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and active oxidation of the remaining SiC crystals from trace oxygen in the 
furnace does not occur at this temperature. During a one-hour aging of these 
fibers in a vacuum oven at 1600°C in argon, the strength now drops only 
due to the growth of SiC crystals.30

 The oxidation of Hi-Nicalon fibers in pure oxygen occurs in a manner 
similar to the Nicalon fibers. For Hi-Nicalon, the parabolic rate law holds 
up to 1400°C while for Nicalon only up to 1200°C to the decomposition.31 
Oxidation tests with Hi-Nicalon fibers in air with subsequent heat treatment 
at 1500°C under argon show that a thin, rapidly forming SiO2 layer of 0.3 
to 0.5 mm contributes to the preservation of the non-oxidized fiber core’s 
original tensile strength.32 In contrast, low partial oxygen pressures prevent 
the formation of a protective oxide layer, so that it is possible to consume 
the entire fiber material through active oxidation. These results support the 
thermodynamic calculations from Vahlas et al.33

 Isostatic pressure treatment at 1500–2000°C in argon also leads to improved 
thermal stability of Hi-Nicalon fibers.34 The tensile strength of fibers treated 
in this manner remains nearly constant up to 1700°C. The smooth, carbon-
rich layer that forms on the surface under high pressure is postulated as the 
reason for the observed improved thermal stability of the fibers. 
 In summary, Hi-Nicalon fibers exhibit improved high-temperature properties 
compared to Nicalon fibers, such as in their thermal stability and creep 
resistance under inert conditions up to 1500°C. In an oxidizing atmosphere 
or at temperatures above 1500°C, however, their properties do degrade due 
to their high free carbon content. This limits their widespread use. Another 
factor preventing large-scale commercial use is the high price of all non-
oxide ceramic fibers.

Hi-Nicalon Type StM

This fiber is derived from the Hi-Nicalon fiber by the reduction of the carbon 
content to near stoichiometric ratios (C/Si ratio ~1). Mechanical testing on 
experimental SiC fibers with varying carbon content shows that the samples 
with a stoichiometric composition exhibit greater thermal stability up to 
1500°C and improved oxidation resistance up to 1400°C than samples with 
a carbon excess or deficiency.35 The manufacturing method for Hi-Nicalon 
Type S fibers corresponds to that of the Hi-Nicalon fibers up to the curing 
process. The C/Si ratio is then adjusted during pyrolysis by adding hydrogen 
in a set temperature interval or by applying a hydrogen/argon mixture as 
a process gas during the entire pyrolysis process.36,37 Elementary silicon 
formed in this decarbonization step degrades the mechanical properties of 
the fiber. It is removed via thermal post-treatment in an HCl-containing 
atmosphere.38

 Compared to the other Nicalon products, Hi-Nicalon Type S fibers are 
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characterized by increased thermal stability as well as improved creep and 
oxidation resistance.39,40 They also exhibit considerably improved chemical 
stability to aggressive gaseous compounds such as boron halides and ammonia, 
which are used in some cases to apply specific coatings to fibers using CVD 
processes.41

 The important characteristics and properties of the different Nicalon fiber 
types are summarized in Table 11.2. In this table, they are also compared to 
the properties of other non-oxide fibers.

Tyranno fiber types

Tyranno (Si–Ti–C–O)

a solid, spinnable polytitanocarbosilane is obtained by the reaction 
of polydimethylsilane with polyborodiphenylsiloxane and titanium 
tetraisopropoxide. This precursor can be processed analogously to the 
manufacturing method for Nicalon fibers into ceramic fibers whose mechanical 
properties – tensile strength ~3 GPa, Young’s modulus ~220 GPa − are 
similar to those of the SiC fibers.42

 These fibers are produced by Ube Industries Ltd. Their high oxygen content 
(up to 20 wt%) can be reduced to approximately 5 wt% by using electron 
beam irradiation to cure the fibers (e.g. Tyranno LOX M43). Oxidation tests 
on these fibers between 1000 and 1500°C in pure oxygen show that a dense, 
titanium-containing oxide layer forms. Here, in contrast to Nicalon fibers, 
the fiber core is better protected against decomposition, while the high free 
carbon content prevents the growth of SiC crystals.44 the price for different 
types of Tyranno fibers (ZMI, LOX M, S) is in the range of $1000 up to 
$2000 per kilogram. The important characteristics and properties of the 
different Tyranno fiber types are summarized in Table 11.2. In this table, 
they are also compared to the properties of other non-oxide fibers.

Tyranno SA (Si–Al–C–O)

The reaction of a Yajima-type polycarbosilane with aluminum(III) 
acetylacetonate at 300°C under nitrogen results in a solid polyaluminocarbosilane 
from which fibers can be produced via melt spinning.45 after curing in air and 
pyrolysis up to 1350°C under inert gas, an amorphous Si–Al–C–(O) fiber is 
obtained with an oxygen content of approximately 11 wt% and a high free 
carbon content. A subsequent sintering process at above 1800°C removes 
excess carbon and oxygen in the form of carbon monoxide, while aluminum 
acts as a sintering aid in the densification of the residual silicon carbide. 
With an aluminum content of under 2 wt%, a crystalline, oxygen-poor (0.5 
wt%) SiC fiber results with a tensile strength of over 2.5 GPa, a Young’s 
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Table 11.2 Characteristics and properties of selected commercially available continuous non-oxide fibers. The properties (modulus, 
strength, failure strength and density) are those at room temperature.  Reproduced with permission from Ref. 1

Producer Composition (wt%) Diameter (µm) Density Tensile Production Approx. price 
Fiber    (g/cm3) strength/  technique/ (2007) 
     modulus structure  
     (MPa/GPa)  

Nippon Si: 68.9 12 3.10 2600/420 Polycarbosilane/ 7 7000/kg > 10 kg
Carbon C: 30.9    b-SiC 
Hi-Nicalon ‘S’ O: 0.2

Nippon Si:  63.7 14 2.74 2800/270 Polycarbosilane/ 7 3250/kg > 10 kg
Carbon C:  35.8    b-SiC+C 
Hi-Nicalon O: 0.5 

Nippon Si: 56.5 14 2.55 3000/220 Polycarbosilane/ 7 1000/kg > 10 kg
Carbon C: 31.2    b-SiC+SiO2+C 
Nicalon NL- O: 12.3 
200/201

UBE Si: 67.8 10/7.5 3.10 2800/380 Polycarbosilane/ 7 6500/kg > 10 kg
Industries C: 31.3    b-SiC cryst. + ... 
Tyranno Fiber O: 0.3
SA 3 Al: < 2 

UBE Si: 56.1 11 2.48 3400/200 Polycarbosilane/ 7 1400/kg > 10 kg
Industries C: 34.2    b-SiC+ ... 
Tyranno Fiber O: 8.7
ZMI Zr: 1.0 

UBE Si: 55.4 11 2.48 3300/187 Polycarbosilane/ 7 1200/kg > 10 kg
Industries C: 32.4    b-SiC amorph.+ ... 
Tyranno Fiber O:  10.2
LoxM Ti: 2.0 
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UBE  Si: 50.4 8.5/11 2.35 3300/170 Polycarbosilane/ 7 1000/kg > 10 kg
Industries C: 29.7    b-SiC amorph. + ... 
Tyranno O: 17.9
Fiber S Ti: 2.0 

COI SiC/ BN  10 3.00 3000/400 Precursor-polymer/ 7 10 500/kg >10 kg
Ceramics      SiC/BN and  
Sylramic-iBN      other phases

COI SiC: 96.0 10 2.95 2700/310 Precursor-polymer/ 7 8500/kg >10 kg
Ceramics TiB2:  3.0    SiC and other 
Sylramic B4C: 1.0    phases
 O: 0.3 

Specialty  SiC on C  140 3.0 5865/415 CVD on C-filament/ 7 16 400/kg
Materials   (with carbon   b-SiC on C
SCS-Ultra   fiber core)   

Specialty  SiC on C  78 2.8 3450/307 CVD on C-filament/ 7 19 600/kg
Materials   (with carbon   b-SiC on C
SCS-9A   fiber core)

Specialty  SiC on C  140 3.0 3450/380 CVD on C-filament/ 7 4850/kg
Materials   (with carbon   b-SiC on C
SCS-6   fiber core)

Tisics SiC on W  100/140 3.4 4000/400 CVD on W-filament Price not
Sigma   (with tungsten   SiC on W available
   wire core)

Table 11.2 Cont’d

Producer Composition (wt%) Diameter (µm) Density Tensile Production Approx. price 
Fiber    (g/cm3) strength/  technique/ (2007) 
     modulus structure  
     (MPa/GPa)  
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modulus of over 300 GPa and good high-temperature properties (thermal 
stability, creep and oxidation resistance).46 The price of the Tyranno SA fiber 
is much higher (approx. $8500 per kilogram) because of the complicated 
processing.

Sylramic fiber types

The original Sylramic™ SiC fiber was developed by Dow Corning using 
melt spinnable silicon-organic polymers and boron as a sintering aid. In 
the early 1990s, polyorganosiloxanes47 or polycarbosilanes48 were used as 
precursors. The boron was implanted from the gas phase into the fibers during 
processing. The oxygen was removed during the pyrolysis under argon up 
to 1800°C as CO. The process using polycarbosilane as a starting material 
led to the commercial Sylramic fiber product (3.2 GPa tensile strength at 
room temperature, with a price of approximately $12 000 per kilogram), 
whose mechanical properties surpassed those of the Hi-Nicalon fibers.49 as 
the implantation of the boron from the gas phase was a complex process, 
a process to introduce boron compounds, preferably boron tribromide, 
during polymer synthesis was developed. Other starting compounds were 
chloromethyldisilanes and hexamethyldisilazane for the synthesis of the 
boron-containing methylpolydisilylazanes,50 chloromethyldisilanes and 
trichloroalkylsilanes for boronized methylpolysilanes,51 or trichloroalkylsilanes 
and hexamethyldisilazane for polyborosilazanes.52 it was possible to 
manufacture polymeric fibers from all of these precursors via melt spinning 
and subsequent gas phase curing, which resulted in SiC fibers with good 
mechanical properties after pyrolysis under argon up to 1800°C. Sylramic 
fiber types were reintroduced as commercially available products in 2004 by 
COI Ceramics, Inc. The properties of this class of fibers are also presented 
in Table 11.2.

Other SiC fiber developments derived from silicon-containing polymers

Since the mid-nineties, a group from the University of Osaka has focused 
its attention on further development of the ‘Yajima polymer’ with the aim 
of improved spinnability, simplified curing and increased pyrolysis yield. 
For this purpose, 10–20 wt% of liquid, low-molecular polyvinylsilane 
([–CH2–CH2–SiH2–]x[–CH2–CH(SiH3)–]y, x ≈ y ≈ 0.5, Mn = 850 g/mol) is 
added to the polycarbosilane, which leads to both a reduction of the melting 
temperature of the mixture, and improved curability of the polymer in air 
due to the higher number of Si–H groups. The resulting stronger crosslinking 
of the polymer leads to increased ceramic yield during fiber pyrolysis.53 
In addition, the substantially increased content of Si–H functions enables 
more effective electron beam curing compared to pure polycarbosilane; 
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however, high radiation doses are still required.54 the curing of this advanced 
polycarbosilane by means of g-radiation can be achieved with comparably 
low radiation doses. The increased reactivity to oxygen represents a problem 
with this method, however, as the curing occurs in air.55

 Naslain’s group at the University of Bordeaux also focused on the 
optimization of silicon-organic polymers for the production of SiC fibers. 
In addition to reducing the oxygen content by applying a radiation curing 
technique, special emphasis was placed on attaining a stoichiometric C/Si 
ratio. After attempting to retrace the manufacturing process for Hi-Nicalon 
Type S fibers,56 a new, multi-stage synthesis route for a polycarbosilane 
was developed whose pyrolysate exhibited a C/Si ratio of 1.02.57,58 Here, 
dichloromethylsilane, methylene chloride and magnesium were initially 
reacted in tetrahydrofuran under the presence of zinc powder. This was 
followed by the synthesis of the 2,4-dichloro-2,4-disilapentane and 
dichloromethylphenylsilane formed in the process at a 2:3 ratio with sodium 
in toluene at 120°C, which resulted in a phenyl-containing copolymer. In a 
further processing step it was possible at 70°C to selectively chlorinate this 
with hydrogen chloride under the separation of benzene and then finally to 
selectively hydrate this under the influence of LiAlH4 in an ethereal solution. 
the polysilacarbosilane obtained via this route had the chemical structure 
[SiH(CH3)]0.6[SiH(CH3)–CH2–SiH(CH3)]0.4.
 Other studies were carried out on the introduction of boron into Si–C 
precursors for the production of SiC fibers stable at high temperatures. The 
triethylamine borane adduct initially proved to be an effective compound 
for the crosslinking of both polysilanes as well as polycarbosilanes.59 
Furthermore, with the help of this compound derived from polydimethylsilane 
it was possible to prepare boron-containing polysilacarbosilanes, which 
were spun into fibers and hardened in two stages via exposure to an ozone-
containing oxygen stream as well as a trimethylamineborane-containing 
argon stream. Pyrolysis of these fibers up to 1800°C under argon resulted 
in quasi-stoichiometric, oxygen-free SiC fibers with a SiC crystal size of 
0.3 to 1 mm and a carbon-rich surface.60

 Sacks and colleagues at the University of Florida started with an infusible, 
but soluble polymer. The precursor consists largely of a high-melting Yajima-
type polycarbosilane component, which is crosslinked with a vinyl group-
containing Si compound, e.g. 1,3,5-trimethyl-1,3,5-trivinylcyclotrisilazane, 
under exposure to dicumylperoxide in a solution.61 Infusible polymer fibers 
are obtained from this solution via the dry spinning method, which are 
converted to carbon-rich SiC fibers, so-called ‘UF fibers’, by pyrolysis under 
nitrogen between 1000 and 1200°C. After the addition of a boron-containing 
compound to the polymer solution and curing of the fibers at 100–200°C in 
air, quasi-stoichiometric, microporous SiC fibers result during pyrolysis in 
argon up to 1600°C through the decomposition of the SiCO phase and the 
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subsequent reaction of the elementary silicon formed in the process with the 
free carbon still present. At temperatures above 1750°C, these fibers can be 
densified with boron acting as a sintering aid (approximately 1 wt%) into 
so-called ‘UF-HM fibers’.62 The good thermal stability of the fibers up to 
1950°C under argon is due to the low oxygen content (≤0.1 wt%).63 
 The high-temperature properties of the UF fibers (residual strength after 
thermal exposure, creep resistance) are comparable to those of the Hi-Nicalon 
Type S fibers. The properties of the UF-HM fibers are better than those of Hi-
Nicalon Type S fibers.63,64 Sacks also showed that the properties of UF-HM 
fibers can be further improved if during the sintering process under argon two 
additional temperature treatments above 1700°C under nitrogen or carbon 
monoxide/argon are performed.65 Due to the reaction with carbon monoxide, 
the boron is extensively removed from the fibers and a thin carbon-rich layer 
is formed on the fiber surface, which minimizes the surface imperfections 
usually responsible for fracture.
 At the beginning of the seventies, Verbeek and Winter developed a method 
at Bayer aG by which chlorosilanes can be converted to polychlorocarbosilane 
resins through pyrolysis between 600 and 800°C.66 it was possible to produce 
fibers with these resins using the melt or dry spinning method. In 1995, Müller 
and Roewer’s groups at the TU Bergakademie Freiburg (Freiburg University of 
Mining and Technology, Germany) again began using polychlorocarbosilanes 
as precursors for SiC fibers. The disilane fraction by-product arising during 
the Müller–Rochow synthesis is converted into chlorine-containing silicon 
polymers by means of heterogeneous catalysis at low temperatures. In order 
to make it possible to spin the precursor, however, an organic polymer must 
be added as a spinning additive.67 the curing of the highly reactive polymer 
fibers (due to the presence of chlorine atoms) occurs through a gas phase 
reaction with ammonia.68 This approach was continued by the ceramic fiber 
group at Fraunhofer ISC Würzburg, Germany.69

 Frey et al. manufactured spinnable polyorganosiloxanes by means of base-
catalyzed co-condensation of linear polysiloxanes as well as alkoxysilanes 
and alkoxydisilanes.70 The curing of the spun fibers was successful with UV 
light, as the polymers contain both Si–H as well as Si–vinyl functions, thus 
making crosslinking possible through hydrosilylation. After pyrolysis under 
argon up to 1300°C, the resulting ceramic fibers had a diameter of 10–20 
mm and a tensile strength of up to 2.7 GPa.
 In the presence of a zirconocene catalyst, it is possible to polymerize 
methylsilane (MeSiH3) into a polymethylsilane by undergoing dehydrocoupling. 
This can then be processed into fibers in a solution and by adding a spinning 
additive during dry spinning.71 The addition of 10 wt% of a spinning 
additive also balances the carbon loss through the separation of methane 
during pyrolysis, thus enabling a Si/C ratio of nearly 1 in the resulting SiC 
fibers.72,73

�� �� �� �� �� ��

http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR03P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR03P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR03P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR03P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR03P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR03P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR03P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR03P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR03P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR03P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR03P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR03P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR03P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR03P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR03P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR03P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR03P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR03P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR03P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR03P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR03P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


390 Handbook of textile fibre structure

 The CSA fibers (CSA = Carbon Silicon alloy) can be produced from a 
precursor that results from the reaction of polydimethylsilane with the soluble 
fraction of the petroleum pitch ‘Ashland A240’.74 Fiber curing is achieved in 
this process by exposure to air at 300–330°C. The mass increase due to the 
introduction of oxygen must be above 4.5 wt% to ensure complete hardening 
of the fibers. However, it should not exceed 7.8 wt% as the oxygen content 
in this case reaches more than 16 wt% which leads to much lower strength 
fibers.

Other manufacturing methods for SiC fibers

One method used by DuPont to manufacture SiC fibers uses a polycarbosilane/
SiC powder/xylene slurry that is dry spun.75 The sintering of the dried fibers 
occurs at 2000°C, with boron carbide added to the spinning mass to act as 
a sintering aid.
 The processing of an organic polymer and SiC powder blend into fibers by 
means of melt extrusion is based on development at Carborundum.76 after the 
extrusion process, the organic additives are extracted from the fibers which 
are then densified by sintering at 1800–2300°C, with boron carbide added 
to facilitate the sintering process. In addition to a-SiC crystals, these fibers 
have free carbon and boron carbide as additional phases.77 These fibers are 
characterized by their high creep resistance.
 ‘CVD-SiC fibers’ are manufactured as commercial products at approximately 
1300°C by deposition of silicon carbide from a trichloromethylsilane/hydrogen 
mixture onto a substrate filament. The Sigma™ SiC fiber developed by 
BP (now supplied by TISICS (UK)) uses a tungsten filament. Speciality 
Materials, Inc. (USA) developed several SiC fibers with a carbon core.78 
The commercially available products have a large diameter from 78 mm 
(SCS-9A) up to 140 mm (SCS-Ultra, SCS-6) and are therefore not suitable 
for applications requiring a high degree of fiber flexibility. Long-term studies 
at high temperatures show a maximum use temperature of 1100°C for SCS-6 
fibers.79 All fibers of this family are very expensive (SCS-6 fiber approximately 
$7000 per kilogram, other types more than $20 000 per kilogram). Their 
properties and characteristics are also presented in Table 11.2. 

11.2.2 SiN fibers derived from carbon-free polysilazanes

For processing of ceramic SiN fibers a carbon-free polysilazane was used that 
is obtained from the reaction of dichlorosilane with ammonia in pyridine80 
(TONEN Corporation). However, the polymer can only be spun in a solution 
and with the addition of an organic spinning additive such as polyethylenoxide 
or polystyrene.81 dry spinning was possible without the use of a spinning 
additive if the dissolved polymer is post-condensed for several hours at 80°C 
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under the influence of ammonia in an autoclave.82 The polysilazane can also 
be modified by reaction with suitable metal isopropoxides Mn[OC(CH3)2]n 
(M = Al, Ti, Zr) to increase the stability of the resulting fibers with respect 
to metal melts.83

 The mechanical properties of non-doped Si–N fibers are dependent on their 
composition and degree of crystallinity which is controlled by the pyrolysis 
temperature. Temperatures above 1400°C lead to increased crystal growth 
and consequently to reduced strengths. A Si/N ratio of >0.75 enables the 
formation of elementary silicon, which, at higher temperatures, also leads 
to a reduction in strength.84 X-ray diffraction studies show that the Si/N 
ratio only slightly influences the structural composition of the fibers from 
a- and/or b-Si3N4; a higher oxygen content, however, leads to the formation 
of Si2N2O-analogous structures.85 in an undiluted form, the described 
perhydropolysilazane is also applied as a matrix precursor for SiC whisker 
or carbon long-fiber reinforced ceramic composites.86,87

 Further studies have attempted to shift the crystallization of silicon 
nitride to higher temperatures by introducing boron into the silazane 
structure. This has been achieved by the reaction of perhydropolysilazane 
with trimethylborane. The SiBN precursor obtained exhibits a ceramic yield 
of 80 wt% after pyrolysis in an ammonia atmosphere up to 1000°C. The 
pyrolysate remains amorphous in a nitrogen atmosphere up to 1700°C.88 
Solutions of this new polyborosilazane can be processed into polymer fibers 
via dry spinning without the use of a spinning additive.89 these deliver 
amorphous SiBNO fibers after pyrolysis at final temperatures between 200 
and 1200°C in an ammonia atmosphere followed by heat treatment under 
nitrogen at 1300–1800°C. The tensile strength and Young’s modulus values 
of these fibers (maxima for final temperatures of the pyrolysis in ammonia of 
800°C and heat treatment in nitrogen of 1600°C) are comparable to those of 
SiN fibers; however, owing to the improved thermal stability, the properties 
remain almost constant up to 1600°C (as compared to 1300°C for the SiN 
fibers).
 Aluminum can be incorporated in the perhydropolysilazane by reaction 
with (ethyl-acetoacetate) aluminum diisopropoxide.90 the resulting 
polyaluminosilazane is infusible and soluble in organic solvents and has a 
ceramic yield of over 60 wt% after pyrolysis up to 1000°C in an ammonia 
stream. Sorarù et al. obtained ceramic SiAlON fibers by the reaction of 
polycarbosilane with (ethyl-acetoacetate) aluminum di-sec-butoxide (Al/Si 
ratio 0.25). The polymer fibers were cured in air and pyrolyzed at temperatures 
up to 1000°C in ammonia.91 The subsequent annealing of these fibers at 
temperatures up to 1500°C in a nitrogen stream showed that the incipient 
crystallization of b-Si2.5al0.5o0.5N3.5 at above 1200°C leads to a significant 
decrease in strength.
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11.2.3 Ceramic fibers from polyborosilazanes

A carbon-containing polyborosilazane serves as a precursor for a 
SiBCN fiber manufactured by Bayer AG. It results from the reaction of 
trichlorosilylaminodichloroborane (TADB) with methylamine in a solution 
followed by thermal post-treatment of the reaction product under reduced 
pressure.92 The fibers obtained from melt spinning can be converted into 
an infusible state through gas phase curing with amine-borane adducts or 
dichlorosilane.93–95 Pyrolysis up to 1500°C in a nitrogen stream results in 
ceramic fibers that have good mechanical properties and excellent oxidation 
resistance even at 1500°C.95,96 the formation of a Sio2/BN double layer 
prevents diffusion of oxygen into the interior of the fiber, leading to 
exceptionally good oxidation resistance.97

 A similar way for processing of ceramic SiBCN fibers was developed 
by research groups at the University of Lyon (France) and the Max-Planck-
Institute, Stuttgart (Germany). The measured tensile strength was about 1.3 
GPa for ceramic fibers pyrolyzed at 1400°C with a diameter of approximately 
23 mm.98,99 Researchers from China manufactured SiBCNO fibers by first 
treating polycarbosilane fibers at 400–800°C with ammonia and then at room 
temperature with boron trichloride.100 The oxygen content of the fibers can 
be lowered considerably by sintering above 1500°C in argon.

11.2.4 Fibers derived from carbon-containing  
polysilazanes or from polycarbosilazanes

As early as 1972, Verbeek reacted trichloromethylsilane as well as 
dichlorodimethylsilane with methylamine and polymerized the resulting 
methylaminosilanes at 520 and 650°C respectively into carbosilazane resins, 
which melted at 220°C.101 The precursors were melt-spun into fibers. After 
curing in air or with hydrogen sulfide at elevated temperatures, pyrolysis up 
to 1200°C in a stream of nitrogen led to SiCN fibers with tensile strength 
values of up to 2.5 GPa. In further research activities the abovementioned 
chlorosilanes were reacted with ammonia to form infusible polycarbosilazanes. 
These polymers were mixed with a spinning additive in a solution and spun 
into fibers via dry-spinning.102

 In 1982, studies from a research group at NASA were published, which 
once again focused on the reaction of trichloromethylsilane with methylamine 
into tris(N-methylamino) methylsilane. Here, special emphasis was placed 
on the characterization of the polycarbosilazane obtained at a very high 
temperature of 520°C, which was used as a precursor for the production of 
ceramic fibers.103

 Intensive research was conducted at Dow Corning to produce fibers 
in the Si–C–N–(O) system. The starting point for the manufacturing 
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process of this family of fibers, called MPDZ-PhVi, was the reaction of 
a mixture of chloromethyldisilanes and dichlorophenylvinylsilane with 
hexamethyldisilazane.104 However, nitrogen-rich HPZ fibers were the first 
fibers of commercial importance. The precursor used in the production, 
a hydridopolysilazane, was formed by the reaction of trichlorosilane 
with hexamethyldisilazane under the separation of chlorotrimethylsilane, 
followed by continuous thermal polymerization under partial recovery of the 
hexamethyldisilazane. The hydridopolysilazane can be spun from this melt. 
The polymer fibers obtained in this way can be cured with trichlorosilane and 
converted into ceramic fibers by pyrolysis under nitrogen up to 1200°C.105 
Freeman and colleagues advanced the manufacturing process of HPZ fibers 
by using hydrogen chloride as a curing agent. In addition, they also attempted 
to prevent the precursor or the fibers from coming into contact with metallic 
matter during the process steps to avoid the incorporation of metallic impurities 
in the fibers.106,107 in this way it was possible to considerably improve the 
thermal stability of the HPZ fibers. The development of fibers described in 
this sub-section up to 1990 was summarized by Cooke in a review article 
on inorganic fibers.108

 Based on a patent held by Dow Corning, Wacker Chemie AG developed a 
SiCN fiber. In this case, the precursors are obtained by reacting a mixture of 
dichlorodiorganylsilanes and dichloromethylsilane with hexamethyldisilazane 
under continuous heating to 400°C. The polymer fibers spun from the 
polymer melts can be cured at 100°C in air and pyrolyzed under argon at 
above 1100°C into ceramic fibers with good yields.109 another method starts 
with polysilazanes formed by the co-aminolysis of chloromethyldisilanes 
and trichlorosilane with methylamine or organylamine mixtures via the 
corresponding aminodisilanes as an intermediate. The curing of the fiber 
takes place in air or water vapor which introduces up to 10 wt% oxygen in 
the final fiber.110

 Shinetsu Chemical Corporation holds a patent for the production of SiCN 
hollow fibers, which is also based on the ammonolysis of chlorosilane mixtures. 
In this case, the formed oligosilazanes are polymerized with potassium hydride 
or potassium hydroxide into solid, meltable precursors. The curing of the 
fibers spun from the melt occurs via a two-stage gas phase process. First 
the fiber surface is made infusible through reaction with a slightly volatile 
silicon, boron, phosphor or metal halide, then the subsequent treatment with 
water vapor or ammonia provides for the removal of the halides from the 
crosslinked polymer structure. The hardened periphery of the fibers remains 
intact during pyrolysis up to 1200°C under nitrogen, whereas the meltable 
core completely decomposes.111

 Rhone Poulenc Chimie synthesized meltable polysilazanes by reacting 
mixture of trichloromethylsilane and dichlorodimethylsilane with ammonia. 
The polymer fibers manufactured from these precursors are cured using a 
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water/ammonia/nitrogen mixture and then pyrolyzed under nitrogen up to 
1300°C.112 It was shown that the tensile strength of the resulting SiCN fibers 
can be increased from 1 to 1.5 GPa by post-synthesis treatment with 10 
vol%-containing hydrofluoric acid.113 Further development of this method 
for manufacturing fibers eventually led to a commercially available SiCN 
fiber with the name Fiberamic®, with a nominal tensile strength of 2.2 GPa. 
These fibers maintain this strength value after heat treatment in air up to a 
temperature of 1000°C.114

 The Nippon Carbon Corporation Ltd also conducted experiments for the 
production of SiCN(O) fibers with the aim of combining the exceptional 
mechanical properties of SiC fibers with the good electrical insulating 
properties of SiN(O) fibers. Cured polycarbosilane fibers were initially 
nitrided with ammonia at a maximum temperature of 600°C followed by a 
pyrolysis in an HCl/argon mixture up to 1200°C to attain the desired Si/C/N 
ratio. The specific resistance, depending on the composition of the ceramic 
fibers (106–108 W cm), lies between those of SiC (103–105 W cm) and SiN(O) 
fibers (1010 W cm).115

 in a synthesis developed at the Laboratoire des Composites 
Thermostructuraux in Pessac, France, dichlorodimethylsilane and 1,3-dichloro-
1,3-dimethyldisilazane reacted with sodium in toluene under dechlorination 
to form a polysilasilazane (PSSZ). By heating it to between 270 and 470°C, 
this product can be converted into a meltable polycarbosilazane (PCSZ) by 
release of molecular hydrogen which is accompanied with an increase in the 
viscosity.116,117 Polymer fibers can be spun from the melt and then converted 
into ceramic fibers after curing in air and by pyrolysis up to 1200°C under 
argon. Maximum values for the tensile strength of 1.85 GPa and for the 
Young’s modulus of 185 GPa were obtained in fibers cured for 1 h in air at 
140°C. This fiber also had 12 atom% oxygen.118 at pyrolysis temperatures 
above 1200°C, the amorphous SiCNO matrix begins to decompose, leading 
to a considerable decrease in the tensile strength values, while the Young’s 
modulus first begins to decrease above 1400°C. However, the decomposition 
is shifted to temperatures approximately 100°C higher than those for SiCO 
fibers.119 Decomposition takes place considerably earlier in argon than in 
nitrogen as the latter is a decomposition product of the SiCNo phase and 
a corresponding atmosphere shifts the decomposition reaction to higher 
temperatures.120

 The introduction of oxygen into these fibers is prevented if the polymer 
fibers are cured by means of g-radiation instead of curing in air. Here, the 
oxygen content is restricted to below 2 wt%, which also leads to improved 
thermal stability up to 1400°C. The influence of the heat treatment atmosphere 
comes into effect above this temperature. On the basis of the abovementioned 
decomposition of the matrix, a carbon-rich layer forms on the fiber surface in 
argon, whose thickness grows toward the fiber core with increasing exposure 
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time and temperature. Decomposition in nitrogen occurs quite slowly, so that 
even at 1600°C the fibers still largely consist of amorphous SiCN material 
in which small SiC crystallites with a diameter of approximately 6 nm are 
embedded. The thickness of the carbon-rich layer on the fiber surface is 
a few nanometers. The tensile strength and Young’s modulus values are 
approximately 25% higher than those of fibers cured in air.121

 As discussed above, the Si–C–N–(O) system enables two mechanisms 
that improve the thermal stability of the fibers up to temperatures of 
1400°C. Finely distributed free carbon impedes the growth of SiC crystals, 
thus contributing to the preservation of the residual strength of the fibers, 
while the homogeneous SiCN matrix remains stable up to its decomposition 
temperature, i.e. it undergoes almost no continuous structural changes.122

 in another process, dichloromethylsilane and dichlorodimethylsilane are 
reacted with ammonia to obtain a meltable polysilazane after a thermally 
induced polymerization process. A boron trichloride/nitrogen mixture is used 
for curing of the fibers spun from the melt. The chlorine atoms are removed 
through post-treatment with ammonia. The remaining boron content in the 
hardened fibers was more than 0.4 wt%. After pyrolysis the resulting SiCN 
fibers exhibited considerably better mechanical properties than comparable 
fibers not containing boron.123

 At the University of Bayreuth (Germany) in cooperation with ITCF 
Denkendorf (Germany) a SiCN fiber has been developed by using the self-
synthesized ABSE polycarbo silazane and made by sequenced manufacturing 
on the basis of well-established processing steps (melt-spinning, e-beam 
curing, pyrolysis). The solid and meltable ABSE-precursor was synthesized 
by ammonolysis of 1,2-bis(dichloromethylsilyl)ethane on a pilot-plant scale. 
A picture of the different sections of the pilot plant is shown in Fig. 11.2. 
The polymer structure consists of very stable five-membered rings connected 
via linear carbosilazane units. Further crosslinking only takes place via 
condensation of ammonia at temperatures higher than 220°C. Because of the 
absence of reactive Si–H and Si–vinyl groups, the most reactive functionality 
is the N–H group. For this reason the ABSE-polymer shows an astonishing 
resistance against moisture. The optimization of the rheological properties, 
specially the viscoelastic behavior, of the polymer melt was crucial for 
a stable melt-spinning process as well as for good flexibility and tensile 
strength of the resulting green fibers. In contrast to the Nicalon fiber types, 
the curing of the polymer fibers was reproducibly accomplished with a very 
low electron-beam dose of 300 kGy. Continuous pyrolysis at a relatively 
low temperature of 1100°C led to ceramic SiCN fibers with diameters from 
15 up to 120 mm, tensile strength values up to 1.2 GPa and an oxidation 
stability comparable to that of the Hi-Nicalon fiber.124–130 
 Recently the ABSE precursor was modified by the integration of multi-
wall-C-nanotubes (MWCTN) to improve the viscoelasticity of the polymer 
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melt by the interaction of the C-nanotubes with the polycarbosilazane. 
Furthermore, the preferred orientation of the MWCNT along the fiber 
length during the melt-spinning process leads to reinforced ceramic C/SiCN 
fibers after pyrolysis.131,132 Initial investigations demonstrate that only 0.5 
wt% MWCNT optimize the rheology of the melt. The melt-spun, MWCNT 
containing green fibers were cured via e-beam with 300 kGy. These fibers 
have very attractive properties. For example, the tensile strength of the 
ceramic C/SiCN fibers after pyrolysis at 1100°C was 50% higher than the 
values obtained for unreinforced SiCN fibers produced under the same 
conditions.
 Finally, there have been attempts to make SiC short fibers and whiskers 
from natural sources like rice husk. Dried rice husk contains about 15 wt% 
Sio2 and the remainder is primarily carbon.133 a process has been developed to 
convert this to SiC short fibers and whiskers by direct pyrolysis.134 However, 
since this process does not produce continuous fibers, a detailed discussion 
of this is outside the scope of this chapter. 

11.2 The different sections of the pilot plant for the processing of 
polymer derived ceramic SiCN fibers at the University of Bayreuth 
with the ABSE polycarbosilazane precursor (precursor synthesis, 
fiber spinning, E-beam curing, fiber pyrolysis).

Fiber spinning

Fiber curing

Fiber pyrolysis

ABSE synthesis
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 In Fig. 11.3, the fracture surfaces of several commercial and developmental 
non-oxide fibers are shown. Figure 11.3(a) is for Hi-Nicalon fibers and the 
glass-like fracture surface typical of the amorphous fibers is clearly evident. 

5 µm

(a)

50 µm

(b)

10 µm

(c)

11.3 Fracture surface of selected non-oxide fibers: (a) Hi-Nicalon; (b) 
SCS-6; (c) ABSE precursor derived (lower magnification); (d) ABSE 
precursor derived (higher magnification).
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Figure 11.3(b) is for SCS-6 fibers and the carbon core is clearly visible. 
the fracture origin appears to be at the interface between the carbon core 
and the SiC cladding. Figure 11.3(c and d) show the fracture surface for 
ABSE derived fibers, and in this case also, the fracture surface is typical for 
amorphous fibers with a fracture origin at the surface.

11.3 Processing, structure and properties  
of oxide fibers

The most developed and widely available oxide fibers are composed of Al2o3 
either in the pure form or with other oxides. These fibers are of interest in 
high temperature applications in an oxidizing environment. Starting from 
the early 1970s, several oxide fibers have been produced. The earliest 
developments were in producing alumina fibers with high silica content. 
The alumina content of these fibers was in the range of 45–60 wt% and 
they could be melt spun.108 These silicate glass-like melt-spun fibers are not 
discussed in this chapter. The demand for high temperature capability led to 
the development of two broad routes to make high alumina content fibers. 
These are discussed in detail below.

11.3.1 Slurry spinning process

The first almost pure alumina fiber was produced in 1979 by E.I. du Pont 
de Nemours and Co. at a commercial scale and was called Fiber FP.135 it is 
no longer produced. This fiber was made from spinning slurries of alumina 
particles into fiber. The major technological accomplishment was to make 
spinnable slurries of ceramic particles. The green fibers were calcined to a 
temperature of 800°C and sintered at temperatures up to 1800°C. The fibers 

5 µm

(d)

11.3 Cont’d
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were continuous and had a diameter of approximately 20 mm. The fibers were 
polycrystalline (>99% a-alumina), with an average grain size of 0.5 mm, a 
rough ‘cobblestone’ type surface and a density of 3.9 g/cm3. The strength 
of the fibers was approximately 1.55 GPa and the modulus 380 GPa. One 
of the primary shortcomings of this fiber was its low strain to failure (of 
the order of 0.4%).136

 Due to the low strain to failure and large diameter, this fiber was not easily 
weavable. Another problem was the rapid strength drop above 1300°C due 
to grain growth and measurable creep deformation above 1000°C due to the 
fine grain size.137 DuPont developed another fiber, PRD 166, using the slurry 
process.138 This fiber was 80% a-alumina and 20% tetragonal zirconia. This 
fiber had somewhat better strength (20–50% higher than FP) and a slightly 
lower modulus (10% lower). It was also more resistant to high temperature 
deformation showing linear elastic behavior up to 1100°C (100°C higher 
than FP) and slightly lower creep rates up to 1300°C. Detailed mechanical 
and microstructural characterization of these two fibers is reported in Ref. 
139. The microstructure of PRD 166 consisted of 0.15 mm zro2 grains at 
the triple junctions of 0.3 mm a-Al2o3 grains.140 it was also observed in this 
study that the microstructure of the PRD-166 was much more stable than 
that of FP (under heat treatment to 1600°C for 10 minutes). The fine ZrO2 
grains were postulated to pin the grain growth.

11.3.2 Solution or sol-gel process

In this process, either a solution of metal salts (e.g. chlorides or nitrates) or 
an alkoxide (e.g. aluminum isopropoxide) is used to make a sol. This is then 
aged to get a gel of the correct rheology that can be drawn as a fiber. The 
drawn fiber is dried and sintered.141,142 The generic flow diagram for this 
process is shown in Fig. 11.4. A significant advantage of this process is that 
much finer diameter fibers can be made (compared to the slurry process). 
The primary constituent of the commercial fibers made by this technique 
is also al2o3. During the heat treatment, the amorphous fiber transforms to 
a-Al2o3 via a series of transitional phases.108 One of the major scientific 
challenges in these fibers has been the control of the microstructure as it 
undergoes these phase transitions. In most cases, this has been achieved by 
adding other oxides (SiO2, B2o3 and zro2 are common additives).
 This process has been commercialized by the 3M Corporation to make a 
series of fibers, with the trade name Nextel™, that are currently available. 
In 1974, the first of these fibers, Nextel 312, was introduced. This fiber has 
a chemical composition of 62 wt% Al2o3. 24 wt% SiO2 and 14 wt% B2o3. It 
has a diameter of 10–12 mm and is amorphous with a smooth surface. At room 
temperature, its modulus is around 150 GPa and it has a nominal strength of 
1.7 GPa. This results in a fairly good strain to failure of around 1.1% which 
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coupled with its fine diameter results in a fiber that can be woven.108,137 this 
fiber is the least expensive fiber in this family and is widely used. However, 
due to the volatility of B2o3, it has limited high temperature use. Nextel 
440 has much lower B2o3 content (70 wt% Al2o3, 28 wt% SiO2 and 2 wt% 
B2o3) and as a result better high temperature performance. It also has a 
diameter of 10–12 mm and has fine g-alumina precipitates in an amorphous 
silica matrix with a smooth surface. It has both higher room temperature 
modulus and strength than Nextel 312 (modulus of 190 GPa and strength 
of 2.1 GPa). Its strain to failure and weavability are comparable to those of 
Nextel 312. Due to the low boria content, the fiber is stable to temperatures 
of 1200°C. However, due to the amorphous matrix, it has quite high creep 
rates at moderate temperatures. 
 3M developed a high alumina fiber using this process. Nextel 610 is a 
high modulus (370 GPa) almost pure a-Al2o3 (>99%) fiber. In this sense, it 
is very similar to fiber FP from DuPont. However, it has much finer diameter 
(nominally 10–12 mm) and much smaller grain size (0.1 mm), resulting in 
higher strength (around 3.3 GPa) and much better weaving characteristics.137,143 
However, due to the fine grain size, this fiber is even more susceptible to 
creep than fiber FP. Creep deformation has been reported at temperatures 
as low as 900°C. Mitsui also produces a nearly pure a-Al2o3 (>99%) fine 
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11.4 Typical flow chart for making oxide fibers from salt solutions or 
organometallic sols.
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fiber (diameter 10 mm).144 However, this fiber has residual porosity and 
hence its strength and modulus are lower than those of Nextel 610 (strength 
around 1.8 GPa and modulus approximately 330 GPa). Its high temperature 
properties are similar to those of Nextel 610 (slightly higher creep rates due 
to porosity).137

 in order to improve the high temperature performance of these alumina 
based fibers, composite fibers have been developed using solution and sol-gel 
based processes. Nextel 720 from 3M has a nominal composition of 85 wt% 
al2o3 and 15 wt % SiO2. Its microstructure consists of 0.5 mm mullite and 
finer a-Al2o3 grains. It is also produced with a diameter of 10–12 mm, has 
strength of approximately 2.1 GPa and modulus of 260 GPa.137,143 the primary 
advantage of this fiber is its high temperature performance. For example, in 
fast fracture, the room temperature strength is retained up to 1150°C, and 
even at 1300°C 70% of the room temperature strength is retained.144 the 
microstructure of this fiber is quite stable up to 1300°C. It also has a much 
improved creep resistance compared to other alumino-silicate or alumina 
fibers.137 This fiber has almost 200 °C higher temperature capability than 
Nextel 610 and can be used in load-bearing applications up to 1200°C. 
Sumitomo Chemicals also produces a fine fiber with nominal composition 
of 85 wt% Al2o3 and 15 wt% SiO2. The trade name of this fiber is Altex 
and it is made from polymeric precursors.145 the microstructure consists of 
extremely fine g-alumina grains of a few nanometers in a amorphous silica 
rich phase.137 This fiber has a nominal room temperature strength of around 
1.8 GPa and a modulus of 210 GPa. Due to the amorphous silica, the fiber 
demonstrates high creep rates around 1200°C.146 However, it also undergoes 
crystallization (formation of mullite and conversion of g-Al2o to a-Al2o3) 
in the temperature range of 1200–1400°C.137

 One last fiber to discuss that is commercially available and made by the 
solution process is Nextel 650 from 3M Corp. This fiber has the nominal 
composition of 89 wt% Al2o3, 10 wt% ZrO2 and 1 wt% Y2o3. It consists 
of a-Al2o3 and cubic zro2 grains. It is also produced with a diameter of 
10–12 mm, has a strength of approximately 2.5 GPa and a modulus of 360 
GPa.137,143 Its creep rate is two orders of magnitude lower than that of Nextel 
610 (under the same load and temperature).147 The properties of this fiber 
are between those of Nextel 610 and 720. It can be used in load-bearing 
applications up to 1100°C. 
 The important characteristics and properties of the many oxide fiber 
types are summarized and compared in Table 11.3. The fracture surfaces of 
two commercial oxide fibers are shown in Fig. 11.5. Figure 11.5(a) is for 
Nextel 610: the fine alumina grains and small amount of residual porosity 
are clearly visible. Figure 11.5(b and c) are for Nextel 720 and the surface 
flaw as the fracture origin is clearly visible.
 Recently, significant progress has been made in the processing of oxide 
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Table 11.3 Characteristics and properties of selected commercially available continuous oxide fibers. The properties (modulus, strength, 
failure strength and density) are those at room temperature. Reproduced with permission from Ref. 1

Producer Composition (wt%) Diameter Density (g/cm3) Tensile strength/ Production technique/ Approx. price
Fiber   (µm)  modulus (MPa/GPa) structure (2007)

3M Al2O3: 85 10–12 3.4 2100/260 Sol-gel/59 vol% 7 790/kg (1500 den)
Nextel 720 SiO2: 15    a-Al2O3 + 41 vol% 7 600/kg (3000 den)
      mullite

3M Al2O3: > 99  10–12 3.9 3100/380 Sol-gel/a-Al2O3 7 790/kg (1500 den)
Nextel 610       7 600/kg (3000 den)
       7 440/kg (10000 den)

3M Al2O3: 73 10–12 3.03 2000/193 Sol-gel/g-Al2O3 
Nextel 550 SiO2: 27    + SiO2 amorph. 7 590/kg (2000 den)

3M Al2O3: 70 10–12 3.05 2000/190 Sol-gel/g-Al2O3  7 500/kg (2000 den)
Nextel 440 SiO2: 28    + mullite
 B2O3:  2    + SiO2 amorph.

3M Al2O3: 62.5 10–12 2.7 1700/150 Sol-gel/mullite 7 260/kg (1800 den)
Nextel 312 SiO2: 24.5    + amorph. or
 B2O3: 13    100% amorph.

Sumitomo Al2O3: 85 10/15 3.3 1800/210 Polyaluminoxane/ 7 640–720/kg
Altex SiO2: 15    g-Al2O3

Nitivy  Al2O3: 72 7 2.9 2000/170 Sol-gel/g-Al2O3 7 390/kg (twisted
Nitivy ALF SiO2: 28     yarn, twists:10–15)

Mitsui Al2O3: 60–80 7–10 2.9 Not available Unknown/ d-Al2O3 Price not available
Almax-B SiO2: 40–20
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2 µm

(a)

5 µm

(b)

2 µm

(c)

11.5 Fracture surface of selected oxide fibers. (a) Nextel 610; 
(b) Nextel 720 (lower magnification); and (c) Nextel 720 (higher 
magnification).
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nanofibers by the electrospinning process. A comprehensive discussion of this 
topic is outside the scope of this chapter. It is a rapidly evolving field and a 
large variety of oxide fibers are being developed using this process. Interested 
readers are referred to comprehensive reviews of this topic.148–150

11.4 Comparison of ceramic fibers

Sawyer and colleagues conducted one of the first comparative studies of 
several non-oxide fibers including Nicalon NLM-202 and NLP-102 (Si–C–O 
system) as well as the MPDZ, i.e. HPZ fibers (Si–C–N–O system) from Dow 
Corning.151 they determined that the elementary composition has nearly no 
influence on the tensile strength at room temperature. All of the fibers that 
were studied displayed the brittle fracture behavior typical of ceramic fibers, 
with two typical strength-limiting defects: local defects on the fiber surface, 
and internal defects. Low tensile strengths were generally due to surface 
defects (i.e. cracks or pores), whereas fibers with greater tensile strength 
did not exhibit any apparent defects on the surface.
 Lipowitz and colleagues also studied the same fibers with regard to their 
composition and structure.152 All fibers were shown to be largely amorphous, 
except for SiC crystallites with diameters in the nanometer range in both 
Nicalon fibers NLM-202 and NLP-102. Crystallization did not occur until the 
fibers were exposed to temperatures above their manufacturing temperature, 
and also only if their composition changed toward the stoichiometry of a 
thermodynamically stable phase. This was the case for all of the fiber types 
studied at above 1400°C, as the amorphous phase decomposed above this 
temperature, releasing Co, Sio and N2 and leaving only SiC and free carbon. 
Comprehensive studies of these fibers by means of TEM and EELS showed 
that curing in argon for 12 hours at 1400°C led to the formation of larger 
SiC crystallites in all fibers; however, in contrast to the SiCO fibers, both 
a-SiC as well as b-SiC were found in the SiCNO fibers.153

 Langley and colleagues compared the Si–C–O fibers Nicalon SGN, 
Nicalon CGN and MPS (Dow Corning) to the SiCNO fibers MPDZ-PhVi 
and HPZ from Dow Corning.154 Compared to SiC whiskers or CVD-SiC 
fibers, the fibers that were studied exhibited a loss in strength during aging 
processes at above 1200°C due to crystallization and the formation of pores. 
However, the completely amorphous structure of the nitrogen-containing 
fibers delayed the crystallization of the thermodynamically stable phases 
to higher temperatures. These fibers were stable up to the decomposition 
temperature of the SiCNO structure (1400°C).
 Lipowitz compared Nicalon, Tyranno and HPZ fibers with regard to their 
composition, structure and mechanical properties.155 HPZ fibers proved to 
have greater thermal stability than Si(Ti)CO fibers both for oxidation over 
100 h at 1000°C in air as well as for the two-hour aging process under 
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argon at 1400°C. Bodet and colleagues also studied the thermal stability of 
Nicalon and HPZ fibers. It was shown that both fibers had higher thermal 
stability in air than argon. The SiO2 layer that formed in air impeded gaseous 
decomposition products from escaping. Under argon, the loss in strength of 
the Nicalon fibers was a result of SiC crystal growth and the decomposition 
of the SiCO phase; for the HPZ fibers, the progressive decomposition of the 
oxygen-rich surface was the primary factor for the reduction in mechanical 
properties.156

 Pysher and colleagues compared the high-temperature tensile strengths of 
Nicalon and Tyranno fibers to that of selected alumina fibers.157 Non-oxide 
fibers exhibit considerably greater strength up to 1400°C; however, at higher 
temperatures the thermodynamic stability is no longer assured as the fibers 
decompose. Al2o3 fibers have higher Young’s modulus values up to 1100°C 
and have much greater thermodynamic stability; however, the softening of the 
glass phase contained in their structure leads to a complete loss in strength 
at 1300°C. Bunsell and Berger compared commercially available SiC and 
alumina fibers.137 The development of SiC fibers to a stoichiometric Si/C 
ratio enables the application of these reinforcing elements in fiber-reinforced 
composites up to a temperature of 1400°C. At higher temperatures, application 
is limited due to surface oxidation. Oxidized fibers are stable, but generally 
cannot be applied in ceramic composites due to their poor high-temperature 
creep behavior. Only Nextel-720 fibers have the potential for these extreme 
applications, provided contamination with alkali metals does not occur.
 Almost all of the ceramic fibers obtained from polymeric or solution 
precursors contain between 5 and 25 vol% nanopores, which develop from 
the release of gaseous decomposition products during pyrolysis.158 as the 
pyrolysis or heat treatment temperature increases, in many cases, pores 
coarsen and or additional porosity is generated due to decomposition of the 
amorphous matrix. This results in loss of strength. Villeneuve and colleagues 
used the SiCN(O) fibers described by Mocaer and colleagues121 as well as 
Nicalon NLM-202 fibers for comparative studies of high-temperature tensile 
strength under reduced pressure (0.1 Pa) in an apparatus designed especially 
for this purpose.159 they found that strength values decreased as the test 
temperature increased, with a very substantial drop occurring at above 1200°C 
due to the decomposition of the amorphous SiCO and SiCN(O) phases.
 Lipowitz and Rabe were able to improve the mechanical properties of 
polymer-derived SiC, SiCO, SiCNO, and SiCN ceramic fibers by heat 
treating the fibers for 30 minutes at 1200°C with boron oxide in a carbon 
rich environment followed by sintering for one hour at 1800°C.160 the boron 
is embedded in the fibers at 1200°C via the gas phase and acts as a sintering 
aid at higher temperatures to remove the porosity formed by the separation 
of molecular nitrogen and/or carbon monoxide at 1200°C. The fibers treated 
in this way consist largely of silicon carbide and free carbon.
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 Pailler and colleagues studied the influence of the curing method on 
the thermal stability of polycarbosilane and polysilazane-derived ceramic 
fibers.161 they determined that the curing method has almost no impact on 
the mechanical properties up to a pyrolysis temperature of 1200°C. Fibers 
cured in air and that contain oxygen were less thermally stable at higher 
temperatures. An interesting and effective variant of SiCN fiber curing was 
found in the treatment with ozone due to the low levels of oxygen (2–4 
atom%). However, the highest strength values have been measured for SiC 
fibers cured using electron beam irradiation.
 Figure 11.6 is a summary of the literature values for room temperature 
tensile strength for the most significant commercially available non-oxide 
ceramic fibers that have been annealed, at high temperature, in air (Fig. 
11.6(a)) or argon (Fig. 11.6(b)) under different conditions. It is clear that for 
both annealing treatments, the strength drops; however, annealing in air is 
more detrimental to fiber properties. As expected, Hi-Nicalon and Tyranno 
fibers have better performance than Nicalon-S. These results are important 
because in addition to the room temperature mechanical properties, the 
oxidation resistance and thermal stability are important properties in the 
evaluation of ceramic fibers from a technical and applications perspective.
 Wilson and Visser have compared the mechanical properties of high 
performance Nextel fibers.143 they showed that the room temperature mean 
strength and Weibull modulus of the three types of fibers (single filament 
strength tests) were:

∑ Nextel 610: Mean strength 3.40 GPa, Weibull modulus 10.1
∑ Nextel 650: Mean strength 2.60 GPa, Weibull modulus 6.8
∑ Nextel 710: Mean strength 1.98 GPa, Weibull modulus 7.6.

The Weibull modulus obtained from the statistical sample (many filaments) 
compared well with the Weibull modulus calculated from fibers of different 
gauze length. High temperature strength was obtained both by measuring 
the strength of rowings (for six Nextel types of Nextel fibers) and by single 
filament tests for the high performance Nextel fibers. From the fiber rowing 
tests, the temperature for 70% of the room temperature strength retention 
was obtained as:

∑ Nextel 312: 950°C 
∑ Nextel 440: 1200°C
∑ Nextel 550: 1300°C
∑ Nextel 610: 1300°C
∑ Nextel 650: 1400°C
∑ Nextel 720: >1400°C

From single filament strength tests, these temperatures (for 70% strength 
retention) were 1000°C for Nextel 610, 1100°C for Nextel 650 and 1200°C 
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Nicalon,40 10 h, 0% H2O
Nicalon,40 10 h, 0.2% H2O
Nicalon,155 100 h
Hi-Nicalon,40 10 h
Hi-Nicalon,40 10 h, 0.2% H2O
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11.6 Retained room-temperature tensile strength values from the 
literature for the most significant commercially available non-oxide 
ceramic fibers that have been annealed at high temperature in (a) air 
or (b) argon under different conditions.

�� �� �� �� �� ��

http://www.tallcomponents.com/?id=activate&component=PDFKit.NET&edition=&version=2.0.9.3&server=MPSHQWBRDR03P&entry=not-found&calling=MetaPress.ContentManagement.DLL&company=&product=&callingCompany=&callingProduct=MetaPress.ContentManagement&url=www.woodheadpublishingonline.com%2f&context=Web&proofs=20&gen0=Server&att0=MPSHQWBRDR03P&key0=Xral-Bfgx1NS%2bv7R6N8yn%2b%2b%2b&gen1=Server&att1=MPSHQWBRDR03P&key1=uoHJrrhYXZBrvADsFqezTU%2b%2b&gen2=Server&att2=MPSHQWBRDR03P&key2=PV7atHVmJiPeBTTcTQqKdk%2b%2b&gen3=Server&att3=MPSHQWBRDR03P&key3=onmP-rG40O5zoFOIaMkDVU%2b%2b&gen4=Server&att4=MPSHQWBRDR03P&key4=OAJBUc7WjIsahZtQwKRyCk%2b%2b&gen5=Server&att5=MPSHQWBRDR03P&key5=d6JV2y76ZH-bFrjWkXKXME%2b%2b&gen6=Server&att6=MPSHQWBRDR03P&key6=X19A6zEXGWBt08jtn7pTb%2b%2b%2b&gen7=Server&att7=MPSHQWBRDR03P&key7=ibjqWkpqBm5h0WZVVExZ3%2b%2b%2b&gen8=Server&att8=MPSHQWBRDR03P&key8=FwlB2pLn7UYVURIBbgtFq%2b%2b%2b&gen9=Server&att9=MPSHQWBRDR03P&key9=LU1E2YOGOydM1pYw0bmQ3E%2b%2b&gen10=Server&att10=MPSHQWBRDR03P&key10=vd2FyM1Jaw-zAHytc7qVJE%2b%2b&gen11=Server&att11=MPSHQWBRDR03P&key11=fqwhu0fzbl-XiFAkh58H2%2b%2b%2b&gen12=Server&att12=MPSHQWBRDR03P&key12=JWL2nXmaD-yzCfmSm9WQrE%2b%2b&gen13=Server&att13=MPSHQWBRDR03P&key13=1Zcu1YgG%2bx-6qjlTYkPSxE%2b%2b&gen14=Server&att14=MPSHQWBRDR03P&key14=cEHdAKbi8ocyp-unkLLlrU%2b%2b&gen15=Server&att15=MPSHQWBRDR03P&key15=MtQvW-XBZ4Dy6Z8GsA0VFE%2b%2b&gen16=Server&att16=MPSHQWBRDR03P&key16=KU09EQAOP65yysMswLo1ck%2b%2b&gen17=Server&att17=MPSHQWBRDR03P&key17=%2bnAtx-g%2bYb9hczn6TUa0qU%2b%2b&gen18=Server&att18=MPSHQWBRDR03P&key18=%2buA0ZYMEvVuGEfodxrtDw%2b%2b%2b&gen19=Server&att19=MPSHQWBRDR03P&key19=qJOaeCRVUhPl%2bhMyA88Jt%2b%2b%2b&ok=yes


408 Handbook of textile fibre structure

for Nextel 720. The lower temperature in the single filament tests was 
attributed to the strain rate being three orders of magnitude lower for these 
tests compared to the strand tests. Finally, the creep behavior of Nextel 610, 
650 and 720 was evaluated in air at 1100°C over a range of stress values. 
These results clearly show that the strain rates of 650 are one to several 
orders of magnitude lower than those of 610. The creep resistance of Nextel 
720 is the highest (with a one to two orders of magnitude lower creep rate 
than Nextel 650). 

11.5 Examples of current and anticipated 
applications

On account of their properties, ceramic fibers are suitable as an insulating 
material, e.g. as a refractory, and as reinforcement components in polymer, 
metallic and ceramic materials. Of particular interest are the ceramic matrix 
composites (CMCs) in which the fibers are integrated into a ceramic matrix. 
the aim with this type of composite is to overcome the characteristic brittle 
fracture behavior of ceramic materials, which can lead to a sudden, complete 
failure of the component. Embedding the fibers improves the mechanical 
properties of the matrix material, especially the resistance to cracking. The 
composite material displays a pseudo-plastic behavior with increased damage 
tolerance. This is due to a variety of energy absorbing mechanisms ahead 
and in the wake of cracks. These include crack deflection, crack bridging 
and fiber pullout. An excellent review of various toughening mechanisms 
in ceramics is presented in Ref. 162. As shown in this review article and by 
numerous studies, properly designed continuous fiber reinforced ceramics 
are extremely damage tolerant with a high toughness. In addition, because of 
the ceramic matrix, these composites have the other advantages traditionally 
associated with ceramics (e.g. chemical and oxidation resistance, high 
temperature capability). For example, in contrast to C/SiC materials SiCf/
SiC composites offer outstanding oxidation stability at elevated temperatures. 
These high temperature structural applications are being actively pursued. 
For example, SiCf/SiC composites offer high potential for use in combustion 
chambers and gas turbines to improve the energy efficiency163–168 as well as 
for friction applications like brake discs169 and friction bearings.170 these 
composites suffer from two problems which have limited their widespread 
use: their lack of long-term durability in a combustion environment, and their 
high cost. Various approaches to improving their long-term durability and 
to reduce the cost, of both fibers and composites, are active and important 
areas of research and development. 
 Non-oxide ceramic fiber reinforced composites have also found some 
niche applications. Due to their combination of properties like mechanical 
strength, oxidation and thermal stability and resistance against irradiation, 
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SiCf/SiC composites are very interesting for future fusion power reactors.171–176 
Piezoresistive properties of silicon carbide fibers and their applications as 
sensors (for example, to measure in-service loads in components) are being 
investigated.177,178

 There is considerable current interest in developing oxide fiber reinforced 
oxide matrix composites.179 this is because these composites are stable for 
long duration in a combustion environment. This makes them attractive for 
a range of power generation systems for both land-based and aerospace 
turbines and rockets. Development of appropriate oxide fiber coatings (with 
weak bonding either to the matrix or to the fiber) has led to composites 
with high toughness.180,181 in addition, the design of porous matrices has 
also led to the development of damage-tolerant composites.182 as a result, 
these composites are being actively developed for a broad range of thermo-
structural applications.  In many respects, these composites may realize the 
true potential of ceramics (high temperature load-bearing applications in an 
oxidizing environment).
 Metal matrix composites have been and are being developed from both 
oxide and non-oxide ceramic fibers. The alumina based fibers are ideal 
reinforcements for aluminum matrix composites.183 Titanium matrix composites 
have been made using the large diameter SiC fibers (e.g. SCS-6).184–186

11.6 Research and development priorities

In contrast to the widely used carbon fibers, applications of ceramic fibers 
are still limited to a few niche products due to either their high prices and 
limited commercial availability or their insufficient mechanical (oxide fibers) 
and oxidation (non-oxide fibers) stability at elevated temperatures. The 
development of ceramic fibers is one of the most complicated technologies 
and requires significant patience, resources and experience. To overcome 
the drawbacks of the current ceramic fibers it is necessary to discuss the 
different fiber types separately. The use of oxide fibers is limited by their 
low creep resistance at elevated temperatures. Therefore further research 
activities should be focused on the improvement of the ceramic micro- and 
nanostructure, e.g. by adding additives which reduce the creep rate and 
stabilize the microstructure. Some promising areas that are being currently 
investigated include the development of spinel and mullite fibers, and 
the development of large grain (almost single crystal) fibers.  Non-oxide 
ceramic fibers possess good mechanical properties in an inert atmosphere 
at higher temperatures if the oxygen content of the fiber is low. Depending 
on their chemical composition, non-oxide ceramic fibers oxidize at elevated 
temperatures, which leads to a strong decrease in the mechanical properties. 
To improve the oxidation resistance it is necessary to reduce the oxygen 
content of the fibers or to develop new precursor systems on the basis of 
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elements such as, for example, aluminum and hafnium.  From a fundamental 
point of view, a comprehensive review article of the various approaches to 
designing microstructures of ceramics for high temperature applications is 
presented in Ref. 187.  In the non-oxide fibers, there is an additional trade-
off between modulus and strength.  Amorphous fibers have high strength 
but low modulus.  Crystallization leads to an increase in the modulus (if 
porosity is minimized) but a drop in strength. 
 Regardless of the type of ceramic fiber (oxide or non-oxide), it is very 
important to reduce the production costs which result from both the fiber 
manufacturing and the precursor processing. A remarkable cost reduction is 
only possible if the synthesis of the fiber precursor is cheap and reproducible, 
and if the subsequent ceramic fiber manufacture is possible in a continuous 
process. Moreover, a significant cost reduction is achievable by the production 
of higher quantities. It has been shown that significant cost reduction will lead 
to the application of ceramic fibers in broad-based applications. Statements 
from the industry lead to a price barrier of approximately $750 per kilogram 
for high performance fibers, to open markets for applications with large 
volume needs (chemical, automotive, thermo-structural, etc.).

11.7 Summary and conclusions

High performance continuous ceramic fibers are needed for a broad range 
of thermo-structural applications. In particular, the target applications are 
reinforcements for ceramics and metals matrices. Although there are niche 
applications (e.g. nuclear fusion), in order for these fibers to be attractive 
they need to outperform the readily available glass and carbon fibers. As a 
result, the focus of both the development activities and of this chapter has 
been on fibers that have higher temperature capability than glass or carbon 
fibers in an oxidizing environment. Two broad classes of small-diameter 
fibers are available and are being developed.
 Non-oxide fibers are primarily based on the SiC or the SiN system. A broad 
range of polymeric precursor-derived fibers are commercially available and 
further improvements and developments are taking place at the pilot plant 
and lab scale. As a class, the commercially available fibers consist of a small 
fraction of nanocrystals in an amorphous matrix. They have good strength (2.5 
to 3.5 GPa) and intermediate to high modulus (250 to 420 GPa). In an inert 
environment, these fibers retain their strength to temperatures in the range 
of 1400–1800°C, while in an oxidizing environment the strength is retained 
up to a temperature range of 1000–1500°C. Long-term use in structural 
applications is limited to temperatures less than 1400°C in an oxidizing 
environment for the best fiber. Another issue is the high temperature stability 
of these fibers in a water vapor-containing environment (e.g. combustor). 
the research and development activities are focused on improving the high 
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temperature performance (specially in an oxidizing moist environment) and 
on reducing the cost.
 The high performance oxide fibers are predominantly based on Al2o3. The 
commercially available small-diameter fibers are made from salt-solution or 
organometallic sol derived gels. The strength of these fibers is in the range of 
1.7 to 3 GPa and the modulus is in the range of 150 to 360 GPa. The main 
attraction of these fibers (as compared to non-oxide) is similar high temperature 
performance in both oxidizing and inert environments. These fibers can be 
broadly classified into three categories. The low temperature fibers consist 
of nanocrystals of transitional alumina phases in an amorphous matrix. A 
significant strength drop for these fibers occur in the temperature range of 
900–1200°C although, due to creep, their use in long-term applications is 
limited to temperatures under 800°C. The intermediate temperature fibers 
are almost pure a-Al2o3. These fibers show a strength drop in the range of 
1200–1300°C and can be used in long-term applications up to a temperature 
range of 900–1000°C. The high temperature fibers are composite oxide fibers 
(alumina with zirconia or mullite). These fibers retain their short-term strength 
to 1400°C and can be used in long-term applications in the temperature 
range of 1100–1200°C. For these fibers also, the focus of ongoing research 
and development activities is in the area of cost reduction and increase in 
use temperature (while retaining room temperature strength).  

11.8 Sources of further information and advice

Suppliers of ceramic fibers
Listed below are the contact details for the major suppliers of ceramic fibers. 
The companies’ main websites are also listed and from these pages links are 
provided to information on the ceramic fibers.

∑ 3M
 http://www.3m.com/
 3M Corporate Headquarters
 St Paul, MN 55144-1000, USA
 Phone: +1-888-3M HELPS  (+1-888-364-3577)
∑ aVCo
 http://www.avco.at/AVCO.aspx
 Austrian Private Equity and Venture Capital Organisation
 Mariahilfer Strabe 54/3/6
 A-1070 Wien, Austria
 Phone: +43 1 526 38 05-0  Fax: +43 1 526 38 05-10
 email: office@avco.at
∑ Coi Ceramics
 http://www.coiceramics.com/
 9617 Distribution Ave
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 San Diego, CA 92121, USA
 Phone: +1-858-621-5700  Fax: +1-858-621-7451
 E-mail: coiceramics@coiceramics.com
∑ Carborundum
 http://www.carborundumabrasives.com/
 Saint-Gobain Abrasives, Inc.
 8 rue de la Taxe-BP 45
 F28111 Luce Cedex, France
 Phone: +33-237-916413  Fax: +33-237-342855
∑ Denka
 http://www.denka.co.jp/eng/product/
 Nihonbashi Mitsui tower
 1-1, Nihonbashi-Muromachi 2-chome
 Chuo-ku, Tokyo 103-8338, Japan
 Phone: +81-3-5290-5055  Fax: +81-3-5290-5059
∑ Nippon Carbon
 http://www.carbon.co.jp/english/index_e.html
 6-1, Hacchobori 2-chome
 Chuo-ku, Tokyo 104-0032, Japan
 Phone: +81-3-3552-6111  Fax: +81-3-3553-4694
∑ Nitivy
 http://www.nitivy.co.jp/english/
 Katakura Bldg, 1-2, 3-chome 
 Kyobashi, Chuo-ku, Tokyo 104-0031, Japan
 Phone : +81-3-3272-6901  Fax : +81-3-3281-2729
∑ Sumitomo
 http://www.sumitomocorp.co.jp/english/
 Sumitomo Corporation Headquarters
 Harumi Island Triton Square Office Tower Y
 1-8-11 Harumi
 Chuo-ku, Tokyo, Japan
∑ Textron
 http://www.textron.com/
 Textron World Headquarters
 40 Westminster Street
 Providence,  RI  02903, USA
 Phone: +1-401-421-2800 
∑ UBE industries
 http://www.ube-ind.co.jp/english/
 Seavans North Bldg, 1-2-1, Shibaura
 Minato-Ku,
 Tokyo 105-8449, Japan
 Phone : +81-3-5419-6110  Fax : +81-3-5419-6230
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Selected research groups with active programs in development of new 
structural ceramic fibers

∑ Université Claude Bernard Lyon
 www.univ-lyon1.fr/ 
 Laboratoire des Multimatériaux et Interfaces, UMR CNRS
 43 boulevard du 11 novembre 1918
 69622 Villeurbanne cedex, France
∑ University of Bayreuth
 http://www.ima-keramik.uni-bayreuth.de/ 
 Ceramic Materials Engineering (CME)
 95440 Bayreuth, Germany
∑ ITCF Denkendorf
 http://www.itcf-denkendorf.de/ 
 Körschtalstrabe 26
 73770 Denkendorf, Germany
∑ Fraunhofer ISC Würzburg
 http://www.isc.fraunhofer.de/ 
 Neunerplatz 2
 97082 Würzburg, Germany
∑ technical University darmstadt
 http://www.tu-darmstadt.de/fb/ms/fg/df/index.html 
 Institut für Materialwissenschaft
 Petersenstr. 23
 64287 Darmstadt, Germany
∑ University of trento
 www.ing.unitn.it/users/soraru/home.html 
 diMti
 Via Mesiano 77
 38050 Trento, Italy
∑ Max-Planck-Institut für Metallforschung
 http://aldix.mpi-stuttgart.mpg.de/ 
 Institut für Nichtmetallische Anorganische Materialien
 Heisenbergstr. 1
 70569 Stuttgart, Germany

Technical reports

∑ In 1998, the National Research Council of the United States published 
a comprehensive study on the status of ceramic fibers and coatings and 
recommended promising directions for research and development. This 
report is titled ‘Ceramic Fibers and Coatings: Advanced Materials for the 
Twenty First Century’. It is available from the National Academy Press, 
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Box 285, 2101 Constitution Ave., N.W., Washington, DC 20055.  URL: 
http://www.nap.edu. An executive summary of the report is available at 
http://www.nap.edu/html/ceramic/#summ

∑ In 2004, SRI Consulting published a report on ‘Speciality Inorganic Fibers’. 
an abstract of the report together with the table of Contents is available 
at http://www.sriconsulting.com/CEH/Public/Reports/542.6000/
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12
Structure and properties of asbestos1

E J W WhittakEr, formerly of Ferodo Ltd, Uk

Abstract: Asbestos was once an important commercial fibre but is no longer 
used for health reasons. Its scientific interest is in the structure of a natural 
mineral fibre. The chemistry and crystal structure of different types of 
asbestos are described. The fibrous form of chrysotile results from the crystal 
lattice being curved. From an initial nucleus, crystals can grow as cylinders 
up to certain maximum and minimum diameters before the distortion is too 
great. Additional crystallization can occur in the central voids and between 
cylinders. The resulting solid form breaks down into fibres by splitting 
between cylinders.

Key words: asbestos types, asbestos crystal structures, curved lattices, 
cylindrical fibre formation.

For much of the twentieth century, asbestos was an important industrial fibre, 
which was widely used for fire protection, insulation, brake linings, conveyor 
belts and reinforcement of cement. It appears in fibre classification charts 
as the sole entry under natural fibres of mineral origin. As late as 1984, J. 
G. Cook’s Handbook of Textile Fibres included the statements: Asbestos is 
one of the strangest of all the naturally occurring fibres … Today, asbestos 
is the raw material of an important industry, with the fibre serving in many 
invaluable ways. No longer! The discovery of the carcinogenic effects of 
asbestos, leading to mesothelioma, cancer of the lining of the lungs, means 
that there is another industry: the removal of asbestos where it had been 
installed in the past. Despite the fact that asbestos is no longer used as a 
commercial fibre, this chapter is reprinted from Fibre Structure (The Textile 
Institute, 1963), because it shows how an unusual form of crystallization 
can lead to a fibre structure. [JWSH]

12.1 Introduction

The name asbestos is of Greek origin and means incombustible. That this 
material should have received its name in this way, despite the fact that 
the majority of natural substances are incombustible, shows how closely 

1 reprinted from Fibre Structure, J.W.S. Hearle and R.H. Peters (eds), ‘Asbestos’,  
pp. 594–620. Copyright Butterworth & Co. (Elsevier) and the Textile Institute, 1963.
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associated in people’s minds is inflammability with the idea of a textile. Until 
the development of glass fibre, however, perhaps the only non-inflammable 
textile apart from asbestos was cloth of gold. Stories have come down the 
ages, from Pliny, from the court of Charlemagne, and from Marco Polo, of 
miraculous pieces of cloth that would not burn. From the scientific point of 
view, however, the remarkable features about asbestos are quite different from 
those which inspired the travellers’ tales. To a chemist, the incombustibility 
of asbestos is very natural, since it is an inorganic silicate mineral; the 
surprising thing is that such a substance should be a textile fibre, and much 
of this chapter is devoted to explaining this feature.
 Although pieces of woven asbestos cloth have been produced from time 
to time since antiquity, the rise of the asbestos industry is surprisingly recent. 
The large Canadian deposits began to be exploited for textile uses about 
1873: the use of asbestos in insulation had begun in 1866, but its use as 
a reinforcement in cement sheets began only in 1900 and in brake linings 
in 1906. The recent growth of the industry is shown by the fact that the 
quantity of asbestos mined has increased by a factor of about 14 in the last 
50 years. 

12.2 Classification, occurrence, and physical 
properties of asbestos 

Since the name asbestos has been applied to any incombustible textile that 
occurs naturally, it is not surprising that material of diverse structure and 
composition is included under this name. The most important, chrysotile, 
accounts for about 90% of the total asbestos production, which is substantially 
over 1 000 000 tons per year. This pre-eminence arises partly from its generally 
favourable properties and partly from its occurrence in deposits suitable 
for large-scale exploitation. Chrysotile belongs to the serpentine group of 
minerals and occurs only in serpentine rocks. These are metamorphic rocks 
which may be formed under hydrothermal conditions in two ways, either by 
hydroxylation of olivine or pyroxene rocks or by silicification of dolomite. 
The former may lead to very large continuous masses of serpentine, whereas 
the latter gives rise to relatively thin sills, which are less adapted to economic 
mining. In both cases, the development of chrysotile seams depends on a 
further hydrothermal recrystallization, which is probably initiated at cracks 
in the rock. The fibres grow at the expense of the adjacent rock to form 
the typical cross-fibre seams shown in Fig. 12.1. In economically workable 
chrysotile deposits, the fibre content of the rock is between about 2% and 
10%. The whole rock is mined and the fibre is separated from the rock and 
graded for length by a series of crushing, screening and air-flotation processes. 
The proportion of fibres over 1 inch in length is usually very small. The 
principal sources of chrysotile are Canada, which produces about 70%, and 
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Southern Rhodesia and Swaziland, which together produce about 10% of 
the total world output (excluding that from the USSR). 
 Chrysotile is extremely strong; tensile strengths approaching 106 l b/in2 

have been recorded. However, its ultimate fibrils are so fine (about 250 Å 
in diameter) that any handleable fibre contains millions of these fibrils and 
breakage commonly occurs by a succession of breaks in different fibrils, 
leading to fraying and thence to complete rupture. Chrysotile is used in 
virtually all branches of the asbestos industry except when acid-resistance 
is required. 
 The other commercially important types of asbestos are grouped together 
under the heading of amphibole asbestos. Crocidolite is mined in South Africa 
and to a small extent in Australia and Bolivia, the total output in 1955 being 
53 000 tons. It is a blue fibre, which occurs in banded ironstones. Its strength 
is similar to that of chrysotile and it is sufficiently flexible to be spun and 
woven. It is much more acid-resistant than chrysoti1e and has advantages 
in electrical insulation, but it is more abrasive and loses its strength at a 
lower temperature. Also of importance is amosite, which occurs in similar 
geological formations in South Africa, in some places in association with 

0 5 10 cm

12.1 Specimen of serpentine rock containing cross-fibre seams of 
chrysolite.
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crocidolite. It quite frequently occurs as very long fibres of up to about 10 
inches in length. It is weaker than crocidolite and is not usually sufficiently 
flexible to be spun and woven. The total output in 1955 was 50 000 tons. 
The remaining commercial fibres are tremolite, actinolite and anthophyllite. 
They are widely distributed and are mined to some extent in Canada, Finland 
and Italy, and to a smaller extent in other countries. They are usually rather 
weak and not suitable for weaving. Nevertheless, they have some specialized 
applications, particularly as filtration media and in electrical insulation. 
 Although asbestos minerals other than chrysotile and the amphiboles do 
exist (polygorskite and picrolite, for example), they are of no commercial 
importance and will not be considered here. 
 It is curious that the two main types of asbestos have presented quite 
different problems. The amphiboles have a simple structure but their chemical 
relationships are complex, whereas chrysotile is chemically simple but 
complex structurally. 

12.3 Amphibole asbestos 

12.3.1 Composition and unit cells 

The amphibole minerals, besides forming the varieties of asbestos with 
which we are concerned here, also occur widely in non-fibrous forms 
and are important rock-forming minerals. They have therefore received 
considerable attention from mineralogists and petrologists, by whom they 
were traditionally regarded as meta-silicates, primarily of divalent metals, 
with the general formula M≤SiO3 (tremolite, for example, was formulated as 
CaMg3(SiO3)4). Such formulae are still rather widely quoted, although it has 
been established, at least since 1930, that the correct formula is M≤7Si8O22 
(OH)2, tremolite, for example, being Ca2Mg5Si8O22(OH)2. Indeed, this 
formula had already been proposed by Schaller (1) in 1916 on the basis of 
the small but consistent amount of firmly bound water found in amphibole 
analyses. It was fully confirmed by the X-ray structure analysis of tremolite 
carried out by Warren (2) in 1930.
 The range of compositions of the amphiboles is very wide indeed; not 
only may any of a number of divalent metals (Mg, Fe≤ and Ca, and more 
rarely Mn and Zn) be present but these may also be partially replaced by 
some monovalent and trivalent metals (Na, Fe¢≤ and al, and more rarely Li, 
K and Cr), provided that electrical neutrality is maintained. The silicon may 
also be partly replaced by aluminium, (OH)– may be partly replaced by O– – 

ions or by fluorine, and it is even possible to incorporate an additional atom 
of hydrogen or an alkali metal into the structure without changing it in any 
fundamental way. However, not all these variants occur in the asbestiform 
varieties, whose compositions correspond approximately to the following 
formulae, minor replacements being neglected: 
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Crocidolite  Na2Mg3F¢≤2Si8O22(OH)2 to Na2Fe≤3Fe¢≤2Si8O22(OH)2 
   (the higher iron contents are the more usual) 
Amosite  Mg2Fe≤5Si8 O22(OH)2 to MgFe≤6Si8 O22(OH)2 
Tremolite–actinolite  Ca2Mg5Si8 O22(OH)2 to Ca2Fe≤3Si8O22(OH)2
   (tremolite and actinolite form a continuous series 

of solid solutions, the name actinolite usually being 
applied if there are more than about two Fe atoms in 
the formula) 

Anthophyllite  Mg7Si8O22(OH)2 to Mg4Fe≤3Si8O22(OH)2 

All these species are monoclinic except for anthophyllite, which is orthorhombic. 
(Amosite is frequently, but erroneously, stated to be orthorhombic on the 
basis of its straight extinction in the polarizing microscope.) Their unit 
cells, subject to small variations as a function of composition, are as given 
in Table 12.1.
 The axial convention used here is that the c-axis is parallel to the length 
of the fibre and the a-axis is chosen so that the monoclinic unit cell is 
body-centred. Some confusion has arisen in the literature because another 
convention is possible, giving a face-centred cell with values of a and b 
which are so similar to the above that the difference in convention may not 
be obvious. 

12.3.2 Atomic arrangement

The atomic arrangement in the amphiboles was first determined by Warren (2) 
in tremolite and by Warren and Modell (3) in anthophyllite. Subsequent, more 
detailed determinations for crocidolite (4), actinolite (5), tremolite (6), and 
two non-fibrogenic aluminous varieties (7) have fully confirmed the general 
lines of Warren’s structure, though they have shown that some details must 
be modified. They have shown, moreover, that the structures of the different 
species are very similar even in their detailed departures from an idealized 
regular structure and that there are no appreciable differences between the 
atomic arrangements in the fibrogenic and non-fibrogenic varieties.
 The structure is based on infinite chains of silicon–oxygen tetrahedral 
running the length of the fibres. Such a chain is shown in an idealized 

Table 12.1 Crystal lattice values

 a (Å) b (Å) c (Å) b

Crocidolite 9.91 17.99 5.32 107° 39¢
Amosite 9.92 18.30 5.30 110° 10¢
Tremolite 9.92 18.05 5.28 106° 17¢
Actinolite 9.89 18.11 5.34 105° 48¢
Anthophyllite 18.54 17.90 5.30
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form in Fig. 12.2(a). The oxygen atoms at the vertices of the tetrahedral 
(superimposed on the silicon atoms in the projection of Fig. 12.2(a) are each 
attached to one silicon atom only and, together with the hydroxyl ions that lie 
over the centres of the silicon–oxygen hexagons, they form a narrow strip of 
hexagonally close-packed oxygen atoms. They serve to co-ordinate the metal 
ions that lie over one set of the hollows of this close-packed arrangement. 
A second similar silicate chain and set of hydroxyl ions is then inverted 
over the layer of metal ions, which thus find themselves in an environment 
of oxygen co-ordination very similar to that in the hexagonal hydroxides 
with the brucite structure. The pair of silicate chains with the metal ions 
sandwiched between them is equivalent to a strip from the structure of the 
layer silicate talc.
 A projection of the structure down the chain is shown in Fig. 12.3. It may 
be seen that six of the seven metal ions occur symmetrically in pairs, giving 
a total of four different dispositions for the metal ions in the structural unit. 
M1 and M3 are completely co-ordinated within one chain unit; M2 and M4 
are only partly co-ordinated by oxygen atoms of their own chain (by four 
and two respectively), their coordination being completed by oxygen atoms 
from adjacent chains. There is thus a certain amount of inter-chain bonding, 
but it is sufficiently weak relative to the internal strength of the chains to 
account for the prismatic cleavage of macroscopic crystals and the ready 
separation of the fibres of the fibrous varieties. 
 The silicate chain is actually distorted from the idealized form shown in 
Fig. 12.2(a) to that shown in Fig. 12.2(b). Three principal effects are involved. 
Each silicate tetrahedron is somewhat distorted and is also rotated to some 
extent about an axis perpendicular to the diagram. This effect is known to 
occur also in layer silicates and arises from the attraction of the cations for 

(a) (b)

12.2 A plan of the silicate chain in the amphibole structure: (a) 
idealized, (b) as found in crocidolite.  The open circles denote oxygen 
atoms and the black dots silicon atoms.

A

A¢
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the nearest basal oxygen atoms. This has the effect of narrowing the chain, 
but the width of the silicate chain is by nature narrower than that of the 
strip of brucite-like structure to which it is attached. The narrowing effect 
is therefore resisted by a straightening of the central Si–O–Si bonds, leading 
to the form shown in Fig. 12.2(b) and also to a bending (along AA¢) of the 
two sides of the silicate chain away from the plane of the cations. This may 
be seen in Fig. 12.3. 
 A notable feature of the structure is the presence of a hole at A in Fig. 
12.3. This position is not approached more closely than 2.7 Å by any atom 
and is totally enclosed by the surrounding structure. The hole is thus large 
enough to accommodate an ion such as sodium and its presence accounts 
for the existence of amphiboles with up to one extra cation per formula unit 
when this is required by the charge balance. However, this does not occur 
in the asbestiform varieties. ‘Excess’ hydrogen atoms above two do occur 
in these varieties and the structural explanation of this has not been finally 
settled. The idea that the extra hydrogen is present in a water molecule in 
this hole has been disproved (5) and it appears that the excess must either 
be attached to the peripheral oxygen atoms of the chains, as in afwillite 
(8), or as (OH)4 groups replacing SiO4, as suggested by McConnell (9) in 
montmorillonite. 

A

M4 M2 M1 M3 M1 M2 M4

OH
Si Si

12.3 Projection of the amphibole structure down the fibre-axis.
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12.3.3 Structural basis for the differentiation of the 
amphibole varieties

The composition ranges occupied by the various amphiboles have been 
reviewed by Sundius (10) who has shown that, although some substitutions 
(such as Fe≤ for Mg in tremolite and actinolite) lead to continuous series 
of solid solutions, others have only a restricted range. Evidence for this 
comes either from gaps in the observed ranges of composition or from the 
existence of mixtures of the two varieties when the overall composition 
might be expected to lead to an intermediate solution. Such evidence has 
been extended by Frankel (11) and by the present author to the relations 
between amosite and crocidolite and by Rabbitt (12) for anthophyllite 
and amosite. From the evidence that is now available, it appears that the 
differentiation of the varieties (which manifests itself in the differences of 
their b angles) depends on the packing of the chains; this is controlled by 
the size of the ion at M4 (13). A marked change in the radius of the ion at 
this position commonly leads to a new variety, whereas replacement of M1 
and M3 leads to a continuous series of solid solutions. M2 behaves in an 
intermediate way, so that, in order to rationalize the seemingly arbitrary 
divisions between the varieties, it is helpful to divide the cations into three 
groups instead of the usual two. Thus crocidolite will tolerate either Mg 
(r = 0.78 Å) or Fe≤ (r = 0.83 Å) as M1 and M3 but will not tolerate much 
replacement of the electrostatically balancing Na and Fe¢≤ in positions M4 
and M2 (r = 0.98 and 0.67 Å) by Mg or Fe≤. It is therefore isolated from 
amosite and anthophyllite. Tremolite will tolerate complete replacement of 
Mg by Fe≤ as M1, M2 and M3 leading to actinolite but not of Ca by Mg or 
Fe≤ so that it is isolated from anthophyllite and amosite. In anthophyllite, 
even the small change of radius from Mg to Fe≤ in the M4 position leads to 
a phase change to amosite. The relationships of the varieties are therefore 
clarified by writing the approximate formulae as in Table 12.2. 
 The reason for the non-occurrence of asbestiform varieties of amphiboles 
outside these composition ranges is not at present clear. It certainly appears 
that the presence of appreciable proportions of trivalent ions in tetrahedral 
positions inhibits the formation of asbestos (i.e., in gedrites and aluminous 
hornblendes). 

Table 12.2 Chemical fomulae

 M4 M2 M1 + M3

Crocidolite Na2 Fe2¢≤ (Fe≤, Mg≤)3 Si8O22(OH)2
Amosite Fe≤2 (Mg, Fe≤)2  (Mg, Fe≤)3 Si8O22(OH)2
Anthophyllite Mg2 Mg2 (Mg, Fe≤)3 Si8O22(OH)2
Tremolite–Actinolite Ca2 (Mg, Fe≤)2 (Mg, Fe≤)3 Si8O22(OH)2
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12.3.4 Texture of amphibole asbestos 

Knowledge of the texture and second-order structure effects in the amphiboles 
is meagre. The fibres usually give quite sharp X-ray diffraction spots and 
hence the average diameter of a coherently crystalline fibril must be at least 
0.l m. On the other hand, the fibre that can be used for X-ray diffraction 
(approximately 10 m thick) usually gives a photograph with full rotational 
symmetry, so that the individual crystals cannot be much more than 0.1 m 
thick. An exception to this is Bolivian crocidolite, which contains fibrils 
with cross-sections of up to about l0 m × 100 m that are twinned crystals, 
probably polysynthetic twins with (100) as the twinning plane. The electron 
microscope reveals lath-like crystals of all ranging from about 0.3 m down 
to about 300 Å in width but the latter may well be artefacts produced by 
cleavage during the preparation of specimens. The larger laths sometimes 
show incipient fraying into finer fibres at their ends. 
 No information seems to be available on the incidence of dislocations 
in amphiboles, although it would be expected that these would be of major 
importance in the alternative growth of long fibres or approximately equi-axed 
crystals. Some disorder effects have been observed in certain anthophyllite 
and amosite specimens, evidenced by continuous diffraction streaks joining 
up the sharp reflections along the layer lines. This has not been investigated 
in detail but probably arises from mistakes in the chain-stacking that would 
be equivalent to the formation of thin lamellae of anthophyllite in amosite 
and vice versa. A very weak tremolite fibre from Portugal has also been 
observed in which there was some curious, partially ordered, disorientation 
of the c-axis with respect to the fibre-axis, but the nature of this is not 
known. 

12.3.5 Chemical properties and identification

On heating, the amphibole fibres lose their water of constitution in the 
range 300°–500°C and at the same time undergo a decrease in strength. 
The ferrous iron, which is contained in some varieties, is also oxidized to 
the ferric state in air in this temperature range. According to Rabbitt (12), 
there are no well-marked effects in the differential thermal analysis (D.T.A.) 
curve, at least up to 1000°C, although some authors show D.T.A. curves with 
appreciable endotherms and exotherms of a surprisingly irregular form. Very 
little work seems to have been done on the structural changes in amphiboles 
on heating, but they decompose at 900°–1100°C to form pyroxenes and a 
glassy phase (14). 
 The amphibole fibres may be distinguished as a group from chrysotile 
by their low water content (2–3%), their higher refractive index (>1.60; 
chrysotile is 1.54–1.56), the fact that they do not stain with a solution of 

�� �� �� �� �� ��



434 Handbook of textile fibre structure

iodine in glycerol, and their X-ray diffraction pattern. The latter differs so 
completely from that of chrysotile that the two may be distinguished merely 
by inspection (Figs 12.4(a) and (b)). More detailed examination of the 
pattern, most conveniently made by means of a comparison of the particular 
fibre photograph with similar photographs of standard fibres, also serves to 
distinguish the amphibole varieties from one another. The X-ray diffraction 
pattern is also the most reliable means of distinguishing an anthophyllite 
from an amosite, and the only one for identifying natural mixtures of two 

(a)

(b)

12.4 X-ray diffraction photographs of orientated fibre specimens of 
(a) amosite and (b) chrysotile.
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varieties that may be too finely fibred to be distinguished as a mixture under 
the microscope. 
 Any appearance of a blue colour may be regarded as evidence of crocidolite 
or a mixture containing it; the ‘blue amosite’ described by Frankel (11) is, 
in fact, such a mixture and derives its colour from its crocidolite content. 
The converse is less reliable, however; some crocidolite without admixed 
amosite appears alrnost entirely brown with slight traces of blue. Apart from 
the complications introduced by mixtures, chemica1 analysis will usually 
distinguish reliably between all the varieties.

12.4 Chrysotile 

12.4.1 Introduction 

Unlike the amphibole minerals, chrysotile occurs only in the fibrous form 
and does not yield macroscopic crystals. Even the other serpentine minerals 
to which it is related by composition usually occur only in fine-grained 
massive forms or occasionally in poorly crystallized lamellar forms. The 
serpentine group as a whole, and chrysotile in particular, were therefore not 
amenable to study by classical mineralogical methods. Even the interpretation 
of chemical analyses may be uncertain because of the difficulty of defining 
a mono-mineralic specimen when the components are not resolved by the 
microscope. It is now known that the ordinary concepts of crystallography 
are not appropriate to a description of the chrysotile structure. 
 In spite of the difficulty of excluding impurities, analyses of chrysotile 
are characterized by a remarkable constancy for a silicate mineral, especially 
by contrast with the variability of the amphiboles in this respect. The ideal 
formula is Mg3Si2O9h4. It is rare for the replacement of magnesium by 
iron to exceed 0.13 of an atom per formula unit or for the total replacement 
of silicon and magnesium by aluminium to exceed 0.08 of an atom. The 
hydrogen content is subject to considerable analytical error because water 
adsorbed in micro-pores may be partly retained at temperatures up to 200°C, 
or even higher, and may therefore be confused with constitutional water. 
The most common impurities are particles of magnetite and oriented fibrous 
intergrowths of brucite, but fine-grained particles of calcite and magnesite 
also occur. 

12.4.2 Early structural work

An X-ray-diffraction photograph of an oriented bundle of chrysotile fibres 
is shown in Fig. 12.4, where it is compared with a similar photograph of 
an amphibole. The latter is identical in appearance with the photograph 
obtained from a rotating single crystal, whereas the former has a number of 
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peculiarities, especially the very small number of spots and their division 
into two kinds, sharp and diffuse. On the other hand, the unit-cell edge 
parallel to the fibre-axis, which is derived from the spacing of the layer lines, 
is virtually the same in the two materials and, as early as 1929, Anderson 
and Clark (15) suggested that this showed a common dependence of the 
fibrous character on silicon–oxygen chains. Warren and Bragg (16) in 1930 
postulated an amphibole-like Si4O11 chain attached to one side of a narrow 
strip of brucite-like structure as in the amphiboles but with all the hydroxyl 
groups remaining unsubstituted on the other side of the brucite-like strip. 
This arrangement has a composition corresponding to Mg5Si4O11(OH)6 and 
positions between the chains were postulated for the additional magnesium 
ion and water molecule required to match the chrysotile composition. 
This structure accounted reasonably well for the intensities of the sharp 
reflections of the zero layer line but did not explain the peculiarities of 
the X-ray photograph. Just as the amphibole structure can be described in 
terms of narrow strips of the talc structure, so that proposed by Warren and 
Bragg for chrysotile can be described in terms of narrow strips of the then 
unknown magnesium analogue of the kaolin minerals. Warren and Hering (17) 
suggested that chrysotile was, in fact, this magnesium analogue of the kaolin 
minerals and that it had a layer structure. This idea was explored further by 
Aruja (18). It accounts much more simply and directly for the formula, i.e., 
Mg3Si2O5(OH)4, and for the fact that many of the diffuse reflections have 
a shape characteristic of layer structures in which the layers are stacked in 
a disordered manner. It also accounts for the intensities of sharp reflections 
on the zero layer line rather better than the Warren and Bragg structure. The 
paucity of reflections can be associated with the disorder. 
 It had earlier been suggested by Pauling (19) that the lack of a magnesian 
kaolin was due to a misfit between the dimensions of brucite and Si2O5 
layers that would lead to a curvature of an unsymmetrically combined 
layer of this type. Such a tendency to curvature was invoked by Aruja to 
explain the fibrous nature of chrysotile in terms of a limitation in growth in 
the direction of curvature, so that the layers would form only very narrow 
ribbons. However, Turkevitch and Hillier (20) and Bates, Sand and Mink (21) 
showed that electron micrographs of chrysotile fibres have the appearance 
of being tubular with an external diameter of 200–300 Å. The reality of this 
appearance was confirmed by Noll and Kircher (22), especially for synthetic 
chrysotile, by stereoscopic electron micrographs, which showed the tubular 
form very clearly. This electron-microscope evidence (Fig. 12.5) therefore 
provided the perfect link required between the postulated curved layers and 
the otherwise anomalous association of a layer structure with fibres of such 
perfection as those of chrysotile. If the layers are bent to such small radii, 
however, it means that many of the concepts of crystallography, such as that 
of the unit cell, for instance, cannot justifiably be applied in the investigation 
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of the structure.A theoretical consideration of cylindrical layer structures is 
therefore necessary to the understanding of the structure of chrysotile.

12.4.3 The cylindrical lattice

If a set of identical two-dimensional lattices is stacked together in an ordered 
way with a regular spacing, an ordinary three-dimensional crystal lattice can 
be built up. Similarly, if such two-dimensional lattices (which will here be 
called the generating lattice) are bent into cylinders with radii in arithmetic 
progression and then stacked coaxially one inside the other with ordered 
relative translations parallel to the cylinder-axis as shown in Fig. 12.6, then 
a cylindrical lattice can be built up. Such a lattice does not repeat regularly 
in three dimensions because the successive layers get out of step with one 
another in the circumferential direction (and at different rates as one goes 
from the inside of the lattice to the outside) because of their different radii. 
A cylindrical lattice therefore has no true unit cell. It is possible, however, 
to define two projections of a structure based on a cylindrical lattice, each of 
which has a two-dimensional unit cell. One of these is obviously the radial 

1µ

12.5 Electron micrograph of chrysolite fibres. Magnification 
approximately ¥18 000.

�� �� �� �� �� ��



438 Handbook of textile fibre structure

projection through the thickness of any one of the coherent cylindrical layers 
of which the structure is composed, and the unit cell of this projection is that 
of the two-dimensional generating lattice (with lattice parameters b, c and g, 
say). The other is obtained by projecting the structure circumferentially onto 
a radial plane through a complete unit of the structure in the circumferential 
direction (this unit is wedge-shaped in each layer and corresponding points 
of it from each layer will not lie on the radial plane). This projection will 
have one axis (c) identical with that axis of the generating lattice which 
is parallel to the cylinder axis; it will have an inter-axial angle b, which 
depends on the relative translations of the successive layers parallel to the 
cylinder-axis; and it will have the other axis (a) given by 

  a = r cosec b

where r is the radial spacing.
 According to whether the two projections are both rectangular, one 
rectangular and one oblique, or both oblique, the lattice will be analogous 
to an orthorhombic, monoclinic or anorthic crystal lattice, respectively, and 
may usefully be described by these terms (23). The theory of diffraction 
by such a lattice (24) shows that it will give two series of reflections. One 
series will be sharp and will lie in the positions to be expected for the h0l 
reflections from an ordinary crystal with unit-cell parameters a, c and b. 
The intensities of these reflections will be very nearly proportional to the 
Fourier components of the projection on the a, c plane (the radial plane in 
this case), as for an ordinary crystal. The reflections in the other series will 
be diffuse and will lie near, but not at, the positions to be expected for the 
0kl reflections of an ordinary crystal. These diffuse reflections will be fairly 
similar in form to those from a turbostratic crystal. No hk0 or hkl reflections 
occur.
 The above descriptions apply to the simplest primitive cylindrical lattices. 
Non-primitive cylindrical lattices are also possible. In these, either the two-

(a) (b)

12.6 Cylindrical lattices: (a) orthorhombic, (b) monoclinic.
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dimensional generating lattice is centred, or else the adjacent layers may not 
be equivalent in structure, axial displacement or orientation. If every nth 
layer is equivalent, there are n layers in the unit cell of the a, c projection. 
Helical and spiral cylindrical lattices are also possible. In the former, the 
generating lattice is wrapped round into a cylinder ‘on the cross’, so that the 
b-axes lie on helices instead of circles. In the spiral case, a single layer is 
wrapped up round itself like a roll of paper. Both these types give diffraction 
effects closely similar to those already described. 

12.4.4 The structure of chrysotile 

Three crystallographically distinct varieties of chrysotile have been discovered 
by X-ray diffraction. They usually occur in intimate admixture and all give 
the diffraction effects to be expected if they are based on a cylindrical lattice 
with a centred rectangular generating lattice having parameters 9.26 and 
5.34 Å and with two layers in the unit cell of the a, e projection. In ortho-
chrysotile b = 90°; in clino-chrysotile (the commonest variety) b = 93°16¢; 
and in para-chrysotile (the rarest) b = 90°

 
again but the 9.26 Å axis is parallel 

to the fibre-axis, whereas in the other two varieties the 5.34 Å axis is in 
this orientation. In all three varieties, alternate layers are not in equivalent 
positions, so that, as stated above, there are two layers in the unit cell of 
the a, c projection (25). The a-parameter is 14.6 Å in clino-chrysotile and 
within 0.2% of this in the other two varieties. In clino-chrysotile (26), the 
non-equivalence of alternate layers consists primarily in a relative translation 
of each layer along the fibre-axis by ±0.13 Å with respect to its neighbours. 
This probably arises from a small distortion of the structure of the individual 
layers, which is of opposite sign in alternate layers, but the reason for such 
alternating distortions is obscure. In ortho-chrysotile (27), on the other hand, 
alternate layers are inverted end to end, with the result that the a, c projection 
has the space-group pg, i.e., a truly orthogonal space group, not merely one 
in which b = 90°. In para-chrysotile (28), there is a relative displacement 
along the fibre-axis of ±b/12 between alternate layers, which can also in this 
case be expressed as a symmetry operation of the space-group pg.
 The detailed structure of the layers is identical in ortho- and clino-chrysotile 
within the limits of accuracy of the structure determinations. Less-detailed 
information is available for para-chrysotile but, so far as it is known, this is also 
identical There are some small distortions from the idealized magnesian–kaolin 
type of layer but these have not so far been interpreted theoretically. The most 
interesting feature of the structure is the stacking arrangement of the layers, 
which is fundamentally different from that in the normal clay minerals. In 
the latter, one layer stacks over another in one or other of a small number 
of alternative ways which permit the formation of hydrogen bonds between 
the oxygen atoms in the base of the one layer with the hydroxyl groups 
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on the top of the layer below. These stacking arrangements, based on the 
arrangement shown in Fig. 12.7, lead to a small number of permitted values 
of b. The value adopted by clino-chrysotile is not one of these, however, 
and the structure analysis shows that in both ortho-and clino-chrysotile the 
stacking is as shown in Fig. 12.8. This arrangement can be understood when 
it is remembered that the layers are randomly disordered perpendicular to 
this projection, not only from layer to layer but from the point of view of 
any one pair of layers, because, having different cylindrical radii, they get 
out of step with one another progressively. The hydroxyl groups therefore 
have no determinate y-co-ordinates with respect to the next layer above but 
impose on it the stacking position that would be appropriate if they were 
smeared out into corrugations parallel to the b-axis. Since the oxygen atoms 
at the base of a layer are divided into two sets at slightly different levels, 
the set at the lower level lies over the grooves between these corrugations, 
whereas the other set lies over the corrugations. A photograph of a structure 
model with these corrugations marked by a layer of film is shown in Fig. 
12.9. The stacking in para-chrysotile is based on similar principles.
 The distribution of the three varieties of chrysotile in nature is very 
curious. They normally occur in intimate admixture with one another, so 
intimate that the splitting of a fibre bundle 0.5 mm in diameter down to 
fibre bundles about 0.05 mm in diameter does not reveal any inequalities in 
the distribution within the original bundle. Para-chrysotile has never been 
observed to be present in a proportion greater than about 10%. Even this is 
rare and it is not unusual for it to be absent altogether. Substantially pure 
clino-chrysotile seems to occur in all deposits, but deposits differ from one 

12.7 The successive layers of kaolin-type minerals are stacked so 
that the hydroxyl groups (double circles) at the top of one layer 
are related to the oxygen atoms (single circles) at the base of the 
next layer, in the way shown here in a projection down an axis 
perpendicular to the layers.
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another in the spread of the values observed for the proportion of ortho-
chrysotile in specimens obtained from them. Thus specimens from the major 
commercial Canadian deposits have not been observed with more than 7% 
ortho-chrysotile and they usually contain much less, whereas the Rhodesian 
deposits give specimens containing up to 35%, although the lower the values 
the more frequently they are observed. This is true also of other localities 
that yield specimens containing a greater range of ortho-chrysotile content. 
Substantially pure ortho-chrysotile is known only from Silesia.
 The stacking sequences in ortho- and clino-chrysotile may be symbolized 
by the two sequences ABABAB … and AAAAAA …, where A and B stand 
for layers turned end to end with respect to each other. Fibre from a few 
deposits is built up in random sequences of A and B. Although such completely 
disordered stacking is rare, occasional ‘mistakes’ in the sequence probably 
occur in most specimens.

Hydroxyl groups
at top of layer

Oxygen atoms
at base of layer

(a) (b)

12.8 (a) Electron density map of clino-chrysotile projected down the 
b-axis (circumferential direction in the cylindrical layers); (b) diagram 
showing the packing of the layers viewed in the same direction as 
(a).
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12.4.5 The texture of chrysotile from X-ray evidence

The structural results described above have all been obtained from a 
consideration of the sharp X-ray reflections. The diffuse reflections are of 
little value for that purpose, since their form is more sensitive to the sizes of 
the fibrils than to the details of the atomic positions. They can therefore be 
used to obtain information about the texture of the material. It can be shown 
that the form of these reflections is not compatible with the assumption that 
all the fibrils in a specimen are of the same diameter; if that were the case, 
many of the diffuse reflections would be split up into rows of resolved spots. 
Such a situation does, in fact, occur in electron-diffraction photographs of 

129 Packing model of chrysotile, showing a small portion of three 
layers.  The films outline the corrugations simulated by the rows of 
hydroxyl groups as a result of the relative disordering of the layers 
round the circumference of the cylinders.
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single fibrils of chrysotile. To explain the smooth profiles of the diffuse X-ray 
reflections, one must assume that both the inside and outside diameters of the 
tubular fibrils have a considerable range and that the frequency of occurrence 
of fibrils falls as both the inside diameter decreases and the outside diameter 
increases from a preferred value. This is the behaviour that would be expected, 
since the reason for curvature of the layers is the relief of strain, and this 
can only be complete for one particular radius of curvature. For radii less 
than or greater than this, the strain energy will increase progressively and 
will change more rapidly as the radius falls than as it increases. We may 
therefore expect that there will be a greater spread of outside diameters than 
of inside diameters and that their ranges should meet but not overlap. It is 
possible to set up a mathematical model on this basis containing two arbitrary 
parameters, one of which is the radius of the strain-free layer and the other 
a measure of the relationship between strain energy and the frequency with 
which a layer occurs. These parameters can then be adjusted to give the 
best possible fit between the observed and calculated shapes of the diffuse 
reflections. The results obtained for Canadian chrysotile are shown in Fig. 
12.10, from which it will be seen that, on this model, the strain-free layer 
has a radius of about 90 Å and the most frequently occurring fibril has inside 
and outside diameters of 110 Å and 250 Å and so contains ten layers.
 The form of these frequency curves has received confirmation from direct 
measurements of large numbers of synthetic chrysotile fibres in the electron 
microscope (29). The radius of the strain-free layer deduced from these 
measurements is lower than that found above, and so are the fibril sizes, but 
these values are likely to be affected by the precise composition of the material 
and the conditions of crystallization. Approximate confirmation of the scale 
of the results comes from the breadth of the sharp X-ray reflections, which 
is inversely proportional to an appropriately weighted-mean wall-thickness 
of the tubes. The value obtained in this way for Canadian chrysotile is 15 
layers, whereas the same weighted-mean from the above distributions is 
about 13 layers. 

12.4.6 Helical and spiral structures in chrysotile

It has already been mentioned in Section 12.5.3 that cylindrical lattices may 
take up both helical and spiral configurations. In the former, the layers are 
wrapped round into separate coaxial cylinders but the b-axis lies on a helix 
of low pitch instead of on a circle. In the latter, the layer is wrapped up on 
itself like a roll of paper; a helical characteristic may also be superimposed 
on such a configuration. Such structures are of interest because they would 
possess a recurring growth-step like a crystal with a screw dislocation 
and they might therefore be of importance in the formation and growth of 
chrysotile fibres. Indeed, Jagodzinski and Kunze (30) have put forward a 
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theory of chrysotile growth based on the assumption that nucleation of a 
new layer of material is so improbable that any nucleus which has no helical 
component will not grow into a fibre at all, while any nucleus which has a 
helical character but no spiral component will grow into a fibre with a wall-
thickness of one layer only. This attractive theory cannot be substantiated 
in detail. Although there is at present no way in which a spiral form of the 
layers can be distinguished from a circular cylindrical form, the fact that 
all the forms of chrysotile have two layers in the radial repeat shows that 
at least two separate nucleation steps must have occurred. The force of the 
argument is therefore weakened. Helical structures, on the other hand, can 
be distinguished from non-helical ones by X-ray diffraction (26), though 
the differences are virtually confined to reflections lying very close to the 
origin of the higher-order layer lines. It is found that some specimens consist 
predominantly of helical fibres, but others consist predominantly of non-helical 
fibres and yet others are mixtures of the two types. In some specimens of 
chrysotile that have a helical structure, it is possible that different fibrils may 
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12.10 (a) Calculated probability distribution of inside diameters (left-
hand curve) and outside diameters (right-hand curve) for a specimen 
of Canadian chrysotile; (b) probability distribution (obtained from (a)) 
of the number of layers in the wall of the cylindrical fibres.
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have their b-axes lying on helices with a variety of pitches, but a specimen 
from the major Canadian deposits has been shown to contain fibrils of one 
single pitch only, in which the helix advances by one axial repeat unit per 
turn. This fact is of considerable importance and will be referred to again 
in the following section. 

12.4.7 General considerations on the  
texture of chrysotile

The foregoing discussion has been based entirely on observations made with 
the electron microscope and by X-ray- and electron-diffraction techniques. 
However, in a discussion of chrysotile texture, it is necessary to take account 
also of results obtained from surface-area and density determinations. Tubular 
fibres of the size deduced from the electron-microscope and X-ray-diffraction 
work would be expected to have a total surface area of about 110 m2/g, of 
which 80 m2/g would be due to the external surface of the tube and the 
remainder to its internal surface. A close-packed parallel array of such tubes 
would also have a total porosity of about 28%, of which 9% would be due 
to inter-fibrillar voids and 19% to the cylindrical hollow within each tube. 
The bulk density of such a close-packed array should therefore be only 72% 
of that of the material of the tube walls, i.e., about 1.84 g/cm3 instead of 
about 2.55 g/cm3.
 Noll, Kircher and Sybertz (29) have shown that synthetic chrysotile (see 
Section 12.6) does indeed have a surface area (by nitrogen adsorption) of 
the expected order of magnitude (101 m2/g). Natural chrysotile, however, 
may give a value as low as only a few m2/g before it is ‘opened’ (i.e., 
subjected to mechanical work to separate the fibres). The measured area 
increases on opening and hence much of the potential surface area is 
obviously inaccessible. However, the value has not been observed to rise 
above about 40 m2/g and is usually in the range 12–25 m2/g, so that, if 
the theoretical surface area is present, a considerable part of it must be 
permanently inaccessible even to nitrogen. It would not be difficult to 
explain such inaccessibility were it not for the conflicting evidence of 
density determinations. Careful determinations in a density bottle with 
either water or carbon tetrachloride yield values of 2.53 to 2.6 g/cm3 for 
fibres from various sources, a fact which suggests that all the void spaces 
are accessible to these liquids. The apparent discrepancy between the 
experimental results is removed by the work of Pundsack (31), who showed 
that a block of unopened fibre sealed round with wax had a density (after 
correction for the wax) near to that of the close-packed material. Thus both 
surface area and density results indicate that the percentage of voids is 
small, a result that is a complete contradiction of the electron-microscope 
and X-ray diffraction results, 
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 This discovery has led to some revival of belief in a ‘ribbon’ structure 
rather than a tube structure for chrysotile. It has been suggested that the 
tubular appearance in the electron microscope is actually an artefact that 
is due to the admitted tendency of thin lamellae of this material to curl up 
when separated from their parent mass. This theory appears to be untenable 
on the following grounds. 

(a) The tubes observed in the electron microscope are not thin-walled 
(one-layered) tubes, and the formation of such perfect thick-walled 
(multi-layered) tubes as artefacts would require the ribbons to have a 
most improbable trapezoidal cross-section.

(b) Electron micrographs of replicas of fracture surfaces of blocks of chrysotile 
show concave cylindrical depressions, whose dimensions support the 
idea that they fitted the outside of cylinders that have broken away.

(c) The packing of the layers in chrysotile is comprehensible only in terms 
of cylindrically curved layers. 

(d) The existence of macroscopic fibre bundles with a helical structure and 
a unique helix angle is comprehensible only if the cylindrical layers 
deduced in (c) are wrapped into complete cylinders in the unopened 
fibre mass. 

 The only explanation for the density results compatible with the other data 
is that the spaces between the cylinders are largely filled up with layers in 
the form of incomplete cylindrical arcs, co-axial with the main parts of the 
fibrils, and that the tubes themselves are largely stuffed either with similar 
curved ribbons lying parallel to the tubes but not co-axial with them, or with 
some more or less amorphous material of the same composition. It must then 
be assumed also that either there is some selection of the less completely 
stuffed fibres in the preparation of specimens for the electron microscope or 
the hollow appearance is enhanced by some diffraction effect. Circumstantial 
evidence in favour of this explanation is given by the fact that:

(a) natural chrysotile looks much less hollow in the electron microscope 
than does synthetic chrysotile; 

(b) some specimens do contain at least a proportion of the expected voids 
(32); and

(c) the assumption of the presence of incomplete layers improves the 
agreement of the calculated and observed profiles of the diffuse X-ray 
reflections in certain particulars (33). 

If the above hypothesis is correct, a cross-section of a group of fibrils will 
have the form shown in Fig. 12.11.
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12.4.8 Chemical properties and identification

Chrysotile begins to decompose by loss of water from the hydroxyl groups 
at 550°C. The loss of water is slow and does not go to completion at this 
temperature. By heating at higher temperatures of up to 500°C, increased 
water loss, up to that corresponding to the whole content of hydrogen, can 
be achieved. The crystal structure is unaffected by relatively large losses 
of water provided that the temperature has not exceeded about 575°C. 
Presumably the water loss proceeds by migration of hydroxyl groups (and 
an equal number of protons) from unchanged regions into the vacancies 
already created and so eventually to a free edge of the layers, from which 
the water molecule can be lost. At higher temperatures, the structure slowly 
changes to a forsterite pseudomorph consisting of small crystallites, some 
with their [010] and some with their [013] axes oriented parallel to the fibre-
axis (34). At 600°C, this change takes more than eighteen hours to go to 
completion. At higher temperatures, the water loss and forsterite formation 
proceed much more rapidly and, as a result, the main endothermic effect in 
the D.T.A. curve of chrysotile is at about 700°C. This is about 100°C lower 
than that of the platy serpentine mineral antigorite but the same as that of 
the other platy serpentine, lizardite.

12.11 Hypothetical cross-section of a group of chrysotile fibrils in 
which the voids are filled by ribbon-like layers.
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 A patent is in existence for modifying the properties of chrysotile by heating 
it for a short time (five seconds) causing it to fall through hot gases from 
an oil burner (35). This is likely to affect only the outside of fibre bundles. 
It is claimed that the treated fibre has enhanced drainage properties, which 
are of value in wet processes. 
 Chrysotile is attacked by strong acids with removal of the magnesium, 
leaving a siliceous residue. The residue retains the fine fibrous appearance 
but is brittle and completely amorphous as judged by X-ray diffraction. The 
destruction of the chrysotile is completed within one hour in normal HCl 
at 95°C (36). It is therefore less stable than the other serpentine minerals: 
lizardite (37) and antigorite are not attacked under these conditions; the 
former is destroyed in somewhat less dilute acid but antigorite requires 
concentrated acid for its destruction. 
 Chrysotile can be distinguished by its X-ray pattern and by its refractive 
index (1.54–1.56) from amphiboles (>1.60). There is some overlap with the 
refractive index of glass fibre (1.52–1.55). A staining test using a glycerol 
solution of iodine has also been proposed (38). This gives a positive reaction 
with fibrous brucite. The different crystallographic forms of chrysotile can 
only be distinguished from each other by X-ray or electron diffraction. This, or 
the electron microscope, is also the only satisfactory method of distinguishing 
sub-microscopically fibrous chrysotile from the other serpentines, and even 
then considerable care is needed (25). This is a matter of some importance 
in the analysis of the dust that often adheres to commercial chrysotile. 

12.5 Synthetic asbestos 

A considerable amount of work has been done in various places on the synthesis 
of asbestos, but without much success. A so-called synthetic asbestos was 
produced in Germany during the war but is stated to have been chemically 
unstable, so its characterization must be regarded as very dubious; it was of 
very low quality (39). Progress has been made in the synthesis of amphiboles 
and fluoro-amphiboles (40) from the melt, and acicular growths have been 
obtained by the use of thermal gradients, but no flexible fibres have been 
reported. Hydrothermal synthesis of chrysotile has been reported by many 
authors, and the products have given some of the best electron micrographs 
of chrysotile, but the fibre length has always been very short, of the order of 1 
µ. Longer fibres of up to 0.2 mm have been reported by Noll (41) as a result 
of growth by slow diffusion in a gel. Electron-microscopically observable 
tubular fibres of l-m length analogous to chrysotile can also be prepared in 
which magnesium is replaced by nickel (42) or cobalt (43). 
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13
Thermally and chemically resistant fibres: 

structure and properties

J W S Hearle, University of Manchester, UK

Abstract: Commodity textile fibres, which are described in other chapters, 
vary in their chemical and thermal resistance. Other resistant fibres are 
produced specially and described in this chapter. Information on detailed 
fibre structure is limited. For thermal resistance, the following types are 
produced: crosslinked, thermoset polymer fibres; Nomex, an aromatic 
polyamide; arimid fibres; the ladder polymer PBI fibre; and partially 
carbonised fibres. For chemical resistance the types are chlorinated and 
fluorinated fibres and some other linear polymer fibres.

Key words: thermoset fibres, Nomex, arimid fibres, PBI fibre, chlorinated 
and fluorinated fibres.

13.1 Introduction

Commodity textile fibres cease to be usable above temperaturs of about 200°C 
or even lower. Nylon 66 and polyester (PET) soften above the glass transition 
temperature and stick together at about 220°C (lower temperatures for nylon 
6 and cellulose acetate). Cotton, rayon, wool and silk char at 180–200°C. 
Polyethylene naphthalate (PEN) has a higher melting point than PET. The 
high-modulus fibres, except for HMPE, can be used at higher temperatures: 
para-aramids and glass, around 500°C, PBO higher; ceramics around 1000°C; 
and carbon around 3000°C.
 The commodity and high-performance fibres vary in their chemical 
resistance. The olefins, polyethylene and polypropylene have the best chemical 
resistance, but cannot be used at higher temperatures. The aromatic esters 
and amides are more resistant than the aliphatic types. Glass, ceramic and 
carbon fibres have good resistance.
 The above fibres are dealt with in other chapters of this book. The present 
short chapter covers other fibres that are specifically produced for their thermal 
or chemical resistance. Unfortunately, a comment by Horrocks (2001a) in 
regard to some fluorinated polymer fibres applies in varying degrees to the 
fibres included in this chapter: very little is published about these fibres outside 
of the technical data sheets provided by manufacturers. The chemistry is 
usually well documented but there is little specific information on the physical 
fine structure. Where the mechanical properties of the linear polymer fibres 
are similar to those of common textile fibres described in other chapters of 

�� �� �� �� �� ��



451Thermally and chemically resistant fibres

this book, it can be inferred that the physical fine structures will be similar. 
Their structures will be homogeneous, except for possible skins, and their 
cross-sections roughly circular or elliptical.

13.2 Thermally resistant fibres

13.2.1 Thermosets

Crosslinked polymers are more familiar as rigid plastics, but both phenol-
formaldehyde and melamine-formaldehyde fibres are made by extruding 
high-viscosity resin and then heat-treating to complete the cure. They have 
high temperature and chemical resistance, though the phenolic fibre slowly 
oxidises above 150°C or carbonises above 250°C in the absence of air. 
 The novoloid fibre Kynol has the chemical structure shown in Fig. 13.1, 
with the formaldehyde, CH2=O, crosslinking the phenol, C6H5OH. The 
fibre will have a homogeneous structure and is essentially a single network 
molecule.
 Basofil, melamine, shown in Fig. 13.2, is crosslinked by formaldehyde to 
form the network structure of the fibre. In order to make the fibres suitable 
for processing on textile machinery, substituted melamines are included in 
the reaction to act as an internal plasticiser (Eichhorn, 2001).

13.2.2 Aromatic polymer fibres

A group of aromatic polymer fibres, which have useful thermal resistance, 
have been described by Horrocks (2001b).

CH2CH2

CH2 CH2 CH2OH CH2

CH2 CH2OH

OH OH OH OH OH

CH2OCH2

CH2

CH2 CH2

CH2 CH2OHCH2OH

OH OH OH OH

13.1 Polymer structure of Kynol novoloid fibre. From Schwaenke 
(2001).
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13.2 Formula of melamine.
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 The meta-aramid fibres, Nomex (formula in Fig. 13.3) and others, have 
good textile properties, which make them suitable for fire-protection clothing. 
They have thermal resistance in excess of 300°C for short-term exposure, 
and high inherent flame resistance. In contrast to the relatively straight 
chains of the para-aramids, such as Kevlar, in which opposite positions of 
the benzene ring are substituted, the meta-aramids are substituted on next-
but-one positions. The fibres, which are spun from solution, do not crystallise 
as readily as the para-aramids and the polymer certainly does not form fully 
oriented liquid crystals. The fibres will have a partially crystalline, partially 
oriented, probably micellar structure similar to that of other solution-spun 
fibres.
 The aramid fibre P84 from Inspec is composed of poly(4,4¢-diphenylmethane-
co-tolylene benzophenonetetracarboxylic imide). The formula, shown in 
Fig. 13.4, has a five-membered ring attached to a benzene ring, but not the 
relatively straight chain with two five-membered rings found in PBO. It is 
also solution-spun and would be expected to have a similar fine structure to 
the meta-aramid fibres. Unlike other fibres mentioned here, it has a multilobal 
cross-section shown In Fig. 13.5.
 Another fibre in this group is the poly (aramide-imide) fibre Kermel. Its 
chemical formula is reported to be that shown in Fig. 13.6.
 Superior thermal and chemical resistance is shown by polybenzimidazole 
(PBI) fibres described by Thomas (2001). PBI is a ladder polymer with the 
formula shown in Fig. 13.7(a). Flame stability is enhanced by treating with 
sulphuric acid to give the sulphonated form, Fig. 13.7(b), or with phosphoric 
acid. Comparing the formulae in Figs. 13.3 to 13.7, it is interesting to note 
the increasing complexity of the chemical structure. In thermogravimetric 
tests, there is only a slow loss of weight in PBI fibres heated in air until 
a sharp drop occurs around 600°C. In nitrogen, the slow loss continues to 
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13.3 Formula for meta-aramid fibre, Nomex.
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where R = C6H4 · CH2 or C6H4·CH2·C6H4

13.4 Formula for P84 arimid fibre. From Horrocks (2001b).
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much higher temperatures. PBI fibres, which are dry-spun from solution, 
have mechanical properties similar to those of standard viscose rayon. This 
implies that the fibres have the same partially crystalline, partially oriented 
structure as other fibres with good textile performance.

13.5 Cross-sections of P84 fibre. From Evonik Industries, www.p84.
com/products/p84.
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13.6 Formula for Kermel.
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13.7 Formulae for (a) PBI, and (b) sulphonated PBI.
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13.2.3 Partially carbonised fibres

The first heating stage of converting acrylic fibres into carbon fibres results 
in a black fibre with good thermal and flame resistance. Similar results can 
be obtained with cellulose fibres, but acrylics are the usual commercial 
precursor. These carbonised or semi-carbon fibres are described by Saville 
(2001). Heating in air of polyacrylonitrile, Fig. 13.8(a), leads to complicated 
oxidation reactions, which cyclise the polymer into a ladder form. The details 
of the final fibre composition are uncertain, but, according to Saville, it is 
thought to be of the general form shown in Fig. 13.8(b). As with other carbon 
fibres, the particular form of acrylic fibre, including its co-polymerisation 
and any void structure, will influence the chemical and physical structure 
of the partially carbonised fibre. The commercial fibre Panox uses Courtelle 
fibres as the precursor. The mechanical properties are similar to those of 
standard viscose rayon, which indicates that, in addition to the rigid ladder 
forms, there are other molecular forms, presumably in the ‘Others 10%’ of 
Fig. 13.8(b), that give a degree of freedom to the structure.

13.3 Chemically resistant fibres

13.3.1 Chlorinated and fluorinated fibres

As described by Horrocks (2001a), addition polymers with chlorine or 
fluorine substitution for hydrogen in (–CH2–CH2)n have improved chemical 
resistance, which can be combined with better textile properties and thermal 
stability than polyethylene fibres. The chlorinated fibres are based on the fully 

13.8 (a) Polyacrylonitrile precursor; (b) suggested composition of 
partially carbonised acrylic fibre.
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substituted poly(vinylidene chloride) (PVDC), (–CCl2.CCl2–)n, though this 
may be co-polymerised with polyvinyl chloride (PVC), (–CH2.CHCl–)n. 
Saran is the original trade name and is commonly used as thick monofils. 
The fibre structure will have similarities to PVC fibres described in Chapter 
10, Section 10.3 of Handbook of Textile Fibre Structure, Volume I.
 There is a more diverse range of fluorinated fibres. The best known is 
poly(tetrafluorethylene) (PTFE), (–CF2–CF2)n. The similar size of carbon and 
fluorine atoms gives a compact form to the chain molecules, which can pack 
closely in locally well-ordered forms with strong intermolecular forces. The 
consequent chemical inertness is a factor in the low friction of PTFE, but 
also makes the polymer intractable. In the DuPont process for making Teflon, 
filaments are extruded as a suspension of PTFE in a cellulose dope and then 
sintered at high temperature to give a coherent fibre structure. Alternatively 
a paste process can be used to make film, which can be slit and drawn to 
form fibres. This results in a porous fibre structure with low density, which 
is useful for some purposes. Another process peels off fibres by precision 
turning of a PTFE rod. Teflon can be used up to almost 300°C.
 Poly(vinylidene fluoride) (PVDF), (–CF2.CF2–)n, polyvinyl fluoride (PVF), 
(–CH2.CHF–)n and FEP co-polymers have lower melting points and can 
be melt-spun. Their fibres combine good tensile properties with chemical 
resistance. FEP fibres consist of various co-polymers of PTFE, designated 
as PTFE-FEP with hexafluoropolypropylene (–CF(CF3).CF2–), ECTFE with 
ethylene (–CH2.CH2–) and chlorotrifluoroethylene (–CFCl.CF2–), and ETFE 
with ethylene and trifluoroethylene (–CHF.CF2–).

13.3.2 Other linear polymer fibres 

McIntosh (2001) describes poly(etheretherketone), PEEK, as the foremost 
member of a family of aromatic thermoplastic polymers, the polyetherketones. 
Its melting point is 334°C and it can be melt-spun into fibres. The repeat 
unit of the polymer, shown in Fig. 13.9, consists of three benzene rings 
linked by two ether groups and one ketone group. Because of the similarity 
of mechanical properties, it can be assumed that the fine structure of PEEK 
fibres will be similar to those of nylon and polyester fibres, namely partially 
oriented and about 50% crystalline. However, this still leaves open the 
details of the crystalline/amorphous form. The advantage over nylon and 
polyester is in PEEK’s ability to operate in more extreme conditions and 
over long lifetimes.

13.9 Formula of poly(etheretherketone), PEEK.
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 Horrocks (2001c) describes two other linear polymer fibres with good 
chemical resistance. Poly(phenylene sulphide), PPS, has the formula shown 
in Fig. 13.10. The melting point is 285°C, so that it can be melt-spun. The 
fibre has properties similar to nylon, but slightly weaker and with little 
moisture absorption, and its structure can be assumed to be similar. Poly(ether 
imide), PEI, is used mainly as an engineering plastic. PEI can be melt-spun 
into fibres, which have a lower strength and melting point than PEEK or 
PPS and are more extensible. Fibres based on PEI are reported to have the 
somewhat irregular chemical formula shown in Fig. 13.11. Consequently, 
in contrast to the other fibres mentioned here its structure is amorphous. 

13.4 Conclusion

In conclusion, it is worth quoting a comment by Horrocks (2001d): An 
observation that is perhaps worthy of note is the very large number of specialty 
fibres reported in the literature and often patented since the 1960 period, of 
which only the fibres [mentioned in this chapter] have survived as commercial 
examples. Furthermore, not until very recently has the general commercial 
availability of these fibres increased, as reductions in costs coupled with 
increasing performance demands have enabled them to displace the more 
conventional fibres. The variety of fibre structures provides a range of fibre 
properties to meet the performance requirements of particular applications. 
There is a great diversity of uses: filtration of corrosive chemicals or hot 
gases; packing materials in chemical plants; conveyor belts for aggressive 
substances; electric cable wrapping for aerospace use; composites for uses 
in aircraft engines; fire blockers under aeroplane seats; paper machine dryer 
fabrics; protective clothing; and many more that are described in the various 
sections of Chapters 8 and 9 of High-performance Fibres (Hearle, 2001). 
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13.10 Formula of poly(phenylene sulphide), PPS.
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13.11 Formula of poly(ether imide), PEI.
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 A primary factor in choosing a fibre is the particular chemical and thermal 
environment that has to be resisted, but the mechanical and other physical 
properties also influence the choice. Simple insulation has minimal mechanical 
requirements, but to replace wire rope by fibre rope in a hot mineshaft, strength 
and modulus are important. In paper machines, with repetitive bending round 
rollers, resistance to fibre fatigue is needed. In order to be worn, clothing 
must be comfortable. For large-volume industrial applications cost is a critical 
determinant, but for more specialised uses meeting demanding performance 
requirements may be more important. Continued research is likely to lead 
to development of fibres having structures with improved performance for 
current uses and the ability to take fibre-based materials into new demanding 
environments.
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14
Structure, properties and characteristics  

of optical fibres

A ARGyROS, The University of Sydney, Australia

Abstract: This chapter outlines the variety of established and experimental 
optical fibres, their structure, physical and optical properties and their 
applications. An initial description of waveguide concepts is followed by an 
examination of common fibre structures and the influence of the structure 
and material on the optical properties. This is followed by examining the 
established technologies of silica and polymer optical fibres and their 
applications, the emerging technology of microstructured optical fibres and 
fibres of other materials.

Key words: optical fibres, waveguides, microstructured optical fibres, 
photonic crystal fibres, photonic bandgaps.

14.1 Introduction

A variety of optical fibres have been developed, having diverse applications 
including communications, medicine, astronomy and textiles. Their purpose 
has been the transmission or manipulation of light from 200 to 6000 nm 
in wavelength, achieved through the chemical and physical structure of the 
fibres: the materials the fibre is made of and its refractive index profile. These 
determine a fibre’s transparency, its mechanical properties, manufacturing 
complexity and cost, which in turn determine the applications of each fibre 
type. Silica and polymer fibres are the two established platforms, occupying 
almost exclusive applications. They rely on chemical variations in different 
parts of their cross-section, achieved through doping or the use of different 
materials to guide light. Another class of fibre which has emerged with vastly 
different properties is known as microstructured optical fibres or photonic 
crystal fibres and consists of a single material with microscopic air channels 
running the length of the fibre.
 This chapter aims to outline the variety of established and experimental 
fibres, their structure, optical properties and applications. The first section 
describes various concepts in waveguide theory and the second section looks 
at common fibre structures, highlighting how the fibre parameters affect 
their optical properties. The third section is organised on a materials basis 
and looks at silica, polymer and optical fibres of other materials, discussing 
their general characteristics and applications. These are followed by the 
conclusion, sources of further information and references. 

�� �� �� �� �� ��



459Structure, properties and characteristics of optical fibres

14.2 Waveguide concepts

The original principle behind optical fibres is total internal reflection of 
light propagating in a material with high refractive index at an interface 
with a lower index material (Snyder and Love, 1983; Palais, 1992). The 
high refractive index material is the fibre core – with index nco – which is 
surrounded by the lower-index cladding – with index ncl < nco – as shown in 
Fig. 14.1. Light launched into the core can be reflected at the core–cladding 
interface by total internal reflection and guided along the fibre inside the 
core. This occurs if the angle of incidence on the core–cladding interface qi 
is greater than the critical angle qc, given by

  
qc

–1 co

cl
= sin n

n  
14.1

If the angle of incidence is below the critical angle, the light refracts and is 
only partially reflected at the interface. 

14.2.1 Modes

As light is guided along the core, the successive reflections from the cladding 
require the light to interfere with itself. Only discrete angles of incidence 
result in constructive interference, and each of these corresponds to a guided 
mode. Each mode is characterised by a mode effective index neff which is 
related to its angle of incidence by 

  neff = nco sin qi 14.2

Given their different angles of propagation, every mode travels with a 
different speed along the fibre, termed the group velocity vg. As neff increases, 

q0

qiLeaky mode

Bound mode

Core nco Cladding ncl

14.1 Schematic of an optical waveguide showing the core and 
cladding, the trajectories of rays of light in a bound and a leaky 
mode, and the acceptance cone (NA). 
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approaching nco, the light propagates almost parallel to the fibre. Higher neff 
modes travel along shorter paths and so travel faster along the fibre (higher 
vg). The mode with the highest neff will have the highest vg and is referred 
to as the fundamental mode. Fibres that support only the fundamental mode 
are called single-mode (SM) fibres whilst multi-mode (MM) fibres support 
many modes. 
 Modes can also be described as bound or leaky. In bound modes, no light 
escapes through the side of the fibre and all the light propagates along the 
core. In leaky modes, where total internal reflection does not occur, some 
power exits the fibre through the cladding at each reflection. The wavelength 
for which a mode makes the transition from bound to leaky is called the 
cut-off wavelength, and corresponds to when its angle of incidence equals 
the critical angle, giving neff = ncl. Bound modes satisfy ncl < neff < nco. 

14.2.2 Numerical aperture

The numerical aperture (NA) of a fibre describes the range of angles that 
can be captured and emitted by the fibre, and depends on the index contrast 
between the core and cladding: 

  NA n n =  –  = sin co
2

cl
2

oq  14.3

where qo is the half-angle of the acceptance cone or the output, as shown in 
Fig. 14.1. Only light incident on the fibre endface within this cone will be 
incident on the core–cladding interface at an angle greater than the critical 
angle and be guided as a bound mode; rays outside the light cone will 
launch leaky modes. At the output end, as the light travels away from the 
fibre endface, it spreads out to an approximately Gaussian intensity profile. 
The edges of the cone are taken to be where the intensity drops to 5% of 
maximum. 

14.2.3 Loss

The loss describes the amount of light that exits the fibre Pout as a fraction 
of the power at the input Pin. This is typically quoted in a logarithmic scale 
using decibels (dB): 

  loss in dB = –10log10(Pout/Pin) 14.4

Loss may arise through material absorption and/or scattering from 
inhomogeneity in the material. Rayleigh scattering from features of comparable 
size to the wavelength of light (hundreds of nanometres) increases at short 
wavelengths as 1/l4, whereas scattering from larger features becomes 
independent of wavelength. Leaky modes will also suffer from confinement 
loss, which accounts for the fraction of light lost through the cladding. If 
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this is small, the light may still propagate in these modes for large distances. 
Large values of confinement loss mean these modes escape immediately 
and can be ignored. 

14.2.4 Dispersion

Dispersion describes the spreading of pulses of light as they propagate along 
the fibre. It is an important consideration in data transmission as the pulse 
spreading determines the minimum spacing between pulses, and hence the 
maximum data transmission rate. Dispersion also becomes important for a 
variety of nonlinear processes. It is quoted as the amount of pulse spreading 
per wavelength range used, per distance of propagation (in ps/nm.km). 
 There are three types of dispersion: chromatic, waveguide, and inter-modal 
dispersion. Chromatic dispersion is a material property and arises from the 
wavelength dependence of the refractive index of a material. The different 
wavelength components of a pulse will see a different index and travel at 
different speeds, causing the pulse to spread. Generally, short wavelengths 
travel slower than long wavelengths.
 Waveguide dispersion arises from the difference in relative size between 
different wavelengths and the waveguide, causing different wavelengths 
to travel at a different angle (or neff) and hence a different speed. This can 
produce the same effect as chromatic dispersion or the opposite, with shorter 
wavelengths travelling faster than long wavelengths. The total dispersion is 
the sum of chromatic and waveguide dispersions. Since chromatic dispersion 
is determined by the material, the waveguide can be designed to offset it by 
different amounts. 
 Inter-modal dispersion arises in multi-mode fibres as the power from a 
pulse may be distributed amongst many modes, which travel with different 
group velocities. The pulse spreads by an amount proportional to the difference 
between the fastest and slowest modes and the propagation length. If the 
fibre contains defects that cause sufficient power transfer between modes 
(mode mixing), the pulse spreading is decreased and becomes proportional 
to the square root of the length. This may come at a cost, however, as the 
defects may also result in scattering losses. Single-mode fibres do not suffer 
from inter-modal dispersion, as all the light is in the fundamental mode. 

14.2.5 Bending loss

Bends in the fibre can cause leakage of light as a ray that may have otherwise 
been incident on the core–cladding interface above the critical angle may 
find itself below in the bent region of the fibre, as shown in Fig. 14.2. The 
bend loss is reduced for large index contrast (large NA) fibres and increases 
exponentially as the bend radius decreases. 
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14.3 Fibre structure and optical properties

14.3.1 Conventional fibres

Conventional fibres can be separated into two classes depending on their 
refractive index profile. Step-index fibres (SI) have a core of a constant, higher 
refractive index, whereas graded-index (GI) fibres have a gradual decrease 
of refractive index (Snyder and Love, 1983; Palais, 1992). The fibres can be 
single-mode or multi-mode, and the effect of this and a schematic of their 
profiles is shown in Fig. 14.3. 

Step-index fibres

Step-index fibres can be characterised by the normalised frequency parameter 
V, given by (Snyder and Love, 1983) 

  
V r n n r NA = 2π –  = 2π co co

2
cl
2

col l  
14.5

where rco is the radius of the core and l is the free-space wavelength of 
light. The number of modes is given by approximately V2/2, hence large V 
fibres will be multi-mode. If V < 2.405, fibres are single-mode and this value 
of V corresponds to the cut-off of the second mode. Single-mode fibres are 
desirable for communications and sensing applications as they do not suffer 
from inter-modal dispersion and the pulse-spreading is minimised. This 
necessarily limits them to small cores, low NA and relatively long wavelengths. 
The fundamental mode has no cut-off but fibres become increasingly unable 
to confine the light below V ~ 1.2, becoming sensitive to bend losses and 
other perturbations. Other variants on the simple SI design are common 

qi > qc
qi < qc

14.2 Leakage of light can be caused by bending a fibre, as the angle 
of incidence can fall below the critical angle.  
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14.3 Schematics of step-index single-mode and multi-mode fibres and graded-index fibres, and the degree of pulse 
spreading resulting from inter-modal dispersion. 
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and contain further steps after the core, called W-fibres (Samut, 1978) or 
dispersion compensating fibres (Palais, 1992). This changes the waveguide 
dispersion, and hence the total dispersion of the fibres. 

Graded index fibres 

An improvement can be made in terms of data transmission by replacing the 
step-index structure with a graded-index structure. The grading means the 
rays refract as they travel across the core (see Fig. 14.3), which equilibrates 
the group velocities of all the modes and thus minimises pulse spreading 
due to the intermodal dispersion. In principle, a parabolic profile graded 
index will approach the pulse spreading of a single-mode fibre, but will 
bring additional advantages of a larger core size and/or NA. In practice 
however, small deviations from the required profile can be detrimental and 
the necessary profiles are difficult to achieve. 

14.3.2 Microstructured fibres 

Microstructured optical fibres (MOF), also called photonic crystal fibres 
(PCF), are made from a single, undoped material and use microscopic air 
holes running the length of the fibre to guide light (Russell, 2006; Bjarklev 
et al., 2003; Large et al., 2007). The freedom of hole size and position 
that microstructured fibres allow gives rise to a wide range of properties 
not possible with conventional fibres. Microstructured fibres also fall into 
two categories depending on whether the refractive index of the core is the 
highest of the entire fibre cross-section, the two cases differing in the way 
they guide light. 

High index core 

If the structure consists of a solid core surrounded by holes, as shown in 
Fig. 14.4, the guidance mechanism is modified total internal reflection. This 
is analogous to a step-index fibre with a high index (solid) core and a low 
index (mixture of solid and air) cladding. In the microstructured cladding 
the light sees an ‘average’ material with a lower refractive index than the 
core, often called the effective index of the fundamental space-filling mode 
nFSM < nco (Birks et al., 1997; Li et al., 2008). 
 The exact average of air and solid – the value of nFSM – is a strong function 
of wavelength, meaning the cladding has a very large waveguide dispersion 
which can be controlled through the hole size and spacing. This can be used 
to change the entire dispersion of a fibre with unprecedented control. 
 The first novel feature to be demonstrated using microstructured fibres 
was the ‘endlessly’ single mode fibre (Birks et al., 1997). Given the large 

�� �� �� �� �� ��



465Structure, properties and characteristics of optical fibres

dispersion of the cladding, in these designs V can become almost independent 
of wavelength, and thus the fibres can remain single mode for a much larger 
wavelength range. A qualitative way to view this is to rewrite Eqn (14.5) 
as 

    
V NA  1 ( )µ l l

 
14.6

with

  NA(l) µ l

As the wavelength decreases, V is prevented from increasing by an increase 
in the cladding index nFSM and hence a reduction of the NA. 
 Endlessly single-mode behaviour was demonstrated in structures like 
Fig. 14.4 when the diameter of the holes in the cladding is less than 40% of 
the hole spacing (Kuhlmey et al., 2002). Larger holes give lower cladding 
indices and higher NA (Issa, 2004), and are multi-mode. Despite the large 
variety of structures possible, high-index core microstructured fibres operate 
according to this general principle. The holes must extend significantly 
beyond the core to reduce the fibre’s confinement loss (White et al., 2001), 
the amount of light escaping decreasing exponentially with the thickness of 
the microstructured region. 

Low index core 

Replacing the high index core with a low index core (Fig. 14.5) means the 
fibre can no longer guide by total internal reflection, so another mechanism 
must be employed to reflect the light at the core–cladding interface. This 
mechanism is coherent reflection by the cladding, possible when the cladding 
is periodic (Russell, 2006). 

Air holes

Solid
material

Actual profile

Average profile

nco

nFSM

nco

1.0

1.0

n

14.4 Schematic of a high index core microstructured fibre. The light 
sees an average of the air and solid material in the cladding, and 
hence an average refractive index given by nFSM. 
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 Light incident on a periodic structure will experience many reflections from 
the interfaces and if these are in phase it results in constructive interference 
and a strong reflection. This occurs only for specific wavelength ranges. The 
periodic structures are referred to as photonic crystals and the wavelengths 
for which strong reflection occurs are called the photonic bandgaps (PBG) 
(Joannopoulos et al., 1995). Hence these fibres transmit light only in discrete 
transmission windows – the bandgaps – as shown in Fig. 14.5. Surrounding 
the low index core with such a material allows the light, if it falls inside the 
bandgaps, to be reflected at the core–cladding interface and guided along the 
core. The core can be any lower-index material such as air, so these fibres 
are often called hollow-core photonic crystal fibres (HC-PCF) or bandgap 
fibres. 
 The photonic crystal cladding can be a 1-D or a 2-D crystal. One-
dimensional crystals are simply multilayers of alternating high nh and low 
nl index materials, rolled into a hollow cylinder, often called Bragg fibres 
(yeh et al., 1978) (Fig. 14.5(c)). The simplest 2-D crystals are hexagonal 
arrangements of high index rods in a low index background (Argyros et al., 

nh

nl

(a) All solid (b) Hollow core (c) Bragg fibre

All reflections combine in 
phase in the bandgaps

Bandgaps

Wavelength
Core

Tr
an

sm
is

si
o

n

nk

nl

14.5 Schematic of different bandgap fibres showing (a) 2D lattice 
of high index rods in a low index background, (b) a 2D hollow-core 
example and (c) a 1D Bragg fibre. The light in the core reflects off all 
the interfaces in the cladding. When these reflections recombine in 
phase in the core, the resulting strong coherent reflection confines 
the light.  This occurs only for some wavelengths, so transmission 
occurs only in discrete transmission bands (the bandgaps). 
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2005) (Fig. 14.5(a)). The approximate wavelength position of the photonic 
bandgaps can be easily calculated and for the 1-D case the bandgaps are in 
between 

  
l d = 2  – h

2
l
2n n

m  
14.7

where d is the thickness of the high index layer and m is an integer. For the 
simple 2-D structure described, they fall between 

  
l  = 2π  – co h

2
1V r n n2

 
14.8

where V = 1, 2.405, 3.832, 5.136 (zeros of Bessel J functions) and rco is the 
radius of the high index rods in the cladding. Equations (14.7) and (14.8) 
assume that the core of the fibre is made of the low index material. This 
indicates that the uniformity in the high index features is most important, 
whereas the periodicity is of secondary importance. It also shows how the 
bandgaps will shift in wavelength with changes to the structure size and the 
refractive indices. If air is the low index material in the photonic crystal, 
additional solid struts must be added to the structure to make it self-supporting 
(Fig. 14.5(b)). These struts will affect the optical properties of the cladding 
and will result in the closure of most bandgaps (Couny et al., 2007). The 
typical size of features in the cladding (high/low index layers or high index 
rods) is hundreds of nanometres to several micrometres depending on the 
refractive indices of the materials and the wavelength of the bandgaps. 
 The operation of bandgap fibres ultimately relies on strong coherent 
reflection by the cladding, but coherent reflection is not achieved by all periodic 
lattices. Some are less able to reflect light, but do reflect over a much wider 
wavelength range, giving wider transmission windows but higher confinement 
loss. This guidance mechanism differs from that in photonic bandgap fibres, 
and has been called the inhibited coupling mechanism (Argyros and Pla, 
2007). Both these types of fibres have the unique property of the low index 
(hollow) core, but come with the trade-off of narrow transmission windows 
or higher confinement loss. Both are also extremely sensitive to defects in 
the structure.

14.4 Types of optical fibres, materials and 
applications

The two broad classes of optical fibre commercially available are silica and 
polymer optical fibres. The development of fabrication techniques for high 
purity synthetic silica resulted in the production of highly transparent silica 
fibre, on which telecommunications systems were developed (Palais, 1992; 
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Goff, 2002). Polymer fibres, on the other hand, have lower transparency, but 
can be made significantly thicker while still remaining flexible and provide a 
lower system cost. The much larger diameters greatly increase the tolerance 
on connectors, and they operate in the visible range, making them easier to 
handle. They are thus being taken up in short-distance data communications 
where the ratio of connections to fibre is high and the transparency is not an 
issue, and for illumination applications (Ziemann et al., 2008). 
 An idea of the difference between the most widely used fibres can be gained 
from the data presented in Tables 14.1 and 14.2, of example specifications 
of commercially available fibres or deployed data transmission systems. The 
larger transparency of silica means long-haul links using single-mode fibres 
can range from inter-city up to intercontinental connections, which require 
high data rates. At the other extreme, short polymer links would represent 
connections between individual computers. 

14.4.1 Silica optical fibre

General characteristics
Silica fibres are made of synthetic silica using chemical vapour deposition 
systems and have very high transparency in the infrared (IR) below 2 µm. 
As a result, telecommunications systems were developed based on the 

Table 14.1 Physical specifications of some commercially available optical fibres

Fibre Fibre Core Coating Profile Temperature Tensile 
 diameter diameter diameter and range (°C) strength 
 (µm) (µm) (µm) modes  (N)

Silica 125 8.3 245 SI –60 to 85 >335

Corning SMF-281    SM

Silica 125 62.5 245 GI –60 to 85 >335

Corning InfiniCor CL    MM
10002

Polymer 1000 980 2200 SI –55 to 85 >70
Mitsubishi ESKA    MM
MEGA MH-40013

Fluorinated polymer 120 120 492 GI –10 to 606 14
Asahi Glass Co.     MM
Lucina Fibre4

Specifications from 1Corning (2002), 2Corning (2007), 3Mitsubishi (2001), 4AGC 
(2004).
5Quoted as >0.7 GN/m2. 
6For cabled fibre; specifications not available for bare fibre.
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wavelength of light for which the fibres were most transparent, historically 
increasing from 850 nm to 1300 nm to 1550 nm. The most widely used silica 
fibres are based on ITU-T standard G652, these being Corning SMF-28 (see 
Tables 14.1 and 14.2) and variants thereof tailored for specific dispersion, 
loss and nonlinear properties. Larger-core graded-index multi-mode silica 
fibres are also available, providing low loss and high data rates for shorter-
distance applications. 

Chemical structure and fabrication

The base material of the fibres is amorphous silica SiO2 fabricated through 
the oxidation of ultra-pure silicon tetrachloride SiCl4 in a variety of chemical 
vapour deposition systems such as modified chemical vapour deposition 
(MCVD), vapour axial deposition (VAD), outside vapour deposition (OVD) 

Table 14.2 Optical specifications of some commercially available optical fibres

Fibre NA Operating Loss 20 dB Typical Data 
   wavelength (dB/km) attenuation  deployment rate 
   (nm)  length (km) length (km) (GHz)

Silica 0.13 1310 0.3 67 50 to >10 0001 >6002

 Corning  1550 0.2 100
 SMF-28 

Silica 0.275 850 2.9 6.9 0.5 0.53

 Corning  1310 0.6 33 1.0
 InfiniCor 
 1000 

Polymer 0.3 650 160 0.125 0.05 0.24

 Mitsubishi
 ESKA MEGA 
 MH-4001

Fluorinated 0.17–0.195 850 <25 0.8 0.2 1.255

polymer 
 Asahi Glass   1300
 Co. Lucina
 Fibre

150 km is the standard length of fibre commercially available. Longer lengths must 
be deployed with amplifiers every approximately 80 km.
2Demonstrated as 1.28 Tbit/s systems over lengths of 400 kim and 9000 km (Leppla 
et al., 2006; Coleman, 2008). Maximum capacity depends more on encoding 
systems used and is generally not limited by the fibre. An assumption of non-
return to zero encoding was used to convert the bit rate to a frequency: bits/s = 2 
¥ frequency.
3Quoted as 1 Gbit/s over the deployment length.
4Measured over 50 m at 650 nm using NA = 0.3.
5Quoted as 1250 MHz over 200 m at 850 nm, overfill launch.
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or plasma chemical vapour deposition (PCVD) (MacChesney and DiGiovanni, 
1990; Nagel et al., 1982). In all these systems the (silica) soot particles 
generated by the oxidation deposit one layer at a time onto a substrate and 
are sintered to form a solid rod called the optical fibre preform, typically 
1–10 cm in diameter, from which the fibre is drawn in a subsequent step at 
approximately 1900°C.
 In order to modify the refractive index profile of the preform, additional 
materials are incorporated into the silica matrix to produce a variety of doped 
glasses (see Table 14.3). Common dopants are GeO2 which increases the 
refractive index in the core, and P2O5 which lowers it in the cladding. Doping 
can be achieved through the simultaneous oxidation of precursors like GeCl4 
and the deposition of soot and dopant concentrations can range from a few 
percent to tens of percent. In addition, active media can be incorporated in 
the glass with optical gain for the fabrication of fibre lasers and amplifiers 
(Hewak, 1998). The most common are erbium and ytterbium in the form of 
Er3+

 and yb3+, added to silica using solution doping – immersing the soot 
layers into a solution of the dopant prior to drying and sintering. 
 The chemical structure is important on a microscopic level as the dopants 
must ideally disperse uniformly and produce a homogeneous material. 
Crystallisation or agglomeration of any form will result in scattering of the 
light, and thus increase losses, and may also inhibit certain processes required 
for active systems. For example, the addition of Al reduces the clustering of 
Er3+

, and the addition of P2O5 inhibits Al2O3 from crystallising, thus these 
are often used in combination to increase the Er3+ concentration. 
 Water contamination must be avoided as the Si–OH bond absorbs light 
near 1380 nm and can decrease the transparency of the fibre for both the 
1300 nm and 1550 nm windows. Dopants or glass combinations must be 
thermally compatible in terms of processing temperatures and thermal 
expansion coefficients. A difference in thermal expansion can create large 

Table 14.3 Common dopants used in silica fibres and their function

Dopant Function  Doping method

GeO2 Increases index Oxidation of GeCl4

P2O5 Increases index, reduces Oxidation of POCl3
 viscosity and scattering

Al2O3  Increases index, reduces  Solution doping, AlCl3
 clustering of Er3+

B2O3 Decreases index and viscosity  Oxidation of BCl3

F Decreases index Oxidation of SiF4, CF4 or CCl2F2

Er3+ Optical gain at ~1550 nm Solution doping of ErCl3 

Yb3+ Optical gain at ~1000 nm Solution doping of YbCl3 

�� �� �� �� �� ��



471Structure, properties and characteristics of optical fibres

stresses in the fibres as they cool from the drawing temperature to room 
temperature. This can be caused intentionally to modify the properties of the 
glass using stresses and induce birefringence. All these factors contribute to 
determining the maximum concentrations of the various dopants. 
 The chemical structure can be modified locally over short lengths in 
the fibre after it is drawn to inscribe fibre Bragg gratings (FBG) using 
ultraviolet (UV) light (Kashyap, 1999). The exact mechanism and changes 
to the chemical structure are unknown, but the exposure results in a change 
of refractive index at the point of illumination, which is likely to be due to 
the breaking and reforming of chemical bonds leading to a different atomic 
arrangement and density. Fibres most sensitive to UV have Ge-doped cores 
and are hydrogen-loaded (placed under high pressure H2, so that it enters 
the silica matrix) prior to exposure. The fibre is exposed to a fringe pattern 
created by interfering a UV beam, which inscribes a grating in the core of 
the fibre. The grating pitch is of the order of 500 nm and reflects one or a 
variety of wavelengths with extremely high precision. 
 The chemical structure is also relevant to a fibre’s nonlinear properties 
(Agrawal, 1995). High Ge concentrations tend to increase nonlinearity, and 
other dopants like P can modify the Raman gain of the glass and be used in 
fibre amplifiers. The nonlinearity can also be modified post-drawing through 
the application of a strong electric field whilst heating the fibre (poling). This 
results in the migration of mobile charges in the glass (like Na+

 impurities 
and H+ that enters from the atmosphere), creating a permanent electric field, 
and the local crystallisation of the amorphous silica into cristobalite (An and 
Fleming, 2006). 

Mechanical properties 

The mechanical strength of the fibres can be greatly undermined by small 
cracks on the surface. To prevent this, a polymer coating is applied while the 
fibre is in pristine condition, as it is drawn from the preform. The coating can 
be applied as a UV-curable polymer, cured online during the draw. Examples 
of coatings are polyvinylidene fluoride (Kynar) and acrylates. The tensile 
strength of typical fibres is approximately 33 N (Table 14.1) and the elastic 
limit is approximately 0.5%. 
 Different levels of cabling are required, depending on the environment in 
which the fibre will be placed, to provide protection from moisture and to 
take the tensile load away from the fibres (Palais, 1992). The cables include 
from one to 200 fibres and beyond their plastic coating a buffer coating is 
added, followed by strength members and an outer consolidating polymer 
jacket. If metallic, the strength members can be used to deliver electricity to 
components (such as amplifiers) along the cable. The strength members can 
include metal pipes, corrugated metal inclusions, steel wires, aramid yarn or 

�� �� �� �� �� ��



472 Handbook of textile fibre structure

Kevlar. Modular, loose-tube configurations allow a subset of the fibres to be 
accessed at a point along the cable without affecting the remaining fibres, 
the cable acting as a conduit. Tight-buffered cables allow access only at the 
cable’s termination points. 
 As an example, submarine cables can be up to 69 mm in diameter 
and composed of eight layers including copper (also for power delivery), 
aluminium tube and steel wire reinforcements. Their tensile strength can 
reach 200 kN.

Applications and limitations 

The high transparency and small core of silica fibres makes them ideal for 
telecommunications, where the distances, data transmission rates and fibre-
to-connector ratios are large. The ability to incorporate active materials like 
Er3+ to make fibre amplifiers has increased the deployment lengths and data 
rates as optical signals can be re-amplified every ~80 km in fibre, without 
requiring their regeneration by electronic means. The incorporation of gratings 
has enabled the use of wavelength division multiplexing (WDM) to further 
increase data rates, where multiple signals are transmitted along the same 
fibre at slightly different wavelengths, and manipulated independently using 
sets of fibre Bragg gratings. The combination of these three types of silica 
fibres has allowed high speed telecommunications to be realised, and resulted 
in a worldwide network exceeding 100 million kilometres in fibre length. 
 Other uses of silica fibres (typically with larger cores) include medical 
applications in the form of illumination and imaging for endoscopes using 
fibre bundles, in which each fibre corresponds to one pixel, and laser power 
delivery for surgery and other treatments. Fibre sensors (Udd, 1991) is also 
a large field and includes using fibre Bragg gratings for temperature and/or 
strain sensing (although this is limited by the low elastic limit), and using 
Faraday rotation to measure the strength of magnetic fields, and hence 
measure currents. Optical fibre lasers (doped with active media) are receiving 
increased attention as they produce high quality beams and the large surface 
area to volume ratio of the fibre is ideal for thermal management and high 
power lasers (Digonnet, 2001). 
 For short-distance applications, the transparency and large data transmission 
rates become increasingly irrelevant and the low tolerances on connections 
(arising from the small core) only add to increasing the cost of an implemented 
system. The physical properties of silica prevent the core and fibre from 
being significantly larger, as thicker fibres become rigid. Their operation in 
the infrared makes them unsuitable for user-installed consumer products as 
the radiation is invisible, and the ability of silica to shatter makes it unsafe 
for some in vivo applications. 
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14.4.2 Plastic optical fibres 

General characteristics
In contrast to silica, polymer optical fibres (POF) remain flexible at large 
diameters – 1 mm – and operate at visible wavelengths. The large diameter 
increases the tolerances on connectors, which greatly reduces their cost 
Polymer fibres are thus used for short-distance communications and 
illumination applications where the mechanical properties of the fibre provide 
an advantage, and the lower transparency (compared to silica) does not pose 
a significant disadvantage. 

Chemical structure and fabrication

The polymers used in optical fibres can be divided into two general categories: 
ordinary polymers containing hydrogen, and fluorinated polymers in which 
all the hydrogen atoms are replaced by a fluorine atom (or, less commonly, 
deuterium). The transparency of polymer materials is affected by resonances 
of the C–H bond vibrations and scattering that arises from the packing 
of the polymer molecules. The heavier fluorine or deuterium atoms shift 
these resonances to longer wavelengths and open up a larger and deeper 
transparency window (Ziemann et al., 2008). Some examples are presented 
in Table 14.4. 
 Apart from the polymer itself, the grade of the polymer can be important. 
Key properties are the molecular weight and the degree of crosslinking 
(bonds linking adjacent polymer chains). Crosslinking and/or large molecular 
weights (leading to very long polymer chains and their physical entanglement) 
prevent the molecules from sliding past each other and thus prevent the 
polymer being drawn. The molecular weight also affects the glass transition 
temperature (Tg), at which the backbone of the polymer molecules becomes 
mobile and the polymer softens; a fibre is generally stable up to 20°C below 

Table 14.4 Common polymers used in optical fibres

Polymer Refractive index Minimum loss (dB/km) Wavelength (nm) Tg(°C)

PMMA 1.49 150 650  115
D-PMMA  20 680 
PS 1.59 114 670 100
PC 1.58 800 770 150
CYTOP 1.34 8 1070
  15 1300 

Note: The material loss does not equal the fibre loss as fabrication-induced 
defects and the thermal history of the fibre will affect the loss. PMMA is 
polymethylmethacrylate, D-PMMA is deuterated PMMA, PS is polystyrene, PC is 
polycarbonate, CYTOP (cyclic transparent optical polymer) is used in Lucina fibres.
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the Tg. Crystallisation of polymers leads to the formation of many interfaces 
between the crystals and reduces the transparency through scattering, leading 
to a white colouration. During polymerisation, various chemicals are added to 
the monomer to initiate and control the polymerisation and these impurities 
may also lead to scattering of light. In general, fluorinated polymers are more 
prone to crystallisation and fluorinated/deuterated polymers are significantly 
more expensive owing to the cost of the raw materials, the production of 
hydrofluoric acid during fluorination and the proprietary nature of these 
materials. 
 In addition to the grade, the properties of a polymer sample will be 
influenced by its thermal history. The most relevant example is drawing 
a fibre from a preform. In a bulk sample the polymer chains will have a 
random orientation, whereas the tension used when drawing to fibre will 
align the polymer chains along the longitudinal axis of the fibre. The latter 
is more homogeneous and will have a lower loss through reduced scattering. 
Further heating of the fibre near Tg will result in a relaxation and return to 
the random chain orientation, increasing the loss and possibly deforming 
the fibre. 
 The most common fibres consist of a polymethylmethacrylate (PMMA) 
core and a fluorinated polymer cladding, operating in the red at 650 nm (see 
Tables 14.1 and 14.2). PMMA has the highest transparency of the commonly 
available polymers, while fluorinated polymers have low refractive indices 
and are typically used only in the cladding. A refractive index profile suitable 
for waveguiding can be obtained from using combinations of polymers, 
or modifying one base polymer through doping (dopant dispersed in the 
polymer matrix) or the use of co-polymers (dopant incorporated into the 
polymer molecules). This results in relatively large index contrasts and NA, 
meaning that single-mode fibres are not available. 
 Once the materials are selected, the fibre may be drawn from a preform 
(Ziemann et al., 2008). Step-index preforms can be made by placing the 
core material inside a tube of the cladding material and fusing together, 
or by polymerising the cladding onto the core. The materials used must be 
thermally compatible, e.g. have similar softening temperatures to enable 
drawing, and similar thermal expansion coefficients to prevent stresses once 
cooled, which could lead to delamination between the core and cladding and 
large losses for the fibre. 
 Graded-index profiles are more complex and are primarily produced using 
two methods. Interfacial gel polymerisation relies on the different diffusivity 
of two components in the monomer mixture. A tube filled with the mixture 
is heated from the outside and polymerises inwards. The lighter species 
diffuses to the outside and the heavier species remains near the centre as 
the polymerisation front proceeds, creating a concentration gradient and 
hence a refractive index gradient. The second method relies on differences 
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in density between the two species and employs a centrifuge to induce the 
concentration gradient prior to initiating polymerisation. The preforms are 
spun at rates of 50 000 rpm, making this approach impractical. 
 Drawing fibre from preforms is necessarily a batch process, using one 
preform at a time, and the large diameters of POF mean that the length of 
fibre produced from each preform is relatively low. A more cost-effective 
method involves drawing the core from a rod or extruding it from a monomer 
mixture that polymerises online, followed by coating and curing the cladding 
onto the core, and the addition of any jacketing layers. This results in a 
continuous process. Graded-index fibre can be made by the co-extrusion 
of many layers or the controlled diffusion (by heating) of a dopant in the 
innermost layer. The thermal stability of a fibre may be increased through 
UV irradiation to cause crosslinking after it has been drawn. 

Mechanical properties

The mechanical properties of plastic fibres differ significantly from those 
of silica, most notably in that they are more flexible at large diameters and 
much more elastic. Elastic limits for PMMA and CYTOP fibres fall in the 
range of 5–10% (Dobb et al., 2006; AGC, 2004). 
 Given the applications, the extent of cabling used in silica fibres is 
unnecessary in POF. The fibres may be coated with an additional protective 
layer that does not alter their properties significantly. Duplex cables are 
common in data transmission, as sending one signal in one direction per fibre 
minimises the complexity of the optics and electronics of the transmitter/
receiver and connector. 

Application and limitations

Given their properties, POF has had the largest uptake in short-distance 
transmission of light. In data communications, local area networks using 
polymer fibres are being installed in German-made cars. Home and office 
local area networks using POF are also available but not widely utilised. 
The largest opportunity for POF is in the deployment of fibre-to-the-home 
(FTTH), to provide high speed internet, voice over IP and radio/TV broadcasts 
over the one fibre connection (so-called triple-play networks), as well as 
high data rate links within and between consumer electronics like high 
definition televisions. The easier handling and operation in the visible range 
make polymers attractive in these applications as they lower installation 
costs and make user-installation possible. The large cores also make POF 
suitable for illumination applications in architectural lighting and signage. 
All these applications typically use lengths of less then 100 m. The second 
range of applications arises from the mechanical properties, as polymers are 
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more flexible and more elastic than silica, and do not shatter. This makes 
them suitable for a variety of sensing applications such as strain sensing 
(Ziemann et al., 2008). 
 The major limitations of POF are the transparency and temperature stability. 
Although the transparency can be improved through fluorination, this is not 
cost-effective and undermines the ‘cheap and easy’ solution POF offers. The 
low operating temperature (see Table 14.4) of POF is also a limitation in 
many applications and no suitable, sufficiently transparent high-temperature 
POF has become widely available. The difficulty in making single-mode 
POF is also inhibiting their use in many sensing applications, such as strain 
sensing, as single-mode fibres with gratings inscribed are necessary. 

14.4.3 Microstructured optical fibres

General characteristics
Microstructured optical fibres have been produced using silica (Knight et 
al., 1996; Russell, 2006) and polymer (van Eijkelenborg et al., 2001; Large 
et al., 2007). Given the effectiveness of conventional fibres, microstructured 
fibres have typically been of interest only when particular properties which 
are not obtainable in conventional fibres are achieved. Fibres guiding by 
modified total internal reflection will typically have interesting dispersion, 
nonlinear properties or NA and hollow-core fibres have the unique feature of 
a hollow core. Although the light travels in air in hollow-core fibres, some 
fraction of the light (<1%) overlaps with the solid material and thus material 
absorption and scattering are weakened, but still experienced. 
 Given the large variety of structures possible, there is no ‘general’ 
description of microstructured fibres. Some notable designs are outlined in 
Table 14.5 and examples of fabricated structures are shown in Fig. 14.6. 

Materials and fabrication

Silica microstructured preforms are made by stacking capillaries and rods 
in the correct arrangement and inserting the stack in a larger consolidating 
silica tube prior to drawing (Russell, 2006). Microstructured polymer optical 
fibres (mPOF), produced using PMMA, can also be made using the stacking 
method, although drilling, extrusion and casting have all been demonstrated, 
which allow the fabrication of larger preforms compared to silica (80 mm 
diameter compared to 30 mm) (Large et al., 2007). The preforms are typically 
drawn to fibre in two steps via an intermediate cane stage of approximately 
10 mm diameter. 
 During the draw the temperature, surface tension, viscosity and pressure 
in the holes control the deformation of the structure, e.g. the collapse or 
relative expansion of the holes. The holes also change shape depending on 
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their proximity to other holes – the wall between two adjacent holes will be 
straightened by the surface tension, and smaller holes will deform to match 
the curvature of larger holes. Hence, these fibres are difficult to produce as 
precise control of the draw conditions is necessary. 
 The lower drawing temperature of PMMA has allowed other material to 
be incorporated into mPOF such as wires and organic dyes introduced to 
the polymer through solution doping (Large et al., 2004). Nanoparticles and 
quantum dots can be added to the polymer in powder form and the powder 
consolidated into a rod, which is then incorporated into the preform (yu et 
al., 2007). 

Applications and limitations

Microstructured fibres are still very much a research fibre. However, the large 
variety of structures and properties (some outlined in Table 14.5) mean that 

Table 14.5 Examples of microstructured fibres 

Fibre Material Core Operating Minimum Distinguishing 
  size wavelength loss property
  (µm) (nm) (dB/km) 

Endlessly
 

Silica 8.5 400–2000 25  Large core, yet single 
single mode1  35  10 mode over a wide 
     wavelength range

Hollow core2 Silica 4.9 440 2000 Hollow-core bandgap
  20 1570 20 fibres

Highly
 

Silica 1.5–2.0 800 80 > 100 times higher 
nonlinear3  2.1 1550 10 nonlinearity than 
     SMF-28

High
 

PMMA 30 650 300 Multimode fibre with
bandwidth     inter-modal dispersion 
mPOF4     that decreases with 
     length – pulses stop
     spreading after a
     certain length 

Single mode
 

PMMA 5–15 400–1600 2000 Single-mode polymer
mPOF5     fibre

Hi-NA fibres6 Silica 110 700–2000 1.3 NA > 0.6, low bend
 PMMA 300 500–1100 1000 loss

Birefringent7 Silica 3.1 ¥ 3.5 1550 1.5 Highly birefringent,  
 PMMA 3 ¥ 12 650 2000 large  dependence
   750  of effective index 
     on polarisation

Specifications from 1Crystal Fibre (2005a), 2(2004a), 3(2004b), 6(2005b), 7(2004c); 
polymer fibres from 4,5,6Large et al. (2007).

�� �� �� �� �� ��



478 Handbook of textile fibre structure

microstructured fibres have potential to satisfy a variety of applications. To 
date, only a few examples are available commercially and only a subset of 
those have found niche applications outside research. 
 As an example, in some microstructured fibres the control over the 
dispersion can greatly enhance the efficiency and lower the threshold of 
nonlinear processes, leading to supercontinuum generation: the generation 
of a wide, flat, continuous spectrum from the visible range to the mid-
infrared (e.g. 500–2200 nm), using a low-power low-cost laser (Wadsworth 
et al., 2004a). These supercontinuum sources have become valuable tools 
for spectroscopic applications. Placing very large holes with thin strands of 
material in between can produce a very low index cladding (referred to as 
‘air-clad’ fibres) and an NA approaching 1 (Issa, 2004). Silica air-clad fibres 
are used for high power fibre lasers as large amounts of pump light can 
be launched into the fibre. Endlessly single-mode mPOF provide the only 
effective method to make single-mode polymer fibres, which have in turn 
been inscribed with gratings and used as strain sensors (Dobb et al., 2005; 
Hiscocks et al., 2006). 
 The potential applications of other microstructured fibres include using 

(a)

(d)

(b)

(e)

(c)

(f)

10 µm

10 µm 20 µm 200 µm

50 µm

14.6 Examples of fabricated microstructured fibres: (a) silica hollow-
core photonic bandgap fibre (Humbert et al., 2004); (b) silica hollow-
core kagome lattice fibre (Couny et al., 2006) which guides by the 
inhibited coupling mechanism (Argyros and Pla, 2007); (c) silica 
hi-NA fibre (Wadsworth et al., 2004b), © IEEE; (d) silica birefringent 
fibre (Xiong and Wadsworth, 2008); (e) single-mode mPOF; (f) high 
bandwidth mPOF.
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their dispersion properties to shape optical pulses. Multi-mode microstructured 
polymer optical fibres have been demonstrated with large data rates that 
become independent of length as the pulses stop spreading after a length of 
~40 m (Large et al., 2007). Longer fibres could thus be deployed without 
requiring a reduction in data rates. Similarly, mPOF with negligible bending 
loss may be suitable for connections which require many turns in a confined 
space. Both of these may be applicable to FTTH. 
 Hollow-core microstructured fibres may find applications in high power 
beam delivery where the powers are above the damage threshold of the 
material (Humbert et al., 2004). Hollow-core polymer fibres with losses 
100 ¥ below the material absorption in the infrared have been demonstrated 
and may allow the use of lower optical quality polymers that offer other 
advantages, like temperature stability (Argyros and Pla, 2007). Filling the 
fibres with a solution can create a high sensitivity sensor as a 1 m interaction 
length can result from less than 1 mL of a sample solution, demonstrated in 
the sensing optical activity and for Raman spectroscopy inside fibres (Cox 
et al., 2007). 
 Lastly, due to the presence of photonic bandgaps, some optical fibres 
also display an external colouration and iridescence. They have thus been 
proposed for use in coloured textiles, with the possibility of acting as a 
security marker – the exact details of the reflected spectrum providing a 
unique signature that can be used for identification purposes (Kuriki et al., 
2004). 

14.5 New materials and material combinations  
in optical fibres

Niche applications that can be fulfilled by neither silica nor polymer fibres are 
being addressed, at least experimentally, by optical fibres of other materials. 
Both silica and polymers are opaque to the UV and mid-IR (wavelengths 
around 2–6 mm). UV transmission is achieved in silica fibres with undoped 
silica cores with a high OH content and a fluorine-doped cladding. Additional 
treatment is used to remove specific defects in the material which result in 
UV absorption, and hydrogen loading can be used to minimise UV-induced 
damage to the glass (Polymicro, 2006). Losses of order 1000 dB/km are 
typical around 200 nm, with the loss decreasing to 10 dB/km at 400 nm. 
 Transparency in the mid-IR is achieved in fluoride or chalcogenide glasses. 
Fluoride glasses such as ZBLAN contain ZrF4–BaF2–LaF3–AlF3–NaF mixtures 
and are the most common examples (France et al., 1990). Chalcogenide 
glasses contain Group VI elements, with As2Se3, Ga2S3–La2S3 and ZnO–TeO2 
as examples (Sanghera et al., 2002). These glasses also provide a more 
favourable environment for rare-earth ions like Er3+ (Pollnau and Jackson, 
2001), allowing them to produce optical gain over a wider wavelength range. 
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However, these advantages are offset by the tendency of these materials to 
crystallise, which results in scattering of the light, and they are also expensive 
and difficult to handle. Step-index fibres are available in some materials and 
microstructured fibres have been demonstrated (Monro et al., 2000). Losses 
in excess of 300 dB/km are typical. 
 The other favourable property of the chalcogenide glasses is a high 
nonlinearity, which is also found in SiO2–Al2O3–B2O3 glasses containing 
Pb, Bi or La (called ‘soft’ glasses). The optical nonlinearities are at least an 
order of magnitude larger than in silica, though the loss of fibres made from 
these materials is of order 2000 dB/km (Dimitrov and Komatsu, 1999). 
 One notable material combination is polymer-clad–silica fibres, consisting 
of a silica core and a (fluorinated) polymer cladding. This combines some of 
the mechanical and cost advantages of polymer fibres with a high NA and 
the high transparency of a silica core (Polymicro, 2004). 

14.6 Conclusions

Optical fibres are in one sense an established technology, but are continuing 
to expand into new applications and markets. The three classes of fibres 
discussed here are quite different in this respect and present the mature and 
established (silica), the developing (polymer) and the promising though 
largely unexplored (microstructured) technologies. 
 The silica fibre telecommunications infrastructure was the largest driver 
of the technology for several decades. This began with large infrastructure 
investments in the deployment of long-distance submarine and terrestrial 
fibre cables, and was followed with the gratings and multiplexing 
technology which allowed higher data transmission rates to be obtained 
from the same cable infrastructure. Its exceptional quality as a product 
and its ability to supersede demand meant that no drastic changes in silica 
fibre communications technology have occurred, nor have been necessary, 
for some time. More cables are being deployed, driven by increases in 
Internet traffic and the development of China and India. Moves away from 
telecommunications include fibre lasers, medical and sensing applications, 
and were driven in part by a need to diversify after the technologies crash 
in 2002. 
 Polymer fibres are in contrast much less mature as a technology, 
reflecting the younger and smaller market. The lack of maturity is evident 
in the relative lack of standards and supporting technology such as light 
sources and detectors optimised for wavelengths at which POF operate. The 
development of the MOST standard by the German automotive industry and 
incorporation of POF in high-end German cars was the first large uptake 
in data transmission. The largest upcoming opportunity for POF is the last 
stage of the optic fibre communication network: FTTH. Japan and South 
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Korea are the only countries with significant infrastructure investments in 
FTTH, and POF-FTTH is under consideration in the EU by the POF-ALL 
project. However, in this market plastic fibres are competing with wireless 
and silica solutions, as well as among themselves. The constraints differ from 
the telecommunications world, and include low bend loss and possibly user-
installation which have not been thoroughly addressed. Other applications 
likely to succeed include data transmission within/between appliances and 
illumination. The outcome of FTTH deployment over the next decade will play 
the largest role in shaping the technology and deciding its fate. Many sensing 
applications with material-specific requirements are being addressed, but the 
lack of single-mode POF and POF-gratings may prove problematic. 
 Microstructured fibres are yet a younger and less mature technology, 
barely out of the research phase. Great potential is seen in these fibres’ 
unique properties, but given the quality of available conventional fibre and 
the corresponding established markets, it is yet unclear as to how much 
demand there is for these unique properties. Supercontinuum sources for 
spectroscopy, hollow-core fibres for beam delivery and single-mode mPOF 
with gratings inscribed for strain sensing stand out as possible successes, but 
the use of these fibres is still being explored and demand is only beginning 
to be created. 

14.7 Sources of further information and advice

Many textbooks are available on optical fibres, addressing different aspects 
of the technology. Snyder and Love (1983) is the definitive reference on 
waveguide theory, and Palais (1992) and Goff (2002) present an introduction 
to silica fibres and telecommunications. Agrawal (1995) is a useful reference 
for nonlinear optics, Udd (1991) for optical fibre sensors, Digonnet (2001) 
for amplifiers and lasers and Kashyap (1999) for fibre Bragg gratings. A 
comprehensive reference for polymer fibres and associated technology is 
Ziemann et al. (2008). A review of microstructured fibres can be found in 
Russell (2006) and Bjarklev et al. (2003), which cover mainly silica fibres, 
and in Large et al. (2007), which covers microstructured polymer fibres. 
Countless websites also provide information and tutorials on different aspects 
of fibre optics.
 In terms of sourcing fibres, there are many large-scale manufacturers of 
conventional fibres, such as Corning, (USA) and Sumitomo, (Japan) for 
silica, and Mitsubishi Rayon, (Japan) (ESKA product line-step index) and 
Optimedia, (Korea) (graded index) for polymer. Fluorinated polymer fibres 
are typically available only as installed systems, from Asahi Glass Company 
(Japan) (Lucina product line), and lighting applications and installations 
are available from PolyOptics (Australia). The Plastic Optical Fibre Trade 
Organisation (POFTO) is a central reference point for POF products and 
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suppliers. Some products may also be sourced from general optics suppliers 
such as Thorlabs (USA).
 Microstructured silica and polymer fibres have only one supplier each: 
Crystal Fiber (Denmark), producing silica PCF, and Kiriama (Australia), 
producing mPOF. More specialised fibres also have few suppliers. UV-guiding 
fibres are available from Polymicro Technologies (USA) and TransMIT, 
(Germany), and mid-infrared fibres are available from CorActiv (chalcogenide 
fibres) and IRPhotonics (fluoride), both in Canada. Polymicro Technologies 
is the largest supplier of specialised fibres in general and offers a variety of 
additional specifications above the fibre itself, such as speciality coatings 
and endface preparation (e.g. addition of diffusers or lenses on the end of 
the fibre). 
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15
Production and applications of   

hollow fibers

M T DeMeuse, Celgard, LLC, usA

Abstract: This chapter discusses both the advantages and disadvantages of 
using the hollow fiber configuration in various applications. The application 
of the technology to the chemical, petrochemical and biotechnology 
industries is addressed. Definitions of key terms in hollow fiber technology 
are provided and structure–property relationships of hollow fibers are 
highlighted. How those relationships are highly dependent on the fiber 
processing conditions is a focus of the chapter.

Key words: hollow fiber, dry process, polyolefin, spinneret, structure–
property relationships.

15.1 Introduction

Membrane separation processes have become one of the fastest emerging 
technologies during the past few decades. Membranes used for separation 
purposes are typically composed of a homogeneous, polymeric composition 
through which the components to be separated from the mixture are able 
to travel at different rates under a given set of driving force conditions, 
e.g. transmembrane pressure and concentration gradients. The separation 
membranes can be provided in various forms including flat, spiral wound 
and pleated sheets and tubes.
 Among the various possible types of separation membranes, the hollow fiber 
membrane module is a commercially preferred form because it presents an 
extremely large transfer area per unit volume and especially per unit module 
cross-sectional area. The excellent mass transfer properties provided by the 
hollow fiber configuration have led to numerous commercial applications in 
various fields such as medicine (blood fractionation), reclaiming of water, 
through both purification and desalination, and gas and mixture separation 
using pervaporation techniques. Other applications of hollow fiber modules 
that are continuing to emerge are related to the biochemical industry for 
bioseparations and to separation of various hydrocarbon mixtures by 
pervaporation for the petrochemical industry.
 The basic element of a hollow fiber membrane module is a very small 
diameter hollow fiber made of a selectively permeable material. Usually, 
hundreds or thousands of hollow fibers are aligned substantially parallel to 
each other in bundles and positioned within a cylindrical housing to form a 
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module. The ends of the bundles are ‘potted’, usually in a polymeric resin, 
and the fiber ends are kept open. Thus, the module is structured very much 
like a conventional tube and sheet style fluid heat exchanger. Reference 
1 provides a complete and thorough description of various hollow fiber 
membrane modules. 
 Due to the high technological interest in these types of materials, there is 
much development activity presently ongoing in the area of hollow fibers. 
This chapter will discuss both the advantages and disadvantages of the hollow 
fiber membrane configuration. Also, the application of the technology to the 
chemical, petrochemical and biotechnology industries will be discussed. 
Specifically, the chapter will begin with a definition of the relevant terms 
for the hollow fiber technology. Following that section will be a discussion 
of the various application areas in which hollow fibers are currently being 
used. Then, the various polymers which are typically used and the resultant 
fiber properties will be discussed. Special attention will be paid to the 
structure–property relationships of the fibers and how those relationships are 
dependent on the fiber processing conditions. Finally, the chapter will conclude 
with some recommendations for areas that need additional investigation, and 
with sources of further information and references.

15.2 Background

15.2.1 Definition of terms

Two basic morphologies are possible with hollow fiber membranes: isotropic 
and anisotropic morphologies, of which the anisotropic configuration is 
of particular value. In the early 1960s (2), the development of anisotropic 
membranes which exhibit a dense, ultrathin skin on a porous fiber provided 
momentum to the area of membrane separation technology. The concept of 
the anisotropic membrane is based essentially on the idea of the permeating 
small molecules exhibiting a higher permeability rate through the fiber 
wall, so allowing for the selective separation of the various permeants by 
the membranes. This is possible because the skin is the active separation 
portion of the fiber.
 There are two general categories of technology commonly used for the 
production of hollow fibers: the dry process and the wet process. In the dry 
process, a non-porous thermoplastic polymer, typically either polyethylene 
or polypropylene, is extruded and produced into a fiber from the melt phase.
extrusion conditions are such that a high level of crystallinity, typically 
at least 60%, is present in the fiber. If necessary, the crystallinity level 
can be increased through an annealing process. Also, through the use of 
proper extrusion conditions, the desired morphology for further processing 
is established. With the desired level of crystallinity and morphology, the 
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fiber is stretched at a temperature at or below room temperature, in a so-
called ‘cold stretch’ process. This cold stretching allows for the generation 
of pores in the fiber. Subsequently, the fiber is further stretched at higher 
temperatures in a ‘hot-stretch’ and the size and dimensions of the pores are 
changed and can be controlled. Each polymer used in the dry process has 
its own optimum cold and hot stretching ratios and temperatures.
 The wet process involves dissolving a polymer in a mixture of solvent 
and non-solvent. In this case, during extrusion, there is a phase separation 
process which occurs during fiber production and which leads to the creation 
of pores. Depending on the kinetics of the actual phase separation, different-
sized pores can be produced. The wet process is, in general, applicable 
to more types of polymers than is the dry process because the number of 
polymers that crystallize to the required level and morphology for utilization 
of the dry process is severely limited. On the other hand, in order to utilize 
polymers in the wet process, it is only necessary to define a suitable solvent/
non-solvent system and, in theory, any polymer can be processed.
 In general, hollow fibers are created by an extrusion process which 
involves forcing a thick, viscous fluid through the holes of a device called 
a spinneret to form continuous filaments of a semi-solid polymer. In their 
initial state, the polymers that form the fibers are solids which must first be 
converted into a fluid state for the extrusion process. This can be achieved 
either by melting, if the polymers are thermoplastics, or by dissolving them 
in a suitable solvent if they are non-thermoplastic in nature. More recently 
(3), technologies have been developed for certain specialty fibers that are 
made from polymers that do not melt, dissolve or form suitable derivatives 
that can be extruded.
 The spinnerets used in the production of most manufactured fibers are 
similar, in principle, to a bathroom shower head. A spinneret may have from 
one to several hundred holes. As the filaments emerge from the holes in the 
spinneret, the liquid polymer is converted first to a rubbery state and then 
it solidifies. 
 There are three general methods for producing hollow fibers by extrusion: 
wet spinning, dry spinning and melt spinning. Wet spinning is the oldest 
process. It is used for fiber-forming substances that have been dissolved 
in a solvent. The spinnerets are submerged in a chemical bath and as the 
filaments emerge from the bath they precipitate from solution and solidify.
 Dry spinning technology is also used for fiber-forming substances in 
solution. However, instead of causing precipitation of the polymer by dilution 
or chemical reaction, solidification of the fiber is achieved by the evaporation 
of the solvent in a stream of air or inert gas. In the dry spinning process, 
the filaments do not come in contact with a precipitating liquid, thereby 
eliminating the need for drying and making solvent recovery easier.
 In melt spinning, the fiber-forming polymer is melted for extrusion through 
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the spinneret and then directly solidified by cooling. Melt spun fibers can 
be extruded from the spinneret in different cross-sectional shapes (round, 
trilobal, pentagonal, octagonal and others). Hollow fibers trap air, creating 
insulation and provide loft characteristics equal to, or better than, down.

15.2.2 Advantages and disadvantages of  
hollow fibers

Many of the advantages and disadvantages of hollow fibres are categorized 
based on their actual performance in various industrial applications. This 
summary is possible primarily because hollow fibers are one of the most 
popular membranes used in several industries at the present time.

Advantages

∑ One of the major advantages of hollow fibers is the modest energy 
requirement that is necessary with their use. In the hollow fiber filtration 
process, there is no phase change involved, so there is no need for 
latent heat. This gives hollow fiber membranes excellent potential to 
eventually replace some operations that consume heat, such as distillation 
or evaporation columns. 

∑ Another advantage is that no waste products are generated. Since the 
basic use of hollow fibers is in filtration, no wastes are created from 
their operation except for any unwanted material from the feed stream 
itself. This can help to decrease the overall cost of the operation as it 
eliminates the need for waste handling.

∑ Hollow fibers have a large surface area per unit volume, that is, large 
membrane surfaces per volume of a single module. Hence, hollow fibers 
are smaller than other types of membrane but their overall performance 
can be higher. 

∑ Hollow fibers are flexible membranes, so they can carry out a filtration 
process in two different ways, either so-called ‘outside-in’ or ‘inside-
out’.

∑ Hollow fibers have low operating costs compared to other types of 
operation, so that processes based on hollow fiber technology are 
generally inexpensive compared to the same processes based on different 
technologies.

Disadvantages

∑ There are also, of course, disadvantages to hollow fiber technology. 
One of the most significant disadvantages is that, due to the membrane 
configuration, membrane fouling generally occurs more frequently than 
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with other processes. Also, if the feedstream which passes through the 
fiber is somehow contaminated, the fouling level will further increase, 
especially for hollow fibers.

∑ The capital cost of hollow fibers is usually higher than that of other 
membranes, in contrast with their low operating cost (see above). Much 
of the expense associated with hollow fiber technology is related to the 
high cost of the fiber itself, which is relatively expensive because of its 
fabrication method.

∑ Hollow fiber technology is relatively new, so it has been the subject 
of less fundamental research compared to other similar technologies. 
Therefore, potential issues and concerns have not yet been completely 
documented. On the other hand, the full potential of hollow fibers has 
yet to be realized. More research is needed to better understand both 
the pitfalls and the full potential of the use of hollow fibers.

15.3 Types of fibers and general features

Various types of membrane processes have been discussed in both the 
patent literature and the open literature, including both medical and more 
industrial-type processes, such as filtration. Attention will now be turned to 
each of these applications and the basic fundamentals of each process will 
be described.

15.3.1 Medical applications

The biotechnology industry, which originated in the late 1970s, has grown to 
become an industry of worldwide significance, in part due to the possibility of 
producing medically important proteins. Hollow fiber technology is important 
in this regard because of its ability to separate and purify biochemical 
products.
 The manner in which this technology works is depicted in the figure titled 
‘Basic principle of hollow fiber’ in reference 4. Each bioreactor contains 
thousands of hollow fibers that simulate a living capillary system. Cells 
which are suspended in the appropriate media are introduced into the area 
outside the fibers (generally known as ‘extra-capillary space’ or ESC). With 
the aid of a recirculating pump, the medium circulates through the center of 
each fiber (called ‘intra-capillary space’ or ISC). The circulating media and 
the features of the hollow fibers regulate the support of the various nutrients 
and the transport of the products of cell metabolism. Due to the fact that the 
secreted proteins are larger than the pores of the fibers, they do not cross back 
into the ICS. Instead, they remain in the ECS in very high concentration.
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15.3.2 Reverse osmosis

Reverse osmosis (RO) is a liquid-driven membrane process, with the reverse 
osmosis membranes being capable of allowing water to pass through while 
rejecting solutes, such as salts or low molecular weight organic materials. 
A pressure driving force is needed to overcome the force of osmosis that 
causes the water to flow from the dilute permeate to the concentrated feed. 
Presently, the principal use of reverse osmosis is desalination, in which the 
reverse osmosis process has been shown to offer considerable advantages 
over the conventional method of desalination, which is ion exchange.
 Before leaving the discussion of reverse osmosis, a comment needs to be 
made about its distinction from other filtration processes. In that sense, there 
is considerable confusion in the open literature between several membrane 
processes, i.e., microfiltration, ultrafiltration, and reverse osmosis. In order to 
clearly distinguish these separation processes, Porter (5) presented a useful 
method which will be adopted here, based on the smallest particles which 
can be restrained by the various membranes. According to this approach, 
reverse osmosis has a separation range from 0.0001 to 0.001 mm, or 1 to  
10 Å.

15.3.3 Pervaporation

In this process, liquid mixtures are fed, under pressure, to a non-porous 
membrane, where components pass through the membrane by solution 
diffusion at the permeate side of the membrane. Using this technique, it is 
possible to separate an azeotropic mixture. The current use of pervaporation 
is well known in the dehydration of organic solvents and mixtures and the 
removal of organics from an aqueous stream. In the future, pervaporation 
will have continued applications in the area of hydrocarbon separation, where 
its main advantage compared to more conventional distillation techniques 
is the energy required.

15.3.4 Gas separation

Two types of gas separation processes have been identified in the literature: 
gas permeation (GP) and gas diffusion (GD). In industrial applications, gas 
permeation is used. This is a pressure-driven process where vapor-phase 
components pass through a non-porous membrane by a solution/diffusion 
mechanism, similar to reverse osmosis. On the other hand, gas diffusion 
uses microporous membranes, operating under either a concentration or a 
partial pressure gradient.
 Membranes are used in a variety of gas separation processes, as shown 
in Table 15.1. The main reasons for their widespread use are advantages in 
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the separation process, low capital cost, low energy consumption, ease of 
operation, cost-effectiveness even at low gas volumes, and good weight and 
space efficiency. Within these various applications, hollow fibers play a very 
important role, because of their high separation area and selectivity. Hollow 
fiber membranes have approximately 30 times the productivity of other 
oxygen-enriching membranes, plus excellent inertness, which is associated 
with their chemical composition.
 Hollow fibers have been shown to have a stable, high flux with full 
selectivity in a full-scale system. The high flux is due to the combination 
of high transfer or separation areas and the thin membrane wall, as well as 
the fact that hollow fibers, in general, have a low surface energy.
 Owing to these characteristics, hollow fibers are widely used in many gas 
separation industries (6). For example, they are used in O2/N2 separation 
for oxygen enrichment and inert gas separation, separation of H2 and 
hydrocarbons for refinery hydrogen recovery, H2/CO separation for adjustment 
of the gas ratio, H2/N2 separation for ammonia purge gas, separation of CO2 
and hydrocarbons for acid gas treatment and landfill gas upgrading, H2O/
hydrocarbons separation for natural gas dehydration, H2S/hydrocarbons 
separation for sour gas treatment, helium separation and other processes. 
In many of these applications, the low capital cost associated with hollow 
fibers has led to their popularity. The majority of the cost associated with 
hollow fibers is for compression and not for purification, primarily because 
the hollow fiber itself already provides a good medium for purification.

15.3.5 Ultrafiltration

Hollow fibers are also being used in ultrafiltration applications. Ultrafiltration 
(7) is a method of filtration using a membrane in which hydrostatic pressure 
forces a liquid against a semipermeable membrane or hollow fiber. During 

Table 15.1 Gas membrane separation application areas

Gas separation Application

O2/N2 Oxygen enrichment, inert gas generation
H2/hydrocarbons Refinery hydrogen recovery
H2/N2 Ammonia purge gas
H2/CO Syngas ratio adjustment
CO2/hydrocarbons Acid gas treatment, landfill gas upgrading
H2O/hydrocarbons Natural gas dehydration
H2S/hydrocarbons Sour gas treating
He/hydrocarbons Helium separation
He/N2 Helium recovery
Hydrocarbons/air Hydrocarbons recovery, pollution control
H2O/air Air dehumidification
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the filtration process itself, suspended solids and high molecular weight 
solutes are retained, while water and low molecular weight solutes pass 
through the membrane. Ultrafiltration is normally used in research and in 
industry for purifying and concentrating macromolecules, especially protein 
solutions. Fundamentally, the process of ultrafiltration is no different from 
reverse osmosis, already discussed in this chapter, except in terms of the 
size of the molecules the membrane retains.

15.4 Polymers used

15.4.1 Polyolefins

As already discussed in this chapter, one of the common methods of producing 
hollow fibers is through a melt extrusion process, so those polymers that 
can be easily extruded in the melt are commonly used for the production of 
hollow fibers. Among these, polyolefin polymers represent a natural class of 
polymers to use. Owing to their relatively low cost and general availability, 
polypropylene and polyethylene represent two of the most usual polymers 
for hollow fiber production.
 In early patent literature issued to Celanese Corporation (8), polymers were 
described for forming microporous articles, such as fibers and films, using a 
uniaxial stretching technology. For that technology to work effectively, the 
polymers were described as needing to have a significant level of crystallinity. 
Various types of polymers, including polyolefins, polyacetals, polyamides 
and polyesters, among others, were described as being useful in that regard. 
However, it was also stated that polyolefin resins are most preferred and that 
a particularly preferred polymer is polypropylene.
 In reality, the majority of current commercial activity founded on 
that earlier work is indeed based on the use of polyolefins, particularly 
polypropylene. In the described technology, a non-porous, highly crystalline, 
elastic film or fiber is cold stretched at a temperature that is typically at or 
below room temperature. In some cases, the required level of crystallinity 
is achieved through an annealing process. One of the key requirements in 
the process is the attainment of the proper morphology in the fiber prior to 
the cold stretching step. The cold stretching operation generates the pores 
in the fibers, and subsequent stretching at higher temperatures usually 
changes the dimensions of those pores. This so-called hot stretching step 
is performed at temperatures that are relatively close to the melting point 
of the polymer. In practice, the cold and hot stretching temperatures and 
stretch ratios depend on the type of polymer used. Thus, the optimum 
stretching conditions for polypropylene are significantly different from 
those for polyethylene.
 There are certain limitations and restrictions on the types of polyolefin 
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resins that will work effectively in this process. As already mentioned, the 
polymers must be capable of establishing the correct morphology for the 
production of pores. However, even with polymers that can yield the correct 
morphology, there are further restrictions. Some studies (9, 10) have shown 
that higher crystallinity is more preferred as well as broader molecular weight 
distribution materials. Also (11), there are certain molecular weight ranges 
that work most effectively in this process. If the polymers being used fall 
outside the preferred ranges of properties, it is very difficult to establish the 
desired porous structure in the final fiber product. 

15.4.2 Other polymers

Since the number of polymers that can produce hollow fibers through a melt 
extrusion process is limited, as discussed above, other fabrication technologies 
which employ a variety of different polymers have been developed. One 
of the natural fabrication methods to be employed in this regard is wet 
spinning of fibers from solution. In this technique, also sometimes called 
solvent spinning, a polymer dope is created by mixing a polymer, a solvent 
and other ingredients in a mixer. For example, a polymer with desirable 
high temperature properties can be used in this technology, assuming that 
a suitable solvent for the polymer can be found. This means that, in theory, 
the properties of the resultant hollow fiber can be controlled through the 
judicious selection of the appropriate polymer/solvent system.
 A polymer on which much work has been done in the hollow fiber area 
is polyethersulfone (PES). In a very important study of that polymer and 
hollow fibers produced from it (12), Ismail et al. studied the effects of dope 
extrusion rate on the performance of PES hollow fibers in ultrafiltration 
applications and the relationship to the fiber morphology. The authors used 
a dope based on dissolving the PES in 1-methyl-2-pyrrolidone (NMP). 
The experimental results show that the flux measured with the hollow fiber 
ultrafiltration membrane decreases and the separation performance increases 
with an increase in dope extrusion rate. The explanation given for these 
observations is that the outer skin layer of the hollow fibers becomes thicker 
and denser with increasing dope extrusion rate. However, once the separation 
performance reaches a maximum critical point, the rejection decreases with 
an increase in the dope extrusion rate, possibly due to the formation of an 
outer skin structure at high dope extrusion rate. Fourier transform infrared 
(FTIR) spectroscopy suggests that higher orientation is responsible for the 
enhanced separation performance. This study implies that it is possible to 
control the performance of the hollow fibers through manipulation of their 
processing features. This will be further discussed in a later section in this 
chapter.
 Recently (13), a new method has been proposed for fabricating hollow 
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fibers from membrane materials that are not suitable for extrusion or that 
are difficult to extrude in small diameters. The technique enables precursor 
materials such as low consistency silicones, highly diluted thermoplastics 
and two-part liquid systems to be formed into hollow fibers and readily 
processed into membranes modules. The method involves first providing a 
hollow fiber from a water-soluble polymer, such as polyvinyl alcohol (PVOH), 
which is easily extruded. The PVOH fiber is then coated with the membrane 
precursor material in a continuous coating process through a coating die. 
The diameter of the PVOH fiber and the thickness of the coating layer are 
appropriately adjusted to the specified inner and outer diameters of the 
membrane hollow fiber. The membrane precursor material is then allowed 
to either cure or flash-off solvent in an oven or other continuous processing 
chamber. Additional coating layers from the same or different membrane 
materials may be subsequently applied.
 Since the PVOH fiber acts as a rigid core within the membrane hollow 
fiber, the modulus of the resulting coated fiber is typically at least that of the 
PVOH even if the membrane material is elastic. This allows for processing 
of the hollow fiber into membrane modules using similar techniques to those 
presently used for the fabrication of membrane hollow fiber modules. That 
is, the coated fiber can be easily woven into fiber bundles, knitted in array 
fabrics, and potted within module housings.
 The next step in the proposed process is to pot both ends of a bundle of 
coated fibers within a module housing or a temporary mold. A suitable potting 
material that bonds to the membrane material needs to be used. Once potted, 
the inner section of the PVOH hollow fiber is exposed by cutting through 
the potted ends of the fiber bundle. Lastly, hot water is passed through the 
inner section of the PVOH hollow fibers while infusing at one potted end 
and draining through the other end. The hot water dissolves the PVOH from 
the inside out, leaving behind the membrane material configured into hollow 
fibers neatly potted within the module housing.
 This approach was used to fabricate silicone membrane hollow fiber 
modules for blood–gas exchange applications. In this study, a gas exchange 
device using silicone membrane hollow fibers was constructed and its 
oxygen transfer capability was compared to the corresponding capability 
of a device based on traditional microporous membrane hollow fiber made 
from polypropylene. The results of the tests were that a comparable oxygen 
transfer was achieved with the module based on the silicone membrane 
hollow fibers as was obtained with the more usual microporous membrane 
hollow fibers. The conclusion of the study, then, is that this new technique 
can be used to fabricate silicone hollow fibers from resins that are not 
suitable for extrusion. Further, this new technology enables and simplifies 
the construction of membrane modules that incorporate hollow fibers. The 
application of this technology to new materials opens up the possibility of 

�� �� �� �� �� ��



495Production and applications of hollow fibers

producing hollow fibers and the corresponding membranes based on materials 
that had previously not been considered possible. The resultant properties and 
performance could lead to the use of hollow fiber membranes in previously 
unforeseen applications.

15.5 Structure–property relationships

An increasing number of studies have begun to appear in the literature that 
relate the structure of hollow fibers to their properties and performance in 
various applications, largely because advances in polymer science have 
enabled membrane scientists to utilize engineering plastics to improve 
the structure–property relationships of membrane products. As discussed 
earlier in this chapter, no longer are hollow fibers limited to polyolefins, 
specifically polyethylene and polypropylene. Polyvinylidene difluoride 
(PVDF), polysulfone (PSF) and polyacrylonitrile (PAN) (14) are examples 
of polymers presently being used to produce durable hollow fibers. As these 
different polymers are being employed, it is necessary for polymer science 
to continue to advance so that an understanding of what these new polymers 
have to offer can be completely appreciated.
 One of the most important features that governs the performance of 
hollow fibers in many applications is the average pore size and the pore size 
distribution. In fact, as alluded to earlier, it is the average pore size which 
distinguishes fibers for use in various filtration applications. The average 
pore size and its distribution is also important for controlling the rate of 
migration of species through the fibers as well as allowing for the separation 
processes discussed earlier in this chapter. The simple idea is that the size 
of the pores can be controlled to be larger or smaller than the molecules 
passing through the fiber. This further restricts the passage of the molecules 
through the fibers.
 In the case of the melt extrusion of polyolefins for the production of hollow 
fibers (15), the molecular weight of the polyolefin polymer itself and its 
distribution has been shown to be an important factor in determining the pore 
size distribution in the final fiber. In addition, the stretching temperatures used 
to perform the cold and hot stretching steps in the process are also important. 
Further, as would be expected, the stretch ratios used at the various stretching 
steps can also significantly impact the pore size and distribution.
 As already mentioned, as different polymers are being examined in 
potential hollow fiber applications, an increasing number of structure–
property relationship studies are appearing in the literature. One example 
was discussed in Section 15.4.2, in which it was pointed out that the final 
morphology that is observed in polyethersulfone fibers is dependent on the 
dope extrusion rate. A study of a similar kind was recently reported by Wang 
et al. (16) using polybenzimidazole (PBI) hollow fiber membranes. These 
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workers examined the water permeation flux through PBI membranes during 
a forward osmosis process by examining magnesium chloride solutions with 
different concentrations as draw solutions. They concluded that high water 
permeation flux and excellent salt selectivity were achieved using a PBI 
hollow fiber membrane which has a narrow pore size distribution. Beyond 
that conclusion, however, the study is significant because the effect of the 
membrane morphology and operation conditions on the water transport 
performance was systematically and thoroughly investigated.
 Another area of research that has been attracting a great deal of attention 
recently in polymer science involves producing mixtures or polymer blends 
as an approach to tailor the properties of the final product. The production 
of hollow fibers has also seen activity in this area. Isihara et al. (17) have 
developed unique polysulfone (PSF) hollow fiber membranes by adding 
2-methacryloxymethyl phosphorylcholine (MPC) polymer. In that work, an 
MPC polymer was specifically synthesized to be blended with PSF as a way to 
improve the hydrophilicity, permeability and nonfouling characteristics of the 
PSF hollow fiber in a hemodialyzer unit. The MPC polymer was blended into 
the PSF in the 7–15 wt% range. The resultant membranes had an asymmetric 
structure with good mechanical strength. Surface characterization showed 
that the MPC polymer was concentrated at the fiber surface. Further, the 
permeability of solutes through the PSF/MPC hollow fiber was higher, and 
the amount of protein adsorbed on the membrane was lower, than with the 
control PSF membrane. These results show that it is possible to control and 
tailor the properties of hollow fiber membranes through a polymer blending 
process.

15.6 Conclusions and recommendations

Membrane science and the use of hollow fibers as membrane materials 
began emerging as an independent technology only in the mid 1970s, and 
most of the necessary engineering concepts are still being defined. Many 
of the developments in the field initially arose from fundamental studies 
that were government sponsored in nature. Some of these developments are 
now successfully gaining the interest and attention of various industries, as 
membrane separation, and specifically technology based on the use of hollow 
fibers, has emerged as a feasible technology.
 The use of new membrane materials is still a big unexplored option in this 
new technological area. Much research work continues to be done to provide 
improvements in the separator systems. In this regard, membrane-based hybrid 
systems serve as an excellent example, often serving to combine conventional 
unit operations with membrane separation processes. This combination 
often results in separation processes that offer significant advantages over 
the exclusive use of either component process. A good example of such a 
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hybrid system is a membrane/vapor-recompression hybrid system that can 
be used to recover energy in hot, moist dryer exhaust (18).
 From the polymer science perspective, membrane science and the use of 
hollow fibers is an area fertile for additional investigation. As new polymers 
and new materials are being developed and investigated for use in many of the 
applications discussed in this chapter, a need to establish structure–property 
relationships for these new materials becomes increasingly evident. This 
becomes even more important when new and unique processes for the formation 
of hollow fibers from both new and existing polymers are considered. Also, 
as blends or mixtures of different polymers are being considered as a viable 
approach to tailoring the final properties of the resultant hollow fibers and 
corresponding membranes, a complete and thorough understanding of the 
manner in which various processing conditions affect the final properties is 
required.
 Along these same lines of investigation, additional approaches to tailoring 
the separation performance of hollow fibers for specific applications are 
constantly being sought. For example, a particular filtration application 
may require a hollow fiber membrane to have a particular average pore 
size or pore size distribution. In many cases, an understanding of ways to 
achieve such a pore size distribution are lacking and the factors that affect 
it are not well understood. Improved theoretical models which allow for the 
estimation and prediction of such hollow fiber membrane properties would 
be of great value. This is especially true as new and unique applications are 
being developed for these materials.
 Continuing that same line of thought, one of the areas experiencing a great 
deal of growth that will continue to generate much academic and industrial 
interest is the use of hollow fiber membranes in bioreactor applications. 
Hollow fibers are rapidly becoming the technology of choice for producing 
monoclonal antibodies, recombinant proteins and other secreted proteins. 
This type of activity is expected to increase, mainly because cost-effective 
hollow fiber bioreactors produce a highly concentrated supernatant that is 
simple to purify and can be scaled from the discovery stage to commercial 
production with relative ease. Consequently, many leading healthcare 
companies around the world are continuing to look into replacing their 
more traditional equipment with hollow fiber bioreactors to produce their 
diagnostic and therapeutic products. 

15.7 Sources of further information and advice

There are several excellent textbooks available that cover many of the 
fundamental aspects of the separation process and membrane science in 
general terms (19, 20). Both the McGraw-Hill Dictionary of Scientific 
and Technical Terms (19) and the Handbook of Separation Technology for 
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Chemical Engineering (20) tend to be encyclopedic in nature and discuss 
general information. Neither provides a great deal of detailed information 
about any one process or particular material system.
 As would be expected, in order to obtain that level of detail, it is often 
necessary to study the original technical literature in the appropriate journals. 
There are several journals devoted to membrane science and the development 
of hollow fibers for various applications. For example, the Journal of 
Membrane Science contains articles that range from fundamental studies of 
the structure–property relationships of new materials, such as the PBI article 
already discussed, to others that are more oriented to the development of 
new applications. As such, the journal serves as an excellent reference for 
the most recent advances in the area of hollow fibers and membranes made 
from them.
 Another excellent source of information is the short course and corresponding 
notes developed by Fauzi et al. (21) and published as ‘A short course of 
membrane technology’. This serves as an excellent source of definitions 
and background information in the areas of membrane science and hollow 
fibers.
 In conclusion, then, an increasing number of references and review articles 
are being generated in the exciting general area of hollow fibers. Up to now, 
much of this has been in the patent literature, but this trend is beginning to 
change. As additional discoveries are being made and a better understanding 
of the fundamentals that govern those discoveries is being sought, more and 
more journal articles will be published in the open literature.
 A very active society in the area of membrane science and hollow 
fiber research is the North American Membrane Society (NAMS). This 
organization serves the membrane community by fostering the development 
and subsequent dissemination of knowledge in the areas of membrane science 
and technology. The society further promotes the collaborative efforts of 
researchers, technologists and end-users. Each year, NAMS holds a meeting 
at which both workshops are held and presentations are given on current 
research topics in various areas. These meetings serve as excellent sources 
of updated information on hollow fibers and their uses.
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A glass, 318
a-keratin, 109, 132
ABSE, 395, 396, 397, 398
acetate fibres, 8
 generic classification, 9–10
acetic acid, 283
Acetobacter xylinum, 46, 49
Acetobacter xylinus, 201
acetylation, 255, 283
Acordis Speciality Fibers, 273
acrylates, 471
acrylonitrile, 257
actinolite, 428, 429, 432
Advantex glass fibres, 334
AF (wool) glass, 318
air-clad fibres, 478
akund, 80–1
alginates, 39–40, 266–81
 chemical structures
  a-L-guluronic acid and  

b-D-mannuronic acid, 267
  alginic acid, 268
  stereochemical structure of GG 

block, 269
 composition of alginates obtained from 

alginophytes, 269
 fibre production methods, 273–4
 fibres cross-sections and surface, 275
 future prospects, 280–1
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properties of alginate fibres,  
280

 influence of structure on properties, 
274–80

 main properties of alginates, 272

 production methods, 270–3
 sodium alginate production scheme, 

271
 structure, 267–70
 various alginate fibres
  gel swelling properties, 276
  optimal spinning conditions and 

modified fibre properties, 278
  results of antibacterial tests, 277
  total pore volume, internal surface 

and capillary set percentages, 
278

alginic acid, 270
alginic acid process, 270, 272
Algisite M, 274
alkalicellulose, 19
alkalisation, 19–20
alkyltrimethyl ammonium chloride, 342
Al2O3, 398, 399
Altex, 401
alum, 242
alumina, 320
alumina fibre, 398–9, 405
aluminium, 317
aluminous hornblendes, 432
alysol, 250
amino acids
 acidic, 112
 basic, 112
 with hydroxyl groups, 112
 sulphur-containing, 112
 without reactive, non-polar groups,  

112
ammonia, 244
ammonolysis, 395
amosite, 427, 429, 432, 434
amphibole asbestos, 428–35
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 plan of silicate chain in amphibole 
structure, 430

 structure projection down the  
fibre-axis, 431

angora, 247
anhydroglucose units, 204
Antherea spp., 146
anthophyllite, 428, 429, 432, 434
anti-static agents, 342
antibiotics, 281
antigorite, 448
apolar interaction, 112
AR glass, 318
Aralac, 236, 239, 245, 247, 255
Araneus, 162
Araneus diadematus, 161, 188
Ardil, 236, 240, 247, 248
argon, 388, 394
artificial silk, 244
asbestos
 amphibole, 428–35
  atomic arrangement, 429–31
  chemical properties and 

identification, 433–5
  composition and unit cells,  

428–9
  structural basis for differentiation of 

amphibole varieties, 432
  texture, 433
 chemical formulae, 432
 chrysotile, 435–48
  chemical properties and 

identification, 447–8
  cylindrical lattice, 437–9
  early structural work, 435–7
  general considerations on texture, 

445–6
  helical and spiral structures, 443–5
  introduction, 435
  structure, 439–41
  texture from X-ray evidence, 442–3
 classification, occurrence and physical 

properties, 426–8
 crystal lattice values, 429
 orientated fibre specimens of amosite 

and chrysotile, 434
 structure and properties, 425–48
 synthetic asbestos, 448
Ascophyllum, 267
Ashland A240, 390

Aspergillus niger, 20, 34, 284
ATR FT-IR analysis, 258
azlons, see regenerated protein fibres

b-Chitin, 282, 284
b-glucosidases, 20
b-pleated sheets, 177
b-sheet crystal areas, 163
b-sheets, 98
 and a-helix crystal structure, 99
banana leaf fibre, 87
Bartenev model, 334
basalt glass, 318, 320
basalt wool, 307
Basofil, 451
bast fibres, 7, 81–4
bending beam test, 371
BHK mammal cell lines, 188
bichromate of potass, 242
bioengineering, 257
birefringence, 163
blood, 239, 240–2
blue amosite, 435
Bolivian crocidolite, 433
Bombyx fibres, 173, 176
Bombyx mori, 101, 146, 154, 155, 157, 

163, 172
Bombyx silk, 153
borate glasses, 326
boron, 317, 318, 320, 344, 391
Bragg fibres, 466
branan ferulate, 281
brown algae, 270
brown seaweed, 266, 267
brucite, 430, 435
bulk modulus, 181
butane-tetracarboxylic acid, 257

C. tentans, 153
C-CP/MAS-spectroscopy, 215
caddis-flies, 153
calcia, 320
calcia-magnesia-alumina-silica glass, 322
calcite, 435
calcium alginate, 267
calcium alginate fibres, 273–4
calcium alginate process, 272
Canadian chrysotile, 443
cantilever bending beam method, 371
Carb1, 217
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Carb6, 217
CarbaCell, 28, 203
carbamate–NMMO system, 228
Carbodundum, 390
carbohydrates, 173
carbon fibres, 353–72
 cross-sectional texture with the axial 

preferred orientation, 367
 fibre structure, 357–67
  atomic order, 361, 363
  general overview, 357–9, 361
  mesoscale structure, 363–6
  micrometre structure, 366–7
 future directions, 372
 major classes, 355–7
  cellulose based, 355
  mesophase pitch-based, 356–7
  PAN based, 355–6
  vapour growth carbon fibres, 357
 mechanical properties and their 

structural origin, 368–72
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  tensile stiffness, 368–9
  tensile strength, 369–70
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production steps, 356
 short historical overview, 354
 structural parameters and related 

physical properties, 360
 three important structural levels,  

358
 turbostratic structure, 362
 types and production, 355–7
 Weibull strength distribution, 370
Carbon Silicon Alloy, 390
carbonised fibre, 454
carboxymethylchitosan, 281
Cargan, 245
casein, 240, 248, 255, 259
casein curd, 238
casein fibres, 252, 255
cashmere, 256, 257, 258
Casolana, 245
cell membrane complex, 119–20
Cellca, 27
cellulases, 20, 33–4
cellulose, 3–51, 64–6, 354, 363, 365
 acetate and triacetate fibres, 8
  generic classification, 9–10
 alternative cellulosic fibres, 12–13

 chemical, physical and biochemical 
modification, 19–25

  alkalisation, 19–20
  enzymatic modification, 20–1
  hydrothermic activation, 24–5
  radiation treatment, 21–2
  steam-explosive treatment, 22–3
 chemistry, 4
  chemical formula, 4
 composite fibres, 36–46
  blends with other polysaccharide, 

36–40
  blends with proteins, 40–3
  blends with synthetics, 43–6
 cupro fibres, 8, 11
 hydrogen bonding, 65
 Lyocell fibres, 11
 manufactured fibres, 8
 microfibril section, 66
 modal fibres, 11–12
 molecular structure, 64
 natural fibre variety, 7–8
  textile fibre classification, 7
 occurrence and formation, 3–4
 organic and inorganic solvents,  

13–19
  derivatising solvents and 

corresponding derivatives, 18
  solvent classification, 15
 physical structure, 4, 6
  hydrogen bonding, 6
  schematic view, 5
 prospectives - nanocellulosic fibres, 

46–9, 51
  bacterial cellulose/chitosan 

composite pellicle, 48
  bacterial cellulose fibrous network, 

47
  biosynthesis of modified bacterial 

cellulose, 47
  cellulose nanofibres formation, 50
  dome loudspeakers, 50
  parameters of loudspeakers with 

MBC membranes, 49
 spinning technologies, 25–36
  cellulose carbamate process, 27–9
  Celsol/Biocelsol process, 33–6
  Lyocell process, 29–32
  viscose process, 25–7
 viscose fibres, 12
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cellulose acetate, 203
cellulose acetate-based fibres, 222–7
 cross-section, morphology and pore 

structure, 223
 crystallinity, crystallite dimensions and 

orientation, 223–5, 227
 fibre cross-sections, 223–4
 fibre cryo-fracture surfaces, 226
 inner and outer regions of fibre, 225
cellulose-based composite fibres, 36–46
 blends with other polysaccharide, 

36–40
 blends with proteins, 40–3
  influence of silk-fibroin content, 41
  mechanical properties of cellulose-

keratin fibres, 43
  SEM image of cellulose/silk-fibroin, 

42
  SEM photos of fibre cross-sections 

and surface, 44–5
 blends with synthetics, 43–6
cellulose carbamate process, 27–9
 cellulose fibre properties, 28
 mechanical properties, 29
 production scheme, 28
cellulose fibres
 cellulose acetate-based fibres, 222–7
 chemical structure of cellulose chain 

with atom numbering, 204
 crystal structure
  cellulose II, 205–6
  cellulose triacetate, 208
 fringed fibrillar model, 209
 future trends, 228–9
 introduction and spinning methods, 

201–3
  derivative methods, 202–3
  direct methods, 203
  fibre spinning processing principles, 

202
 lyocell-type fibres, 218–22
 man-made, 201–29
 mechanical properties and X-ray 

crystallinities, 210
 rayon (viscose)-type fibres, 209–18
 structural levels and general models, 

204–8
  cellulose acetate crystal structures, 

207
  cellulose crystal structures, 204–7

  partially crystalline structures, 
207–8

  single chain, 204
 tenacity, lattice distortion parameter, 

crystallite dimensions, and  
cross-section, 216

 total crystalline and amorphous 
orientation factors, 217

 WAXS qualitatively assessed chain 
orientation, 227

cellulose I, 6
cellulose II, 6, 205–6
cellulose solvents, 13–19
 derivatising solvents and corresponding 

derivatives, 18
 solvent classification, 15
cellulose triacetate, 203, 207, 208
cellulose xanthogenate, 202
Celsol, 13
Celsol/Biocelsol process, 33–6
 Biocelsol end products, 37
 fibre manufacture scheme, 33
 hydrogenated non-woven sheet, 36
 mechanical properties, 35
 typical cross-section, 35
Celsol process, 203
ceramic fibres
 classification, 379
 comparison, 404–8
 current and anticipated applications, 

408–9
 different sections of pilot plant, 396
 non-oxide fibres processing, structure 

and properties, 379–98
  ceramic fibres from 

polyborosilazanes, 392
  characteristics and properties,  

385–6
  fibres derived from carbon-

containing polysilazanes or from 
polycarbosilazanes, 392–8

  fracture surfaces, 397–8
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temperature tensile strength, 407
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properties, 398–404
  characteristics and properties, 402
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  slurry spinning process, 398–9
  solution or sol-gel process,  

399–404
 polymer-derived ceramic fibres from 

melt-spinning process, 380
 processing, structure and properties, 

378–411
 research and development priorities, 

409–10
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polycarbosilane, 379–90
  Nicalon fibre types, 380–4
  other manufacturing methods for 

SiC fibres, 390
  other SiC fibre developments 

derived from silicon-containing 
polymers, 387–90

  Sylramic fibre types, 387
  Tyranno fibre types, 384–7
 summary and conclusions, 410–11
ceramic matrix composites, 408
chalcogenide glasses, 307, 479, 480
chemical coupling, 348
chemically resistant E-glasses, see ECR 

glass
Chinese soya bean fibre, 257
Chinon, 256
chironomid midges, 153
chironomid silk, 153
chitin and chitosan, 281–98
 applications, 286–7
  agriculture, 287
  biotechnology, 287
  cosmetics and toiletries, 287
  food, 287
  medicine, 286–7
  membranes, 287
  pulp and paper, 287
  special purpose, 287
  water treatment, 287
 fibre production methods, 287–90
 four main stages in production
  deacetylation, 284
  decolorisation, 284
  demineralisation, 284
  deproteinisation, 284
 future prospects, 297–8

 influence of structure on properties, 
290–1, 293–4

 main properties, 286
 new fibres based on chitin and chitosan, 

294–7
 polymeric crystal structures of chitin
  a-Chitin, 282
  b-Chitin, 282
  g-Chitin, 282
 production methods, 283–7
 production scheme using chemical 

method, 285
 sources of chitin, 283–4
 structure, 281–3
  chemical structure, 282
 vs other natural polymer-based fibres, 

291
chitin xanthate, 287–8
chitosan, 36–8, see also chitin and chitosan
 behaviour during biodegradation test, 

293
 cross-sections and surface, 292
chitosan–alginate fibres, 294, 295, 296
 cross-sections, 296
chrome alum, 242
chrysotile, 426, 428, 435–48
 cylindrical lattices, 438
 electron density map of clino-

chrysolite, 441
 electron micrograph of chrysolite 

fibres, 437
 hypothetical cross-section of chrysolite 

fibrils, 447
 packing model, 442
 probability distribution of inside and 

outside diameters, 444
 serpentine rock containing cross-fibre 

seams of chrysolite, 427
 stacking arrangement of kaolin-type 

minerals, 440
citric acid, 257, 283
clino-chrysotile, 440
cobalt, 448
coir fibre, 88
cold stretch process, 487
cold stretching operation, 492
concept of capacity to shrink, 163, 164, 

171
conventional fibres, 462–4
 graded index fibres, 464
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 step-index fibres, 462, 464
copper alginate fibres, 277
copper ammonia technology, 203
Cord, 217
Cordenka, 17
corn (maize), 250–1
Corning SMF-28, 469
cortex, 119
cotton, 185, 245, 250, 257, 260, 274, 309
cotton fibres, 77–9
 development of fibre morphology,  

77–8
 microstructure based on chemical 

modification, 78–9
 source and production, 77
Courtaulds, 218, 245
Courtelle fibres, 454
Crabyon, 38
crack deflector, 158
cribellate orb weaver, 158
crocidolite, 427, 429, 432
crystallisation, 207
cuprammonium process, 8, 11
Cupro, 214
cupro fibres, 8, 11
cut-off wavelength, 460
cuticular cell envelope, 119
CVD-SiC fibres, 390
CYTOP fibres, 475

D-glass, 322
delustrants, 246
denaturation enthalpy, 135
deodorising agent, 281
derivatising solvent, 14
Diptera, 153
dissolving pulp, 201
disulphide bridge, 113
dodecamethylcyclohexasilane, 380
dolomite, 426
Drackett’s fibre, 250
Dreamliner, 372
droplet windlass system, 161
dry-jet wet spinning technique, 291
DuPont process, 455

E35, 359
E. coli, 188
E-glass, 320, 326
 compositions, 1940-2008, 321

 concentration of silanol groups per 
nm2, 345

 effect of pH of water on contact angle, 
344

 effect of time and temperature on fibre 
bundle strength, 340
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environments of differing pH, 
336
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330

 spiral cracking after immersion in 
sulphuric acid, 335

 static fatigue of strands in distilled 
water, 331

 stress corrosion failure times of single 
filament, 333

 time dependence of strength at various 
temperature, 339

E-glass fibres, 334
ECR glass, 319, 320, 323, 334
ecribellate orb weaver, 158, 159
EELS, 404
egg albumen, 239, 242
elastic coil mechanisms, 161
elastic modulus, 181
elastic unwrinkling model, 368
electron beam curing, 382, 387
electron beam irradiation, 384, 406
electron diffraction, 361, 448
electron energy loss spectroscopy, 363
electron irradiation, 363
electrospinning, 229, 297–8, 404
electrostatic forces, 161
endoglucanases, 20
energy dissipation mechanisms, 157
Enka, 17
environmental stress corrosion, 332–4
environmental stress corrosion cracking, 

333
enzymatic modification, 20–1
epichlorohydrin, 294
epicuticle, 119
erbium, 470
Escherichia coli, 46
Euler buckling, 368
exoglucanases, 20

F-layer, 119
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Faraday rotation, 472
farm chemurgy, 250
feather keratin, 243
feathers, 242–3
Ferretti’s Italian milk fibre, 238
Fiber FP, 398, 400
Fiberamic, 394
fibre Bragg gratings, 471, 472
fibres, see also specific fibres
 alginate, 266–81
  fibre production methods, 273–4
  future prospects, 280–1
  influence of structure on properties, 

274–80
  production methods, 270–3
  structure, 267–70
 chemically and thermally resistant, 

450–7
 chemically resistant fibres, 454–7
  chlorinated and fluorinated fibres, 

454–5
  other linear polymer fibres, 455–6
  PEEK formula, 455
  PEI formula, 456
  PPS formula, 456
 chitin and chitosan, 281–98
  fibre production methods, 287–90
  future prospects, 297–8
  influence of structure on properties, 

290–1, 293–4
  new fibres based on chitin and 

chitosan, 294–7
  production methods, 283–7
  structure, 281–3
 man-made cellulosic fibres structure, 

201–29
  cellulose acetate-based fibres, 222–7
  future trends, 228–9
  introduction and spinning methods, 

201–3
  lyocell-type fibres, 218–22
  rayon (viscose)-type fibres, 209–18
  structural levels and general models, 

204–8
 thermally resistant fibres, 451–4
  aromatic polymer fibres, 451–3
  Kermel formula, 453
  melamine formula, 451
  meta-aramid fibre formula, 452
  P84 aramid fibre formula, 452

  partially carbonised acrylic fibre, 
454

  partially carbonised fibres, 454
  PBI and sulphonated PBI formulae, 

453
  polyacrylonitrile precursor, 454
  polymer structure of Kynol 

novoloid fibre, 451
 thermosets, 451
fibroins, 165
fibroin–sericin thread, 155
Fibrolane, 245, 247, 248
Fibrolane C, 248
fibrous brucite, 448
fictive temperature, 311
film former, 341
finish, 341
flax, 7
flax fibre, 83–4
Flory-Huggins equation, 130
fluoride glasses, 479
fluorine, 320
FMC Biopolymer, 279
FMC Biopolymer AS, 277
folding index, 169
Ford’s process, 250
formaldehyde, 244, 250
formic acid, 283
formic-aldehyde, 242
Fortisan, 203, 214, 223, 224
Fourier transform infrared spectroscopy, 

240, 493
Fox equation, 130
fringed fibrillar model, 207
fruit fibres, 87–9
 see also specific fibres
FT500, 359

g-aminopropyltriethoxysilane, 346
g-Chitin, 282
g-radiation, 382, 394
garden cross spider, 188
gas separation, 490–1
 gas diffusion, 490
 gas membrane separation application 

areas, 491
 gas permeation, 490
Gaussian intensity profile, 460
gedrites, 432
gelatine, 244
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Gibbs free energy, 312
glass fibres, 448
 aqueous solubility of differing glass 

components at differing pH,  
336

 chemistry of hydrolysis of 
organosilane, 343

 classification, 336–7
  aluminosilicate composition, 337
  borate, phosphate and multi-alkali 

glasses, 337
  S-2 glass composition, 337
 compositions, 318–21
  AF (wool) glass, 318
  AR glass, 318
  basalt glass, 318, 320
  E-glass, 320
  A glass, 318
 compositions of typical glasses for 

fibres, 319
 concept of fictive temperature, 311
 continuous filament fibreglass 

production process, 325
 dependence of strength on diameter, 

338
 differences between crystal, SiO2  

glass and multicomponent glass, 
314

 fibre manufacture, 322–6
  continuous filament process,  

324–6
  wool process, 322, 324
 historical perspective, 307–9
 influence of chemical composition 

of glass on strength after heat 
treatment, 339

 insulation and filtration, 309
 molecular dynamics-generated 

structure of silica glass, 315
 nature of glass fibres, 310–22
  atomistic viewpoint, 313–14, 316
  glass forming systems and 

composition, 316–17
  high strength glass, 322
  thermodynamic viewpoint, 310–13
 other glass fibres, 310
 protection of fibres for strength 

retention, 340–9
  adhesion of unsilanised and unsized 

glass fibres, 348

  plasma polymers as functional 
sizing for adhesion and 
protection, 349

  silane coupling agents and structure 
of hydrolysed silanes, 342–4, 
346

  silane sizing/matrix interphase, 346
  silanes–role in strength retention, 

346
  silanes–selection for adhesion 

promotion, 348
  sizings and binders, 340–2
 reinforcement, 309–10
 strength of glass fibres, 326–40
  Griffith theory of strength, 327
  static fatigue, 331–4, 336–40
  Weibull statistics of strength,  

329–31
 strength values distribution for 

industrial glass-fibre specimens, 
328

 structure and properties, 307–49
 structure of interphase which forms in a 

composite, 347
 summary, 349
 theories of fibre strength and structure, 

327–9
  concepts of Bartenev, 328–9
  concepts of Metcalfe and Schmitz, 

328
  fibre strength summary, 329
 typical coupling agents for glass  

fibre–resin adhesion, 342
 typical properties, 323
 Weibull plots for strength of glass 

fibres with different treatments, 
330

glass optical fibres, see optical fibres
glass transition temperature, 163, 181, 310, 

473
 range, 310
globular proteins, 98
glycerol solution of iodine, 448
glycine, 154, 169
glycoprotein, 173
glycoprotein complex, 161
golden silk spider, 188
Gould’s fibre, 247
graded-index fibres, 464, 475
grafting, 257
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graphene sheets, 358
graphite, 357
Griffith theory of strength, 327

hagfish slime thread, 103–5
 coiled thread bundle inside the cell 

wall, 104
 IF structure, 104
hair, 239
 and wool, 101–3
  levels of structure for mechanical 

modelling, 103
hair of angora goat, see mohair
halogenated solvent system, 288
hemicellulose, 74–5, 201
 b 1 Æ 4-D-xylan, 75
hemp fibre, 83
heptadrule, 122
Hermans factor, 216
Hi-Nicalon fibres, 382–3, 397, 406
Hi-Nicalon Type S fibres, 383–4, 388,  

389
high mannuronic sodium alginate, 277
high temperature treatment, 355, 368
high wet modulus, 208
hk random-layer lines, 363
hollow-core fibres, 481
hollow-core microstructured fibres, 466, 

479
hollow fibres
 background, 486–9
  advantages and disadvantages, 

488–9
  definition of terms, 486–8
 basic morphologies
  anisotropic, 486
  isotropic, 486
 conclusions and recommendations, 

496–7
 general categories of commonly used 

technology, 486–7
  dry process, 486–7
  wet process, 487
 polymers used, 492–5
  other polymers, 493–5
  polyolefins, 492–3
 production and applications, 485–97
 production general methods, 487–8
  dry spinning, 487
  melt spinning, 487–8

  wet spinning, 487
 structure–property relationships,  

495–6
 types of fibres and general features, 

489–92
  gas separation, 490–1
  medical applications, 489
  pervaporation, 490
  reverse osmosis, 490
  ultrafiltration, 491–2
hot stretch process, 487
HPZ, 404–5
HTA7 AR, 359
HTA7 series, 359
hydrofluoric acid, 474
hydroformylation, 257
hydrogen bonds, 112, 152, 207
hydrothermal synthesis, 448
hydrothermic activation, 24–5

inhibited coupling mechanism, 467
Institute of Biomaterials and Chemical 

Fibres, 280
interfacial gel polymerisation, 474
intermediate filaments bundle, see 

microfibrils
ionisable mercury, 256
islands-in-a-sea structure, 258
isodipeptide bridge, 113
ITU-T standard G652, 469

Japanese soya bean fibre Silkwool, 250
JEOL JSM 6330 F, 211
Jianghe TianRongSi Fibre soybean protein 

fibre, see SPF
jute fibre, 81–2
 cross-section, 82

K137, 359
K321, 359
Kaltostat, 274
kaolin, 436
KAP, see keratin associated proteins
kapok, 7, 79–80
 cross-section, 80
kenaf fibre, 82
 fibre bundles, 83
Keratec, 100
keratin, 102, 281
keratin associated proteins, 102
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keratin fibres, 109, 111
 animal fibres, 111
Kermel, 452
Kevlar, 185, 452, 472
Kumada rearrangement, 380
Kynar, 471
Kynol, 451

Laminaria, 267
Lanital, 236, 239, 245, 247, 255
lead silicate glasses, 326
leaf fibre, 84–7, see also specific fibres
Lenzing AG, 218
Levenberg-Marquardt method, 137
lignin, 75–6, 201
 chemical structure, 75
lipids, 114–15
liquid nitrogen, 150
lizardite, 447, 448
Loxosceles, 161–2
Lyocell fibres, 11, 210, 216, 218–22, 223
 cross-section, morphology and pore 

structure, 218–20
 cryo-fractured surfaces, 220
 crystallinity, crystallite dimensions and 

orientation, 220–2
 fibre cross-sections, 219
 lyocell fibre after wet abrasion 

treatment, 221
Lyocell process, 29–32, 203, 228, 229
 NMMO process flowsheet, 30
 phase diagram, 30
 process parameters comparison, 31
 SEM images of untreated Lyocell-

unwoven, 32
 trade names produced by NMMO 

process, 33
lysozymes, 283, 293, 294

MAC-T, 188
Macrocystis, 267
magnesite, 435
magnesium, 448
magnetic silk-fibre composites, 185
magnetite, 185, 435
MaSp2 proteins, 171
medulla, 120
melamine, 451
melamine-formaldehyde fibre, 451
Melgisorb, 274

melt extrusion, 390
Merino, 132
Merino wool, 247
Merinova, 245
mesophase pitch precursors, 353
mesothelioma, 425
meta-aramid fibre, 452
2-methacryloxymethyl phosphorylcholine, 

495
1-methyl-2-pyrrolidone, 493
micro-zinc ions, 257
microfibrils, 67–72, 120
 cotton fibre cellular structure, 69
 earlywood cellular structure, 67
 fractured earlywood tracheids, 68
 mechanical properties of plant fibres, 

70
 methods for studying orientation in S2 

layer of plant cell wall, 69
 physical properties of plant fibres, 70
 plant fibre ultimate cell, 68
 Young’s modulus vs microfibril angle, 

71
microfungal mycelia, 284
microstructured optical fibres, 464–7, 

476–9
 applications and limitations, 477–9
 general characteristics, 476
 high index core, 464–5
 low index core, 465–7
 materials and fabrication, 476–7
milk/acrylic fibre, 256
milk casein, 239, 244–7
milk fibre, 257
Millon’s reagent, 240
mineral acids, 16–17
mineral wool, 307, 318
modal fibres, 11–12
modified chemical vapour deposition, 469
mohair, 132
molecular dynamics modelling, 313–14
montmorillonite, 431
MPDZ-PhVi, 393, 404
Mucor rouxii, 284
Müller–Rochow synthesis, 389
multi-mode fibres, 460
mygalomorph, 168

N-methylmorpholine-N-oxide, 17, 24
nanofibres, 357
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NaOH/thiourea/urea aqueous solution, 16
Nephila, 148, 150, 154, 158–9, 161, 162, 

177
Nephila clavipes, 177
Nephila dragline, 174, 182
Nephila edulis, 148, 155, 157, 172
Nephila fibres, 176
Nephila madagascariensis, 188
network modifiers, 317
Nextel, 399
Nextel 312, 399, 400, 406
Nextel 440, 400, 406
Nextel 550, 406
Nextel 610, 400, 401, 406, 408
Nextel 650, 401, 406, 408
Nextel 710, 406
Nextel 720, 401, 405, 406, 408
Nicalon, 380–2, 404–5
 NL-XYZ coding for Nicalon products, 

381
Nicalon CGN, 404
Nicalon NLM-202, 404, 405
Nicalon NLP-102, 404
Nicalon-S, 406
Nicalon SGN, 404
nickel, 448
nitrogen, 452
NLP-201, 381
NMMO, see N-methylmorpholine-N-oxide
NMMO fibres, 204, 222
NMMO process, see Lyocell process
Nomex, 452
non-derivatising solvent, 14
novoloid fibre, 451
nylon, 185, 455
nylon 2.2, 146
nylon blends, 250

O-acetyl groups, 267
Oeko-Tex Standard 100, 256
oil palm empty fruit bunch fibre, 88–9
olivine rock, 426
opisthosoma, 154
optical fibre preform, 470
optical fibres
 commercially available optical fibres
  optical specifications, 469
  physical specifications, 468
 common dopants used in silica fibres 

and their function, 470

 common polymers used in optical 
fibres, 473

 fibre structure and optical properties, 
462–7

  conventional fibres, 462–4
  microstructured fibres, 464–7
 general categories of polymers used, 

473
 new materials and material 

combinations, 479–80
 structure, properties and characteristics, 

458–81
  different bandgap fibres, 466
  examples of microstructured fibres, 

477
  fabricated microstructured fibres, 

478
  high index core microstructured 

fibre, 465
  leakage of light can be caused by 

bending a fibre, 462
  optical waveguide showing the core 

and cladding, 459
  step-index single-mode and multi-

mode fibres and graded-index 
fibres, 463

 types of dispersion
  chromatic dispersion, 461
  inter-modal dispersion, 461
  waveguide dispersion, 461
 types of optical fibres, materials and 

applications, 467–79
  microstructured optical fibres, 

476–9
  plastic optical fibre, 473–6
  silica optical fibre, 468–72
 waveguide concepts, 459–61
  bending loss, 461
  dispersion, 461
  loss, 460–1
  modes, 459–60
  numerical aperture, 460
ortho-chrysotile, 440, 441
OsO4 staining technique, 218
outside vapour deposition, 469

P84 aramid fibre, 452
 cross-sections, 453
 formula, 452
Panox, 454
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para-aramid fibre, 452
para-chrysotile, 440
parabolic profile graded index, 464
peanut, 240
pectins
 alternating a - (1Æ2)-L-rhamnosyl 

and a - (1Æ4) D galacturonosyl 
units, 76

 poly-a - (1 Æ4)-galacturonic acid, 76
PEEK, see poly(etheretherketone)
PEI, see poly(ether imide)
perchlorethylene, 252
perhydropolysilazane, 391
pervaporation, 490
Phaeophyceae, 270
phenol-formaldehyde fibre, 451
Philips TEM CM 200, 208–9
phosphate glasses, 326
phosphorus, 248
photonic bandgaps, 466
photonic crystal, 466
photonic crystal fibres, see microstructured 

optical fibres
Phycomyces blakesleeanus, 284
Pichia pastoris, 188
plant cell wall
 cellulose deposition, 72–4
 living plant cell vs differentiated 

tracheary cell, 73
 microfibril alignment, 74
plant fibres
 structure, 62–89
  bast fibre bundles, 81–4
  chemical composition, 64
  classification and approximate 

world annual production, 63
  composition, 63–76
  fibre categorisation, 63
  fruit fibres, 87–9
  leaf fibres, 84–7
  seed fibres, 77–81
plasma chemical vapour deposition,  

470
plastic optical fibre, 473–6, see also optical 

fibre
 application and limitations, 475–6
 chemical structure and fabrication, 

473–5
 general characteristics, 473
 mechanical properties, 475

POF-ALL project, 481
POF-FTTH, 481
Poisson kernel, 365
Poisson ratio, 150
Polan, 245
polyacrylonitrile, 258, 354, 363, 365,  

495
polyacrylonitrile polymer precursors, 353
polyaluminocarbosilane, 384
poly(aramide-imide) fibre, 452
polybenzimidazole fibres, 452
polybenzimidazole hollow fibre, 495
polyborosilazane, 379
polycarbosilane/SiC powder/xylene slurry, 

390
polycarbosilazane, 379, 394
polydimethylsilane, 380
polydispersity, 267
polydispersity index values, 270
polyester fibres, 455
poly(ether imide), 456
poly(etheretherketone), 455
polyethersulfone, 493, 495
polyethylene, 492
poly(ethylene oxide), 298
polymer blending process, 495
polymer-clad–silica fibres, 480
polymer repeat, 96
polymethylmethacrylate, 210, 474, 475, 

476
polyoxyethylene monophenyl ethers, 341
poly(phenylene sulphide), 456
polypropylene, 492
polysilane/polycarbosilane, 379
polysilasilazane, 394
polysilazane, 379
polysiloxane, 379
polysulfone, 495
polysulfone hollow fibres, 495
poly(tetrafluoroethylene), 455
polytitanocarbosilane, 383, 384
polyvinyl alcohol, 257, 258, 494
polyvinyl chloride, 455
polyvinyl fluoride, 455
poly(vinylidene chloride), 455
poly(vinylidene fluoride), 455, 471, 495
polyvinylopyrrolidone, 295
polyvinylsilane, 387
Porod’s law, 365
potassium, 337
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PPS, see poly(phenylene sulphide)
PRD 166, 399
prolamin, 250
proline, 169, 170–1
Protanal LF 10/60, 279
Protanal LF 60/20, 277
Protanal LF-10/60 LS, 277
protein fibres, 95–106
 amino acid residue content, 97
 diversity, 99–105
  fibre types, 99
  hagfish slime thread, 103–5
  regenerated and other  

manufactured protein fibres,  
100

  silks, 101
  wool and hair, 101–3
 structures, 96–8
  chemistry, 96–8
  physical forms, 98
proteins, 112–14, see also specific  

proteins
 fictive peptide chain structure, 113
 primary protein fractions in Merino 

wool, 115
 wool protein separation by 2D  

SDS-PAGE, 114
pyrolysis, 357
pyroxene rock, 426

quartz fibres, 337

R glass, 322
radiation curing technique, 388
radiation treatment, 21–2
Raman band shifts, 222
Raman frequency, 371
Raman scattering, 364
Raman spectroscopy, 163, 371, 479
ramie, 7
ratchet clamp mechanism, 173
Rayleigh scattering, 460
rayon, 202, 235, 245, 255
rayon fibres, 202, 209–18
 cross-section, morphology and pore 

structure, 209–11, 213–14
 cryo-fracture surfaces, 213
 crystalline and partially ordered 

fraction from 13C-CP/MAS-
NMR, 215

 crystallinity, crystallite dimensions and 
orientation, 214–18

 fibre cross-sections, 211–12
 micrograph after wet abrasion 

treatment, 214
Rayon–PP composite, 44
reeling speed, 171, 173, 176, 177
refractive index gradient, 474
regenerated cellulose, 235
regenerated cellulose fibres, see modal 

fibres
regenerated protein fibres, 100, 234–61
 Aralac milk protein fibre, 246–7
 ATR FT-IR spectra of Aralac, silk, 

wool and cotton, 241
 chemical composition of wool and 

casein fibres, 245
 first and second generation, 235–56
  behaviour, 251–6
  characteristics, 240–51
  development, 235–6
  five main production stages, 238–9
  identification, 239–40
  production, 236–9
  production dates, trade names, and 

manufacturers, 237
  surviving examples, 236
  vs behavioural properties of wool, 

253–4
 Lanital fibres and wool fibres, 248
 peanut fibres, 249
 regenerated and stretched technical egg 

white fibres, 243
 soya bean fibres, 251
 summary, 261
 third generation, 256–61
  behaviour, 258–61
  behavioural properties in 

comparison to natural fibres, 261
  development, 256
  fibre properties, 258
  identification, 258
  longitudinal view of soya bean fibre, 

260
  polarised ATR FT-IR of soya bean 

fibre, 259
  production, 256–8
 zein fibres, 252
regeneration, 185
reverse osmosis, 490
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rock wool, 307
Ruland–Vonk method, 223

S-2 glass, 322, 334, 336, 337
salt bridge, 112–13
Sarelon, 236, 248
scanning electron microscopy, 210, 214, 

366
Scherrer equation, 215, 363
SCS-6, 386, 390, 397, 398, 409
SCS-9A, 386, 390
SCS-Ultra, 386, 390
Seasorb, 274
semi-carbon fibre, 454
shark meat protein, 244
Shirlastain A stain, 240
shot, 318
SiBCN, 392
SiCN hollow fibres, 393
SiCN(O) fibres, 405
Sigma SiC fibre, 390
silica, 320
silica optical fibre, 468–72
 applications and limitations, 472
 chemical structure and fabrication, 

469–71
 general characteristics, 468–9
 mechanical properties, 471–2
silk, 101, 146–89, 239
 artificial silk, 184–8
  genetically engineered silk, 187–8
  regenerated silk, 185–7
 composition, 152–4
 description, 146–7
 detailed calculations of dynamic 

mechanical properties, 183
 elastomericity and role of glycine 

residues, 170
 evolution of silk glands, proteins and 

fibres, 168
 fibre and its model, 175–9
 fine structure and morphology,  

154–63
  banding pattern vs microvilli, 155, 

157–8
  silkworm silk morphology, 155
  spider silk morphology, 155
  supercontraction, 162–3
 genetic basis for silk structural strength, 

153

 influence of structure on properties, 
179–84

  mechanical predictive and 
interpretative model, 181–4

  order–disorder, water and 
nanostructures, 180–1

 major types
  b-silk, 176
  co-llinear, 176
  cross-b silk, 176
 mechanical envelope of properties, 184
 mechanics, 147–52
  major polymer vs biopolymer fibres, 

148
  summary, 152
  tensile properties, 147–8, 150
  torsional properties, 151–2
 nanofibril string of bead structure, 180
 orientation and structural models, 178
 processing variables, 176
 regenerated silk
  mechanical properties, 186
  rheological properties, 187
 silk diversity, 158–62
  capture silks, 159, 161
  ribbon silk vs cylindrical silk, 161–2
 spider silk, 164–74
  beta silks, 164–5
  processing, 169–74
 spinning the fibres
  Bombyx mori silk gland, production 

and spinning, 174
  Nephila edulis silk gland, 

production and spinning, 175
 structural order and supercontraction, 

and proline residues, 172
 summary of typical origins, 

composition and sequences, 
166–7

 supercontraction and its relation to 
orientation in dragline silk, 164

silk-fibroin, 40–1
silk proteins, 165
silkworm silk, 148, 154, 155, 177, 185, 

186
 Bombyx mori spider silk ultrastructural 

details, 157
 effect of reeling speed on Bombyx mori 

silk fibres, 177
 morphology, 155
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silkworm silk cocoons, 185
silver, 281
Silverlon calcium alginate dressing, 276
single-line method, 215
single-mode fibres, 460
sisal fibre, 84–6
 bundle fractured in tension, 87
 cross section of bundle fibre, 86
 section through leaf and mechanical 

fibre, 85
 SEM image, 86
sizing, 341
sizing systems, 316
slurry process, 399
small angle X-ray diffraction method,  

277
small-angle X-ray scattering, 218, 365
soda-lime–silica glass, 318
sodium, 337
sodium silicate glass, 317
soft glasses, 480
solvent spinning, 493
Sorbsan, 274
soya bean, 240
soya bean fibre, 100, 248, 250, 252, 255, 

256, 259, 261
Span-20/Tween-20, 289
SPF, 257, 258, 260
spider silk, 100, 164–74, see also silk
 beta silks, 164–5
 co-evolution of silk spinning and silk 

dope, 165, 168–9
 glass transition temperature, 163
 golden orb spider silk functions 

and associated mechanical 
properties, 149

 mechanical properties across spider 
species, 150

 molecular phases
  amorphous, 163
  crystalline, 163
 Nephila dragline thread fine structure, 

158
 Nephila spider silk ultrastructural 

details, 156
 processing, 169–74
  dope structure, elastomericity and 

role of glycine residues, 169–70
  dye geometry and processing 

variables, 172–3

  fibre formation and role of proline 
residues, 170–1

  other influences, 173–4
 spider’s extrusion spinning device,  

162
 structural diversity, 159–60
 torsional behaviour, 151
spidroin, 165
spidroin 1, 153, 174
spidroin 2, 153, 174
spinnerets, 324
stacking method, 476
Staphylococcus aureus, 46
staple fibre, 248
static fatigue phenomenon, 331–4,  

336–40
 effect of composition, 336–7
 environmental stress corrosion, 332–4
 thermal effects, 337–40
steam-explosive treatment, 22–3
stem fibre, see bast fibres
step-index fibres, 462, 464
 preforms, 474
strain sensing, 476
strength–diameter phenomenon, 337
stress corrosion phenomenon, 331
string of beads morphology, 180, 181
supercontraction, 162–3
Swiss Protein Database, 180
Sylramic fibre, 387
synchrotron radiation, 218, 369
synthetic asbestos, 448
synthetic vitreous fibres, see glass fibres

tannins, 174
Teflon, 455
Tegagen, 274
Tencel, 11, 218
Tencel A100 fibre, 31
tensile modulus, 182
theory of diffraction, 438
thermal expansion coefficient, 310, 312, 

474
thermal insulation, 308
thermal transitions, 128–38
 denaturation transition, 131–8
  DSC traces for mohair, 133
  regression analysis of denaturation 

temperatures, 134
  wool denaturation temperatures, 136
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 viscoelastic, a - and b -transitions, 
129–31

  dynamic E-modulus of horse hair 
and rhino horn, 129

thermodynamics of Ehrenfest, 312
thermogravimetric tests, 452
Thiozell, 245
Tiolan, 245
Todtenhaupt’s German fibre, 238
TOF SIMS analysis, 346
transmission electron microscopy, 209, 

210, 364, 366, 404
tremolite, 428, 429, 432
tremolite–actinolite, 429
triacetate fibres, 8
trichloromethylsilane/hydrogen mixture, 

390
Trichoderma reesei, 20, 34
Trichoptera, 153
triple-play networks, 475
Tufcel, 216
turbostratic structure, 358, 361
Twaron, 185
Tyranno fibres, 384, 404–5, 406
Tyranno LOX M, 384
Tyranno SA (Si–Al–C–O), 384, 387

UF fibres, 388
UF-HM fibres, 389
ultra-microtome Leica Ultracat S, 210
ultrafiltration, 491–2
ultraviolet light, 471
unimodal Weibull, 359
urea, 202–3
UV Raman scattering, 363

Valonia ventricosa, 201
van der Waals, 357
van der Waals forces, 216
van der Waals interactions, 152
Vanduara, 244, 255
vapour axial deposition, 469
vegetable albumen, 239
Vicara, 236, 250, 251
viscose, 17, 202, 223
viscose fibres, 12, 274, see also rayon 

fibres
viscose process, 25–7, 202, 214, 228, 

287–8
 flowsheet, 26

 production, 27
viscose rayon, 202, 453
Viscostar, 26

W-fibres, 464
Warren’s structure, 429
wavelength division multiplexing, 472
weakest link theory, 369
Weibull analysis, 329–31, 332, 346, 359, 

369, 370, 406
wet spinning, 257, 287–9
white spirit, 252
Whittier’s fibre, 247
wide-angle X-ray diffraction method,  

277
wide-angle X-ray scattering, 214, 215
windlass silk, 159
wool, 239, 245, 250, 252, 257
 and hair, 101–3
  levels of structure for mechanical 

modelling, 103
wool and hair fibres, 108–38
 a and b-keratinous materials, 110
 chemical composition, 111–15
  elemental composition, 111
  lipids, 114–15
  proteins, 112–14
 fibre formation, 115–17
  morphological components of 

developing hair, 116
 keratin fibres, 109, 111
 mechanical properties and models, 

125–8
  elastic moduli, 127–8
  swelling and moduli changes, 126
  two-phase model for a-keratins, 

125–7
 molecular structures, 121–5
  a-keratin monomer structure, 122
  2-rule hierarchical structure 

formation, 124
  amino acid arrangement in the 

a-helix, 122
  IF monomer arrangement, 123
 morphology, 117, 119–20
  electron micrograph of porcupine 

quill tip, 121
  principal types of composite 

structure, 118
  structural principles, 118
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  structure of Merino wool fibre, 118
 thermal transitions, 128–38
wool fibres, 247
wool keratin, 243

X-ray diffraction, 154, 163, 168, 175, 176, 
216, 268, 283, 361, 363, 364, 
366, 368, 369, 391, 448

X-ray microbeam, 366, 367, 369, 371
X-ray scattering, 180, 204
XPS analysis, 346

Yajima polymer, 387

Young’s modulus, 326, 327, 359, 368, 
369, 370, 371, 382, 384, 391, 
394, 405

ytterbium, 470

Zachariasen’s model, 313
ZBLAN, 479
Zealon, 242
zein, 250
zein fibres, 240, 255, 258
zinc alginate fibres, 277
zirconocene catalyst, 389
Zycon, 250




