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· ·ABSTRACT 

The complex modulus of single keratin fibres has been studied 

at various extensions or times as well as at different relative humid

ities, temperatures and frequencies . Two parameters of the complex 

modulus were measured, namely the dynamic modulus and the loss angle. 

To carry out m·easurements for the above studies a dynamic 

mechanical tester was designed and constructed. By using a piezo

electric element the apparatus allows for measurements to be taken in 

the frequency range 6 Hz to 1500Hz, while with an environment condition

ing chamber the full range of relative humidities and the range of -100°C 

to + 50°C for temperatures can be coveredo Fine fibre samples can be 

extended in the apparatus and tested at each extension. Considerable 

precautions were taken in the apparatus to reduce noise because of the 

small values of the signals detected. 

By using the above equipment it was found that the modulus of 

wool fibres decreases with strain up to intermediate extensions of about 

20% and then increases with higher extensions. The loss angle variation 

with extension is inverse to the modulus changes. The complex modulus 

was also measured while fibres were extension cycled or relaxed at fixed 

strains. More measurements were taken under other specific conditions 

of strain. All of these results, it was shown, could be explained by 

the application of the two-phase structure model of keratin: one phase 

C being relatively impenetrable to water and possessing elastic properties 

at all extensions, and the other phase M being water penetrable and 

acting mechanically as a viscoelastic solid. 

Measurements on fibres were carried out during abrupt relative 

humidity changes at a constant frequency and temperature. For an abrupt 



' relative humidity increase it was found that the loss angle vs time 

exhibits an overshoot at the time when the absorption is nearly com

pleted, while the modulus curve is changing markedly at the same 

time. This result was compatible with the suggestion that the 

structural mobility of the keratin fibre reaches a maximum at the 

time when absorption is almost complete. 

The complex modulus of wet keratin fibres was measured in 

the frequency range of 6 - 1500 Hz at different temperatures between 

0.2 and 45°C. Some measurements were taken at different relative 

humidities. These results together with results of other workers 

indicated the presence of a characteristic transition process in 

keratin dependent strongly on the water content. This process was 

attributed to the main chain motion in the M phase. 
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LIST OF SYMBOLS 

amplitude of a-c strain 

complex strain 

constant static strain 

shift factor 

amplitude of displacement for propagating wave or 

cross-sectional area 

amplitude of displacement for reflected wave 

phase velocity 

complex velocity 

constants in the WLF equation 
~ i 

capacitance or C = Er __r_ 
~ ir 

specific heat at constant pressure 

specific heat at constant strain 
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~ relaxation modulus, or complex modulus of phase M 

Ec dynamic modulus of the elastic phase C 

Eu unrelaxed (instantaneous or initial) modulus 

. Er relaxed (equilibrium or final) modulus 

Ea apparent modulus 



f frequency 

f static (d-e) stress 

F F = wt/c 

g1 geometrical correction factor at 100% R.H. 

g2 geometrical correction factor at 0% R.H. 

i intercept or i = ~1 

k wave number 

t 1 ength 

m mass 

n number of moles 

N magnitude of transducer ratio 

N* complex transducer ratio 

:. } " amplitudes of various a-c forces 
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ar amplitude of reference a-c stress 

0' * r complex reference stress 

p ambient pressure 

pi' pf initial and final partial vapour pressure 

Psi' Psf initial and fi na 1 saturation vapour pressure 

r regain 

ri' rf initial and fi na 1 regain 

R frictional element or electrical resistance 

RH relative humidity 

RHi' RHf initial and final relative humidity 

s stiffness or slope 

t time 

T absolute temperature 

Ti, Tf initial and final tempera tu re 
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amplitude of velocity 

complex velocity 

volume or a-c voltage 

complex voltage 

amplitude of a-c reference voltage 
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weight 

thickness 

complex mechanical impedance 

characteristic mechanical impedance of a medium 

input mechanical or electrical impedance . 

terminal mechanical impedance 

electrical impedance 

attenuation coefficient or a <~n•> 

thermal expansion coefficient or the width of the log

normal distribution function 

y amplitude of acceleration 

~n g-moles of water leaving the buffer wool 

~W energy absorbed per cycle per unit volume 

o loss angle 

om loss angle of the phase M 

op loss angle of the p-z element 

E static strain in percent 

n viscosity 

e measured angle 

K strain rate 

~ linear density 

~, ~· amplitude of a-c displacement 

~* complex displacement 
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a amplitude of a~c stress 

a* complex stress 
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C H A P T E R 1 

THE STRUCTURE AND PROPERTIES OF KERATIN 

1.1 Introduction 

Natural · proteins occur in two forms, globular and fibrous. 

Keratins are a class of fibre proteins in which wool, hair and horn 

constitute a subdivision, the hard mammalian keratins. 

Because relatively little work has been done on the study of 

the dynamic mechanical properties of keratin, in this thesis the main 

objective of the research is concerned both with the construction of a 

dynamic tester and the study of the complex modulus of hard mammalian 

keratins in order to further understand and elucidate the structural 

features of keratins in terms of these measurements. A review of the 

structure as well as of some physical and chemical properties of this 

latter form of keratin is presented below as an introduction to the 

present work. 

1.2 The Histology 

Lincoln wool and horse haJr were used for the tests in the 

present work and therefore a brief review of the important elements of 

the histology of keratin fibres, fo1lowing Bendit and Feughelman12 is 

given below; detailed description of the histology of keratin fibres 

is given by Fraser et a1s2. 

In general, keratin fibres have three major components, 

cuticle, cortex and medulla, the first two of which are shown in 

figure (1-1) 80 • The cortex, which forms the bulk of the fibre, 

consists of spindle-shaped keratinized cells ~100~ long and ~s~ across. 

Th~ internal strqcture of these cortical cells is highly complex. 



Poss1bly eleven 
protofibrils
nine around the 
outside and two 
in the centre 

M1crof1bnl 

Macrofibri.l ----

Protof1bril possibly 
compris1ng three 
molecular chains 
(01- helices) twisted 
together 

Orthacortex 

FIG.l-1. Diagram showing one possible way in which the IX-helix molecules and protofibrils are 
grouped within the microfibrils of wool. (After Ryder and Stephenson.) 
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The cortex is enclosed by layers of protein material referred to as 

the cuticle, which forms an envelope of overlapping scales surrounding 

the fibre. Each scale or scale cell consists of an outer keratinous 

layer (the exocuticle) and an inner nonkeratinous layer (the endocuticle). 

These cuticular layers are bounded on the outside by a very resistant 
0 

membrane, the epicuticle, which is only about lOO A thick. Coarse 

fibres usually have a cuticle many scale cells thick. The third main 

component is the medul~a, an axial region consisting of cavities formed 

by large cells, which is generally found only in coarse fibres, or in 

structures such as quills, and is usually absent in fine animal hairs . 

In addition to these major components, keratin fibres generally contain 

lipids, melanin pigments, nuclear remnants and other nonkeratinous 

inclusions. 

There are two types of cortical cells termed ortho and para 

cells and may be distinguished by histological staining techniques or 

by their appearance in electron micrographs. The cells in the para

cortex are more highly keratinized (hardened) than those in the ortho-

cortex. The former are found for crimped Merino wool fibres in the 

concave half of the crimp wave, whereas the latter are found in the 

convex half. In contrast to the so-called bilateral structure found 

in Merino wool, some almost straight or slightly wavy fibres (e.g. 

Lincoln wool) have a radial distribution of cells, with the para-like 

cells in an annular region around a central core consisting of ortho-

like cells. 

1.3 The Fine Structure 

Electron microscopy bridges the gap between molecular 

dimensions and objects visible with the light microscope. In trans-

verse sections of wool fibres examined with the light microscope 



0 

1000 A 

(a) (h) 

Fig. l-2 E lectron micrographs (50) of porcupine qui ll tip (Hystrix cristata ). (a ) Cross sed ion of 
cortex; (h) longitudinal section of cortex. 



a b c 

• 
0 10 20 30 40 50 A 

Figurel-3 The two-strand coiled coil rope model for the regular secondary 
structure in a-keratin. (a) Right-handed a-helix; each residue has been 
represented by a sphere centered on the a-carbon atom. The diameter of 
the sphere is arbitrary and has no physical significance. (b) The same 
a-helix distorted into a coiled coil. The original axis, shown dotted, is dis
torted into a left-hand heJix of pitch 186 A. (c) A two-strand rope in which 
a pair of coiled coils are so positioned relative to each other that .. knob
hole" packing of the residues is achieved in the interior of the rope along 
its entire length. 
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fibrillar structures known as macrofibrils are just visible within the 

cortical cells {fig. 1-1). Electron microscopy has shown that these 

are built up from smaller aligned filaments, rodlik~ structures of 

indefinite length- the microfibrils, embedded in nonaligned material -
. 26 59, 78, 79 

the matrix (fig. 1-2). ' The diameter of the microfibrils 

has been estimated to be ~so ~' their centre-to-centre distance in the 

range 85-100 ~ depending on the type of keratin. The mode of packing 

of the microfibrils was found to vary according to species, and also 

depended on the type of cortical cell: the packing ranges from near 

perfect hexagonal arrays to totally irregular packing or whorl arrange-

ments. Every microfibril is constituted of still smaller units, the 
0 

protofibrils, with diameter ~20 A. Nine of the protofibrils in a 

microfibril are arranged in an outer ring (fig. 1-1) and two in the 

centre. However, there is some controversy about the presence of 

the protofibrils in the centre, but the total number must be about 

tenl9. The microfibrils also exhibit longitudinal fine structure 
0 0 

with 200 A periodicity, consisting of a lightly stained region ~160 A 

long and a more heavily stained region ~40 ~ long 20 • The protofibrils 

(fig. 1-1) split into smaller units (two or three) of ~10 ~diameter, 

which are believed to be macromolecular helices, the ~-helices (see 

fig. 1-3). Crickl 7 · suggested that two or three ~-helices could 

pack together at an angle, which would allow the side chains of one 

helix to fit into the space between side chains of another, forming 

the so called coiled-coils. 

The matrix consists of amorphous material in general. 

Globular material8 2 has been reported to exist in the matrix and some 

polypeptide helices may be present but not in an organized form 37 • 
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Fig. 1-4 The stress-strain relationship for 

an African porcupine quill in water at 20° C in 

(I) the direction perpendicular to growth 

(II) the direction parallel to growth. 
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1.4 · The Chemical Composition 

Keratin, as a protein, consists of polypeptide chains, the 

repeat unit of which is 
0 
11 

R 
,f 

- c -
I 

N - CH -

H 

where R denotes the side chain of the respective amino acid residue. 

At present, twenty different residues have been identified12. 

Chemical reduction of native keratin yields two main protein fractions, 

namely, the low sulfur group SCMKA and the high-sulfur group SCMKBs 2 • 

The low-sulfur fraction SCMKA has a high helix content and contains 

proteins with molecular weights in the range 45000 to 63000. The 

high-sulfur fraction has a much lower range of molecular weights 

14000 to 18000. It has been suggested 12 that the main proportion of 

these fractions originate from different regions of the native keratin. 

1.5 The Mechanical Properties 

Some mechanical properties of keratin fibres relating to the 

present work are presented below. 

1. 5.1 Extension 

If a keratin fibre is stretched and the (static) stress f 

plotted against strain E at a constant rate of strain, we obtain a 

curve similar to the curve (II) in fig. 1-4. The general shape of the 

curve is the same irrespective of regain and temperature (in a wide 

range). There are three well-defined regions whose names - 11 Hookean 11
, 

11yield 11
, and 11 post-yield 11 

- were given by early workers in the field. 

This omits the initial decrimping region corresponding to the straight

ening of the fibre, which varies considerably depending on the initial 

crimp of the fibre under test. 
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In the Hookean region the extension is nearly proportional 

to the load as required by Hooke•s law. The slope of the straight

line portion of the Hookean region gives the Young•s modulus according 

to the relation 

Young•s modulus = stress = load/cross-sectional area 
strain · extension/or iginal length 

However, the behaviour is not truly spring-like because the Young•s 

modulus of this polymer (keratin is a biopolYiner) is not independent 

of the rate at which the fibre is stretched. The concept of 

incremental or slope modulus is very often used for extensions beyond 

the Hookean tegion. We find that for a fibre in water the slope 

moduli in the Hookean, yield and post-yield regions are approximately 

in the ratio of 100:1:10. The Hookean region lies approximately 

between 0 and 2% strain with a Young•s modulus of the order of 1010 

dynes/cm 2, and the yield region is between approximately 2 and 30% 

strain. The effect of temperature increase is to reduce the slope 

modulus at all strains; similarly, the increase of water content in 

keratin also reduces the slope at all strains. The amount by which 

the temperature or the water content affect the slope modulus at any 

particular strain depends on the applied rate of strain: increasing 

the rate of straing generally increases the slope modulusl 2 • 

The stress-strain relationship for an African porcupine quill 

in water at 20°C was obtained by Feughelman and Druhala 99 in (I) the 

direction perpendicular to growth (II) the direction parallel to 

growth (fig. 1-4). The curve (II) as pointed out above is a 

representative curve for any keratin fibre for longitudinal extension. 

The curve (I) does not have the three distinct regions of curve (II). 

Thus keratin is highly anisotropic. 
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The mechanical properties of keratin fibres are closely 

related to their molecular or near molecular structure. Thus curve (I) 

is associated mainly with the matrix, while curve (!I) for a fibre in 

water reflects mainly the properties of the microfibrillar structure. 

The unextended microfibrils contain the a-helices, which proceeding from 

a few percent extension onwards 7 are transformed into s-form (pleated

sheet structures 12 ). The a+ s transformation combined with the series

zone model (X-Y zones) 35 provide a satisfactory explanation of the stress-

strain curve with longitudinal extension. 

Except for Mason69 who measured the incremental modulus for some 

fixed strains and Woo and Pestle who measured the sonic modulus of wool 

at discrete strains and room conditions, no work has been reported on the 

modulus against the complete continuous range of extension at various 

humidities. For this reason a considerable part of the present work is 

aimed at fulfilling this deficiency. 

1.5.2 Sorption 

Keratin can absorb (or desorb) water from (or to) the environ-

ment in relatively large quantities depending on the relative humidity. 

The amount of moisture in a specimen may be expressed in terms of regain 

r, which is defined as73. 

r = mass of absorbed water in specimen x lOO% 
mass of dry specimen 

The unextended fibre is penetrable by water mainly in the matrix while 

the microfibrillar structure takes up only small quantities of water30. 

Numerous studies have been done on the kinetics of the wool-

water system by Watt, Mackay and Downes and othersB9,90,l00,2~. These 

studies have been concerned mainly with the measurement of water content 

during absorption or desorption. 

The static stress during sorption . has been examined extensively 

by Feughelman but no work has been done on the measurement of the 
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Fig. 1-5 Stress-Time relationship for unit 

.strain applied at t=O. 

· Fig. 1-6 The vector diagram relating the 

complex modulus to its component moduli. 

Fig. 1-7 The "standard linear solid" model. 

ER and EU-ER are the moduli of the two springs 

and n the viscosity of the dashpot. 
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I 

modulus during absorption or desorption. This present work seeks to 

overcome to some extent this lack of information. 

1.5.3 T~mpetat~r~~Time Effects, C6mplex M6dulus 

It was pointed out previously that the modulus of keratin 

depends on the rate of strain and the temperature. This dependence 

is characteristic of all viscoelastic materials, which exhibit behaviour 

combining both liquid-like and solid-like characteristics. Some 

fundamental concepts of the viscoelastic theory is given below54 • 

Application of a constant strain a0 on a viscoelastic material 
' 

produces a stress f(t) given by (fig. 1-5) 

t<o 

t>o 
{1-1) 

where Er is the relaxed (equilibrium) elastic modulus, Eu = Er+ Em(o) 

the unrelaxed (instantaneous) elastic modulus and ~(t) the relaxation 

function, with Em(oo) = o 

Application of alternating strain with amplitude a and 

angular frequency w produces in the steady state a sinusoidal stress, 

which is part in phase and part in quadrature with the strain. There-

fore, the complex stress cr* can be written 

cr* = E* a* where a* = a exp (iwt) 

and E* the complex modulus. Reducing E* into real and imaginary 

components one gets {fig. 1-6). 

E* = E' + i E11 

{1-2) 

{1-3) 

where E1 is the dynamic (storage) modulus and £11 the loss modulus. 

The dynamic modulus E' can be considered as the sum of two moduli, 

namely Er the relaxed modulus independent of time together with a 
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modulus E1 which is dependent on the viscoelastic nature of the 

fibre under test i.e. E' = We further define a modulus 

Em given by Em = E
1 

+ iE" and is therefore associated with the 

viscoelastic properties of the fibre. 

Throughout this present work, for simplicity, the term 

dynamic modulus or, simply, modulus will be used to imply the in-phase 

component E' of the complex modulus. Any modulus other than E' will 

be specified accordingly. A useful quantity which can be measured 

experimentally with relative ease is the tan 6, the loss tangent given 

by tan o E" = F 

or the loss angle & given by 

1 Ell 

= tan- F 

This angle 6 denotes the angle by which the stress a* leads the 

strain a*, i.e. 

a*= a expi(wt + &) 

(1-4) 

(1-5) 

where a is the amplitude of the alternating stress which is given by 

a = Ea 

where E = IE*l the amplitude of complex modulus. When 6 is 

relatively small, then it can be considered that E'"' jE*I· 

(1-6) 

The complex modulus is generally a function of the applied 

frequency. In the particular case of the 11 standard linear solid 11 

model in which the mechanical properties of a viscoelastic material 

is replaced by a sprin_g in parallel with a spring and dashpot in 

series, the dependence of the various components of the complex 

modulus is given below8B,98. 
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. E + (!.}2T2-E 
E' = r · u 

1 + w2 -r 2 
(1-7) 

(Eu - Er) w-r 
[11 = 

1 + w2-r2 
{1-8) 

(Eu - Er)w• 
tano = 

E + w2-r2 [ · r u 
(1-9) 

where T = ~ 
E - Er u 

The relaxed modulus Er, the unrelaxed modulus Eu and their relation to 

the springs of the model as well as the viscosity ~ of the dashpot are 

shown in fig. 1-7. 

One of the objectives of the present work is to measure the 

complex modulus of keratin fibres with change of frequency, in a 

frequency range where very little is known. Makinson65 , Chaikin14 and 

Mason 68 69 measured the modulus of keratin at single frequencies under 

different conditions. Thus there is lack of information about the 

complex modulus of keratin fibres for a wide range of frequencies at a 

particular relative humidity. 

In order to expand the frequency range, in which the complex 

modulus is measured, the time-temperature equivalence 27can be applied 

for many polymers. Time-temperature equivalence in its simplest form 

implies that the viscoelastic behaviour at one temperature can be 

related to that at another temperature by a change in the time scale 

only. 

A more detailed presentation of the existing data will be 

presented along with the results of the measurement of complex modulus 

against frequency at various temperatures, at a fixed relative 

humidity, in chapter 5. 
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The measurement of complex modulus provides a powerful 

tool in looking at the material under varying external conditions. 

Thus, in fact, it will be the complex modulus against strain which 

will be studied in chapter 3 and the complex modulus during sorption 

in chapter 4. 

1.6 Experimental Techniques 

In order to study the viscoelasticity in polymers a very 

large number of techniques have been employed27,64,88, 

A satisfactory understanding of the viscoelastic behaviour 

can only be achieved usually if data can be obtained over a wide range 

of frequency (or time) and temperature. The coverage of a wide range 

of frequencies at a constant temperature can only be done by combining 

a wide variety of techniques, the approximate time scale of which is 

shown in fig. 1-8.6 , The techniques fall into five main classes 

(a) Transient measurements: creep and stress relaxation. 

(b) Low-frequency vibrations: free oscillation methods. 

(c) High-frequency vibrations:resonance methods. 

(d) Forced-vibration non-resonance methods. 

_" (.e) Wave-propagation. 

Although the nonresonant vibration type of measurement has 

much in its favour, it is not free from disadvantages. Since it is a 

nonresonance experiment, the vibrations are usually small and spurious 

equipment oscillations can become a problem. In addition, the measure

ment techniques are not simple, since it consists of measuring the 

magnitude and phase of forces and displacements. It is for these 

reasons that such techniques have not been as widely applied as 

measurements of creep and stress relation. " In this work the forced

vibration technique was used. The development and construction of an 

apparatus utilizing this technique together with a conditioning chamber 
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to control humidity and temperature and an extensometer will be the 

topic of chapter 2. 

1.7 · ·TerminologyUsed 

Very frequently in this work two types of quantities are 

considered i.e . osci~latory or non-oscillatory. The oscillatory 

quantities are associated with the term 11 dynamic 11 or 11 a-c 11
• The 

non-oscillatory quantities are often terrred 11 static 11 or 11 d-c 11
• 

Thus a stress can be an alternating stress, an a-c stress or a dynamic 

stress as compared with the continuous stress, d-e stress or static 

stress. Likewise,strain and many other quantities can be considered 

in the same way. The terms Young•s modulus, slope modulus or 

incremental modulus imply a static modulus; the terms loss modulus 

and complex modulus are dynamic quantities but the term dynamic 

modulus or simply modulus are reserved in the present work to imply 

only the in-phase component of the complex modulus. In addition 

measurements can also be distinguished as static or dynamic; for 

example the stress-strain relationship, as obtained with an extensometer, 

is a static measurement as compared with the measurement of the stress

strain relationship when an oscillatory strain is compared with the 

resultant oscillatory stress. 

1.8 Summary 

Keratins are a class of biopolymers made up of polypeptide 

chains. The polypeptide chains exist either in an orderly con

figuration in the microfibrils or in a more disordered configuration 

in the matrix. Little is known as to how the complex modulus of 

keratin varies with extension, frequency, temperature, humidity and 

during sorption. The remainder of this thesis is concerned with the 

study of these phenomena. 
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C H A P T E R 2 

THE BUILDING OF A DYNAMIC MECHANICAL TESTER 

2.1 · Introduction 

An apparatus capable of measuring the magnitude and loss angle 

of the complex moduli of fibrous materials has been developed. The 

apparatus allows for measurements to be made at different frequencies 

under varying conditions of extension, rate of extension, humidity, 

temperature and against time. 

\ The design and construction of the apparatus was preceded by a 

theoretical investigation of the propagation of longitudinal mechanical 

waves in solids. The complex modulus of a "standard linear solid 11 

does not depend on the geometry of the system (see equations (1-7), 

( 1 08 ) ' ( 1-9 ) ) 0 However, in an actual experiment, in which we are 

interested in measuring the modulus and loss angle in a certain range 

of frequencies, we find that the measured angle between stress and 

strain does not coincide with the loss angle, as is shown in this 

chapter. The measured angle is generally a function of the loss angle, 

the length of the system and the applied frequency. To simplify 

measurement it would be convenient if the measured angle were equal to 

the actual loss angle of the material. Details of the relation between 

the two parameters is therefore developed in the following sections. 

2.2 Propagation of acoustical waves in a loss free medium 

Let us consider for example a fibrous material of length £. 

One end of the sample is attached to a rod of a different material and 

of infinite length. On the other end of the sample, which is free, we 

apply a sinusoidal displacement of angular frequency w. The two media 

are assumed to be perfectly elastic, so that there is no absorption of 
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energy by the material during the wave propagation. The motion of a 

particle in the sample at a distance x from i'ts free end at a time t 

can be described by the general wave equation 

~*=A exp [i(wt-kx) J +B exp [i(wt+kx)] (2-1) 

where A is the amplitude of a wave travelling towards the clamped end, 

B is the amplitude of the reflected wave from the clamped end, ~*is the 

displacement of the particle from its equilibrium position and k is the 

wave number, which is a real number in this case. There is also a wave 

transmitted along the clamping rod. 

The particle velocity u* is 

u* = ~r = iwA exp[i(wt-kx)]+iwB exp[i(wt+k):)] (2-2) 

The stress a*, or force per unit cross-sectional area in the medium is 

given by 

a*=- E ~~* = ikEA exp [i(wt-kx)] - ikEB exp [i(wt+kx)] (2-3) 

where E is the Young's modulus of the sample. 

The mechanical impedence then at any point in the_medium 

may be written as 

Z* ~a*= z A exp(-ikx) - B exp(ikx) 
u* 0 A exp(-ikx) + B exp(ikx) 

where we have substituted 

Zo = ~ = w pC 

(2-4) 

(2-5) 

The product pc is the characteristic impedance of the medium with p its 

density and c the phase velocity of the wave. 

Let the medium be terminated at x=~ by an impedance Zt. 

Then from equation (2-4) 



Fig. 2-la In ~ loss free material the velocity u 

leads the displacement ~ by n/2 radians, the acceleration 

y leads the velocity by n/2 radians. The stress a is in 

phase with either the displacement or the accelaration. 

Fig. 2-lb In the presence of mechanical loss the 

applied stress leads the displacement by an angle ~. 
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A exp(-ik~) - B exp(ik~) 
Zt = Zo A exp(-ik~) + B exp(ik£) 

Zo - zt B . 
Zo + zt = A exp(21k~) 

The input impedance Zin' i.e. the impedance at X= o, is given by 

A - B 
= Zo A + B 

{2-6) 

(2-7) 

{2-8) 

Combining the relations (2-7) and (2-8) we find the general expression 

for the input impedance25 

z. = z Z 0 sinh(ik~) + Ztcosh(ik~) 
1 n o 

Z0cosh(ik~) + Ztsinh(ik~) 
(2-9) 

In the case where the terminating impedance of the sample is a rigid 

backing rod 

i.e. z = 00 
t 

the input impedance becomes 

z. = Z 0 coth(ik~) = -7 i cot(k~) 1n 'il 
(2-10) 

The relation (2-10) indicates that the velocity at the free end of the 

sample is out of phase with the applied stress by an angle of n/2 

radians (Fig. 2-1a). The displacement and the stress are in phase at 

that end for frequencies, for which 

TI · TI 2n 2 < k~ < (2n+1) 2 n = 1, 2, 3 •••• 

or out of phase byn radians for frequencies, for which 

(2n+1} < k~ < 2(n+1) ~ n = 1, 2, 3 •••• 

We see that the medium acts as a pure reactance, since there is no 
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energy dissipated or net energy flux in either direction . For very low 

frequencies the input impedance has the limiting value 

.pc . E = -1- = -1-
k~ w~ (2-11) 

which is identical with the input impedance of a simple spring having 
60 

a stiffness constant s = E/~ 

2.3 Measured angle and loss angle 

The corresponding mathematical analysis for a sample with 

mechanical loss is similar, except that the wave number k and the 

phase velocity c become complex quantities. The vvave number is expressed 

as 
k* = k - ia. 

where a. is the attenuation coefficient of the propagating wave. 

The velocity is calculated from the complex modulus: 

c*=~ 
p 

where E* can be written as 

E* ~ E' (1+i tano) 

and thus approximately 

c* = c(1+~ tano) 

In the same way the relation between the loss tano and the 

attenuation coefficient is found to be 

since 

k a. = 2 tano 

k* = ~ ~ k(l--2i tano) c* 

by comparison with (2-12). 

(2-12) 

(2-13) 

(2-14) 

From the relationships (2-10), (2-13) and (2-14) we find for 

the input impedance: 



200 

(f) 
w 
w 
0::: 

160 (.!) 

w 
0 

... 
-9-

w 120 
_J 

(.!) 

z 
<( 

0 80 w 
0::: 
:::> 
(f) 
<( 
w 
::E 40 

0 
10 20 30 40 

FREQUENCY, kHz 

50 60 70 

Fig. 2-2 The measured angle ~ against frequency for different values of c, ~ and o as follows; 

Curve (a), c=l500 m/sec, 1=10 cm, 8=8°. Curve (b), c=l500 m/sec, 1=10 cm, 6=1°. Curve (c), 

c=l500 m/sec, 1=1 cm, 6=1°. 



- 16 -

Z;n = pc(1 t t tano) coth i[w~(1 ~ ~ tano)] (2-15) 

It must be mentioned that 'the quantities c (real part of the complex 

phase velocity) and the loss angle o are both functions of frequency, 

which are characteristic of the material. 

The stress and displacement at the free end of the medium 

(since by definition Zin = a*/u*)are related as follows 

* · a*= z. iw~* 
1n 

where iw~* is equal to the velocity u*. The phase difference ~ 

between stress and displacement is found by separating the quantity 

Z~n iw into real and imaginary parts and then finding its argument. 

The argument is given as follows 

-1 Dsin(2F) + sinh(2FD) 
~ = tan sin(2F) - Dsinh(2FD) 

where D = ~ tano and F = w~ c 

(2-16) 

(2-17) 

The quantities ~' u, y, a, and ~ are depicted in a vector diagram in 

fig. (2-1b). 

From equation (2-17) it is obvious that the measured angle 

between applied force and displacement is generally a function of 

frequency, of length and the nature of the material 

~ = ~ · {w, ~, o(w), c(w)} 

To compare the measured angle ~with the loss angle o, we assume fixed 

values for o and c and plot ~ versus frequency f (2Tif = w) for a fibre 

of length t. Figure (2-2) shows the results for three different cases: 

curve {a) for c = 1500 m/sec, t = 10 cm, o = 8°, curve (b) for 

c = 1500 m/sec, t = 10 cm, o ~ 1° and curve (c) for c = 1500 m/sec, 

1 = 1 cm, o = 1°. We observe from all the curves as well as from 

formula (2-17) that 
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~ = fixed 

f = fixed 

There is a resonance for frequencies 

c 
v = n 4t n = 1, 2, 3 · 

At any resonance frequency the change of <f> for a lossy 

material is always less than 180° in contradistinction to an ideally 

elastic material, in which the phase <f> jumps by 180°. In a visco-

elastic medium the magnitude of the change of <f> decreases with increasing 

frequency or length so that we have from (2-17) 

1 im <f> = 90° +~ 2 
t = fixed 

f-+ 00 

lim et> 90° 
. 8 

or = + -
2 

f = fixed 

_Q,-+ CO 

The measured stress per unit displacement can be calculated from the 

relationship (2-16) likewise by taking the absolute value of the 

quantity Z;n iw. The result obtained is as follows 

= wpC /((1+D2)(sinh2(2FD)+sin2(2F)) J 
cosh(2FD) - cos(2F) 

(2-18) 

A plot of (2-18) is given in fig. 2-3 for two cases: curve(aJ for 

o = 2° and curve (b) for o = 8°. Both a re for c = 1500 m/sec, 

p = 1.3 gm/cm and t = 10 cm. The plot is on a log-linear scale. 

For sufficiently low frequencies using equation (2-18) the 

stress per unit strain is found to be 
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(2-19) 

for small c. In other words the measured oscillatory force corres-

ponds to the modulus of the material only for low frequencies. An 

overall picture of how the measured angle and force change with frequency 

is presented in Appendix A. 

Now, the conditions, under which<P~c, will be established. 

From fig. 2-2 , it is apparent that the relationship q,~c must be sought 

at sufficiently low frequencies in the range before the first resonance 

occurs. The definition of a sufficiently low frequency depends on 

the expected change of the loss angle, or equivalently, on the material. 

For wool in particular it may be sufficient to tolerate a maximum 

difference of 0.1° i.e. 

Figure 2-4 shows a set of curves for different values of c for a 

(2-20) 

sample of 2 cm length. Curve (a) gives the threshold of frequencies 

which must not be exceeded for the different values of c. Figure 2-5 

gives the same limiting frequencies against sample length for different 

a's. 

The measured force decreases as the first resonance is 

approached (Fig. 2-2). When the measured angle has increased by 0.1° 

above the loss angle, the measured force has decreased by 8% below the 

expected value of E/~ (for c< 10°). 

2.4 · Neasurement of the alternating force 

Up to now we have considered factors which restrict the 

frequency range, in which we can directly measure the mechanical loss 

in a material. These factors originate from the nature of the material 

alone and impose a theoretical limit on the high frequency side. 
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However, the equipment, with which we might attempt the measurement, 

incorporates factors which impose a limit on the high as well as on 

the low frequency side, as it will be shown in the following analysis. 

Therefore, the superposition of both the internal (related with the 

nature of the medium) and the external factors (related with the 

measuring system) define the frequency range, in which we can directly 

measure the dynamic mechanical parameters e.g. the complex modulus. 

For frequencies below the resonance frequency it is interest

ing to note that the angle ~ (phase difference between stress and strain 

at the same point of the sample i.e. the free end) is equal to the phase 

difference between the strain at the free end and the stress at the 

clamped end of the sampleo This is, because in the case of standing 

waves any oscillating quantity (e.g. velocity, force, displacement etc.) 

has the same phase at any point between two consecutive nodes. The 

amplitude of force varies between two nodes, but for frequencies below 

the threshold defined by the curves of fig. 2-5 it can be considered the 

same at both ends of the sample. 

let us consider the application of a sinusoidal force to a 

fibrous sample. That force can be measured with a stress gauge, which 

may be regarded as consisting of an electrical component, which converts 

mechanical stress into an electrical signal, a clamping mechanism with 

a mass m, a spring with stiffness s and a frictional element R (fig.2-6a). 

The stiffness s must be very high so that the motion at the point B is 

very small compared with the amplitude of oscillation at the point A of 

the sample. The mass m of the clamp interferes with the measurement of 

the force exerted by the sample with an inertia force 

• 2 I 
:E = lw m~ 

~here ~· ~ is the amplitude of oscillation at the point B and w is the 

frequency of oscillation. The complete vector diagram of forces acting 
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A 
Fig. 2-6a A stress gauge consists of a clamping 

mass m, a spring with stiffness s, africtional element 
R, and a sensor that converts the applied stress on it 
into an electrical output. 

Fig. 2-6b Vector diagram of the forces p' and p" 
acting upon the mass m with their sum E; e is the new 
measured angle. 
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exact dimensions are shown. 
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on the mass m is shown in fig. 2-6b, The force E is the vectorial 

sum of all external forces acting on the mass and is 180° out of phase 
I 

with the displacement ~ • The fibre acts with a force p' upon the 

mass m, p is equal and opposite to p' and would be the force measured 

by the sensor in the case where m = o (in this case the diagram in fig. 

2.6b would reduce to that of fig. 2-1b), while p11 is the force exerted 

by the sensor on the mass m and is the quantity we measure. It can be 

seen further that we no longer measure the angle~ but another angle e. 

It can be shown in complex form that the measured force p11 and dis

placement~' are related as follows 

pll = [(i-wm) + iR]w~· 
w 

(2-21) 

from which it follows for the angle that 

-1 e = tan R (2-22) 
s - wm 
w 

From the latter we conclude that 

lim e = <fl (2-23) 
w -+ 0 

or m -+ o 
or s -+ oo 

Therefore, the relationship e~~ is a good approximation at any desired 

frequency, provided the mass m is made small enough and/or the stiffness 

s is made sufficiently large. 

Practically we can obtain the necessary condition for e~~ by 

using a piezoelectric element as a stress measuring device. The fibre 

can even be mounted directly on it by forming a loop around it as shown 

in fig. 2-7a and 2-7b. Two tiny slots on the element ensure that the 

sample does not slip off. The element acts as a cantilever and its 

length has been chosen small enough so that the amplitude of bending ~· 

can be considered negligible compared with the amplitude of oscil.lation. 

·,. 
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The piezoelectric element used is a Philirs PXE 5 multimorph strip of 

3.5 mm length, 0.67 mm thickness and 1.6 mm width. Two mm of its length 

were cemented vlith a composite adaptic of very high modulus (used as 

dental filling). From the available data 77 the expected fundamental 

frequency of resonance of the canti 1 ever is of the order 105 Hz, v1hi eh is 

well beyond the limits set in figure 2-5. On the other hand the amplitude 

~· resulted by an exerted force of 5000 dynes is less than 0.5% of a micron. 

This result was verified. by experiment. 

The application of a displacement of 4 ~on a horse hair in a 

loop form of length 2 cm generates a force of about 4000 dynes, while a 

Lincoln fibre of the same (loop) length generates about 500 dynes. Thus 

the effect of the mass of the element as given by (2-22) is quite 

insignificant for frequencies up to 2 kHz. 

However the piezoelectric element itself has a complex modulus 

which interferes with the measurement of the complex modulus of the sample. 

This effect would have to be calibrated out, if it proved to be significant. 

A first check of the order of magnitude of the element's loss angle was 

made by measuring the logarithmic decrement (log. dec.) from fig. 2-8, 

which shows the gradual decay in amplitude of vibration during a free 

oscillation of the element. The loss tanop is calculated as follows 98 

log. dec. 
1T 

or alternatively 

1 

where f 0 is 'the resonant frequency of oscillation and , the time constant 

of the decay of the amplitude of oscillation. From the above a value 

for op of 1.2° with f 0 = 9.2 kHz at 25°C was estimated. Thus the inter

ference of the measuring system is significant. 
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The complex modulus of the element is also dependent on 

frequency and temperature. One simple way of correcting for this inter

ference is by the use of a sample of known complex modulus as reference. 

The electrical output of the element is in phase and proportional to its 

deformation, which in general lags behind the applied stress by an angle 

op. Suppose the reference material acts upon the element with a stress 

ar* = ar exp(iwt), 

then the output would be 

Vr* = Vr exp i(wt + op) 

The stress and output are related as 

V * = N* a * r r 

where N is the transducer ratio: 

A similar relation holds for the test sample: 

V* = N* a* 

where 

V*= V exp i(wt +e) 

and 

~*=a exp i(wt +c) 

0 < 0. p 

Solving equations (2-24) and (2-26) for p* we obtain 

V* a*=- a* V* r r 

(2-24) 

(2-25) 

(2-26) 

(2-27) 

If the reference material of modulus Er and length tr is considered 

practically elastic, its stress will be in phase with its displacement ~* 
r 

(2-28) 
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Therefore equation (2-27) become6 

exp i( t + o) =V exp i~wt +e) 0 w vr exp l(wt + op) Er~r exp ( iwt) 
i 

o exp (io) - V • Er~r • exp i(e - op) 
- vr ir 

From (2~29) we finally find 

o = e - o p and 

r 

(2-29) 

(2-30) 

Thus, in order to find the loss angle of a material we have to 

subtract from the measured angle e the known (reference) angle op The 

modulus is found by the ratio V/Vr times a known constant C: 

E V c (2-31) = 
vr 

where C = Er i ~r 

ir~ 

since a= with ~ and i referring to the test sample. 

2.5 The Instruments Used 

The measurement of strain did not present difficulties. A 

KAMAN-Multi -purpose Variable Impedance Transducer ( KD-2300_-1 type) was 

used. This provided exceptional accuracy for a non-contacting measure-

ment of conductive surface motion. The most significant feature of this 

measuring system is its capability for highly linear calibration with 

almost any metal or alloy, whether flat or highly curved. The transducer 

consists of a variable impedance bridge with an active and a reference 

coil. Variation in impedance results from the eddy currents induced in 

nearby conductive surfaces. Sensitivity is therefore dependent upon the 

material and shape of the target. Its characteristics are as follows 

Frequency Response 0 - 20 kHz (-1 dB point) 
0 - 50 kHz (-3 dB point) 

Transient Response 10 ~sec with no overshoot. 
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Its approximate sensitivity with an aluminium target is 0.8 mV/~. An 

exact calibration was easily performed when required. 

The fibre was clamped at the one end, while on the other end 

mechanical vibrations were applied by a vibration exciter (Bruel & Kjaer 

type 4809) via a pushrod (Figure 2-9). The strain gauge mounted close 

to the upper flat surface of the vibrating rod could detect the motion 

at that level. The piezoelectric element cemented at the other end on 

the extension rod could detect the a-c stress acted on it by the fibre. 

Any d-e extension could be applied via the extension rod, which was 

attached to a precise extensometer. The smallest graduation of the 

micrometer head of the extensometer was 10~ • It was found out that 

for fairly stiff samples (e.g. horse hair) the free end shifted in the 

direction of extension, but this could be detected very accurately by the 

d-e output of the strain guage and thus a correction of the extension could 

be carried out accordingly. However, the latter correction was not 

necessary for fine fibres (e.g. Lincoln wool fibres). The extension could 

be applied either by steps manually or continuously at different rates by 

a synchronous motor coupled to the extensometer. 

The design of the correct .geometry for the vibrating pushrod 

encountered several problems, because it had to meet the following require

ments: (a) to be light enough, so that the available power of the mechanical 

exciter could maintain a certain level of strain at higher frequencies; 

(b) to have high modulus and short length in order to avoid a longitudinal 

resonance. Such a resonance would make the measurement of stress and 

strain difficult, because the stress and strain are measured with respect 

to a reference signal from the electronic driver of the mechanical exciter, 

as will be shown later. On the other hand the length of the pushrod 

should be long enough to allow for the sample to be placed in a condition

ing chamber; (c) to be symmetric, so that transverse vibrations would be 
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avoided. However, the transverse vibrations could not be completely . 
eliminated because the mechanical exciter itself ha~ a small cross-motion, 

which, although it was a small percentage of the longitudinal motion, 

resulted in a considerable error in measuring the phase between the 

stress and strain. The compensation for this type of error together 

with errors from other sources will be discussed in a later section. 

Details about the pushrod is given in Appendix B along with the drawings 

of the conditioning chamber. 

Figure 2-10 shows a general diagram of the instruments being 

used. The mechanical vibration exciter was driven via a power amplifier 

{Bruel & Kjaer type 2706) by an Automatic Vibration exciter control 

{Bruel & Kjaer type 1025). This allows for continuous scanning of 

frequency in the ranges: 0-5000 Hz, or 5-5000 Hz, or 5005-10000 Hz. 

The frequency scales are logarithmic. The maximum force available from 

the mechanical exciter is 44.5 Newtons. The moving element of the 

exciter was m = 60 gr and the vibrating rod had a mass of 13 gr, so the 

maximum acceleration that could be achieved was 609.6 m/sec2 or 62.1 g. 

The transducer ratio of the p-z element was faun~ to be 

2 V/Newton. The amplitude of vibration was kept low (~ 4 v ) so that 

linear viscoelasticity could be assumed to hold for the sample. This 

resulted in low levels of stress and strain signals. Successful measure-

ment of such low level signals was obtained by the use of lock-in 

amplifiers. The lock-in amplifier had to be supplied, besides the 

measured signal, with a reference signal of the same frequency as the 

measured signal. Thus with a certain level of strain set, the strain 

signal could be used as reference input for the lock-in amplifier and 

the magnitude and phase of the stress signal could be measured. Two 

P~A.R. model 129 A two-phase/vector lock-in amplifiers were available. 

One unit would be sufficient except for the need of a minimum level 
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I 

reference signal, i.e. a voltage waveform hav!ng amplitude excursions of 

at least 5 mV on each side of the mean and crossing the mean only twice 

each cycle. For best results a 1 V rms sinewave is recommended as a 

reference. Such a signal is readily available at the electrical vibration 

exciter, which is of constant level (1 V rms) and of the same frequency as 

the driving signal. Thus by using the same reference signal simultaneously 

for the two lock-in amplifiers it is possible to measure separately the 

amplitude and phase of stress and strain relative to the common reference 

signa 1. 

. \ 

The outputs of the lock-in amplifiers are calibrated d-e 

voltages, which enable the difference of phase between stress and strain 

to be recorded directly on a multi-channel recorder alongside with the 

amplitude of stress and strain. 

The measurement of output of the p-z element presented some 

di ffi cu lty. For low frequencies it was found that the phase of stress 

increases considerably (Figure 2-11a). This was found to be due to the 

relatively low input impedance of the lock-in amplifiers for low frequencies. 

Figure 2-11b gives an equivalent circuit for the piezoelectric element in 

connection with the lock-in amplifier. The input impedance of the lock-in 

amplifier is given as R = 100 Mn, C = 20 pF, while for the p-z element it 

is estimated77 that CP = 150 pF and RP = 1014n. The value of RP might 

be lower due to surface leakage, but it was found that RP >> R. Thus the 

amplifier does not 11 See 11 the signal Vp generated by the p-z element but 

the complex fraction 

wRCp V 
wR(Cp + C)-i P 

The symbols Zin and Zp stand for electrical impedances in this case. The 

latter result modifies the expected mechanical loss angle by a term 



_1 
tan 1 

wR(Cp +C) 
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which was in agreement with the experiment. This effect could be 

{2-32) 

corrected by using a reference material, but it was desired to keep the 

phase characteristic as flat as possible, in order to avoid loss of 

accuracy, sensitivity and continuity, due to the necessity for continually 

adjusting settings on the various instruments. 

From expression (2-32) there could be two alternatives for 

reducing the value of this cor rection considerably. (a) To increase Cp; 

this suffers from the disadvantage of shunting {i.e. lowering) the 

magnitude of the signal. (b) To increase R; this is generally difficult, 

because charge leakages could not be avoided very easily as well as high 

electrical noise. (c) To measure the charge rather than the voltage of 

the p-z element. This was successfully done by the use of a charge pre

amplifier before the lock-in amplifier. 

The amplitude of strain could be kept constant by using the 

facility of electronic exciter control to compensate changes of a d-e 

signal. Thus a compressor loop was formed between the stra·in output of 

the lock-in amplifier and the compressor of the exciter control via a 

variable v d-e amplifier for setting various constant level a-c strains. 

2.6 Conditioning of the Sample 

The apparatus so far described allows for the measurement of 

the complex modulus of a fibrous material at various extensions and 

frequencies. However the properties of polymers are dependent on 

temperature and humidity in many cases. The complex modulus of wool is 

very much dependent on the surrounding conditions as well as its previous 

·history. Thus one has to precondition and condition the sample prior to 

any experiment. For this purpose a chamber to control the temperature 
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and humidity was designed and constructed. 

2.6.1 Conditioning Chamber 

Measurements at higher humidities are particularly difficult, 

because one has to keep not only constant temperature but also a homo

geneous temperature throughout the chamber. This is because small local 

temperature deviations result in big humidity and even bigger regain 

variations for wool. The chamber must allow, while conditioning, for 

vibrations and various ~xtensions to be applied to the fibre. 

A diagram of the chamber is presented in fig. 2-9. The 

complete drawings are presented in Appendix B. The chamber was made 

out of a solid brass rod of 611 diameter. Brass was found as the most 

suitable material, partly because it has a high thermal conductivity, a 

factor which helps in maintaining uniform temperature, and partly because 

of its commercial availability and its relative ease of machining .. 

A cylindrical cavity was machined from the top~ This was 

the humidity control portion of the chamber. Access to the humidifying 

part was obtained by opening the top cover, or through two small holes 

in the cover. Access to the sample was obtained through a ·window in the 

front. A rubber diaphragm around the vibrating pushrod ensured both 

freedom of oscillations and excellent sealing of the humidifying chamber. 

An 11 011 -ring also provides both sealing and freedom of movement for the 

extension rod. 

Around the humidifying part there is a system of holes and 

cavities, which makes up a continuous pathway for circulation of air at 

the desired temperature. 

Vacuum grease is used to block the two holes in the top cover 

as well as throughout , the apparatus to ensure good sealing. The size of 

the chamber was made as small as possible, this being another factor con

tributing to the uniformity of temperature. The \'/hole brass assembly 
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weighing 17 kg was mounted onto vibration absorbing felts, which acted 

also as good thermal insulators. The large mass of the chamber minimized 

the mechanical noise. Thick thermal insulation walls around and on top 

were cast in solid pieces from polyurethane foam. 

2.6.2 . Temp~tatut~ Control 

Air was used as the circulating medium in the chamber, the 

temperature of which was stabilized at the required temperature by an 

electronic thermostat (Fig. 2-12). For temperatures around or above 

room temperature, the air was first precooled below room temperature and 

then brought up to the desired temperature. For precooling a Vortex 

tube was used. This is a device, which was fed with compressed air and 

gave one cool and one hot output. The temperature difference between 

input and either of the outputs was dependent on the pressure of the input. 

For temperatures below room temperature liquid nitrogen was 

used. The liquid nitrogen contained in a Dewar flask was boiled in a 

bell-like cavity and the cold gaseous nitrogen was allowed to circulate 

in the conditioning chamber. The rate of boiling was regulated by the 

electronic thermostat. 

To achieve cooling or heating the valves A, B, C, D were 

appropriately used and the thermostat was turned on 11 Cooling 11 or 11 heating 11
• 

Accurate temperature control involves two distinct problems: 

(a) reduction of both short and long-term fluctuations in temperature 

about a selectable control point, and {b) reduction or control of temperature 

gradients within the controlled space. The short-term variations of the 

circulating medium were evened out by the large heat capacity of the chamber. 

The control system consists of a thermistor temperature sensor, 

the resistance of which is compared with a high stability reference resistor, 

whose resistance value can be varied to select the temperature at which 

both resistances are identical (Fig. 2-13). The thermistor and reference 
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resistor are connected in a bridge circuit, the output of which is 

amplified by an inverting chopper stabilized operational amplifier to 

provide a d-e output that operates an AWM 1437 integrated circuit for 

the phase-controlled triggering of thyristors. Phase control is an 

ideal method of varying the power to loads with short time constants. 

In operation, as the temperature of the thermistor increases, 

its resistance falls and the amount of current flowing in the heater load 

is reduced or vice versa. The sensor consists of three thermistors. 

One of them is placed immediately after the heating load, one at the 

input of the chamber and the third at the output of the chamber. The 

thermistor at close proximity to the source of heat input introduces a 

degree of anticipatory control. This anticipatory control effect coupled 

with the high gain and sensitivity of the system counteracts any fluctua

tion of temperature of the inflowing medium. The thermistor at the 

output tends to compensate for any variation of the heat losses through

out the chamber, thus contributing to the averaging out the long-term 

temperature fluctuations. 

The achieved stability was within 0.1°C. 

The temperature was measured with a thermocouple in connection 

with a calibrated electronic thermometer {Comark Electronic Thermometer 

Type 1605). 

2.6.3 Humidity Control 

The required humidity in the chamber could be obtained by 

inserting a preconditioned quantity of wool or with sulphuric acid/water 

solutions. Quick changes of solutions could be achieved with a syringe 

through the small holes on the top cover of the chamber. 

For thermodynamic equilibrium the relative humidity above a 

solution is determined by the specific gravity of the solution. The 
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relationship between specific gravity of H2so4;H2o solutions and the 

corresponding relative humidity is given in Appendix C. The measurement 

of specific gravity could be performed easily and accurately with hydro

meters. 

' For long-term measurements at constant temperature and relative 

humidity it was found satisfactory to use a quantity of wool as a buffer 

for stabilizing the relative humidity. Hool packed in perforated con

tainers was preconditioned in sealed vessels containing satur·ated salt 

solutions. Saturated salt solutions were used in this case because they 

could be used repeatedly giving always the same relative humidity. The 

perforated containers with wool could fit the interior of the humidifying 

cavity of the chamber and could be transferred within 2-3 secondsfrom the 

vessel to the chamber, thus effecting a quick change of relative humidity. 

A determination of the necessary quantity of wool to keep a required 

relative humidity constant is presented in Appendix C. A table which 

relates relative humidity and saturated salt solutions is also presented 

in Appendix C. A minimum time for conditioning the buffer wool was found 

experimentally to be a week, but in practice it was left fo~ over three 

months. The quantity of wool used was more than 30 grams. 

In addition to the tests carried out on a fibre in a controlled 

atmosphere, it was found that experiments could be performed with the fibre 

immersed in a liquid provided that (i) the liquid used was not corrosive 

on the various parts of the chamber; (ii) the level of the liquid was 

kept just below the piezoelectric element. The vibrations were not 

affected by the presence of the liquid to any detectable degree. 

2.7 Noise 

Noise presented considerable problems. The sources of noise 

·had to be identified and isolated appropriately. Two types of noise were 

present! mechanical and electrical. 
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2.7.1 M~thahical Noise 

The mechanical noise was practically eliminated by mounting the 

strain gauge firmly in the conditioning chamber, which had thick walls, 

weighed 17 kg and sat on vibration absorption pads (felts). The 

piezoelectric element was also in the conditioning chamber, thus the 

main source for mechanical noise was the very small cross-motion of the 

pushrod. 

2.7.2 Electrical Noise 

The electrical noise sources were both mains noise and radiated 

noise. This problem was pronounced especially at the mains frequency 

(50Hz). The electrical noise problem was solved by undertaking the 

following steps: 

{i) Using a mains voltage stabilizer for all instruments. 

(ii) The voltage stabilizer was followed by an isolation 240v-240v 

transformer with double insulation and an electrostatic shield 

between primary and secondary. 

(iii) The d-e power supplies for the charge preamplifier, the strain 

gauge and the d-e amplifier in the compressor loop had to be 

effectively isolated from amplifiers, in order to avoid the 

noise of 50 Hz via direct coupling. 

(iv) The various instruments were installed in a metallic cabinet 

for electromagnetic shielding. 

(v) Use of balanced signal shielded lines throughout (the amplifiers 

operating differentially). 

(vi) Use of a common earth for the various units. Special design 

techniques were employed to give a high degree of ground-loop 

signal rejection as recommended by the instrument manuals. 

The various limitations imposed made it possible for the complex 

modulus for fibres to be measured in the frequency range of 6-1500 Hz. 
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2.8 · Calibration of the Apparatus 

The calibration of the strain gauge was performed by switching 

off the vibrations and mounting a practically solid material (e.g. a 

brass strip). By applying a known extension via the extensometer the 

d-e output was recorded. The d-e calibration obtained was assumed to 

hold for d-e strains in the frequency range 6-1500 Hz, because the 

minimum transient response time of the gauge is 10 ~sec. 

The p-z element was calibrated by mounting a fine tungsten wire 

of 29 ~ diameter. Tungsten has the highest elasticity of any metal 84 

and the modulus of elasticity E has been determined as a function of 

temperature, for tungsten single crystal wires. It is well represented 

by the equation 

ET = Eo [TsT: T10,263 (2-33) 

where Er is the modulus at a temperature T°K, Ts = 3653°K is the absolute 

melting point of tungsten, Eo = 40,000 ~ 1000 kg/mm2 • The elastic 

modulus even for drawn wires varies from 34800 to 37300 kg/mm 2 at room 

temperature. From equation (2-33) we find that the modulus of tungsten 

varies by only 1.5% in the temperature range 200°K to 400°K. The effect 

of change of frequency should also be negligible. 

The use of a reference material does not only enable the elimina

tion of the effects of internal friction of the piezoelectric element 

(equation 2-30), it also excludes errors arising from the electronic 

equipment (e.g. amplifiers) as well as to a large extent from the mechanical 

cross-motion of the vibrating pushrod. Thus a zero level for the loss 

angle was established for different frequencies in the temperature range 

-50°C to +50°C. 

For convenience the modulus was first measured at a single frequency 

.and temperature and these values were used as reference for all other 

measurements. To fix our ideas, we note from equation (2-31) that the 
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modulus can be measured by knowing the geometry of the samples. This 

was done for a frequency f'= 116 Hz and a temperature G'= 25°C. At 

this frequency and temperature the modulus is given by 

E' v• = vr c 
r 

and at any other frequency or temperature 

From (2-34) and (2-35) we get 

. . 

E 
E' 

E 
I' 

= 

= 

V VJ 

(- ) I ( ) vr v;: 

(~) I (0-) 
r 

Thus by using as units the quantities E', V' and V' we obtain r 

The relationship (2-36) is valid provided that V and Vr represent 

the stress output per unit strain output. In practice V and Vr 

represented only the stress output provided that the amplitude of 

strain was kept constant throughout an experiment. 

(2-34) 

(2-35) 

(2-36) 

(2-36) 

The d-e extension of the fibre was found from the reading of 

the micrometer head and the d-e voltage output of the strain gauge. 

In the literature the zero point of extension is found by extrapolating 

the Hookean region of a stress-strain curve to zero stress. In our 

case this was not possible because the p-i: element does not give a d-e 

output proportional to the stress. The small change of d-e output of 

the strain gauge gives a rough estimate of the stress on the fibre, but 

this was not calibrated. Zero extension was taken at that extension 

for which the sinewave of the a-c output of the stress was clipped as 
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observed on an oscilloscope (fig: 2-14). When this occurs the d-e 

extension is of the order of the amplitude of the a-c displacement. 

The a-c displacement was around 4ll , which for a sample of 2 cm 

corresponds to a strain of 0.02%. 

2.9 Errors 

The errors in measurement of d-e extension arise from the 

position of zero extension, from the variation of length of the pushrods 

due to therma 1 expansion, and from a very sma 11 backlash of the extenso

meter. The overall absolute error in extension was limited to + 0.05% 

strain. : For transient measurements at constant temperature and 

frequency the overall relative error of modulus was + 1% and of loss 

angle the absolute error+ 0.05°. 

For measurements at varying temperature and frequency the error 

of modulus was + 3% and that of loss angle ·~ 0.1°. 

The measurement of temperature was within 0.1°C. 

The error of freq~ency was better than ~ 1%. 

The relative error in measuring time was significant for very 

short times (a few seconds), because there was an uncertainty of 2-3 

seconds in defining the point of zero time. 

2.10 Conclusion 

The experimental technique developed in this project allows for 

the measurement of the complex modulus of fibrous materials under 

various conditions. The advantage of the technique is that once 

calibrated, it allows for continuous measurement of the complex modulus 

by continuous.ly varying one or more parameters. 

series of experiments can be performed : 

Thus the following 

Measurement of modulus and loss angle versus: 
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(a) Time by abruptly changing the relative humidity at constant 

frequency, temperature and extension. 

(b) E~ten~ion at constant temperature, frequency and relative 

humidity. For fine fibres (e.g. Lincoln) extensions up to 

the breaking point can be reached. 

(c) Temperature at constant frequency, relative humidity and 

extension, in the temperature range -100°C to +50°C. 

(d) Frequency at constant temperature, relative humidity and 

extension. This would be of great interest, if a transition 

could be detected. The frequency range is 6-1500 Hz. 
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C H A P T E R 3 

THE COMPLEX MODULUS OF KERATIN AGAINST EXTENSION 

3.1 Introduction 

In this chapter the author has reported experimental work 

carried out to study the effect of the extension of a wool fibre on the 

complex modulus of the fibre at different relative humidities and rates 

of extension. The change of the complex modulus with time for wool 

fibres in water at various extensions has been examined. The effect 

of extension cycling up to different strains has also been examined. 

Lastly the combined effect of strain and humidity cycling as ~ell as 

the effect of extension at different frequencies of measurement has been 

checked. In each case some theoretical explanation of the results 

obtained has been provided. 

3.2 Preparation of Samples 

All the wool used in this series of experiments was from 

penned Lincoln sheep hand-fed for uniformity of growth of the fibres. 

These fibres were supplied by the Sheep Biology Laboratory of the CSIRO 

and had a cross-sectional area variance along their length of about 5%. 

They were designated SvJ351 for future identification. After a pre

cleaning with petroleum ether and drying,their diameter was measured 

and found to be around 45 microns. Medulla free fibres were chosen 

under a projection microscope. The fibres were rewashed thoroughly 

with petroleum ether to rid them of grease as well as of the cedarwood 

oil used for the microscope examination. Subsequently the fibres were 

left in room conditions for half an hour, then immersed in ethyl alcohol 

for one hour and finally held to form a loop in room conditions. A 

similar procedure has been used by various workers prior to physical 
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and ~hemical tests of wool fibres. Araldite was used as adhesive for 

the loop. The loop length of the samples was maintained within 

(18 + 0.2) mm. As each sample was being tested, an accurate loop 

length was obtained from the readings of the extensometer and the d-e 

output of the strain gauge. Except for the reference sample, for 

which a unit modulus is defined, as explained in the following section, 

the diameter of each fibre sample was not measured. All experiments in 

this chapter were carried out at 25°C and 116 Hz unless otherwise 

indicated. 

3.3 Measurements at Low Extensions - Unit Modulus 

It was found that the a-c output of the stress did not 

correspond to a tensile modulus for low extensions i.e. below 0.6% 

extension. 

Regardless of the material tested the a-c stress output versus 

extension increased from zero up to a characteristic value at around 0.6% 

extension. Beyond this characteristic extension value the output could 

decrease, increase or remain constant depending on the material. In 

fig. 3-1 curves (a) for wool, (d) for nylon and (e) for tun-gsten wire 

depict these three cases. The monotonically increasing output up to 

the characteristic extension is attributed to the fact that the fibre 

is slack and thus the transverse waves prevail over the longitudinal. 

The velocity cof transverse waves is given by 

c = v'fll;. (3-1) 

where T is the tension of the fibre and J.l is its linear density. The 

tension increases monotonically from zero onwards, thus the a-c stress 

developed would increase correspondingly. Beyond a certain extension 

the longitudinal waves prevail and their velocity, which is character

istic of the medium is given by 

c = -IE/p (neglecting mechanical loss) (3-2) 
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where E is the tensile modulus and p the density of the material. 

Therefore beyond this extension the a-c output is proportional to the 

tensile modulus, while below it the output corresponds to a decrimping 

as well as a bending of the fibre around the mounting points. For this 

reason extensions below 0.6 % should not be considered true longitudinal 

strains; the correct strain is always less than the recorded extension, 

the error depending on the material and diameter of the fibre. It 

appears in fig. 3-1 that for the three different materials the point of 

inflection occurs at nearly the same extension. This has happened because 

of the definition of 11 zero'' extension as described in section 2.8. For 

wool the modulus appears to decrease after the true strain region commences 

and thus a w~ ll defined peak results at 0.6% extension. The peak becomes 

broader with increase of a-c strain. Curve (a) in fig. 3-1 is for a 4~ 

amplitude of oscillation (= 0.02% strain), curve (b) for 16~ and (c) for 

40~. We observe that the maximum of the peaks moves to ~igher extensions, 

because the oscillating strain becomes comparable vvith the d-e strain. 

A similar peak was found with sonic modulus measurements95 

at about 1% extension and was attributed to the structure of the material 

under test. Although a stiffening of the material could be present at 

low extensions, the author is of the opinion that such a property would 

be overshadowed by the straightening of the fibre. For wool in particular 

it was found from bending measurements70 that the static modulus was con

stant for strains up to 0.3%, while from a theoretical investigation of 

the energy function and its second derivatives of the a-helix 2 4 the 

modulus should decrease from negative strains up to at least 4% strain. 

The measurement of the phase difference <1> between stress and 

strain of a tungsten wire is shown in fig. 3-2. Curves (a), (b) and (c) 

correspond to the three levels of amplitude of the oscillation i.e. 4, 

16 and 40 ~· The 11 Zero" extension for curve (a) was def ·ined 
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again as described in section 2.8' (see fig. 2-14). For "negative" 

extensions the phase (curve (a)) showed a sharp increase and above 

"zero" a sharp decrease up to 0.6% extension, where the phase approached 

0 the final value within 0.05 • The sharp decrease of phase can be 

explained according to formula (2-17) allowing the velocity c to vary 

according to equation (3-1). Beyond 0.6% extension where the long-

itudinal waves are dominant the phase measurement gives a true loss 

angle c5. The "zero" of curve (a) was used as "zero" for curves (b) 

and (c). For the latter curves we observe again an initial increasing 

part corresponding to the clipping of the stress wave, followed by a 

relatively flat portion and then a decrease towards the final value, 

which corresponds to higher extensions. The same general trend was 

observed for nylon, copper and wool fibres differing only near and 

above 0.6%,where the nature of the material determines the final value. 

Therefore the recorded changes of phase for low extensions should be 

attributed to the decrimping and mounting of the fibre. As a further 

check one fibre was observed closely while at low extention and it was 

noted that the fibre was slack. 

The amplitude of a-c displacement was kept constant at 4~ 

throughout this work. It was found that the amplitude of 4~ was well 

within the region in which the oscillating stress is proportional to 

the oscillating strain. The observed maximum of a-c stress at 0.6% 

extension for wool in water was proven convenient to be used as a unit 

modulus for all the measurements taken in this chapter. This unit 

modulus was calibrated at 25°C and 116 Hz and it was found to be equal 

to (2.0 ~ 0.2) x 101 0 dynes/cm2. 

In conclusion, the effect of strain on the complex modulus 

of wool could only be obtained beyond 0.6% extension bearing in mind 

what is meant by this extension. 
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25° C and 0.18%/min strain rate. The broken line represents the corrected modulus. 
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3.4 . Th~ Effett Of Sttain Oh th~ Compl~~ ModulOs of WOol ih Water 

A Lincoln wool fibre was mounted slack on the tester and left 

in water for 24 hours. Then it was extended continuously up to the 

breaking point at a strain rate of 0.18% per minute. The modulus and 

loss angle were recorded simultaneously; the results are shown in fig. 

3-3. The solid line for modulus is the direct output of the apparatus. 

However this must be corrected by a certain factor in order to take into 

account the variation of the cross-sectional area and the decrease of the 

oscillatory strain with the static strain E as can be seen from the 

formula relating the modulus to the geometry of the fibre: 

E = ~ 
A~ 

(3-3) 

where E is the modulus, p the a-c force, A the cross-sectional area 

corresponding to the 1 ength £ and ~ the a-c di sp 1 a cement. The geomet-

rical correction arising from the variation of the £/A is dependent on 

the relative humidity surrounding the wool fibre. Below, two cases 

are considered, namely at 100% and 0% RH. At 100% RH the variation of 

the diameter with strain has been determined experimentally by Haly and 

Feughelmanss and their results have been fitted in the present work by 

the parabola 

3 
dV = 0.534 + 0.187E - 3.11 X 10- 82 (3-4) 

where dv is the diametral variation in% and E the static strain in%. 

Taking into account the relation (3-3) the geometrical correction 

factor g1 at 100% RH is found to be 

= 1 + E/100 
(1 + dv/100) 2 (3.-5) 

For the case of 0% RH Haly and Feughelman checked the volume 

strain relationship of wool fibres and found no evidence of a measurable 
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deviation from the constant volume relationship. Taking this into 

account the geometrical correction factor g at 0% RH is easily found 
2 

to be 

g 2 = {1 + £ I 1 oo )2 (3-6) 

The broken line in fig. 3-3 shows the corrected modulus 

after effecting the correction g1 • We notice that the modulus 

decreases up to about 22% strain and then increases gradually up to 

the breaking point (63% strain). The loss angle o follows the changes 

of extension inversely to the modulus. The corrected modulus at the 

breaking point is higher than its initial value, while the loss angle 

is lower than its initial value. 

3.5 The Effect of Strain on Complex Modulus of Wool at 

Different Relative Humidities 

The modulus and loss angle versus extension were measured 

at various relative humidities. Prior to each test the fibres were 

mounted and left slack in 100% relative humidity for 24 hours, then 

dried for 24 hours and finally brought to the desired relat_ive humidity 

during the following 24 hours. Conditioning the fibres of 100% 

relative humidity erases their 11 memory 11
, so that their history becomes 

irrelevant and all fibres can be assumed to be in an identical initial 

state. In this way a comparison of the results becomes meaningful. 

After this treatment the fibres were extended at a rate of 0.18% per 

minute . up to the breaking point and the modulus and loss angle were 

recorded. The results are shown in fig. 3-4 for the modulus and in 

fig. 3-5 for the loss angle. The dynamic moduli presented in this 

chapter are not corrected by the factor g1 or g2 unless otherwise 

indicated. The 11 Zero 11 strain was set as defined in section 2.8 at 

each relative humidity. Measurements \</ere taken at the following 
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relative humidites with the corresponding regains for the fibres as 

obtained from Appendix c, 

RH % 0 11 33 52.9 73.8 85 92.5 98 100 

Regain % ~1 4.4 8.4 12 16.5 20 24 28.6 33 

The dry atmosphere does not correspond to a completely dry fibre because 

of the possible presence of "incorporated water". The regain though 

must be very low (~1 % )2,91. 

We notice that the modulus curves shift upwards with decrease 

of regain, the general shape of the curves remaining the same. However, 

there is an increase of the steepness of the initial part i.e. <5% 

strain. Below 24% regain most of the initial change of modulus occurs 

within 3% strain i.e. within the Hookean region. It is also observed 

that the difference between the maximum recorded value of modulus at 

0.6% strain and the minimum value of modulus at intermediate strains is 

almost independent of regain and equals approximately 0.6 units. The 

loss angle also retains the same general shape for all regains. The 

height, however, of the peak increases with increase of regain as does 

the width. 

The general shape of the modulus curves for strains >1 % is 

in agreement with the result by Woo and Postle95 who measured the sonic 

dynamic modulus of wool at discrete strains and room conditions. 

3.6 The Effect of Rate of Static Strain at Different Relative 

Humidities 

The rate of the static strain change was found to have a 

marked effect on the complex modulus of wool in water. The samples 

were left in water for 24 hours and then extended at three different 

rates of strain i.e. a very slow one of 0.023% per min., for which it 

took two days to break the fibres, a medium rate of 0.18% per min. 
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(~6 h to break the fibres) and a faster one of 1.07% per min (~~ h to 

break). The results are shown in fig. 3-6. The modulus reaches a 

lower value for a higher rate at lower strains; at higher strains the 

modulus attains a higher value for higher rates. The loss angle follows 

the inverse direction of these changes. 

The effect of rate of strain was examined for fibres at 

equilibrium with 52.9% RH as well as 0% RH. The conditioning was 

performed as in the previous section. The results for 52.9% RH are 

shown in fig. 3-7 and for 0% RH in fig. 3-8. From these figures it 

seems that the effect of rate of straining becomes l~ss significant 

at lower relative humidities. However it is clear again that the 

modulus achieves a lower value for a higher strain rate at all strains 

recorded. It is unknown what happens at very high strain, because . 

the fibres break at lower extensions at lower relative humidities. 

3.7 The Two Phase Model 

On the basis of the above observations the change of physical 

behaviour of wool fibres with strain and relative humidity may be under

stood in terms of the two phase model. This model was originally pro

posed by Feughelman3° to explain some mechanical properties of wool 

fibres. He considered a model fibre of circular section containing 

cylinders of phase C parallel to the fibre direction embedded in a matrix 

of phase ~1. According to that model, when the fibre is dry the mechanic

al properties of both phases are identical and for small extensions (~1%) 

also isotropic. Increase of relative humidity from 0 to 100% around the 

fibre progressively causes the phase M to swell isotropically. Phase C 

unstrained does not swell with increase of relative humidity. The increase 

of the relative humidity, and hence the moisture uptake of component M, 

reduces the mechanical moduli of this phase; phase C remains unchanged. 

The diametral dimensions of phase C are of molecular size. Finally it 
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was assumed that when the fibre is stretched, phase C becomes progress

ively accessible to moisture. 

Although some of the above features of the model could be 

partly modified, it is generally accepted that the microfibrils embrace 

the organised and relatively water~impenetrable regions and hence may 

be thought of in terms of phase C; the matrix the disorganised and 

relatively water-penetrable regions of the keratin fibre may be thought 

of as phase M. Obviously a zone of gradation may exist between the two. 

Bendit11 has shown that a large proportion of a microfibril is non-helical 

material. Further, side chains, which represent some 50% of the struc- · 

ture of keratin, whether attached to helical or non-helical material 

interact with water molecules. This means that only a fraction of the 

microfibrillar structure does not associate with water, namely the 

ordered helices together with their stabilizing disulphide bonds. 

However, the above gradation would not alter th~ points raised here in 

attempting to explain the experimental observations. 

Two further assumptions, about the model, relating to the 

viscoelastic character of keratin are made in the present ~ork. These 

are: (i) The phase C is practically loss free and 

therefore elastic at all strains and relative humidites. 

(ii) The phase M is characterised by a short-term 

relaxation process, for which the spectrum of 

relaxation times is practically invariant at all 

strains but dependent on the relative humidity and 

the rate of strain. 

In the following subsections 3.7.1 and 3.7 .2 a general 

discussion on the phase C and the phase M based on existing data and 

views is aimed at giving a preliminary justification of the above two 

assumptions and an understanding of structural changes ~uring extension. 
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Subsequently the two assumptions are justified in their application 

in explaining the experimental results of this work. 

3.7 .• 1 The Phase c 
Because of the crystillline nature of the mi crofibrils, they 

exhibit far less swelling and loss of mechanical stability due to the 

presence of water when compared to the matrix. The a-helices thus 

stabilize the structure longitudinally by mechanically opposing both 

extension and swelling. The stability of the a-helices and the 

stabi 1 i ty of the microfibril s in the keratin structure are concomitant. 

The crystalline fraction of the microfibrillar structure accounts for 

the major portion of the equilibrium Young's modulus of 1.4 x 101 0 

dynes/cm2 50 A much smaller portion of this equilibrium modulus 

arises from the cross-linked network of protein chains, disulphide 

bonds together with possible stabilized units such as small globular 

proteins. This latter conglomerate of matter forms the matrix and 

the nonhelical microfibrillar material. The actual dimensions of a 

microfibril as seen under the electron microscope represents some 60% 

of a keratin fibre. 

Electron microscope evidence59 , 78 suggests that the micro

fibrils are long and possibly run the full length of a cortical cell 

(c.100Jl). It follows that the extension of the fibre as a whole 

corresponds closely to the extension of the microfibrils. As the 

fibre is extended the a-keratin form is transformed into s-configuration, 

i.e. the a-helix is opened up into s-pleated sheet form. Quite a 

number of experiments point to the necessity of co-operative unfolding 

of the a-form in the intact a-keratin fibre. This necessity may arise 

from the environment in the fibre external to the a-helices. 

results on reduced disulphide fibres, for example, suggest that the 

C'ystine link is involved in maintaining lateral mechanical co-operation 
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between the helices. .This transformation starts from the beginning 

of the yield region up to the breaking strain. The situation thus 

arises, in which one ordered form {the a-) is transformed into another 

{the e-) and this means that the phase C remains practically elastic at 

all extensions, being under all conditions of strain the combination 

of two ordered forms a and e. 
The assumption that the phase C remains practically elastic 

for all extensions can be criticised from the following observations. 

In a normal fibre extended in the yield region some a-keratin crystal

lites have been opened up and some B-keratin crystallites formed by the 

extension. In this process we may consider that a-crystallites go to 

a 11 liquid 11 or amorphous form, which may be considered as the activated 

state. Thus in addition to the presumed a~B transition in the micro

fibrils there may also be a-crystallites t activated form te-crystal-

lites at mechanical equilibrium. Ciferri and Smith1 6 have set out the 

formal modifications resulting from the existence of three forms {a,B, 

activated) instead of two. On the other hand Bendit10 has emphasised 

that in the reversible ate transformation produced by the isothermal 

extension of a wool fibre it cannot be assumed that there is a 1:1 

conversion of molecular groups from a-form to B-form, because some of 

the newly created B-material may have been initially in a disordered 

form in the matrix. The existence of an activated state in the crystal

line regions is tantamount with the creation of mechanically lossy 

material which contradicts the assumed elastic properties of phase C 

at all extentions. The activated material then becomes probably 

accessible to water. This is supported by the observed increase of 

diametral swelling against strainSS which reaches a maximum {approx. 3%) 

around 25% strain. Further evidence is provided by Bendit et al8 who 

found that if wool were stretched at room temperature in o2o by steps 
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of 1% up to an extension of 40% over a period of 8 hours and held at 

this extension for one day, then the exchange of hydrogen by deuterium 

in the peptide linkages was almost complete . It appears therefore that 

during extension of the wool fibres to 40% all the peptide linkages are 

able to enter into a hydrogen~ deuterium exchange. This means that 

the whole of these fibres including the oriented regions is accessible 

to water. However, if the fibres were first stretched to 40% and 

relaxed in H2o and then reacted to equilibrium with o2o, only partial 

hydrogen -+ deuteri urn exchange was observed. The same v1as observed with 

tests on fibres containing a large amount of 6-keratin. From these 

observations by Bendit et al it is concluded in the present work that 

the accessibility of the phase C by water during extension is only 

transient i.e. a changing portion of the crystalline structure becomes 

only temporarily accessible to water and this portion is probably the 

material which exists in a disordered form between the a- and S-form . . 

In summary, the phase C, which unextended is in the a-form, 

when extended is in three forms : (a) unextended a-form, (b) extended 

S-form and (c) in an activated non-aligned form. The first two forms 

being crystalline can be assume i of small mechanical loss and therefore 

elastic. The form (c) can also be assumed as contributing negligibly 

in the mechanical loss of the phase C for either or both of the following 

reasons 1) The form (c) constitutes only a small fraction of the total 

phase. 2) The a helix converting to the e-state requires a considerable 

amount of convolution of the peptide chains. Because this transformation 

occurs with little impedence (note: the small stress change in the yield 

region), it follows that only short chain portions of a-helix transform 

into the activated state and thence to the B state and that these short 

chain units are not impeded in their movement. It would therefore 

follow that the movement of the peptide chains in the activated state 
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are nearly loss free,especially in the time-scale of the present 

experiments. 

The above discussion on the phase C seems to justify the 

first assumption made in section 3.7 i.e. that the phase C is practical

ly loss free and therefore elastic at all strains. 

One last point is made next concerning the stiffness of the 

phase C. The presence of the activated form (c), although it does not 

have a significant effect from the loss energy point of view, it may have 

a decisive effect on the stiffness of the phase, i.P.. its modulus. The 

form (c) can disrupt the continuity of alignment and crystallinity and 

hence reduce the modulus considerably. The amount of form (c) is 

expected to increase with the rate of straining, hence resulting in a 

lowering of modulus with increase of rate of strain. 

3.7.2 The Phase M 

Consideration is now given to the mechanical behaviour of the 

phase M at varying extensions. The matrix is a cross-linked polymer 

held together by a network of polar bonds 71 such as hydrogen bonds, salt

linkages and Van der Waals forces. It has been shown 71 that the salt

linkages play a greater part in the mechanical stability o·f the matrix 

than they do in the whole fibre. As to what happens to these bonds and 

therefore to the matrix at high extensions can be understood from 

experiments on the torsional properties of single wool fibres 71 • The 

torsional properties in the main reflect the properties of the matrix. 

The conclusions arrived at from past work on torsion are assumed for the 

longitudinal extension of the matrix in the present work. Thus it is 

thought that the initial extension of the matrix strains polar bonds 

in the matrix network and, as the extension increases, some of these bonds 

break. As the extension increases further broken bonds reform on new 

sites. Eventually, as a large value of extension is reached, the rate 
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of breaking of bonds and the formation of new ones becomes equal and 

further extension does not produce an increase in stress. The matrix 

under these conditions is acting as a viscous solution and presumably 

would continue in this way with increasing extension until the cross

links and the backbone structure of the polymer forming the matrix 

approach full extension, or the deformation of other physical entities 

in the fibre, such as the microfibril, introduced opposition to the 

extension. The former effect, namely the opposition of the cross

links, backbone or entanglements limiting this viscous extension of 

the matrix has been demonstrated not to occur even at high extensions 

of the fibre. Invariably other effects external and parallel to the 

matrix intervene to limit further extension of the matrix 51 • This 

has been further demonstrated99 in experiments on the lateral properties 

of keratin structures where it has been shown that at all lateral 

extensions in water up to break for ~orcupine quill and rhinoceros horn 

there is no indication of increasing stress level with extension that 

could be a result of crosslink, backbone or other limitations on the 

viscous flow of the matrix. (See Figure 1-4). 

Disulphide bonds are an important component of the phase M 

and the mechanical and other effects of these crosslinks have been 

studied 3 • It has been found that any difference in disulphide cross

linking in the normal and sulfur·-enriched fibres does not markedly 

affect the torsional behaviour of fibres because the larger oroportion 

of the mechanical stiffness in torsion is governed by polar bonding and 

the effects on stiffness for differences in disulphide crosslinks could 

be masked. The disulphide bonds in the matrix can undergo reversible 

breakdown in the presence of water. The mechanism, sulphydril-di

sulphide interchange, howeve~ involved in this breakdown does not occur 

to any significant extent in normal wool fibres at low extensions, for 

temperatures below 50°C. 
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For short times the stress relaxation of a strained matrix 

will be mainly due to the breakdown of polar bonds. Feughelman and 

Rigby 28 found that wool fibres immersed in water had a long-term and 

a short-term relaxation process at all extensions. The short-term 

process was associated with a relaxation time 'that depended very 

little on extension (between 5% and 25% strain) and also on temperature 

(between 5°C and 45°C). This relaxation time was found to be around 

10 seconds. As pointed out earlier the characteristics of the matrix 

is that of a gel-like solid which under extenison, because of polar bond 

breakdown, becomes a viscous solution, in other words goes from a 11 gel 11 

to 11 S01 11 state. Under these conditions the mechanical characteristics 

of the matrix is independent of the extension. The results quoted from 

Feughelmanand Rigby suggest that the stress relaxation of the wool fibre, 

being extension independent, is attributed to the matrix and hence the 

relaxation time of ~10 seconds for the wet fibre stress-relaxing in the 

strain range of 5 to 25% can be attributed also to the matrix. That is, 

the basic structure of the matrix does not change but simply flows around 

the microfibrils and readjusts itself at any extension. This re

distribution is characterised by the mean relaxation time ,~10 seconds, 

which corresponds to the short~term process. For lower relative 

humidities the relaxation times may become longer due to the lower 

mobility of the structure. 

The fact that the short-term relaxation time is not constant 

beyond 25% strain may be attributed to the onset of other viscous flow 

effects due to the microfibrils or in the gradation region between the 

two phases associated with phenomena in the post-yield region. It is 

found 43 that when a fibre is stretched in water into the post-yield 

region (above 30% strain) and held extended, the resultant force-log 

(time) relationship shows three distinct regions. At room temperature 



- 52 -

these three regions fall into periods (a) <0.1 minutes, (b) 0.1 min 

to 10 min and (c) >10 min. Wood showed that the first period is due 

to the breakdown of polar bonds, which therefore correspond to the 

matrix flow; the last period is due to scission of disulphide bonds. 

This disulphide bond breakdown is a result of sulphydryl-disulphide 

interchange. This mechanism is confirmed by tests at low pH, at which 

sulphyd ryl~disulphide interchange is prevented, and also tests with 

reduced wool fibres. Feughelman proposed43 that during the intermediate 

period (b) the drop in value of force with time is due to disengagement 

between matrix and filament components of special zones in wool fibre 

structure. 

The above discussion on the phase ~1 seems to justify the 

second assumption made in section 3J i.e. that the phase M is character

ised by a short-term relaxation process, for which the spectrum of 

relaxation times is practically invariant at all strains. 

One last point need be made concerning the relative importance 

of each phase. The importance of phase M on C depends on the way we 

look at the material i.e. on the type of experiment that is carried out. 

For example, from room temperature up to 60°C .it has been pointed outl3,9 7 

that the contribution of entropy to the mechanical properties of wool is 

negligible. The results obtained by Feughelman and Mitchell (May 1959) 

showed that at 10% strain the remanent (static) stress at a temperature 

60° - 70°C has an elastomeric component less than 20% of the total stress 

and at 40% strain a component of about 50% (at 60° - 70°C there is a 

second order transition for the stretched \'JOOl fibre in water). However 

from a dynamic measurement point of view the importance of matrix becomes 

quite significant. In other words, the dynamic modulus at a sufficiently 

high frequency and at a given strain can be attributed mainly in the 

matrix, while the relative contribution of the crystalline phase decreases. 
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3.8 Application of th~ Two Phase Model 

If a strain s, which is a function of time and given by s(t), 

is applied to a fibre, then the Boltzman superposition principle54,27 

relates the stress on the fibre to the strain by 

o{t) =Jtd~~·) [Ec{o) + Emtt-•U dT {3-7) 

In our experimental work 

s(t) = K t (3-8) 

\ where K is the rate of strain applied to the fibre. The integration 

{3-7) contains two terms, one, Ec associated with the purely elastic 

character of the material, and the other, Em, associated with the 

viscoelastic character of the material. The aim here is to perform 

the integration (3-7) by utilizing the two assumptions about the two 

phase model made in the previous section and show that the result is 

compatible with the existing experience. The term Ec, which is 

identical with the vector Er in figure 1-6, is attributed to the phase 

C, while the term Em (see figure 1-6) is attributed to the- phase M. 

The integration (3-7) is performed in two steps in the following two 

subsections. 

3.8.1. Inte9ration of the Elastic Term 

The two phases C and M are in parallel so that the stresses 

taken up by each phase must be added to give the resultant force on the 

fibre. If the strain is oscillatory, the addition of stresses must be 

made vectorially. A consequence of the assumption proposed in the previous 

section is that the vector for stress associated with the phase C must be 

in phase with the applied strain, since C is assumed mechanically elastic, 

while the vector for stress associated with the amorphous region M must 

lead the applied strain by an angle cm· 



Fig. 3-9 Vector diagram for the moduli of the two phases 

and the fibre: Ec for the phase C, Em for the phase M and-E 

for the total fibre; o is the loss angle for the fibre. At a 

different extension the Em remains constant and E +E . and 
C Cl 

therefore E+Ei and o+oi. 
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The moduli (stress per unit strain) for the two phases and 

the fibre are shown in a vector diagram in fig. 3-9, where Ec is the 

modulus for the phase C, Em the modulus for the phase M, E the resultant 

modulus for the fibre, om the loss angle for the phase M and o the 

measured loss angle for the fibre. It must be clarified here that 

the moduli for each phase refer to force per phase over the total 

cross-sectional area of the fibre. The correct moduli of each phase 

could be obtained if the relative fraction for each phase were known. 

From the diagram the following relationships are derived 

Em (E2 + E2 )1< (3-9) = - 2EEc coso 2 
c 

1 
cm = tan- [E sinc/(E cosc - Ec)] (3-10) 

and Ec = [E2 + E~ - 2EEm cos(om - o)] ~ · (3-11) 

From equations (3-9) and (3-3.0) the magnitude Em and loss 

angle o m of the complex modulus for the phase M can be obtained by 

evaluating the quantitues involved at 11 Zero 11 strain. The quantities 

E and o are measured experimentally, while the unextended modulus Ec 

for the crysta 11 i ne phase is given from the work of Feugherman and 

Robinson as Ec = 1.4 x 1010 dynes/cm2. The latter value is the 

equilibrium modulus but it is equated with the dynamic modulus because 

of assumption (i) that the C region is elastic. Once the values for 

~ and cm have been obtained at 11 Zero 11 strain they can be used at other 

strains in equation (3-n) as constants (according to assumption (ii) 

with regard to the model) and the modulus for the crystalline phase 

can be calculated at all strains. The E and o are available experiment

ally at all strains and in this way the results of fig. 3-6 for a wet 

fibre at three different rates of extension have been used to calculate 

the variation of modulus for the crystalline region. The results are 

shown in fig. 3-10 (bottom). The rate of strain is shown with each curve. 
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Becasue the phase C has been assumed practically elastic, 

the modulus represents the slope of a static stress-strain curve. 

Therefore it is possible to obtain the static stress fc - strain E 

relationship for the phase C by integrating the modulus curve with 

respect to strain. The resul~of such an operation are presented 

in fig. 3-10 (top) for the three rates of strain. 

It is observed that the static stress-strain curve thus 

derived presents the main characteristics of a stress-strain curve 

of a normal fibre. The Hookean,yield and post-yield regions are 

clearly present. The levels of stress are of the same order of 

magnitude as values published for keratin fibres66,99. It follows 

that the stress-strain relationship for the phase C corresponds 

closely to the stress-strain relationship for a fibre as a whole in 

water. This result is compatible with the fact that the microfibrils 

are long and possibly run the full length of a cortical cell. The 

level of stress in the yield region however is lower for a higher 

rate of strain, which is contrary to established experience for the 

whole fibre. This probably arises from the fact that tha phase M 

in parallel has not been taken into account. The lower stress in 

the yield region for the phase C is compatible with the fact that at 

higher rates of strain, with a concomitant increase of the rate of 

transfer of a-form material into extended 8-form, the amount of material 

in the activated state between a and 8 must increase. The lower stress 

in the yield region of the stress-strain curve of the phase C for higher 

rates of strain reflects the presence in the C phase of more activated 

materialo 

The same procedure of integration was followed for a dry 

fibre; the modulus Ec(E) for the C phase and the static stress-strain 

curves have been derived using the experimental results of fig. 3-8. 
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The results from this procedure are shown in fig. 3-11. The general 

characteristics of the stress-strain curve for the C phase are similar 

as in the wet state. However, the Hookean, yield and post-yield 

regions can be distinguished more easily in the dry state; in addition, 

the level of stress in the yield region is somewhat lower and the turn-

over points between the three regions occur at lower strains. These 

features are compatible with Bendit'slOl X-ray evidence that in the 

process of unfolding from ~- to e-form the transformation proceeds more 

rapidly at low than at high relative humidities; i.e. at a given 

strain, the transformation has proceeded further in the case of dry 
i 

than that of wet fibres. This observation of Bendit's implies, 

therefore, that during extension more activated material is present 

in the dry than in the wet state and hence the modulus should be lower 

in the former than in the latter case. 

It is noted at this point that the modulus Ec(£) for the dry 

fibre has been multiplied by a factor of 1.35 to account for the reduc-

tion of the wet cross-sectional area due to the loss of water. The 

correction to compensate the effects of extensions was not carried out 

in order to make it easier to perform a comparison of the work in this 

section with results published by various other research workers. 

3.8.2 Integration of the Viscoelastic Term 

Consideration shall now be given to the integration of the 

viscoelastic term, namely the term corresponding to the phase M. The 

function Em(t) is unknown; however, as an approximation Feughelman 

and Rigby28 used a simple exponential 

= Emo exp(-t/T) (3-12) 

where Emo is the difference between the initial and relaxed modulus; T 

is some mean relaxation time. The integration of the second term of 
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equation (3-7) using the function (3-12) yields 

= (3-13:) 

which in connection with the strain function 

e:(t) = Kt 

produces the static stress-strain curve for the phase M. The latter 

curve has the same shape as the curve {I) in fig. 1-4 for extension 

perpendicular to the growth of a porcupine quill. It is observed 

from (3-13) that the stress in the matrix M increases with increase 

of rate of strain, a feature that conforms with common experience. 

This increase should overcompensate for the decrease of modulus of 

the phase C. An approximate estimate of the equilibrium stress of 

phase M can be obtained by using the following values , 

K = 1% per min = 0.01 per min. 

~ = 0.2 min and 

Emo = 2 x 1010 dynes/cm2 

The equilibrium value of stress (eq . . 3-7) i.e. beyond about 1% strain 

is given by 

Emo K~ = 0.4 x 108 dynes/cm2. 

This value is not adequate to compensate for the decrease of the stress 

level of the phase C with rate of strain, which is approximately 

2 x 1Q8 dynes/cm2 {fig. 3-10, top), although the order of magnitude 

can be considered satisfactory. The discrepancy is probably due to 

the oversimplified form of eq. 3-12 and the use of one relaxation time 

instead of a complete spectrum of relaxation times. The measurement 

of Emo' performed by the present author using an 11 Instron 11
, was also 

not very accurate o The oversimplifying assumptions about the two phase 



- 58 -

model must also contribute to the discrepancy. 

The above analysis based on the two phase model is 

further confirmed from the work of Feughelman and Druhala shown in 

. fig. 1-4 that the longitudinal stress-strain relationship reflects 

the C region in the main, while the role of the M region is to add 

a component of static stress of the form of eq. (3-13) with an 

equilibrium value of ~1.5 x 10 8 dynes/cm2 at the given rate of 

extension (4% per minute). 

3.8.3 Discussion on the Exp~tim~ntal R~sults 

The two-phase structure with the assumptions proposed is 

obviously a first order approximation to the problem. No account 

is taken of the gradations that may exist between two such phases. 

However, simple as the structure proposed may be, it does give a 

satisfactory picture for the dynamic mechanical properties obtained 

in this work. Thus the variation of dynamic modulus against strain 

(fig. 3-4) is due to the C region and is practically independent of 

water content. The vertical shift of the curves is due to the M 

region, which is water penetrable. The dynamic modulus of the C 

region decreases initially and this is due to the unfolding of the 

a-helices and the formation of an activated state between the a and 

~ form. The decrease of modulus is more abrupt at lower relative 

humidities and this can be explained by Bendit's x-ray evidence101 

as mentioned earlier. The a-form is eventually transformed with 
, 

extension into the ordered Sform and the modulus again increases. 

The loss angle variation is due to the combined interaction of the two 

phases C and M. The loss angle which arises from mechanical losses in 

the region M increases with increase of water content. This explains 

the vertical shift of the curves of fig. 3-5. The loss angle cm for 

the region M remains practically constant at any strain but the loss 
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angle for the whole fibre is determined by the relative moduli of 
' each phase with respect to the other. For intermediate strains for 

which the C region has a low value of modulus Eci with respect to the 

M region of modulus Em (see fig. 3-9) the phase oi for the fibre is 

higher. At very high strains, for which the modulus -Ec is increased 

again, the loss angle for the fibre decreases correspondingly. In this 

way the maxima recorded for the loss angle can be explained in terms of 

the changing modulus of phase C. These maxima become more pronounced 

with increase of RH. In contrast, the amount of decrease with strain 

for the modulus is nearly independent of RH. These observations are 

a direct consequence of the mathematical analysis of the model 

presented previously. 

The effect of rate of strain could be generally understood 

by a similar reasoning. A higher rate of strain of the fibre results 

in a greater amount of activated material in the phase C of the fibre. 

This means a reduction in the stiffness of the phase C with increase of 

this activated material; t.hi5 reduction becomes prominent for 

extensions up to ::::20% and is accompanied by an increase for the loss 

angle of the whole fibre. 

It can be seen from fig. 3-6, 3-7 and 3-8 that at lower 

water content the effect of rate of strain tends to be more pronounced 

in the case of modulus measurement and less pronounced in the case of 

loss angle measurement. Increase of rate of strain for a fibre in the 

dryer case results in a greater amount of activated material in the C 

phase according to Bendit's X-ray data; it follows that the modulus of 

the phase C (and hence for the who 1 e fibre) must show a pr.onounced drop 

with increase of rate of strain of the fibre for the dryer case. The 

phase difference, because it is already at a low level for the drier 

situation, does not change very markedly with change of strain rate. 
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From the above results it seems that the anisotropy at strains >1% 

in the fibre is diminishing for drier conditions but it is always 

present. It was proposed originally that the dry fibre is mechanical

ly isotropic for low strains (< 1%). Makinson 65 has also shown that 

the elastic anisotropy is not very marked for dry keratin and she 

suggested that the anisotropy that does exist is to a large extent due 

to histological structure rather than molecular or near molecular 

structure. However from the present work it appears that the aniso

tropy could be due to molecular structure differences of the two phases 

especially for strains >1%. Whether these differences are revealed or 

not depends on the mechanical properties which are considered and in 

particular the time scales of the experiment. 

The modulus at very high strains (>~30%) is larger for higher 

rates of extension. This increase with strain rate at high extensions 

as well as the decrease at lower extensions (<~ 20%) is associated with 

some relaxation processes possibly in the microfibrils. The elastic 

component Ec of the complex modulus has been considered as relaxation 

free up to now; the two phase model, as proposed in this work, cannot 

predict and does not explain the origin of relaxation processes. These 

are examined in experiments which follow in the next sections. 

Regarding the effect of rate of strain the findings of 

Sikorski and Woods 83 should be mentioned. They found that the Young•s 

modulus (slope modulus) varies linearly with log {rate of straining). 

It will be shown in Chapter 5 of this thesis that such a relation holds 

over a considerable range of frequencies (or times) for a wet fibre in 

its Hookean region. In the present work an oscillatory strain is 

used to study the effect of the static strain. The oscillatory 

strain is very small (0.02%) and it should not affect the structure 

of the tested material, while the static strain is likely to alter the 

molecular structure of the material. In the case of keratin fibres 



TABLE 3-1 

The fibre and matrix complex moduli at different relative humidities. 

F I B R E M A T R I X 

E• * E•x1o-10 E"x10-B E"x10- 8 ~x·10-1 o _l,O 
0 Emx10 am Fibre 

RH % Relative dynes/cm2 degrees dynes/cm2 dynes/cm2 
dynes/cm2 dynes/cm2 degrees swelling 

.· Units (corrected) (corrected) (corrected) factors 
I 

0 2.485 6.72 1.10 9.54 12.90 3.57 4.83 1.53 1.352 

11 2.42 6.34 1.20 10.14 13.28 3.44 4.51 1.69 1.310 

33 2.22 5.63 1.40 10.85 13.76 3.04 3.85 2.04 1.268 

52.9 2.06 5.06 1.55 11.14 13.68 2.72 3.34 2.35 1.228 

73.8 1.78 4.20 2.00 12.42 14.64 2.16 2.55 3.30 1.179 

85 1.49 3.40 2.25 11.70 13.34 1.58 1.80 4.24 1.140 

92.5 1.22 2o67 2.70 11.49 12.58 1.04 1.14 6.32 1.095 

98 1.07 2.23 2.95 11.01 11.49 0.74 0.77 8.50 1.044 

100 1.00 2.00 3.10 10.82 10.82 0.61 0.61 10.27 1.000 i 

* 1 Relative Unit = 2 x 1010 dynes/cm2 
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we have seen how the static str~in and its first derivative affect 

the structure of the material. 

To conclude this section an examination is made of the 

variation of the components of the complex modulus for the whole 

fibre and the phase M alone. 

The components of complex modulus for the unextended 

fibre (at ~0.6% strain) taken from fig. 3-4 and 3-5 are given in 

table 3-1. The complex moduli for the matrix alone as calculated 

from equations · (3-9) and (3~~ are given in the same table. The 

loss modulus was calculated from the equation 
i 
I 

[
11 = E s ino 

The magnitude of complex modulus and the in- phase component E1 are 

practically equal, the difference being less than 0.05%. Where the 

moduli are indicated as corrected, the measured values have been 

multiplied by the correction factors presented on the last column 

of the table, in order to take into account the cross-sectional area 

variation due to desorption of watero These factors were calculated 

from data on diameter swelling given in reference -(S6). 

3.9 Energy Considerations - Loss Modulus 

A useful physical quantity is the energy liW absorbed by the 

fibre per cycle per unit volume. This is given by98 

liW = 1r a2 Esino_ = 1r a2 E11 (3-14) 

The loss modulus E11 is thus a direct measure of the energy absorbed 

and therefore an indicator of possible molecular structure changes in 

the fibre. This modulus has been calculated against strain for wet 

and dry fibres at three rates of extention. The calculation was 

based on the data of fig. 3-6 and 3-8. To eliminate the effect of the 

change of cross-sectional area and oscillatory strain amplitude due to 
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extension, the moduli were multiplied by g1 for the wet and by g2 
for the dry fibre (see eqs. (3-5) and (3-6)). The results are 

presented in fig. 3-12. 

It is observed that the loss modulus is generally con

stant over a large region of strain. This is compatible with the 

two-phase model as proposed previously. That is, the phase M 

remains invariant and the energy absorbed by it must also remain 

invariant, while the phase C as elastic material does not absorb 

energy. Nevertheless, the loss modulus is not absolutely constant 

with strain; there is a variation within ~± 4%. Any deviation 

from the constant level is also a deviation from the two assumptions 

concerning the elasticity and the viscoelasticity of the model and 

its explanation must be sought in some structural change in the fibre. 

Thus the maximum of E11 around 3% strain could be explained as follows. 

When initially strained, the phase M, a crosslinked network of weak 

interactions, will progressively suffer bond breakdown followed by 

bond reformation (a gel-sol transformation). At an extension of a 

few percent a steady state is reached where bond breakdown and re

formation become equal and further extension does not change the 

nature of the material as stated elsewhere. At this point the 

mechanical loss of the M phase material will reach a steady value. 

An increase in the rate of strain of the fibre will result in relatively 

faster bond breakdown and hence increase the loss modulus. 

3.10 Measurement of Complex Modulus of a Fibre Relaxing in 

Water at Fixed Extensions 

Several samples were tested in water, after having been left 

slack in water for 24 hours. They were extended at a rate of strain 

of 1.07% per min. up to strains of 5.4, 11, 15, 19, 29 and 39%, and 

held at these strains. The complex modulus was recorded while each 
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fibre was relaxing for a period of time between 30-45 min. 

This experiment revealed some remarkable properties of 

the modulus and loss angle of keratin fibres. While the fibre was 

relaxing,the modulus against time increased for fixed strains up to 

15% and decreased for strains beyond 15% (fig. 3-13); at 15% strain 

the modulus remained constant. The loss angle behaves in an inverse 

manner to this. The value of the loss angle at fixed strain decreases 

with ti~e for strains up to 30%. At 30% strain the loss angle remains 

constant with time. Beyond 30% strain the loss angle increases with 

time. At all fixed strains, however, the loss modulus decreases with 

time (see fig. 3-14); for the loss modulus only, the geometrical 

correction g1 has been taken into account. Lastly, a fibre was tested 

in water over 48 hat 40% fixed strain; the modulus E1
, the loss angle 

o and the loss modulus P are plotted against log {time) in fig. 3-15 

and all these seem to indicate that the relaxation process is not com

pleted even after a long period of time at this high extension (the g1 

correction for E11 has been effected). On the contrary, for fixed 

strains up ~' ~20% the relaxation seems to become completed within a few 

minutes. Thus, for lower fixed strains some short-term process is 

dominant, for higher fixed strains some long-term process is dominant, 

while for intermediate fixed strains both processes become apparent. 

3.10.1 Discussion 

An attempt to explain the above results is made below. 

Examination of the results expressed in fig. 3-13 suggests that at 

lower strains over a period of a few minutes bond reformation is 

taking place ~tlith time as indicated by the increasing modulus and the 

decreasing loss angle. At high strains bond breakdown is occurring 

with time as indicated by the reduction of modulus and the increase of 

loss angle. If the modulus change and the change in loss angle with 

•' 
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time occur due to structural changes in the same phase (C or M) of 

the fibre, the increase of modulus and decrease of loss angle should 

be concomitant. The steady value of loss angle with time occurring 

at 30% fixed strain should go with a steady value modulus at the same 

fixed strain. However, the modulus is steady with time at 15% fixed 

strain and hence suggests that the structural components, responsible 

for the change of complex modulus with time for the total fibre, do not 

exist in the same phase (C or M). 

The two different relaxation processes (one for phase C, the 

other for phase M) are likely associated with the short-term and the 

long-term processes identified previously. It is suggested now that 

the long-term process occurs mainly in the C phase or in the zone of 

gradation between the two phases, while the short-term occurs in both 

phases. The suggestion that the long-t~rm process takes place mainly 

in the C phase or in the zone of gradation between the two phases, is 

compatible with the idea that the backbone of the matrix does not 

11 sieze up 11 51 but rather is characterised by short-term breakdown and 

reformation of polar bonds with low activation energy. Long-term 

relaxation processes are generally associated with crystalline 

structures, covalent crosslinks and macromolecules and hence it is 

reasonable to attribute the long-term relaxation process to the C phase 

or in the zone of gradation between the two phases. According to the 

above ideas and the properties of the two phases as described in the 

two-phase model (section 3.7) the short-term relaxation process may be 

. due to polar bond breakdown and reformation in both phases and also it 

may be due to a partial reformation of the a- and 8- form from the 

activated state between a- and 8- form as supported by X-ray evidence101 ; 

the latter process must take place exclusively in the C phase. 

In both short and long-term relaxation processes the magnitude 

of complex modulus change with time depends on the strain 
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and the rate of strain in general. In the present work with the 

rates of strain used the time required to break the fibre ranges 

between 30 min to 2 days. The short-term relaxation times are 

very much shorter than these times, so that the fibre is in a steady

state equilibrium after only a few percent strain. This means that 

the intensity of relaxation for the complex modulus is practically 

the same for all extensions and depends only on the rate of strain~ 

On the contrary, the long-term relaxation times are longer or at least 

comparable to the time span of the extension experiments, therefore the 

intens~ty of complex modulus relaxation depends on both the strain and 

the rate of strain. It is suggested that both short and long term 

mechanisms operate at all extensions each possessing a different degree 

of relative importance. For lower strains the long-term process is 

insignificant so that the short-term becomes dominant. For higher 

strains the long-term process becomes overwhelmingly dominant. 

The results of fig. 3-13 are compatible with the results of 

fig. 3-6, which show the effect of rate of strain. However, the amount, 

by which the modulus changes during relaxation at a fixed ?train for a 

fibre after straining up to that strain at 1o07% per min~ is con

siderably less than the difference between the moduli corresponding 

to the same strain on the modulus against strain curves at the two 

strain rates of 1.07% per min and 0.023% per min (see fig. 3-6). The 

same observation applies to the loss angle measurements. The explana

tion for this could be as follows. With a faster strain rate more 

a-helices are opened up at any particular extension so that, when the 

fibre is held at this particular extension, the modulus with time is 

always lower (or the loss angle with time always higher). The increase 

of the modulus (or the decrease of the loss angle) due to the short-

term processes do not compensate the reduction of modulus (or the increase 

of loss angle) due to the increased opening up of the a-helices following 
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an increased rate of strain. 

A closer consideration will now be giVen to what is possibly 

happening at high extensions in terms of the X-Y series zone model. 

3.11 The X-Y Series Zone Model 

In the microfibrils or in their immediate environment in the 

matrix it has been postulated by Feughelman and Haly29,34,51 that two 

types of zone exist in series {X and Y). These zones are present 

alternately along the microfibril. Both zones, it was proposed, con-

sist of a-helices in an organised packed stateo When the fibre is 

stressed the zones X open out prior to zones Y. These latter zones 

are possibly cross~linked to themselves and their surrounding matrix, 

and may have more bulky sidechains, which introduce steric hindrance 

and hence inhibiting unfolding. In this model the yield region of the 

load-extension curve of a wool fibre corresponds to the opening out of 

the X zones, and the post-yield region is the opening up of theY zones. 

As a wool fibre in water at room temperature is extended from the yield 

region into the post-yield region there is a rapid stiffening of the 

fibre, the incremental (slope) modulus being an order of magnitude 

greater than in the yield region. There is however no discontinuity in 
0 

the graph of X-ray intensity at 5.1 A9,39, which shows a continuous 

decrease of crystalline a-keratin with increase of extension. The 

major part (approx. 2/3) of the a:-type crystallinity is still present 

at the turnover from the yield to the post-yield region and a signifi

cant proportion is ~till present at extensions well into the post-yield 

region. The new opposition to extension arising in the post-yield 

region is due to bonds, which are either in the microfibrils still in 

the a-form or in the matrix immediately surrounding these microfibrils. 

Both of these possibilities have been speculated36, 4 4, 46,40,41,slo 

Ho~t1ever, there is general agreement that highly cross 1 inked structures 
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consisting of covalent cystine links between polypeptide chains play 

a major role in the mechanical properties of keratin fibres. 

Examination of the static stress-relaxation in water of 

wool fibres for extensions in the yield 94 and post-yield regions 42, 

has shown that sulphydryl-disulphide interchange is at least in part 

responsible for long-term relaxation. For extensions in the post-

yield region another mechanism of stress relaxation in addition to 

sulphydryl-disulphide interchange has been proposed15 • This mechanism 

is independent of pH and is not detectable for static stress-relaxation 

of fibres extended into the yield region. In terms of the series-zone 

model this mechanism may be interpreted as separation of the a-helices 

of the Y-zones from the component of the keratin structure, which 

provides the stiffening of the fibre, when extended into the post-yield 

region. 

It is reasonable to assume that some gradation between the 

X and Y-zones exist. This means that some relaxations of the types 

described above does exist even at lower extensions. This is suggested 

by the gradual increase of dynamic modulus as high extension is approached. 

This increase of modulus can be explained by the formation of 8-crystal

line form as well as by the alignment of the sulphur-rich material 

associated with theY-zones. 

By consideration of both the two-phase model and the X- and 

Y- zones model it is possible to understand the behaviour of E1
, o and 

E11
• The behaviour at high strains in particular can be explained as 

follows. The decrease of E1 at 40% (fig. 3-15) is attributed to a 

relaxation in the microfibril and is due most likely to disulphide bond 

scission. The crystalline structure is also affected by this scission, 

because the crystalline phase is directly dependent on disulphide 

bridges to provide stability to the structure45 • The weakening of the 
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microfibrils renders the complex modulus of the matrix more prominent 

and this is demonstrated as an increase of the loss angle (fig. 3-15). 

The loss modulus E11 at high extensions increases with strain and rate 

of strain (fig. 3-12). The increase of strain and rate of strain 

creates more broken (most likely disulphide) bonds on free radicals, 

which are a source of mechanical loss. When the fibre is held extended 

at 40% strain the scission of bonds is accompanied by reformation of new 

ones in a relaxed state (most likely through sulphydryl-disulphide 

interchange) and this implies less mechanical loss; as a result ofthis 

the loss modulus E11 decreases with time (fig. 3-15). 

3.12 The Effects of Extension Cycling 

A fibre was extended in water up to 22% strain at 1.07%/min 

and then released at the same rate of strain. The fibre was sub

sequently in water slack for 24h and the extension cycle was repeated. 

The modulus E1 (1) and loss angle o(1) for the first cycling as well as 

E1 (2) and o(2) for the second cycling are shown in fig. 3-16. It is 

observed that the results of the first cycling are mostly reproducible 

during the second cycling, which is in agreement with Speakman 1 s finding 8 6 

that, after extension of the fibres in water up to a strain of 34.5%, 

the load-extension curve .was largely recoverable if the wool was relaxed 

in water at 18°C for 24h. During retraction the modulus is lower and 

the loss angle higher. The modulus exhibits a minimum during retraction, 

while the loss angle a maximum. 

To better understand these results the loss modulus has been 

calculated for the first cycling and is shown in fig. 3-17; the correction 

g1 (see eq. (3-5) has been effected. The material seems to be less or 

equally lossy for first main part of the retraction, while the material 

becomes more lossy as retraction approaches its completion. The loss 

modulus does not vary as much as the E1 and o vary during the cycling. 
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The variation of E1 and o is obviously another manifestation of the 

two-phase model: the crystalline phase becomes weaker during 

retraction so that the amorphous region manifests itself as an over

shoot in loss angle. The model of course again does not explain the 

causes of the weakening of modulus during retraction but rather 

demonstrates that such a weakening does take place. As to the causes 

of this weakening it can be speculated that it is due to a temporary 

slackening, distortion and disorientation of some structural units in 

the microfibrils. This process accummulates disordered material during 

retractiono Nearly all of this material returns back to order after 

the fibre is relaxed slack in water for 24h. 

To further investigate the effect of extension cycling the 

following test was carried out. A wool fibre was extended in water 

up to 6% strain at a rate of 1.07%/min and then released at the same 

rate. No pronounced overshoot in angle o{l) and no undershoot in 

modulus E(l) was observed (see fig. 3-18) although the angle was higher 

and the modulus lower during retraction. Then the fibre was relaxed 

in water slack for 4h, a time during which the angle and modulus had 

practically recovered. Following this the same cycle was repeated, 

except that the fibre was held extended at 6% strain for 30 min and 

then retracted. This time the angle 6(2) showed a pronounced over

shoot and the modulus E1 (2) showed an undershoot during retraction 

(see fig. 3-18). The same fibre was relaxed again in water for 4h 

and using the same rate of strain it was extended up to 40% strain, 

then retracted and finally extended to break without interruption of 

the cycling (see fig. 3-19). In fig. 3-19 the final extension to 

break is shown as a broken line and the rest .of the cycle as a solid line. 

In all cases of cycling, hysteresis is present in both modulus 

and loss angle measurements. The hysteresis becomes more pronounced 

with increase of strain and duration of time. 
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Some comments on the significance of the above results 

are made below. To start with, a clear distinction must be made 

between the 11 dynamic hysteresis 11 of fig. 3-18 and 3-19 as compared with 

the 11 Static hysteresis 11 of a static stress-strain relationshiplD2; the 

dynamic hysteresis refers to a dynamic quantity (e.g. modulus or loss 

angle) being cycled against static strain, while the static hysteresis 

refers to a static quantity (e.g. stress) against static strain. The 

two types of hysteresis, if observed, imply basically different 

phenomena. To clarify this, consider the 11 Standard linear solid 11 

model (see fig. 1-7), which does have its characteristic static 

hysteresis but does not have a dynamic hysteresis. The static 

hysteresis is due to the viscoelastic character of the model. This 

viscoelastic character is invariant with strain and for this reason 

the complex modulus, which is a function of the viscoelastic constants 

of the model, must be independent of the state of strain (the springs 

and dashpot have invariant characteristic constants at all strains). 

A real material, however, in the present case wool, can present a 

hysteresis for the complex modulus as well (i.e. a dynamic hysteresis)~ 

This phenomenon cannot be regarded as a manifestation of visco

elasticity, but rather as indicating some structural change. To fix 

our ideas, static hysteresis can be due to both the viscoelasticity 

and the structural change (i.e. the change of this viscoelasticity) of 

the material, while a dynamic hysteresis reflects only the structural 

change in the material. The application of a very small oscillatory 

strain at any particular static strain is itself a cycling experiment 

and the complex modulus is a measure of the (purely dynamic) hysteresis 

corresponding to this small oscillatory strain. Because the oscillatory 

strain is very small, the complex modulus samples a region, over which 

the viscoelastic properties may be considered constant . 
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With the application of a large s'tatic strain the material can change 

its structure and this change is revealed in the complex modulus. 

The complex modulus alone cannot lead to the identification 

of the structural units responsible for the changes in the fibre; it 

can only serve as a general guide, which together with other physical 

and chemical properties can lead to such identification. It was 

pointed out previously that the microfibrils are weaker during retrac

tion and this could be due to come distortion and disorientation of the 

a-helices. This distortion and disorientation of the a-form is likely 

to result from the reformation of bonds along the extended C phase, 

the reformation of bonds playing a . stabilising role. 

3.13 · Relaxation During Retraction of an Ext~nsion Cycle 

It was considered useful to examine the effect of relaxation 

during retraction on a cycling experiment for intermediate and high 

extensions. A wet fibre was extended in water up to 17% strain, at 

1.07%/min~held at this extension for 30 min and then retracted at the 

same rate as follows. The retraction was interrupted at 10% strain at 

which strain the fibre was relaxed for 30 min, then again retracted to 

5% strain, at which the fibre was again relaxed for 30 min and finally 

it was retracted close to 0.6% strain (a 10~ cohesive set49 was observed). 

The results are shown in fig. 3-20. Following this the fibre was left 

slack in water for 24h and then extended up to 40% strain at 1.07%/min 

and held at this extension for 48h. The modulus and loss angle for 

this extension is shown in both fig. 3-20 (broken lines) and in fig. 3-21 

(solid line). After the 48h relaxation the fibre was retracted, the 

retraction being interrupted for 30 min each time at the extensions shown 

in fig. 3-21. (Note: the final part of retraction is not shown due to 

a fault of the recorder). It was possible to retract the fibre down to 

1.5% strain (cohesive set ~ 1%) from which with no relaxation it was 
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extended to break (broken line, fig 3-21). 

It is observed from fig. 3-20 that at the fixed retraction 

strains the modulus and loss angle approach the values at the corres

ponding strain during extension. The change of modulus and loss angle 

with time at the fixed retraction strains are not shown, but they are 

similar to those of fig. 3-13 for lower fixed strains and they appear 

to have approached their equilibrium value in the 30 min allowed for 

relaxation. As the retraction of the fibre is resumed after the 

relaxation, the loss angle and modulus quickly approach the level, 

which they would have achieved if relaxation was not allowed during 

retraction. It is possible to understand this by considering that 

the effects of retraction tend to be cancelled during relaxation and 

vice versa, i.e. that the subsequent retraction tends to annul the 

effects of relaxation. It was suggested previously, that during 

retraction bond breakdown, distortion and disorientation of the micro

fibrils possibly occur; therefore during relaxation bond reformation 

and alignment of distorted and disoriented structures may occur, which 

during the ensuing new retraction again suffer breakdown and dis

orientation. 

Finally, it is observed in fig. 3-21, that similar phenomena 

to those of fig. 3-20 take place, except that the retraction curves are 

permanently shifted away from the corresponding extension curves. This 

may arise from the irreversible structural changes occurring at the very 

high extension of 40% and the prolonged relaxation for 48h at this high 

extension. 

3.14 The Effect of strain at Various Frequencies 

Two fibres extended to break in water at 0.18% per min strain 

rate, were oscillated at two different frequencies : 6 Hz and 1500 Hz. 

The results were only slightly different from those of fig. 3-3, the 
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difference not allowing reliable interpretation in terms of structure 

or as an interfibre effect. Thus the effect of change of frequency 

in the frequency range 6 - 1500 Hz does not have any significant 

.effect on the complex modulus as a function of strain for a wet fibre. 

The frequency-temperature effect is examined only in the Hookean region 

in chapter 5. 

3.15 The Effect of Strain on Different Polymers 

Three different types of polymers have been tested for 

comparison purposes. The modulus and loss angle against strain have 

been obtained at 25°C using a strain rate of 0.18% per minute. No 

geometrical correction has been taken into account. 

3.15.1 Terylene 

Terylene is a synthetic fibre produced from the polymer poly

ethylene terephalate. The chemical constitution of the simplest 

fundamental unit of the Terylene polymer may be represented thus: 

A single Terylene polyester fibre was tested in order to examine how 

its compex modulus varies with strain. The fibre was tested at room 

condition, because its modulus was found not to depend on relative 

humidity (its maximum regain being only ~1 % at 100% RH 104 • The 

modulus and loss angle against strain are shown in fig. 3-22. The 

modulus and loss angle are presented in absolute units. 

The modulus decreases between 0.6% and 1% strain and then 

increases monotonically until the fibre breaks; the loss angle changes 

with extension inversely to the modulus. The variation of dynamic 

modulus of terylene beyond 1% at various strains obtained by measuring 

the velocity of sound waves and reported in Meredith's book103 is in 
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general agreement with the present resu l ts. However, the initial 

decrease of modulus with strain and the loss angle change over the 

complete strain range do not appear to have been previously reported. 

' 
. I 

3.15.2 Nylon 

Nylon 66, a man-made fibre, was also tested. The basic 

molecular unit of nylon 66 is 

Since its complex modulus was found to depend strongly on water content 

(which varies between 0% and >8% regain) two single fibres were tested, 

one at 0% RH, the other at 100% RH. The modulus and loss angle against 

strain are Shown in fig. 3-23 for the two cases. The modulus at 100% 

RH increases initially slowly (up to 2% strain), between 2% and 15% 

more radpidly and finally again slowly; the loss angle follows inverse 

changes. The modulus curve at 0% has a higher value but follows the 

same general shape as that of 100% RH; the loss angle shows a very 

small maximum at 2% strain corresponding to the point of change 

in the rate of increase of modulus with strain. The variation of 

dynamic modulus for nylon fibres beyond 1% at various strains obtained 

by measuring the velocity of sound waves at room conditions and reported 

in Meredith's book is in general agreement with the present results. 

However, the remainder of these results does not appear to have been 

previously publishedo 

3.15.3 Cuptesa 

Cupresa is the name of a high-grade continuous filament yarn 

made by the cuprammonium process by Farbenfabriken Bayer at Dormagen. 

The chemical constitution of the basic unit cuprammonium rayon molecule 

is represented by the same formula as that of all cellulose fibres, 

namely: 
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Since its complex modulus was found to depend strongly on water content 

two f1lament yarns were tested, one at 0% RH and one at 100% RH. The 

modulus and loss angle against strain are shown in fig. 3-24 for the 

two cases. The modulus of the wet sample increases monotonically 

with strain while the loss angle changes inversely to the modulus. 

The modulus for the dry sample decreases up to ~2 % strain and then 

increases; the loss angle presents an exceedinglj small maximum at 

~2% strain. The moisture uptake has a marked effect on the complex 

modulus. 

3.15.4 Discussion 

All the polymers tested show a general increase of modulus 

with extension except for low extensions (~2% ). Nylon does not present 

a decrease of modulus for up ~2% strain but only a small increase 

instead; at ~2% strain the modulus of nylon shows a discontinuity in 

the rate of increase with strain beyond this point. Nylon, therefore, 

may have a similar behaviour with extension as cupresa and terylene 

except that the stiffening of modulus overshadows the weakening at 

initial extensions. The initial decrease of modulus may be due to 

the breakdown of weak interactions, while the increase of modulus with 

strain may result from the alignment of the macromolecules. A detailed 

interpretation of these experimental results concerning polymers other 

than wool is beyond the purpose of the present work. 
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3.16 Conclusion 

The measurement of complex modulus of wool against exten

sion has revealed important features of the structure of keratin • 

. The modulus decreases with extension up to intermediate strain level 

and then increases gradually again. The loss angle follows the 

inverse to the modulus changes. The loss modulus, on the contrary, 

can be considered to be relatively constant with extension, showing 

only a small maximum around 3% strain and a slow increase at high 

strains. This sort of behaviour of the three components of the 

complex modulus has been explained mainly in terms of the two-phase 

model. The variation of the component E' reflects mainly the change 

of stiffness of the C phase. The variation of the loss angle of the 

fibre is also due to the change of stiffness of the C phase, the 

magnitude of the variation depending on the water content of the M 

phase. The very small variation of E" with extension is in agreement 

with the viscoelastic properties postulated for the two phases, i.e. 

that the M phase behaves as a viscous liquid with constant visco

elastic parameters while the C phase is practically elast~c at all 

extensions with varying stiffness. The two-phase model further has 

enabled the construction of the static stress-strain curve from 

dynamic data, this again justifying in the main the viscoelastic 

properties assumed for the model. 

The increase of water content shifts the modulus curves to 

lower values, the magnitude of the variation of the modulus with strain 

not being practically affected. · The loss angle curves are shifted to 

higher values and the magnitude of variation with strain increases, 

when the water content increases. This effect has also been explained 

in terms of the two-phase model. 

The strain rate is a controlling factor of the intensity of 
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the structural changes occurring'during extension. The relaxation 

of complex modulus with time at a fixed strain has revealed two 

relaxation processes, namely one short-term process present at all 

strains and a long-term process being dominant at high strains. 

The extension cycling has revealed that during retraction 

the C phase is weaker at any particular strain than it is during 

extension at the same strain. This has been attributed to some 

distortion and disorientation of the a-helices during retraction. 

If the fibre is relaxed at a fixed strain during retraction the dis

tortion and disorientation in the C phase tends to disappear with time. 
i 

The frequency change in the range 6 to 1500 Hz . does not 

have any marked effect on the complex modulus as a function of strain. 

Terylene, Nylon and Cupresa have also been tested and their 

complex modulus as a function of strain differs markedly from the 

results for keratin, indicating a basically different molecular structure. 
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·c ·H APT ER 4 

THE COMPLEX MODULUS DURING SORPTION 

4.1 Introduction 

Important phenomena during water sorption have been observed 

by various workers. In this chapter the dynamic mechanical properties 

of keratin fibres at a constant frequency and temperature have been 

studied during absorption and desorption. The effect on the complex 

modulus of an applied fixed strain on wool fibres during integral 

changes of relative humidity has been examined. Finally, the effect 

of regain cycling between wet-dry-wet states was tested. 

All measurements in this chapter have been carried out at a 

constant temperature of 25°C and a constant frequency of 116 Hz 

(except in one case where f =84Hz). 

4.2 Transient phenomena during absorption of water by 

keratin fibres 

Mackay and Downes6 2 have shown that when a single wool fibre 

has its environment changed from dry conditions at about 0%- relative 

humidity to highly moist conditions at 95% relative humidity the 

torsional rigidity falls rapidly to almost zero and then slowly 

increases until equilibrium at 95% relative humidity is attained. 

They also showed that the lowest value of rigidity is reached approx-

imately when the fibre has attained maximum regain. Feughelman and 

Robinson33 have also shown for a single wool fibre extended a few 

per cent, when it is taken from 0% R.H. into water (100% R.H.), that 

the longitudinal force in the fibre drops rapidly to a minimum and 

then increases slowly to come to an increased equilibrium value in 

water. The recorded minimum value of force in the fibre again corres

ponded to the time necessary for the fibre to reach maximum regain. 
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Nordon 75 has similarly shown from torsional measurements on wool 

fibres that when the relative humidity of the environment of a fibre 

is increased, the change results first in a reduction and then a 

partial recovery of the rigidity of the fibre. 

The effect of changes in the relative humidity on the 

electrical conductivity and the dielectric constant of wool fibres 

were examined byAlgie and ~Jatt 1 , 2 • They observed overshoots in the 

dielectric constant and conductance measurements vs time following 

step changes in relative humidity. 

Watt9 3 also reported overshoots in the length swelling 

accompanying the water absorption. 

More recently Shishoo and Lundell 81 using N.M.R. technique 

were able to demonstrate for some treated wools that the line width 

of the N.M.R . absorption, exhibits a minimum during the process of 

humidifying the wool fibres. 

All these experiments suggest some structural change within 

the keratin structure produced by the front of moisture entering the 

wool fibre. In the present work further evidence for structural 

changes occurring in keratin fibres during moisture sorption is 

reported. 

4.3 The Complex Modulus at Low Extensions Follo~Jing Changes 

in Relative Humidity 

Interesting phenomena have been observed during sorption 

in keratin fibres at low extension. In Chapter 3 the wool fibres 

tested could not however be examined at very low extension, i.e. 

below approximately 0.6% extension because of the fibre slackening. 

Because of this it was not possible to test a wool fibre held at 0.6% 

extension during a sorption experiment in which the fibre can swell 

longitudinally by as much as 1.4%. This difficulty was overcome by 
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I 

the use of horse hair samples, as is explained in the following 

subsection. 

4.3.1. Tests on Horse Hair 

The large diameter of a horse hair (around 190 ~) 

requi~es a large force to extend the fibre. This force is 

sufficiently large even at low extension to displace the vibrating 

(free) end of the fibre upwards by a large amount. This displace-

ment of the free end can be as high as 500 ~ until the 11 maximum 11 in 

modulus measurement at ~0.6% strain is reached (see fig 3-1). The 

last 200~ or 300~ of this displacement was found to correspond to 

a negligible true strain on the fibre because it followed the dis-

placement of the clamped end very closely and the 11 maximum 11 in 

modulus measurement was nearly attained. This proved to be an 

advantage, allowing the performance of experiments at low extensions 

during sorption. Also, it allowed the simultaneous measurement of 

longitudinal swelling by recording the d-e output of the strain gauge. 

A preliminary result on the loss angle and the swelling of 

a horse hair during sorption has been published by the authorl8. The 

loop length of the sample was 2 cm, its diameter 197 ~' the frequency 

of vibration 84 Hz and the amplitude of vibration 4 ~. The fibre 

was held at a low extension while the relative humidity was changed 

from 0% to 85%. The simultaneous change of modulus, loss angle and 

longitudinal swelling is shown in fig 4-1. The measured quantities 

have been plotted against square root of time, because this has been 

the practice by many workers for sorption experiments89 (Fickian 

absorption gives a /t dependence). For convenience this practice 

also suitably compresses graphs over long periods. An observation 

of the graphs reveals two distinct regions for modulus change; the 

first region corresponds to a fast decrease up to about lOO min 
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followed by a slow decrease for the next 24 h. The loss angle 

increases during the first stage and then decreases slowly, while 

the longitudinal swelling has reached more than 90% of its total 

change within the first stage, followed by a very slow increase. 

A minute fraction of the loss angle overshoot could originate from 

the small slackening of the sample because of swelling (this small 

fraction is an artifact according to section 3.3 and fig 3-2). 

However, the overshoot in loss angle represents a genuine structural 

change in the fibre, otherwise the continuous swelling beyond the 

100 min means an increasing slackening which should result in a con

tinuous increase of the loss angle beyond the 100 min. Besides, it 

was checked and found that after the fibre was swollen, it still held 

very close to the 11 maximum 11 of modulus, a fact indicating that the 

fibre was still taut and the effect of slackening had not appeared. 

More experiments were performed at a frequency of 116 Hz 

with horse hair under the conditions of low extension as outlined 

above. The fibre was conditioned in a dry atmosphere for 24 h and 

then an abrupt change of relative humidity was brought about from 0% 

R.H. to a relative humidity corresponding to one of the following 

regains 4, 8, 12, 16, 20, 24, 28, 33%. Step changes of relative 

humidity were also performed between consecutive values of the above 

list. In all cases the general characteristics of the graphs in 

fig 4-1 were present. 

The effect of tension on the sample was also examined: 

sometimes it was observed that the loss angle showed a new increase 

past the overshoot. This was dependent on the final value of 

relative humidity and/or the tension under which the fibre was held. 

This phenomenon was more pronounced with increase of either the 

tension or the final regain. 
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When the tension (or extension) was sufficiently low the 

overshoot in loss angle was more pronounced, while the longitudinal 

swelling presented as well a small but well defined overshoot 

simultaneously with the loss angle. The increase of the intensity 

of the overshoot of the loss angle is believed to be at least partly 

an artifact (this was verified to be the case by increasing the 

tension, after sorption equilibrium was obtained, and showing that 

the loss angle decreased with tension - see section 3.3). The 

observed overshoot in longitudinal swelling is in agreement with the 

results by Watt. 

Due to the above mentioned systematic errors in the appara

tus at low extensions the exact values of the results obtained are 

not quoted. However, their relative magnitudes should be significant. 

One result believed to be accurate in absolute terms is quoted below. 

This result was obtained for a horse hair with 180 p (wet) diameter, 

1.9 cm loop length, and a frequency of 116 Hz. The fibre was con

ditioned slack at 52.9% RH for 48 h then it was extended a little 

beyond the 11 maximum 11 of modulus and following this the chamber was 

flooded with distilled water. The results are shown in fig 4-2. 

In the same figure the calculated loss modulus E11 has been plotted. 

The two moduli, E' and E11
, refer to the wet cross-sectional area at 

all times. The loss angle curve shows a pronounced overshoot, and 

so does the loss modulus E". The modulus E' exhibits a very shallow 

undershoot. The longitudinal swelling is nearly completed a short 

time before the overshoot in loss angle occurs, while the undershoot 

in modulus E' occurs a short time after the overshoot in loss angle. 

Another feature of the loss angle and modulus curves is that they show 

an early inflection as a function of (time)~. With regard to the 

overshoot of the loss modulus E11 curve it should be pointed out that 
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this does not have a direct connection with possible structural 

changes, because a correction for the cross-sectional area variation, 

as the fibre swells, modifies significantly the shape of the curve. 

Such a correction is not attempted, of course, because the water con-

tent or a direct measurement of the fibre diameter against time could 

not be obtained. However, at the initial relative humidity i.e. at 

t = 0 sec and RH = 52,9%, the correction factor is available in 

table 3-1 (it equals 1.228). The use of this factor raises the 

initial value of E" = 12.5 x 10t8 dynes/cm2to 15.4 x 108 dynes/cm2, 

which is almost equal to the value at the overshoot (15.7 x 108 dynes/ 

cm2). The equilibrium value of E" of the wet fibre is lower than the 

initial equilibrium value at 52.9% R.H. and this change is in agree

ment with the general trend of change of E11 with R.H. as shown in 

tab 1 e 3-1. 

4.3.2 T~sts Oh Liht6lh Wool 

Feughelman and Robinson47 showed that the turnover 

point between Hookean and yield region on the stress-strain curve of a 

wet fibre occurs at the same absolute length at any relative humidity. 

This turnover point corresponds to the extension, at which the ordered 

a-keratin helices of the microfibrils in the wool fibres are just at 

the point of unfolding. This means that the extension of a fibre to 

a strain at the turnover point at all moisture contents brings the 

keratin structure to the same state of displacement. This observation 

led to the conduction of the following tests on the same single Lincoln 

wool fibre. The fibre was first conditioned at 100% R.H . and then 

extended to 0.6% strain (corresponding to the 11 maximum" of dynamic 

modulus). Following this the fibre was held at 0% R.H. for 24 h and 

then conditioned at a particular relative humidity X% for the next 

6 to 8 h. Finally the atmosphere was brought to 100% R.H. again for 
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24 h in order to start a new conditioning cycle with a different X% 

R.H., which took on the following values: X%= 11, 33, 52.9, 73.8, 

85, 98, 100%. During these tests the absolute length of the fibre 

was practically constant, a very small contraction of less than 0.1% 

occurring during drying (the fibre diameter was around 45 ~ and the 

increase of tension during drying was not capable of contracting the 

fibre more than 0.1%). It was verified that the fibre was at the 

same state of strain, each time it was conditioned at 100% R.H. i.P.. 

the modulus was always at its 11 maximum 11 value. The results thus 

obtained for the loss angle and modulus are shown in fig 4-3 and 4-4 

correspondingly. These results confirm the ones obtained with horse 

hair. The overshoots as well as the secondary long-term increase in 

loss angle are again present. The overshoots, however, are of much 

less intensity probably because of the very early appearance of the 

secondary increase, which obscures the prominence of the overshoots. 

The graphs of fig 4-3 reveal the important feature that the overshoots 

occur at a shorter time and their width decreases with increase of 

relative humidity. The secondary increase in loss angle also occurs 

at a shorter time and becomes more intense with increase of relative 

humidity. The value of modulus for the dry fibre is approximately 

2.3 relative units, a value somewhat lower than the recorded value of 

2.45 relative units in chapter 3. Finally the early inflection on the 

loss angle and modulus curves as a function of (time)~ is again present. 

4.4 Qualitative Explanation of the Results 

The two-phase structure of keratin combined with the known 

change of modulus and loss angle with static strain as found in chapter 

3, can give an adequate explanation for the transient phenomena reported 

in this chapter. 
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During absorption the water has a double effect on the 

structure of keratin fibres namely a weakening as well as a swelling 

effect. Because of the small size of water molecules, they can gain 

access to the internal structure of the phase M where, through their 

polarizability and ability to form polar interactions they distribute 

themselves in the fibre, so as to concentrate in regions of high 

electric field intensity. The molecules of water concentrate around 

accessible charged and.polar groups and, being highly polarizable, tend 

to attenuate the electric fields associated with these groups. The 

result is to reduce the interaction between neighbouring polar groups, 

that is to produce shielding. The overall effect of the water is to 

moderate and average out the internal electric fields in the fibre. 

The swelling of the wool fibre due to the presence of water is extremely 

marked. The longitudinal and lateral swelling for the fibre from the 

dry to the wet state are about 1.2% and 16% respectively85 . Feughelman 

and Nordon38 calculated that the matrix alone should swell volumetric

ally by a considerable degree equivalent to a purely 42% lateral change. 

Phase M tends to swell isotropically. However, phase C b~ing much 

stiffer than phase M confines the swelling of the phase M in the 

lateral direction. This means that phase C will have high forces 

in the extension direction applied to it by phase M. The extension 

of phase C corresponds to the extension of the whole fibre. It is 

proposed now that the a-helices in the phase C of an unextended fibre 

are strained during absorption and subsequently retract slowly back to 

their natural length. The transient extension of the C phase implies 

a transient decrease of its modulus according to fig 3-10 or 3-11 

(bottom). This transient decrease of modulus Ec amounts to about 

10% (corresponding to about 1.2% strain). A qualitative presentation 

of the components of the complex modulus is shown in fig 4-5. The 



(./) 
t--z I ::::> 

\ 

> \ 
et: \ 
<! \ 
0:: 

~ ...... -m 
a::: 
<! 

,.....----------
/" 

--
\'-- --

\ 
\ 

' ' ....... ..... ---

E = Ec +Em 

Ec -- --

--- ----

TIME 

Fig . 4-5 A qualitative representation of the simultaneous 

change of Ec, Em' E and o with time for a keratin fibre after 

a step cha nge of r elative humidity . 



- 86 -

' modulus Em (curve Em) of the phase M should be a monotonically 

decreasing curve corresponding to the continuous weakening effect as 

the water penetrates this phase. The modulus Ec of the phase C 

shows an undershoot corresponding to the straining of the a-helices. 

The curve E = Ec + Em is the modulus of the total fibre and has the 

same characteristics as the experimentally obtained curves. The 

undershoot in Ec occurs when the swelling i.e. the absorption is nearly 

completed. At this point of time the modulus vector for phase ~1 

(see fig 3-9) has reached nearly its final value and therefore the 

loss angle for the total fibre would also have reached closely to its 
l 

final value as shown by the broken curve for o. However, because of 

the undershoot of Ec the loss angle should exhibit a value in excess 

of the expected (solid curve o). From this point onwards the 

modulus vector for the phase C starts increasing slowly as the phase 

retracts and this means that the loss angle must decrease accordingly. 

The above qualitative analysis provides one possible mechanism 

responsible for the overshoot of the loss angle curve for the whole 

fibre. That is, the overshoot implies a transient extension of the 

microfibrils accompanied by breakdown and reformation of bonds, 

probably of the hydrogen bonds within the a-helices. However, polar 

bond breakdown and reformation takes place in the matrix as well, as the 

water front penetrates this phase. In other words, the matrix passes 

through a gel-sol-gel state during absorption, which could result in a 

maximum of energy absorption and might show up as an overshoot in loss 

angle. Although structural changes do take place in both phases, it 

is proposed here that the structural changes mainly in phase C, are 

responsible for the overshoot in loss angle for the whole fibre. The 

change of o with time during absorption confirms previously expressed 

ideas 38 that a maximum of bond-breakdown and reformation is in 

progress in the fibre structure just as maximum swelling is reached. 
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At this stage the structure is at its maximum mobility. Beyond 

this point in time the structure comes progressively to equilibrium 

with the rate of bond breakdown and reformation considerably reduced 

and with more bonds unbroken the behaviour of the fibre becomes more 

elastic. 

The results of tests on Lincoln wool fibres can be 

explained by using the mechanisms proposed above. The occurrence 

of the overshoots in loss angle at shorter times and the concomitant 

decrease of their width with increase of relative humidity is due to 

the faster penetration of water into the structure on the one hand 

and the faster relaxation of the structure on the other. The re

traction of the a-helices extended due to the swelling action of 

water in the matrix is facilitated by the plasticizing action of 

water; again, due to the plasticizing effect of water the reforma

tion of bro ken bonds in the amorphous region takes place at a shorter 

time. 

The secondary increase in loss angle with time observed 

during tests on horse hair and Lincoln wool fibres could be attributed 

to the progressive weakening of the phase C due to long-term bond 

breakdown within this phase or interactions between this phase and 

phase M. Also, in part this slow increase of loss angle may result 

from second stage sorption of water90. 

The temperature rise because of heat evolution during 

absorption of water by keratin fibres is not believed to be respons

ible for the appearance of the overshoots in loss angle for the 

following reasons: firstly, the rise of temperature around the fibre 

implies a decrease of relative humidity and hence would result in a 

decrease in loss angle and not the increase obtained at the overshoot; 

secondly, it will be shown in chapter 5 that the loss angle for a wet 

or nearly wet fibre decreases with increase of temperature, again in 
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contradiction to what happens at the overshoot; thirdly, the heat 

effects should be minimal during the experiment in which water was 

used to change the relative humidity from 52.9% to 100% (see fig 4-2). 

4.5 Corroborative Evidence from Published Work 

All avenues of investigation likely to contribute to the 

ultimate interpretation must be explored. There is much experimental 

evidence in published works, which is compatible with the results 

presented in this chapter and supports the proposition given here, and 

vice-versa. Some of this evidence is given below. 

4.5.1 Experiments with D2Q 

For wool fibres placed into D20 about 70% of the amide 

hydrogens are replaced by deuterium. The unexchanged hydrogens belong 

to the peptide chains of the ordered a-helices 38 • Haly and Feughelman 

showed that by drying and wetting wool fibres in D20 five hundred 

times about 90% of the amide hydrogen in the peptide chains is 

replaced by deuterium. This result indicates that during the 

sorption process from dry to saturation a transient increase of 

accessibility of the wool fibre occurs . Such a transient increase 

of accessibility vtoul d result from a sorption process causing increase 

of accessibility in the phase C by bond \'leakening or disruption 

followed by a return to equilibrium accessibility by bond reformation. 

This finding is in direct agreement with the proposal that the a

helices are extended as the water front penetrates the structure and 

afterwards they retract back to their equilibrium length. 

4.5.2 Stresses Developed Due to Regain Change by Absorption 

When a fibre is held extended in the Hookean region at 

any constant relative humidity, the stress developed relaxes always to 

an equilibrium value corresponding to a modulus of 1.4 x 1010 dynes/cm2 5 ~ 
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The relaxation time varies between 5.2 x 102 min for a dry fibre 

and 6.6 x lo-1 min for a wet fibre 5 0 (relevant experiments are 

reported in chapter 5). The relaxation occurs in the phase M 

and the equilibrium value of stress reached in all cases is due to 

the phase C. Thus the stress sustained by each phase depends on the 

time scale of the experiment as well as on the regain of the fibre. 

For a wet fibre it can be said that the static stress is nearly com

pletely attributable to the phase C, while at lower water content the 

matrix plays an increasing role. If, now, an initially dry wool 

fibre held at 1.5% strain is conditioned for 11 min at 49% R.H. and 

subsequently placed in water, the stress passes through a minimum 

level, which is more than 30% lower than at the final equilibrium 

level 5 ~. By the time the undershoot in stress occurs the water up

take is nearly completed and the fraction of stress supported by the 

phase M is negligible. Besides, a wet matrix can under no condi-

tions support a stress of such level equal to the amount, by which 

the stress increases with time after the undershoot occurs. Thus, on 

the basis of the two-phase model for a wool fibre, the minimum in stress 

during absorption would be interpreted to mean that for a short time 

there is a decrease in the stress supported by the phase C. This 

decrease may indicate a transient opening up of the C structure. It 

was mentioned in an earlier section that during a change from 0% to 

94% R.Ho the torsional rigidity of the fibre also falls rapidly and 

then slowly increases until the equilibrium rigidity at 94% RoH. is 

reached62. If, as proposed by Feughelman31, for a fibre being twisted 

most of the shear strain is taken up by the M phase and the torque due 

to the fibre is controlled by the shear properties of the M phase, the 

latter phase passes through a gel-sol-gel state during absorption and 

thus it is partly responsible for the undershoot in stress observed. 
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4.5.3 Kin~tit studi~~ of th~ wool~Wat~t Sy~tem 

Kinetic studies of the wool-water system have been 

undertaken by various workers21,91,63,93,89~92. It has been observed 

that small changes in relative humidity cause sorption and desorption 

processes which occur in two distinct stages. The second stage is 

much longer in duration than the first and occupies some hours. Th~ 

first stage is associated with a diffusion mechanism, which may be in 

accordance with Fick's law21 ,92, while the second stage is associated 

with some structural relaxation mechanism. Both absorption and de-

sorption to and from high water concentrations in wool is anomalous 92 

i.e. does not obey Fick's law. The distinguishing features of this 

anomalous sorption are that the uptake curve shows an inflection as a 

function of (time)~ and the initial rate of desorption is faster than 

the initial rate of absorption. An additional deviation from Fickian 

behaviour are the concentration overshoots on absorption, which are 

only observed with final relative humidities above 80%. All the 

above anomalous features of the variation of water content with time 

observed during absorption bear a great similarity with those observed 

for the variation of the complex modulus during absorption. The 

mechanisms proposed to explain the behaviour of complex modulus can 

be readily used to explain the sorption features as well. That is 

the phase M alone with an absence or a minimum of backbone constraints 

may absorb water according to Fick's law; however, the existence of 

the C phase opposes the absorption of water by opposing the swelling 

effects of the water (Le Chatelier principle). Increased constraints 

to swelling reduce the water absorption and a removal of swelling con-

straints , allows increased absorption. In keratin the main constraint 

to swelling are the ordered a-helices, which are extended during the 

first stage of absorption; following this stage, they retract and 

gradually release the phase M from constraints. This relaxation of 
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the phase C is responsible for the second stage of absorption. The 

relaxation times of the phase C depends on the water content in the 

fibre, which acts as a plasticizer. A large change of relative 

humidity causes both the diffusion and relaxation mechanisms to act 

simultaneously with the result that the sorption becomes character-

istically 11 anomalous 11
• 

Other workers in their kinetic studies of the wool-water 

system have come to general conclusions, which corroborate the views 

expressed in this work. Thus, Bagley and Long4 considered the 

second stage to be additional desorption or absorption resulting from 

the slow rearrangement of interchain bonds brought about by the change 

of penetrant concentration during the first stage. Barkas suggesteds 

that sorption hysteresis is dependent on the mechanical hysteresis; 

from this Watt concluded for the wool-water system9l that no hysteresis 

is shown on desorption from the quasi-equilibrium prior to second stage 

sorption but considerable hesteresis is exhibited on desorption after 

second stage absorption, that mechanical rearrangement of the fibres 

does not occur during first stage absorption but coincides _with second 

stage absorption. Watt91, using the hypothesis that the second-stage 

absorption occurs as a result of the stresses set up in the wool fibre 

by the first-stage absorption showed quantitatively that his data on 

the relative size of the second-stage absorption is consistent with 

the idea of an osmotic balance between the expansion pressure of 

absorbed water and the cohesive forces of the fibre. Fujita, 

Kishimoto and Odani 5 3 showed that when a polymer was partially 
1 

crystalline the curve of moisture uptake against (time)~ assumed a 

non-Fickian sigmoid shape at high initial penetrant concentrations. 

This anomalous sorption appears to be concomitant with a non-absorbing 

stiff phase in the presence of an absorbing weaker phase. 
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Further corroboration is derived from studies of the long~ 

itudinal swelling of keratin fibres during absorption. Watt93 

reported from a series of interval absorption steps at high humidities, 

where the fibre length undergoes a transient increase that: 

{i) the length reaches a maximum value more quickly than 

the water content; 

{ii) this maximum is reached more quickly with increasing 

humidity; 

(iii) the magnitude of the transient elongation decreases 

above 90% Relative Humidity; 

(iv) the time required for the length to drop to the 

equilibrium value decreases as saturation is approached. 

Later, Mackay and Downes63 using an improved sorption 

vibroscope reported the existence of undershoots with time on the 

desorption curve, when a small change of relative humidity is applied. 

The transient length changes following abrupt humidity changes are 

evidently associated with disruption in the phase C93 , The features 

of length swelling listed above are in excellent agreement with the 

observations made on the overshoots in loss angle during the tests of 

Lincoln fibres as reported earlier. 

In the above, only a few examples were chosen to demonstrate 

the validity of the suggestions made to explain the behaviour of the 

dynamic mechanical properties of keratin fibres during absorption. 

Further, a large range of published data (ranging from the electrical 

properties of keratin to the variation of the diffusion constant with 

regain, to the variations in the equilibrium weight of wool at zero 

humidity etc.) can be re-examined in the light of the interaction of 

the two phases of keratin; however, this goes beyond the scope of the 

present work. 
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4.6 . · rh~ Co~pl~~ MOd0lUS DUrihg AbSOtption ·ahd D~Sotption 

at Fix~d Extensions 

Up to this point the complex modulus has been examined only 

during absorption at low extensions of the keratin fibres, however, 

it was considered important to investigate the variation of complex 

modulus at different constant extensions during both absorption and 

desorption. These measurements, it was expected, would yield more 

information on the structural changes within the fibre with increase 

of extension. 

Lincoln wool fibres were used for the tests. Prior to 

the test each fibre was conditioned slack at 100% R.H. for 24 h and 

then extended to X% strain at a strain rate of 1.07% per minute. 

The fibre was held at this extension X% for 30 min after which the 

relative humidity was changed to 0%. The modulus and loss angle 

were recorded during desorption until they seemed to have reached an 

equilibrium value. The drying lasted for 24 h and subsequently the 

relative humidity was changed back ~o 100%. The modulus and loss 

angle were again recorded until they again appeared to have reached 

an equilibrium value. Six fibres were tested using the above 

procedure, the value of the constant strain X being 0.6, 5, 10, 20, 

30, 40% respectively. The modulus and loss angle during desorption 

are shown in figures 4-6 and 4-7 correspondingly with the percentage 

of the constant strain X indicated with each curve. The modulus and 

loss angle during absorption are shown in figures 4-8 and 4-9 in the 

same way. One more Lincoln wool fibre held at 10% fixed strain was 

treated as above, except that the final conditioning to 100% R. Ho was 

performed by introducing water into the chamber and not by saturating 

the atmosphere with vapour. The result during absorption is shown 

with broken lines in figures 4-8 and 4-9. Finally, one Lincoln wool 

fibre underwent the fbllowing treatment: it was conditioned slack at 
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100% R.H . for 24 h, then extended to 11% strain at 1.07% per min 

and held at 11% strain for the following 30 min. Subsequently, 

the fibre while held at the fixed strain was dried for 24 h and 

eventually it was extended to break in dry conditions by using a 

strain rate of 1.07% per minute. The modulus and loss angle with 

strain during the final extension in dry conditions are shown in 

figure 4-10 with dotted curves. Observations and discussion of 

these results follow. 

4.6.1 Desotption 

It is observed that the modulus during desorption 

generally increases with time to some equilibrium value depending 
' on the fixed strain at which the fibre is held. Wherever portions 

of the various curves almost overlap with one another, the curves 

have been drawn discontinued for clarity. The exact equilibrium 

values of modulus for dry fibres at various constant strains is 

shown as curve (d) in figure 4-10 from which it is observed that 

the equilibrium dynamic modulus decreases with strain up to 20%. 

and beyond that it remains practically constant. During desorption 

the loss angle decreases with time and it reaches practically the 

same low level regardless of strain. 

The curve (d) for modulus in fig. 4-10 has the same general 

shape as the one for modulus against extension for a wet fibre. (See 

fig. 3-4 for a wet fibre). A comparison of the shape of this wet 

curve neglecting the absolute level, redrawn as curve (w) with the 

curve (d~ is shown in fig. 4-10. The curve (w) has been plotted so 

that the initial level at zero strain coincides with curve (d). It 

is observed that the two curves are close to each other for fixed 

strain up to ~15%. This implies that the phase C remains basically 

unaltered upon drying the fibre from the wet state for fixed strains 
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up to ~15%. Beyond this strain the phase C appears to be weaker 

upon dryin9, I'Jhich is comnatible vlith the fact that the modulus 

decreases with time when a wet fibre is held at a fixed strain 

higher than =15% (see section 3.9). Thus the effect of the phase M 

upon drying a wet fibre is as follov1s. It raises the modulus of the 

total fibre by a component which is practically invariant with strain; 

this component corresponds to the increase of modulus of the M nhase 

itself. 

The conclusion from the similarity of curves (d) and (w) is 

further supported by the behaviour of modulus E' (curved') and loss 

angle 8 (curve 8) against extension as shown by the dotted curves of 

fig. 4-10. This result was obtained by continuously extendinq a dry 

fibre from 11% strain up to the breaking point, after the fibre was 

extended at a fixed strain (11%), at 100% R.H., relaxed for 30 min and 

subsequently dried at 0% R.H. The dotted curves present all the 

characteristics of a normal unextended dry fibre (see fig. 3-4) with 

an abrupt decrease of the dynamic modulus and a corresponding increase 

of the loss angle. The marked increase of the initial slope of the 

curve (d') as compared wi th the slope of the curve (d) at 11% strain 

arises from the fact that the opening up of a-helices for the case of 

curve (d') is inhibited by a dry matrix which would result in more 

a- helices opening up to obtain the same strain level. For a dry fibre 

a -helices do not open up completely into B configurations because of 

steric hindrances; hence more helices must be partially unfolded to 

obtain the same strain when comoared with the unfolding of a-helices 

to B chains in a wool fibre extended in water 9 • The fact, however, 

that the loss angle (curve (8)) starts from the same low value as 

that of an unextended fibre needs closer consideration. Upon 

drying a fibre from the wet state at any fixed extension, the loss 

angle achieves the same final low value as that of an unextended dry 
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fibre, as pointed out earlier. This suggests that the structural 

state of the wool fibre dried from the wet condition at any extension 

is similar to the initial state of the unextended dry fibre. As far 

as the matrix is concerned drying from the wet condition at any strain 

certainly achieves a dry matrix set in a state similar to an unextended 

dry fibre. Furthet' extension of this latter set fibre when dry will 

create stresses in a network of bonds similar to that when straining 

an unextended dry fibr~. 

4.6.2 Absorption 

It is observed that the modulus during absorption 

generally decreases with time to some equilibrium value depending on 

the fixed strain, at which the fibre is held. Wherever portions of 

the various curves almost overlap with one another, the curves have 

been drawn discontinued for clarity. The equilibrium values of 

modulus at 100% R.H. have been plotted with (fixed) strain as curve 

E'(2) in fig. 4~11; for comparison the modulus just before desorption 

is also plotted with (fixed) strain as curve E'(1). During absorp

tion the loss angle generally increases with time (fig. 4-9) to 

some equilibrium value depending on the fixed strain at which the 

fibre is held. The loss angle against (fixed) strain is also plotted 

in fig. 4~11 for just before commencement Of desorption (curve o(l:))as 

well as when equilibrium was nearly achieved at 100% R.H. after 

absorption (curve 8(2)). From fig. 4-11 it is observed that in 

general E'(2) < E'(1) and o(2) >o (1) and the inequality becomes 

more pronounced -with strain. The important feature, though, is that 

the fibre recovers, in the main, its previous structural state, as 

though the desorption cycling had no major effect, except for the 

inequaliti~s stated above. When the relative humidity is changed 

from 0% to 100% using water vapour, the loss angle change with 
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1 I 

(time)~ showsan abrupt increase and subsequently a slow increase. 

The magnitude and speed of the abrupt increase is almost independent 

of fixed strain, while the slow increase is strongly dependent on 

the fixed strain. When from 0% R.H . the fibre (at 11% fixed 

strain) is wetted with water the loss angle shows a pronounced 

overshoot and finally it increases again by a small amount and 

slowl~ as shown by the broken line in fig. 4-9. The latter 

result proves that the overshoots observed at low extensions are 

genuine and that the structural behaviour of keratin during absorp-

tion is similar at higher extensions. However, the structural 

changes during absorption depend strongly on the way the condition-

ing of the surroundings is performed. Thus the overshoots in loss 

angle were not observed, when water vapour was used, probably 

because the secondary slow increase overshadows a possible tendency 

for an overshoot. This secondary slow increase is probably of the 

same origin as the one described during absorption at low extensions. 

In summary, there are three phenomena occurring during absorption: 

one responsible for the initial abrupt increase of loss angle, a 

second responsible for the decrease of loss angle after the over

shoot occurs and a third responsible for the secondary increase in 

loss angle, Their relative importance depends on the path the 

environmental changes follow, 

The main factor likely to be decisive on the structural 

behaviour of keratin during absorption is the heat evolution. The 

important role of temperature in the wool-water sorption system is 

not always fully appreciated. Two examples may serve to emphasize 

the magnitude of the effect22 : (1) if the water content of a wool 

sample near saturation is changed under adiabatic conditions by 1%, 

then the temperature of the sample will change by about 12°C 

(2) in a system initially containing water vapour at saturation 
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pressure at 20°C, if the temperature is increased by 1°C while the 

vapour pressure is maintained constant, then the relative pressure 

is reduced to 94% and the corresponding equilibrium water content 

of wool is reduced from 33% to about 26%. When keratin absorbs 

water vapour, the total quantity of heat liberated consists of the 

heat of condensation of the water vapour plus the heat of reaction 

of the water with keratin . The heat of reaction varies with the 

water content of the keratin. When the dry keratin is saturated 

(33%) from the liquid phase the heat evolved amounts to approx. 

220 cal/gr of wool 72 , while the heat of absorption from the vapour 

phase is 660 cal/gr of wool, It appears thus tha t the heat effects 

are minimized, when the water is absorbed from the liquid phase, 

both because the heat evolution is considerably less and because 

of the higher heat capacity of the water . 

A considerably higher rate of water absorption (e.g. in 

water) results in a considerably higher rate of swelling i.e. in 

a higher rate of extension due to swelling. In chapter 3 it was 

found that the rate of extension is responsible for signifJcant 

structural changes in the fibre , This observation provides an 

explanation for the different behaviour of the dynamic mechanical 

properties of keratin during absorption from the liquid as against 

the vapour phase. 

4,7 · C6nclu~ion 

It has been observed that, when the relative humi·di'ty around 

a keratin fibre is increased abruptly by any given amount the loss 

angle goes through a maximum value with time, while the rate of 

change of the modulus shows a sharp discontinuity at the time of 

the maximum of the loss angle. These phenomena appear, when the 

fibre is held at a low fixed extension. They are also present 
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when the fibre is held at a higher fixed strain provided that the 

relative humidity increase is extremely fast and the temperature 

effects are eliminated; such is the case, for example, when the 

fibre is immersed into water. This characteristic change of the 

complex modulus with time has been interpreted to mean a general 

increase of mobility in keratin at the molecular level, This 

mobility must take place in both phases: the phase M must be at 

a maximum mobility, since it has to accommodate its marked swelling 

mainly in the lateral direction, the longitudinal swelling being 

inhibitea by the C phase. The latter phase C also passes through 

a state of maximum mobility, since it undergoes a transient exten

sion by the swelling forces of the M phase, Thus the transient 

increase of mobility of the structure of the whole fibre combined 

with the transient weakening of the C phase result in the maximum 

of the loss angle and the abrupt change of the rate of decrease of 

modulus with time. 

When a keratin fibre at a fixed strain is dried from the 

wet state, the modulus increases to a value above that, wh)ch it 

would have, if the fibre were extended in the dry state to the 

particular fixed strain; the loss angle decreases correspondingly 

to the value, which the unextended dry fibre has. These observations 

have been suggested to mean that the dried fibre at the fixed strain 

has less a-helices opened out than it would have if the fibre was 

extended in the dry state from zero up to this particular strain. 

This particular effect arises from the steric hindrance to unfolding 

of a-helices when a fibre is extended in the dry state as against 

extension of the wet state. This hindrance means that to obtain 

the same strain level more a-helices have to be unfolded, 

Finally, it has been found that, when a wet fibre is dried 



~ lOO ~ 

and then rewetted, while it is held at a fixed strain, the fibre 

achieves, in the main, the same structural state as in the original 

strained wet case; the modulus, however is a little below and the 

loss angle a little above their corresponding values in the initial 

wet case. 



- 101 .. 

C H A P T E R 5 

THE TIME~TEMPERATURE DEPENDENCE OF THE COMPLEX 
MODULUS OF KERATIN FIBRES 

5.1 Introduction 

The complex modulus tester developed and described in 

Chanter 2 has been successfullv used to studv the dvnamic modulus of 1 V v V 

keratin fibres versus frequency at various temreratures. Horse hair 

and Lincoln wool have been tested for various water contents. 

5.2 · The Modulus of Keratin Fibres as a Function of Time 

Feughelman and Robtnson 5D have found that wool fibres behave 

as linear viscoelastic materials at all water contents for extensions 

up to 1% in the Hookean region. On this basis they measured the stress 

relaxation at various humidities at an extension of 0.8% above the zero 

length of the fibre at the test humidity. Measurements at each humidity 

were carried out on four fibres for periods of up to 4 - 5 days. In 

their Hark they reported the stress decay, based on the wet cross-

sectional area, as a function of log-time in minutes. 

In the present work the above results were used to find the 

relaxation modulus as a function of time in seconds; correction factors 

for the variation of the cross-sectional area due to swelling at various 

humidities were taken from reference (96). Figure 5-l shows the values 

of relaxation modulus calculated in this manner at relative humidities 

of 0%, 32%, 65%, 91 % and lOO% (wet), at 20°C, Each curve is the aver-

age for four fibres at each humidity. The rate of extension up to 0.8% 

strain was at 10% per min. An examination of the figure suggests that 

curves at all relative humidities may come together after a lonq period 

and may be asymptotic to a value of about 1.4 x 1olO dynes/cm2. 
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However, it was impractical to demonstrate this more clearly for long 

enough periods at 20°C. The time invariant component of modulus was 

attributed primarily to the microfibrils, while the relaxing component 

to the matrix, which can be plasticized by water. This proposition 

is further supported by recent measurements of modulus of rigidity by 

Stootman87 • It is evident that a major relaxation process occurs within 

the laboratory time scale and for this a pseudo~time constant T was 

obtained by Feughelman and Robinson at each relative humidity corres

ponding to the time, at which the stress has fallen to a value half way 

from the initial value. However, it seems that at the higher relative 

humidities we are looking at the "tail 11 of the relaxation of modulus. 

This view is supported by measurements of dynamic modulus at very short 

times using different techniques. 

Mason 68 obtained a value of 3,5 x 1010 dynes/cm2 for the 

modulus of horse hair in water at 20 kHz using a wave propagation 

technique, He also measured the modulus of Lincoln wool at a strain 

rate of 0.001 sec~ 1 and found it to be 1,8 x 1010 dvnes/cm2. Although 

this corresponds to an equivalent increase in time by a factor of over 

107, the two values of modulus differ only by a factor of 2, Chaikin 

and Chamberlain 14 using a similar technique measured the modulus of 

human hair at 100 kHz for 25%, 40% and 65% R.H. and found that water 

had littl~ effect on modulus. They reported values of (8,2 .. 7.9 -

7.4) x 1010dynes/cm2 resnectively. 

In order to compare the dynamic measurements with those 

obtained by relaxation techniques the transformation of frequency to 

time \'/as obtained using the method of Ninomiya and Ferry27 • 

E(t) =E'tw)- 0.40E."(0.40w) + 0.014E 11 (10w)l w= 1/t (5-1) 

where w = 2Tif and f the applied frequency. In practice it was found 

that 
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E(t) !:< E' (w) lw = 1/t (5 .. 2) 

Using 5 .... 2 to relate dynamic and relaxation moduli t·1ason's result is 

shown in fig. 5-1 together with Chaikin's for three relative humid-

it i es. Comparing the two points it seems that there must be an un-

usual decrease of modulus at 100 kHz dnd 65% to the modulus at 20 kHz 

and 100% R.H., if we wanted to have a smooth increase of the wet 

modulus for shorter times. This observation remains to be explained. 

~1akinson65 reported a value of 1.01 x 1n11dynes/cm2 for rams horn and 

1.09 x 1011 for rhinoceros horn at 5 MHz in room conditions. However, 

these values refer to the dilatational modulus c
11

, which is somewhat 

higher than the longitudinal dynamic modulus depending on the Poisson's 

ratio. Makinson reported that the dynamic modulus should be 17% less 

than the dilatational modulus of isotropic solids with Poisson's ratio 

0.25. However, the lack of information on the dependence of the 

Poisson's ratio on the water content makes the estimation of the 

dynamic modulus from the dilatational modulus impossible. Druhala 23 

found a value of 8,8 x 1010 dynes/cm2 for dry horse hair, at 110 Hz. 

As can be seen there is a considerable gap of information for the 

modulus of keratin at short times. In this work it has been possible 

· to look at relatively short times for modulus and an important gap of 

information to be filled and comparisons VJith existing data to be made. 

5,3 · · E~p~tim~ntal R~~~lts 

A horse hair fibre, medulla free, washed with petroleum ether 

was tested at frequencies between 6 and 1500 Hz in the temperature 

range 0.2°C - 45°C. The average diameter of the dry fibre measured 

at 10 different points was found to be 155 ~m. Horse hair was chosen 

in this experiment, because it produces a high a-c output from the 

piezoelectric element, thus minimizing the effects of background noise. 



TABLE 5-1 

Ratios of the dry/wet a-c force for horse hair at constant a-c strain. 

~ 0.2° 50 10° 15° 20° 25° 30° 35° 40° 45° 
Frequency Hz 

5 2.3:0 2.405 2.482 2.600 2.703 2. 719 2.826 2.898 3.019 2.997 

9 2.270 2.364 2.482 2.554 2.641 2.692 2.802 2.886 2.953 2.967 

17 2.260 2.341 2.461 2.550 2.622 2.675 2.765 2.808 2.887 2.923 

32 2.211 2.307 2.426 2.496 2.593 2.651 2o723 2. 774 2.878 2.903 

61 2.188 2.287 2.379 2.480 2.546 2. 593 2.681 2. 728 2.808 2.837 
-

116 2.160 2.245 2.350 2.412 2.487 2.569 2.633 2.707 2.735 2.756 

218 2.111 2.210 2.293 2.353 2.446 2.499 2.578 2.628 2.694 2. 724 

413 2.081 2.180 2.262 2.322 2.398 2.455 2.533 2.604 2.642 2.669 

785 2.056 2.138 2.234 2.298 2.344 2.404 2.514 2.561 2.615 2.625 

1480 2.045 2.131 2.198 2.297 2.340 2.384 2.483 2.503 2.566 2.574 
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The fibre was left in distilled water in the conditioning 

chamber overnight and then tested in v1ater by scanning the frequency, 

while keeping the temperature constant, This was repeated for 

various temperatures starting from 45°C and decreasing the temperature 

by steps of 5°C. The lowest temperature achieved was 0.2°C, close to 

the freezing point of water. The use of water was the only way to 

ensure 100% R.H. around the sample, The use of saturated vapour was 

shown to be impractical, not giving reproducible results. The results 

for the dynamic modulus are presented in graphical form in fig. 5-2. 

Those for the loss angle are given as a "master curve 11 in the following 

section, because they are relatively too scattered to give a clear 

picture as for the modulus in fig. 5-2. The fibre was then dried in 

a dry atmosphere for 48 h and tested over the same frequency and temp

erature range. The results are given in table form (table 5-1) as 

ratios of the dry over the wet force amplitude at a fixed strain amp

litude, The ratios to be ratios of moduli need to be corrected for 

cross-sectional area swelling, the correction factor being 1.352. The 

importance of these ratios resides in the fact that they ar~ independent 

of the calibration of the apparatus and refer to the same fibre. The 

loss angle varies very little, indicating a slight increase towards 

higher frequencies and lower temperatures, but this being uncertain 

due to the considerable scatter of the experimental points. 

Lastly, Lincoln wool fibres were tested for relative humid

ities of 0%, 32%, 65%, 91% and 100%, at a constant frequency of 116 Hz, 

at 20°C. The conditioning procedure was chosen in a way to be practical 

with the present experimental technique on the one hand and to be as 

close as possible with the one followed by Feughelman and Robinson on 

the other hand. That is, the fibres were left slack for 24 h at 100% 

R.H. and 20°C, then dried and finally brought up to the required 



.. 105 ... 

relative humidity. (Feughelman and Robinson were relaxing the fibres 

between tests by leaving them for 1 h at 52°C in water prior to con

ditioning at the required relative humidity; but it has been shown 

that the same effect is achieved if the fibres are left at 100% 

relative humidity at room temperature for 24 h86), The reason for 

using a Lincoln fibre in this test was that it required considerably 

less time for conditioning, while the moduli for wet horse hair and 

Lincoln wool did not differ more than the experimental error of the 

apparatus. The results from this test are given in table 5-2. 

TABLE 5-2 

R,H. Ratios of Correction Corrected moduli Loss 
% a ... c forces factors for 

x 1o-10 dynes/cm2 Angle, 
(dry /wet) swelling Degrees 

0 2.45 1,352 7,08 1.0 

32 2.27 1,270 6,17 1.5 

65 1. 90 1.202 4.88 2.0 

91 1.48 1.105 3.49 2.4 

100 1.00 1.00 2.14 2.9 

In the table are given the measured ratios of dry/wet a-c force, the 

correction factors used for swelling, the corrected moduli and the loss 

angle. The coverage of a wider range of humidities and temperatures 

is 1 eft for future work. 

5.4 Analys is of the Results 

From fig. 5-2 it can be seen that there is an overall change 

in the slope of the modulus-frequency curve as the temperature varies. 

At high temperatures the value of the slope is low, while around 5°C 

the slope has achieved its maximum value. This behaviour is as would 

be expected from a viscoelastic material, in which the processes are 
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activation controlled las described by Hilliams, Landel and Ferry27 ). 

To analyse the results the assumption is made that the time-temperature 

equivalence of W.L.F. holds for this case. From this it follows that 

it is possible to produce a 11master modulus curve 11 by choosing one 

particular temperature and applying a horizontal shift on a logarithmic 

time scale to make the modulus curves for other temperatures join as 

smoothly as possible onto the curve at this particular temperature; 

20°C was chosen as the _reference temperature here. The molecular 

theories of viscoelasticity suggest that there should be an additional 

small vertical shift factor T0pp/Tp in changing from the actual 

temperature T° K and density p to the reference temperature T
0

°K and 

density p
0

• This is taken into account here; the correction factor 

can be expressed equivalently as 

[1 + 6(T - To) ]To . T 

where B is the coefficient of thermal expansion, which has been taken 

from Mason's work 67 to be equal to 5 x 10~4 deg- 1• From the results 

in fig. 5~2 the modulus master curve obtained is shown in fig. 5~3. 

The shift factors log aT are given in table (5-3) and plotted against 

temperature in fig, 5-4. 

TABLE s..:3 

T ToPoiTP log dT t:, Ha 
OK k cal 

273 ;2 1.062 2.90 56.1 

278 1.046 2.15 54.1 

283 1.030 1.32 52.3 

288 1.014 0.60 50.6 

293 1.000 o.oo 49.1 

298 0.986 -0.63 47.7 

303 0.972 -1.20 46,3 

308 0.958 -1.76 45,1 

313 0.945 -2.20 44.0 

318 0,933 -2.65 42.9 
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Thus starting from a complicated dependence of modulus on both 

temperature and frequency, these two variables have been separated to 

give a function of frequency alone and one of temperature alone. The 

choice of To, the reference temperature, is of course arbitrary and a 

matter of convenience. 

An important criterion of the applicability of the technique 

of forming the reduced curve is that the shapes of the original curves 

at different temperatures must match over a substantial range of 

frequencies. This appears to hold in the present case. One other 

general criterion is that the same values of aT must superpose all the 

viscoelastic functions. Unfortunately, the measurement of the loss 

angle (which is a viscoelastic function) resulted in a considerable 

scatter of points, which did not allow a reliable independent estima~ 

tion of the factors aT. Because of this the assumption is made that 

the viscoelasticity of the keratin fibre complies with the W.L.F. theory 

and the shift factors obtained from the modulus measurements are used 

to construct the "master curve" for the 1 oss angle. 

presented in fig. 5-5. 

The result is 

One further criterion27 for the viscoelastic behaviour of the 

fibre is that the temperature dependence of aT must take a reasonable 

form consistent v1ith experience. This criterion, the form of log aT 

as a function of temperature, has been applied. The relation of log 

aT to temperature is a smooth curve with no gross fluctuations or ir

regularities. The curve was fitted with the empirical values to an 

expression which has proved to be widely applicable for other polymers: 

log aT = - c1 (T To)/{c2 + T - To) {5-4) 

For this purpose (T - To)/log aT was plotted against T - To and fitted 

with a "least-squares fit" straight line. From the s 1 ope s and the 
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intercept i of the line two empirical constants were calculated 

c1 - - 1/s (5-5) 

c2 = - i/s (5-6) 

Finally the function given by equation (5-4) was plotted with the 

calculated coefficients c1 = 19.5 and c2 = 155.5. This is shown 

with a solid line in fig. 5-4. The values for c1 and c2 compare well 

with those obtained for ·other polymers 27 indicating the reasonableness 

of the assumptions for the W.L.F. technique (e.g. 2-EthylHexyl with 

c1 = 20.2 deg, c2 = 119.9 deg and To = 284°K). 

Equation (5-4) is one forin of the t~.L.F. equation, in which 

the reference temperature To is often the glass transition temperature 

of the polymer. 

The glass transition temperature is usually defined in terms 

of a kinetic process involving volume contraction at an arbitrary but 

convenient time interval, The volumetric transition reflects the 

temperature, below vJhich the collapse of the free volume is very slow 

and the rates of relaxation processes, which are determined.by the free 

volume, are also considerably reduced. 

From fig. 5-5 it appears that there is a maximum of the loss 

angle o at a frequency around 10 kHz at 20°C. To deduce a frequency 

dependent transition temperature corresponding to the loss maximum, 

. one has to consider the loss modulus E11
, for which the maximum lies to 

the right of that of 8 on the frequency scale. This difference on the 

frequency scale usually amounts to a few decades 27 • From table 5-4, 

in which the values of E11 are given, it appears that the latter 

difference must be greater than three decades. 
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.TABLE 5~4 

log f E•x1o- 10 0 E11 x10-8 
in sec dynes/cm2 degrees dynes/cm2 

-2.0 1. 54 1.7 4.57 
-1.5 1.60 1.83 5.11 
-1 :0 1.65 2o02 5.83 
-0.5 1.72 2.25 6.76 
-0.0 1. 78 2.45 7.62 
0.5 1.86 2.63 8.53 
1.0 ·1.95 2.75 9.37 
1.5 2.04 2.87 10.23 
2.0 2.14 2.95 11.03 
2.5 2.25 3.02 11.87 
3.0 2.35 3.05 12.52 
3.5 2.47 3.07 13.27 
4.0 2.60 3.07 13.94 
4.5 2.74 3.05 14.60 
5.0 2.86 3.01 15.04 
5.5 3.00 2.95 15.46 
6.0 3.14 2.88 15.80 

From the W.L.F. equation, an apparent activation energy 

for viscoelastic relaxation can be calculated formally as 27 

6 Ha == R d 1 n aTjd(l/T) 

== 2.303 R c1c2T2/(c2 + T - To) 2 (5-7) 

This quantity increases rapidly with decreasing temperature. The 

calculated energies are given as a last column in table (5-3) and 

their values compare well with those of typical polymers (see Ferry). 

5.5 Comparison with Published Data 

One aspect of the dynamic measuring technique has to be con

sidered, before any comrarison is attempted, in order to establish the 

thermodynamic conditions, under which an experiment is to be conducted. 

In particular, it must be clarified whether we ha~e adiabatic or iso-
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thermal conditions. 

It has been found27 that thermal equilibrium with the 

surrounding medium will not occur for frequencies that exceed the order 

of 
2 = K/C px 

p 
(5-8) 

where K is the thermal conductivity, Cp the heat capacity per gram at 

constant pressure, anJ x the thickness of the sample. 

On the other hand, at very high frequencies the wavelength 

becomes so short that thermal conduction prevents development of 

temperature gradients within a cycle (along the direction of propaga

tion of the wave) and the deformation is again isothermal. The 

critical frequency for the second case is 

E'C /6nK 
p 

(5-9) 

Haly and Snaith 58 have reported values of specific heat for 

wet and dry keratin between (0 . 3 + 0.5) cal gr- 1 grad-1 and from 

reference (96) we have for thermal conductivity K = (4 . 6 + 7) x 10-4 

cal cm-1 sec-1 grad-1 and p = (1.268 + 1.304) gr/c~3 . From 

equation (5-8) we have app0oximately 

(i) for Lincoln wool with a diameter= 45 v 

f1 = (54 + 73) Hz 

(ii) for wet horse hair with diameter= 180 v 

f1 = (3.4 + 4.9) Hz 

From equation (5-9) we find that f 2 is of the order 101 1 Hz. Obviously 

the only transition of interest in the present work is f1 • We can 

conclude that for horse hair the measurement of modulus can be con-

sidered adiabatic in the frequency range used and similarly in the case 

for Lincoln wool at 116Hz. However the relations (5-8) and (5-9) 

give only the orders of magnitude for the two characteristic fre-

quencies, because the transition from isothermal to adiabatic con-
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ditions is gradual. Therefore it is possible that the experiments 

were conducted partly under isothermal conditions. The difference 

however between adiabatic Ead and isothermal Eis moduli is in practice 

negligible. This can be shown to be the case by using the formula 27 

(5-10) 

where a is the strain, ea the heat capacity per gram at constant 

strain. The above formula holds for the case in which the modulus E 

is directly proportional toT. Although this is only approximately 

true in our case, we can use it to show that the difference between 

adiabatic and isothermal moduli is very small. From Feughelman's 

work48 the factor aE;aT for a 10% per min strain rate is 1.1 x 108 

dynes cm~ 2 grad-1, or from the present work at 116Hz is 1.9 x 108 

Using the latter value and a = 0.02% we find the 

second term of equation (5-10) to be of the order 104 dynes/c~2 , which 

is really negligible relative to Eis· 

Another point in the comparison of published data on keratin 

is that various authors have used different types of keratins as well 

as different techniques. The latter is more likely to give different 

results than the former. This however, still remains to be resolved. 

We now proceed to compare the experimental data obtained for 

this thesis with the results of others. The curve of fig. 5-3, the 

modulus master cut'Ve for wet keratin, has been replotted on a log-time 

scale in fig. 5-6 as a solid curve (a). The moduli for intermediate 

regains are shown as points A, B, C taken from table 5-2. The modulus 

for the dry horse hair is shm-Jn as solid curve (b) for times correspond

ing to frequencies between 6 Hz and 1500 Hz only, at 20°C; the data 

have been taken from table 5-1. The eonversion of frequency to time 

was made by using the relation (5-2). The results by Feughelman and 

Robinson have been plotted in the same fig. 5-6 as solid curves (c), 
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' (d), (e), (f), (g) for 0%, 32%, 65%, 91 % and 100% RoH.; Mason•s point 

(M) for wet keratin is also shown. 

The curve (a) matches curve (g) very well; it does not, 

however, agree too well with Mason•s point. Mason•s results, however, 

over seven decades of time show a similar change of modulus to that 

obtained in this work . Only the absolute value of modulus differs. 

The curve (b), lastly, for the dry fibre does not seem to match the 

corresponding curve (c) too well. 

To better understand the above observations a closer look 

at the role of water in keratin must be made. 

Water in keratin can be considered as a plasticizer which 

associates with the polymer. The effect of plasticizers generally is 

to lower the temperature of the glass transition by making it easier 

for changes in molecular conformation to occur. Plasticizers make the 

loss peak broader and this broadening depends on the nature of the inter

action between the polymer and the plasticizer. Thus, because of the 

strong interaction between water and keratin, a very broad loss peak is 

expected to be observed. It is found that this is the case as shown 

in fig. 5~5. 

In the case of an ideal plasticizer in a polymer the initial 

(unrelaxed) modulus for very short times and the final (relaxed) 

modulus for very long times are independent of the plasticizer content 

provided the plasticizer does not swell the polymer. The question now 

arises whether this is applicable with the keratin-water system. From 

existing data (Druhala 23 ) it is expected that the relaxation of the 

water itself would show up as well the relaxation of other small units 

of the main chain. Thus a considerable portion of the relaxation 

spectrum of times for the main chain must overlap with the relaxation 

spectrum of smaller units and that of the water. Druhala found that 

the water loss maximum occurs for 18% regain in the fibre at -95°C and 
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at 110 Hz, and is much less well defined than for the lower water 

contents. This is because of a transition at a higher temperature 

occurring in the vicinity of 0°C. This transition probably arises 

from the motion of bulky side chains. Drahula also found that the 

modulus of the keratin water system for temperatures below the 

transition temperature for the water loss is higher at higher water 

contents, because of the contribution to the modulus of the water per se. 

This could partly explain the very high modulus reported by Makinson and 

Chaikin, since their results were at very high frequencies. 

5.6 Theoretical Fit 

In the following an attempt is made to fit the results obtained 

by the author along with the ones of Feughelman and Robinson by use of a 

relaxation function derived from a log.normal distribution of relaxaiion 

times 11 T 11
• The same function was used successfully by Stootman8 7 to 

fit his data on the modulus of rigidity. The distribution function is 

given by 
1 --exp s;27f 

which satisfies the condition 

J: F(,) d, = 1 

2 

[ (lrii -a) 1 dlnT 
- 2 13 2 ( 5-11) 

where a is the mean <ln,> and s is the width of the distribution. Gross54 

gives the normalized relaxation function ~(t) as 

~(t) =I: F(,) exp (-t/,) d, 

By applying the transformation 

2 
(l,..,T -o;) - 2 
~~- u 

2s2 

and combining equations (5-11) and (5-12) we obtain . 

~(t) = ~n fexp [-u2 -t exp { - .uB/2 + .l]ctu 

-eo 

(5-12) 

(5-13) 
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If Ei is the initial (unrelaxed) modulus and Ef is the final (relaxed) 

modulus, then the modulus E(t) as a function of time is given as 

follows 

(5-14) 

Equation (5-14) can be made to fit the experimental data and depends on 

four parameters, i.e. Ei, Ef, a and 8. The parameters Ei and Ef were 

fixed and the a and 8 were calculated via a computer program (used by 

Stootman87) for the best fit using the method of "least squares". The 

parameter Ef was taken to be equal to 1.4 x 1010 dynes/cm2 for the case 

of 100% R.H., while for the other relative humidities the above value 

was multiplied by the correction factors of table 3-2 to allow for 

diametral swelling. The parameter Ei was fixed as follows. Initial

ly, the program was run for only one fixed parameter i.e. Ef = 1.9 x 1010 

dynes/cm2 corresponding to the relaxed modulus for dry keratin and the 

initial dry modulus Ei was predicted to be equal to 7.5 x 1010 dynes/cm2. 

This value was taken as the value to which all the moduli would converge 

for very short times regardless of the water content; but to allow 

again for diametral swelling the above value was divided -by the 

correction factors of table 3-2, in order to fix the initial modulus 

for the program at the corresponding relative humidities. The fixed 

pairs of Ei and Ef for the different relative humidities are given in 

table 5-5. In the same table the calculated parametersa and 8 for the 

distribution function are given. These values for a and 8 apply for 

the variable lnT and, since the results of other workers are usually 

plotted against log 10,, an additional two columns are given in the table, 

where the values of a and B have been converted to this variable. 
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TABLE 5-5 

E · X 10'"10 Ef X 10'"10 
a/2,303 8/2.303 R.H.(%) 

1 a 8 dynes/cm2 dynes/cm2 

0 7,50 1.90 9.18 8.54 3.99 3. 71 

32 6. 79 1. 78 7.23 8.90 3.14 3.86 

65 6,24 1.68 3.06 11.51 1.33 5.00 

91 5.91 1. 55 ·8.37 16.37 .3.63 7.11 

100 5.55 1.40 -17.36 12.19 .] . 54 5.29 

5.7 ·The Loss Angle 

It is possible to calculate the loss angle from the theoretical 

fits in fig. 5-6 by using the formula 98 

tano = 'IT dlnE• 
- 2 dlnT {5-11) 

In this work the loss angle has been calculated from the curve corres

ponding to 100% only in order to compare it with the experimentally 

obtained loss angle as shown in fig, 5-5, Thus in fig. 5-7 the 

experimentally obtained loss angle has been replotted as a solid curve 

together with the calculated loss angle (broken curve) using eq. (5-11). 

5,8 . DiSCUSsion 

vJhen a polymer is subjected to an oscillatory strain at a 

particular frequency and temperature, the material absorbs a certain 

amount of energy per cycle per unit volume. This energy is absorbed 

by specific structural units of which the time of response is equivalent 

to the applied frequency. McCall 1 05 has classified the various relax-

ation processes or absorption bands as follows: 

(i) Primary main chain motion in crystals. 

(ii) Primary main chain motion in amorphous .materials. 

(iii) Secondary main chain motion in crystals. 

(iv) Secondary main chain motion in amorphous materials. 
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lv) Side group motions, 

(vi) Impurity motions. 

The results in fig. 5-6 are indicative of a major relaxation 

process occurring in the keratin structure. This process is character

ized by a mean relaxation time varying by more than 11 decades, when 

the atmosphere surrounding the keratin is varied between dry and wet 

conditions. The width of the distribution function of the relaxation 

times is large and varies considerably with relative humidity. The 

figures for~ and B given in table 5-5, however, must not be considered 

as the final and accurate characteristic constants for keratin, but 

because of the following, only a reasonable approximation : 

The theoretical fit is satisfactory but not excellent, because the 

experimental data have been obtained using different techniques, for 

different fibres under non-identical conditions. The application, for 

example, of a step function of strain is not identical as the application 

of a sinusoidal strain. Besides, the application of a step function of 

strain in practice is inevitably accompanied by an error in the definition 

of zero time. Furthermore the initial structural condition of keratin, 

when starting an experiment, has not been identical in all cases and 

this is of great importance when testing keratin. The dry or near dry 

fibre, for example, may not be in an internal stress-free condition, or 

in other words the fibre may be at a different state of 11 ageing 11 prior 

to a test. The results by Feughelman and Robinson, thus, were obtained 

after 17 hours of equilibration following drying from the water saturated 

state, while relaxation effects still occur after 109 seconds, i.e. after 

32 years, in the dry fibre. In addition to these observations it must 

be clarified that the theoretical fits in fig. 5-6 for very short times 

are meaningless: by the time the visible region is reached (very high 

frequencies) all molecular absorption bands are past and any energy 
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absorption arises simply from electronic polarization. Furthermore 

in the short time range, where molecular absorption is possible, the 

fits should not vary as smoothly as predicted, because of special 

absorption bands due to small side chain units or the reorientation 

of the water molecules themselves (see Druhala 24 ). 

The fits for times greater than approximately 10-7 sec 

are believed to represent reality closely. They appear to have 

the characteristics de~cribing a typical viscoelastic material. This is 

further supported by the close agreement of the two curves for loss 

angle in fig. 5-7. For viscoelastic materials if one viscoelastic 

function is known all the othe~can be calculated 54 .from the known one. 

The relaxation process indicated by the abrupt change of slope of the 

curves in fig. 5-6 is thought to arise from the primary main chain 

motion in the M phase for the following reasons. In general, the 

longer and more ordered the structural units are, the larger will be 

their relaxation times, therefore the large relaxation times for low 

relative humidities must be characteristic of macromolecules. These 

relaxation times for the macromolecules change markedly be~ause of the 

action of water. The modulus relaxes with time to an equilibrium 

level of 1.4 x 1010 dynes/cm2which ~oes not change at ambient conditions 

in the laboratory time scale. The latter equilibrium value of modulus 

has been attributed mainly to the C phase. Algie found (private 

communication) that the relaxation in the C phase (which he terms 

a- process) for wool fibres in water at 20°C has a relaxation time 

of 100 hrs at 100°C. From this fact he calculated a relaxation time 

of 1010 years at 20°C using an activation enthalpy of 77 Kcal/g-mole. 

Therefore if the main chain relaxation does not occur in the C phase 

in the laboratory time scale, the main chain motion, to which the 

results of fig. 5-6 have been attributed, must occur in the M phase. 
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,The marked effect of the water being absorbed in the M phase is 

further corroborative evidence of the above suggestion. 

To close this section some more observations are made. 

In table 3-1 of chapter 3 the loss modulus P is presented as a 

function of relative humidity. From this it is observed that the 

loss modulus has a maximum value around 80% R.H. From table 5-5 

it is observed that the parameters has also a maximum value around 

80% R.H. (if plotted). Numerous workers have also observed a marked 

change of many mechanical properties of keratin around 80% R.H. (e.g. 

regain ; vs R.H.). Therefore there might be a correlation between E11 

and s. This, however, is not necessarily the case, since E11 is 

essentially a function of time and as such, if E11 is plotted against 

relative humidity, the plot will vary with the time at which E11 is 

measured. The loss modulus E11 can be derived from the modulus E1 

(see fits in fig. 5-6) at a fixed time for different relative humid

ities using the relationship (5-11). Curve (a) in fig. 5-8 is the 

loss modulus against relative humidity for,= 10- 2 ~ 8 sec (i.e • 

. f ~::: 116 Hz)_der.iyed from the fits in fig. ~-6. Curve (b) in the 

same figure is the loss modulus against relative humidity taken from 

table 3-1. The two curves having been constructed quite independ

ently, compare with each other satisfactorily. This is another indi

cation that the theoretical fits for the modulus are close to reality. 

Lastly, the comment is made that Sikorski and Woods 83 have 

reported that the Young•s modulus varies linearly with log( rate of 

straining). From fig. 5-6 it is observed that these findings hold 

for a few decades of time only and not over the complete time range, 

in which the modulus curve has a sigmoidal shape. 

5.9 Conclusion 

A relaxation process with a very broad spectrum of relaxation 
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times has been found for wet keratin, The modulus and loss angle 

have been measured experimentally in the time range between 1o-6·8 

and 101.2 seconds by varying the frequency from 6 to 1500 Hz and 

the temperature from 0° to 45°C and employing the W.L.F. principle. 

The experimentally covered times consist only part of the whole 

spectrum of times of the relaxation process. For this reason the 

present results have been combined with results of others and all 

these have been fitted with a theoretical function of modulus. 

Some measurements of complex modulus have been performed at different 

relative humidities and a theoretical modulus as a function of time 

has been derived in the same way. The relaxation process established 

depends markedly on the relative humidity. With increase of relative 

humidity the relaxation times decrease by more than 11 decades a.nd the 

width of the distribution function of the relaxation times varies con

siderably. This process was attributed to the M phase. 

The resultsof this chapter further confirm that keratin at 

very lmv extensions(< 1%) behaves as a viscoelastic material. 
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C HA P T·E R 6 

CONCLUSION 

6.1 Summary 

In this thesis the studies have been chiefly concerned 

with the dynamic mechanical properties of single keratin fibres. 

A substantial part of this research was involved with the design 

and construction of a dynamic mechanical tester for the measure~ 

ment of complex modulus of fibrous samples. 

The complex modulus of keratin fibres has been measured 

under varying extension, relative humidity, temperature, frequency 

and time. 

The experimental results thus obtained were explained in 

teru1s of the keratin structure, enabling a clearer understanding of 

the general behaviour and properties of this biopolymer. 

6.2 The Experimental Technique 

A dynamic mechanical tester for the measurement of the 

dynamic modulus and the loss angle of fibrous samples has been 

developed, The technique is based on the application of forced 

vibrations. The main problem was the measurement of the a~c stress 

at high frequencies, the highest frequency used successsfully being 

1500 Hz and achieved by the use of a p~z element as a force measuring 

device. The lowest frequency used was 6Hz and was limited by the 

electronic equipment available. The tester comprised a device for 

the conditioning of the sample at a specified relative humidity and 

temperature as well as an extensometer for the application of varying 

strains. 
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' 6.3 The Ketatin as a Vistoelastit Matetial 

The keratin consists of two phases; the phase C which is 

relatively water impenetrable and phase M which is relatively water 

penetrable and swells with water content. The experimental results 

on the complex modulus with varying temperature and frequency combined 

with experimental results of other workers point to the fact that the 

phase M may be characterized by a viscoelastic rate process associated 

with the main chain motion. This process has a very broad spectrum 

of relaxation times and depends strongly on the water content. The 

combined results at different relative humidities have been fitted by 

a theoretical function of modulus against time based on a log-normal 

distribution function of relaxation times. The width parameter of 

the latter function varies between 3 to 7 decades of time, while its 

mean varies by more than 11 decades of time. This marked chanoe of 

the relaxation times is caused by the plasticizing effect of water in 

phase M. In the laboratory time scale the invariant component of the 

modulus of the total fibre in ambient conditions has been attributed 

to the phase C and has a value of 1.4 x 1010 dynes/cm2. The value of 

the unrelaxed modulus for a dry keratin fibre may be more than 7.5 x 1010 

dynes/cm2• 

6.4 The Keratin Under Extension 

The complex modulus of keratin fibres has been examined with 

varying strain and rate of strain and the results obtained were explained 

by applyin9 the tv/0 phase concept. The modulus of the fibre decreases 

with extension up to approximately 20% strain and thenincreases again. 

The loss angle follows changes inversely to the modulus. These changes 

for the modulus and loss angle become more pronounced with increase of 

strain rate. To explain these results it was assumed that the phase C 
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remains essentially elastic at all strains, while the phase M under

goes a gel-sol transformation within the first few percent strain and 

remains in the sol state at all subsequent strains. The sol-gel 

transformation is characterized by a mean relaxation time of the 

order of 10 sec and is practically invariant with strain. The 

extension cycling experiments revealed that during retraction the 

phase~ again undergoes a gel~sol transformation while an extra 

portion of the C phase becomes disoriented and distorted resulting 

in a further weakening of the overall structure. The change of the 

complex modulus with time at a fixed strain, relative humidity, 

temperature and frequency has also been examined, This showed 

that the assumptions made about the two phase model are a good 

approximation at least in the time scale used for the experiments in 

the present work. 

6.5 Transien t Phenomena in Kera t in 

The complex modulus of keratin fibres with time has been 

measured after effecting an abrupt change of relative humidity at a 

fixed strain, temperature and frequency, These measurements showed 

that the loss angle exhibits an overshoot while at the same time the 

modulus has a marked discontinuity in its rate of change. These 

phenomena were related with structural changes occurring in the keratin 

fibre. These chanqes occur mainly in two stages. During the first 

stage the changes are caused by the swelling action of the water; this 

stage practically ends when the water content has approached its final 

value. During the second stage a rearrangement of the molecular 

structure takes place as a result of the chanqes brought about during 

the dirst stage; namely, the swelling of the phase M causes a transient 

extension of the phase C and a concomitant transient weakening of this 

phase. At the time of the loss angle overshoot the whole fibre 
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structure is in a state of maximum mobility. The interaction of the 

two phas~can give a satisfactory explanation of the experimental 

results obtained. 

6.6 Futore Work 

The conclusions about the keratin structure arrived at in 

the present work could be further studied with the use of the 

experimental technique developed in this work. The studies presented 

in this thesis of the measurement of complex modulus of keratin fibres 

especially during continuous extension and sorptio~ represent a pioneer 

piece of work and a large body of work remains to be done in this field. 

In general, much of what has been carried out by numerous 

workers in the study of the properties of keratin fibres under different 

conditions can be repeated with the simultaneous measurement of the 

complex modulus. 

In particular, to further elucidate the two phase structure 

of keratin, the fibres can be tested after having undergone special 

chemical or other treatment, which affect selectively one or other 

phase, or bring about a known or hypothetical change in the keratin 

structure. The use of alcohols, varying pH, or setting treatments 

are only a few examples. Such experiments are likely to reveal still 

unknown features of the keratin structure or to confirm or reject 

certain views about keratin. 



N 

E -50 
~ 
U'l 
(l) 
c 
~ -40 

"0 

0 .-
b -30 
.-

X 

~w -20 a ... 
(j) 
:::::> -10 
_.J 

:::::> 
0 
0 0 
::E 90 100 110 120 130 140 150 160 170 1BO 

t- +10 z 
APPARENT MODULUS, E~' x 1 o-lO dynesjcm2 

w 
0:: 

b: +20 

0... 
<( 

+30 

+40 

+50 

Fig. A-1 The vector diagram for the displaceme nt ~' velocity u, acceleration y and apparent 
modulus Ea at a particular frequency. When the frequency varies, the end 
the spiral locus shown. The components of E in phase and in quadrature a . 

of the vector E traces . a 
with the displacement 

can be measured on the vertical and horizontal axes respectively. 



~ 124 ~ 

APPENDIX A 

The Apparent Modulus 

In chapter 2 the magnitude If: I of stress per unit di s

placement and the an9le ~ between the stress and displacement are 

calculated. The vector diagram for the displacement ~' the velocity 

u and acceleration y is shown in fig. A-1. The vector for stress 
· to* 

per unit strain Ea = I ~* I, corresponding to a particular frequency, 

with its angle ~ is also shown in the diagram. If the frequen cy 

varies from 0 Hz up to 150 kHz the end of the vector Ea will trace 

the locus given in the diagram. The locus is drawn for c = 1500 m/sec, 

0 = 80, 9, = 10 cm and p = 1.3 gr/cm3; the two components Ea cos~ and 

Ea sin~ of the quantity Ea are measured in dynes/cm2• The quantity 

Ea is an apparent modulus, which for sufficiently low frequencies 

(s ee relationship (2-18)) is 

E = E /(1 + D2 ) ~ E for small o a . 

where D = ~ tano and E = pc2 

while for very high frequencies: 

1 im E = wtpc /(1+0 2 ) a 
f->-oo 

The apparent modulus, therefore, equals the actual modulus of the 

material for sufficiently low frequencies. 
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APPENDIX B 

Drawings of Apparatus 

In fig. B-la and B-lb the detailed drawings of the con

ditioning chamber are presented. 

Figure B-2 shows the exact drawings of the extension and 

vibrating rod. 

All dimensions are given in millimetres. 
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APPENDIX C 

C.l Solutions for Maintaining Constant Relative Humidity 

In the following table the relative humidity corresponding 

to each saturated salt solution at 25°C is given. The data have been 

taken from reference (76). 

Solid Phase of Salt Per Cent R.H. 

KzCr20-7 98 

NH4H2P04 93 

KN0 3 92.5 

(NH4)2S04 81.1 

NH 4Cl 79.3 

NaCl 75.3 

NaN0 3 73.8 

NaBr.2H20 57.7 

Mg(N0 3 )z.6H 20 52.9 

MgC1 2. 6H20 33 

LiCl .H20 11.1 

To obtain relative humidities other than the ones given 

in the above tabl~ sulphuric acid/water solutions were used. The 

relative humidity corresponding to a particular H2S04/H20 solution 

was determined from measurements of the specific gravity of the 

solution using data relating relative humidity to specific gravity. 

The relationship between specific gravity of the solution and relative 

humidity is presented in fig. C-1; the data have been taken from 

reference (76). 
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c. 2 Calculation of the Required Quantity of Buffer ~lool 

A satisfactory way to conduct measurements at constant 

relative humidity is to use a certain quantity of wool as a buffer. 

The wool buffer is transferred quickly into the chamber after it has 

been conditioned in a separate vessel. Following are calculations 

for the approximate amount of wool required to keep the regain in 

wool within a specified small range. 

For this case the ide~l gas equation of state is sufficient 

as can be easily shown. For n moles of water vapour within the chamber 

of initial free volume V;, initial partial vapour pressure P; and 

initial temperature Ti we have 

P. V. = nRT. 
1 1 1 

(C-1) 

while for the initial state of the total atmosphere within the chamber 

we have 

PV . = ( n+n ' ) RT . 
1 1 

(C-2) 

where P is the total pressure (ambient) which remains constant and n' 

is the effective number of moles of the dry atmosphere. If the temper-

ature is increased to Tf, there will be an extra amount of vapour 6n, 

which has evaporated from the buffering wool. For the final state of 

equilibrium the corresponding equations will be (total pressure is 

constant) 

= . (n+6n) RTf 

(n+M+n') RTf = 

(C-3) 

(C-4) 

The simultaneous solution of the equations (C-1), (C-2), (C-3) and (C-4) 

yield for the final relative humidity in the chamber 

RH . (RH
1
.Ps

1
.V

1
. + RT

1
.6n)P 

f = 
(P V.+ RT. 6n)P f 

1 1 s 

(C-5) 
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where Psi and Psf are the saturation vapour pressure at the initial 

and final temperature, RH; and RHf the initial and final relative 

humidity, which is defined as 

RH = pi 
P. 

S1 

If the weight of dry wool is W grams, with initial regain r;• the 

regain r at a different temperature will be 

r = r i - 18WOO L'ln (C-6) 

The curves of fig. C-2 give the graphical relation between RH, Tf and 

r9G 

r = r ( T f, RH) ( C-7) 

The RH is a function of nand T;-given by (C-5) therefore 

r = r (T;, Tf' Lln) (C-8) 

The common solution of (C-6) and (C-8) yields the required final regain. 

This can be done graphically since the function (C-8) is not given 

analytically. In fig. C-3 the relationships (C-6) and (C-8) have been 

plotted versus L'ln and their common intercept gives the final regain. 

The values of the various parameters used for these plots are 

T. 
1 

= 294°K p . 
S1 

= 25.05xl0 3 dyn/cm 2 RH. 
1 

= 0.95 

Tf = 333°K Psf = 199.2xl0 3 dyn/cm2 r: = 27% 
1 

v. 
1 

= 270 cm 3 p = 106 dyn/cm 2 R = 8.3lxl0 7 -1 -1 erg.mol .gr . 

By choosing different values for W for the straight line (C-6) we find 

for each case how much the initial regain changes. For the graph we 

have taken W = 20 gr for which the change of regain is only 0.2% or 

W = 2 gr for which the change of regain is 2%. If there is no 

buffering wool, the final regain in a single fibre in the given initial 

volume could be 3.7% i.e. a change of 23.3% regain. 
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