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Physical properties of wool

JWS HEARLE

4.1 The wool fibre

4.1.1 Structural complexity

As is clear from Chapter 3, wool and other hair fibres have the most com-
plicated structures of all textile fibres. All of the many levels of structure
described in Chapter 3 have an influence on the physical properties of
the fibres, and the mechanisms are now mostly understood qualitatively
and, in many parts, supported by quantitative analysis. For convenience,
the wool structure is summarised in Fig. 4.1, which is similar to Fig. 3.2
but emphasises aspects that are relevant to a discussion of the physical
properties of fibres.

4.1.2 Dimensional and other features

An idealised wool fibre has a circular cross-section, with diameters for dif-
ferent wools covering a range that can roughly be put as 20 to 40um. In
reality, the cross-section is slightly and imperfectly elliptical. Fibre lengths
range roughly from 5 to 50cm. The fibres are helically crimped to varying
degrees. The differences between different wool types and the methods of
measuring dimensions are discussed in Chapter 1. In general, this Chapter
will deal with generic features of wool fibres and will not cover differences
between different wools.

The density of wool is 1.3g/cm’. The refractive indices of wool are
reported' as 1.553 parallel to the fibre axis, 1.542 perpendicular, and a bire-
fringence of 0.010.

4.2 Effects of water

4.2.1 Moisture absorption

The proteins in wool contain —CO.NH— and other groups that attract
water. Figure 4.2 shows the change in moisture regain (mass of absorbed
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4.1 Wool fibre structure. Note that many wool fibres have a meso-
cortex, as well as ortho- and para-cortex, and in some coarse wools
there is a medulla. [Drawn by Robert C Marshall, CSIRO.]

water/mass of dry fibre) with relative humidity.” In a standard atmosphere
of 65% RH and 20°C, regain values range from 14 to 18%. Preston
and Nimkar® found that loose wool retained 133% regain when suctioned
at —30cm of mercury from the wet state but only 45% when centrifuged at
1000 g for 5 minutes. This contrasts with other fibres where the two methods
give similar values.

As can be seen in Fig. 4.2, there is hysteresis in moisture absorption, with
the desorption curve being higher than the absorption curve. The shorter
intermediate curves show the changeover from absorption to desorption at
different humidities. Regain at a given relative humidity varies with tem-
perature; at 70% RH, Darling and Belding* found values between 17 and
18% from —29°C to 4°C, but then it fell to 13% at 71 °C.

There have been a number of thermodynamic and mechanistic theories
of moisture absorption in wool.’ There is general agreement that the sig-
moidal shape of the absorption curve is a combination of water directly
held on hydrophilic sites in the protein molecules, which increases rapidly
from zero relative humidity and then levels off, and more loosely held
water, which increases rapidly at high humidiites. Speakman® divides
the absorption into three types as shown in Fig. 4.3. The first type (a) is
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4.2 Change of moisture regain of wool with humidity. [After
Speakman et al?]

assumed to be bound to hydrophilic groups in protein side-chains, and has
little effect on torsional rigidity or, according to Hearle,” on dielectric con-
stant and electrical resistance. The second type (b) is attached to groups
in the main chain, where it replaces intermolecular hydrogen bonds, and is
linearly related to rigidity. The third type (c) is absorbed on top of types (a)
and (b).

When wool takes up water, the swelling is almost entirely radial, with
little change in length. The overall volume increases, initially by a lower
amount than the volume of absorbed water, but above about 15% regain
the volumes are additive. Table 4.1 shows a set of values for radial and
volume swelling, together with the change in fibre density.®

The swelling behaviour is explained on the presumption that most or all
of the water is absorbed by the matrix, due to the presence of accessible
hydrophilic groups, and that this increases the lateral spacing between
fibrils, whose length does not change. The first molecules to be absorbed
can pack efficiently with the protein molecules, but the later ones merely
increase the volume.

4.2.2 Heat of sorption

Table 4.2 gives values for the heat of wetting of wool, namely the amount
of heat evolved when the wool is completely wetted out from different
regains.® From this, the differential heat of sorption, namely the heat
evolved when one gram of water is absorbed, is calculated. The initial
bonding of water to hydrophilic groups generates a large amount of
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4.3 Absorption of water in three types. [After Speakman.?]

Table 4.1 Moisture absorption and swelling of wool [From: WIRA®]

Moisture 0 2 5 7 10 15 20 25 30 33
regain (%)

Approximate 0 25 15 27 42 68 85 94 98.5 100
RH (%)

Radial 0 0.66 1.82 2.62 4.00 6.32 8.88 11.7 14.6 16.3
swelling

(%)

Volume 0 1.57 4.24 6.10 9.07 14.3 20.0 26.2 32.8 36.8
swelling

(%)

Density 1.304 1.310 1.314 1315 1.315 1.313 1.304 1.291 1.277 1.268
(g/cm?)

heat, but near saturation the effect is small. It has been found that the
differential heat of sorption H follows equation [4.1], which is based on
Kirchoff’s equation for dilution of solutions. This is expressed in terms of
the relative humidities, /; and h,, at temperatures, 7; and 75, for a constant
regain:

2.3 log(hi/h,) =9 HQUT, — 1/T)) [4.1]

The values in Table 4.2 are for take-up of liquid water. For absorption of
water vapour, the latent heat of condensation (2450kJ/kg at 20°C), which
is three times the maximum heat of sorption from liquid water, must be
added to the values. This evolution of heat has an important influence in
clothing. When 1 kilogram of wool is taken from 40 to 70% RH, 160kJ of
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Table 4.2 Heat of absorption of wool from liquid water [From: WIRA?]

Regain (%) 0 5 10 15 20 25 30 33
Approximate RH (%) 0 15 42 68 85 94 98.56 100

Heat of wetting
(kJ/kg) 101 645 381 205 10.0 419 1.13 0

Diff’'l heat of 854 624 431 276 159 100 41.9 33.5
sorption (kJ/kg)

heat are evolved. The main effect of this is to slow down the impact of
moving between hot dry atmospheres indoors and cold damp atmospheres
outdoors.

4.3 Observed mechanical properties

NOTE: Much of the data in the literature is reported as conventional stress,
based on area, in N/mm* = MPa or, for older work, in dyne/cm* = 0.1 Pa.
Generally, in the textile literature, it is preferable to use specific stress, namely
(force/linear density) based on fibre mass. For wool, assuming a density of
1.3g/em®, 1000 MPa = 0.77 N/tex, 7.7 cN/dtex or 7 g/den. Stresses are also often
normalised in terms of the tension at 15% extension in wet wool, which is the
middle of the yield region, this is typically around 35 M Pa (27 mN/tex or 0.25
g/den).

4.3.1 Load-extension properties

The most extensive study of the mechanical properties of wool was carried
out by Max Feughelman and his colleagues at CSIRO Ryde’ from the 1950s
onwards. A special feature of their work is that, provided the fibre is not
strained by more than 30% or for longer than 1 hour, it can be returned to
its virgin state by soaking in water at 52°C for 1 hour, so that many tests
can be made on one fibre. Most of their tests were on fibres from sheep
housed and fed in controlled conditions. These factors reduce the problems
of variability within and between fibres. Figure 4.4 shows a typical
load—extension curve of a wet wool fibre. The features of the curve are:
(i) a low-stress decrimping extension near A; (ii) an initial stiff region up
to B, usually referred to as the Hookean region — but, though linear, it is
visco-elastic, not elastic; (iii) a yield region up to C; (iv) a stiffer region up
to break at D. In tests on different fibres, there is little variation in the points
B and C at 2% and 30% extension respectively, but the break extension
varies more widely, since it is less if there is any weakness or damage in the
fibre. Break extensions of 50 to 60% are typical of a good fibre. From the
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start of the yield region, there is a progressive loss of the X-ray diffraction
pattern corresponding to the a-helix and a growth of the pattern for the
extended B-chains."”

Variability along the fibre length changes the shape of the curve, because
thin portions extend more easily than thick portions. Consequently, part of
the fibre may be suffering high extension in the yield region, while other
parts are still in the Hookean region and only yield at a higher load. These
features were studied in detail by Collins and Chaikin," and Fig. 4.5 illus-
trates the stress—strain curves of fibres that are more or less regular. Their
theoretical calculations'” indicate that a perfectly uniform fibre would have
a constant yield stress, i.e. zero slope between B and C in Fig. 4.4, and that
the changes of slope at B and C would be sharper than are usually found.
If the change in cross-section along the fibre is continuous, the effect is to
give a higher yield slope, but, if it is discontinuous, there will be steps in the
yield region.

Figure 4.6 shows how the stress—strain curve changes with humidity and
temperature.”” As the wool becomes drier, the main effects are to raise the
yield stress, and there is some increase in yield slope. The initial modulus
decreases with increasing moisture regain, as shown in Fig. 4.7."* It has been

Load (gf)

0l A | | | | |
0 10 20 30 40 50

Extension (%)

4.4 Load-extension curve of a Corriedale wool fibre in water at 20°C.
AB is the Hookean region, BC the yield region, and CD the post-yield
region. Up to B, the rate of extension was 0.375% per hour, and
beyond B, 1.875% per day; the whole test took 25 days. [From
Feughelman.®]
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4.5 Stress-strain curves of wool fibres: (1) with good uniformity; (2) a
more irregular fibre. [From Collins and Chaikin.""]

noted” that although the change to the yield region occurs at higher strains
in drier fibres, it is at the same fibre length as at 100% RH, indicating that
the additional extension is due to axial shrinkage of the fibre on drying,
with some compression of the internal structure. Strength increases in line
with the increase in yield stress, but to a lesser extent because of a reduc-
tion in break extension. An increase in temperature lowers the stress over
the whole curve, with a large change between 40 and 80°C. The shape of
the curve is markedly different at 100°C (Fig. 4.8).

The stress—strain curve is affected by the chemical environment. Figure
4.9(a) shows the effect of alcohols. Because the molecules are larger,
they do not cause as much lowering of the stress—strain curve as water.
The higher the alcohol, the higher is the stress, with an effect similar
to reduction of humidity. Acids inherently tend to lower the stress—strain
curve, as shown by formic and acetic acids in Fig. 4.9(b), but this is counter-
balanced by the difficulty of the larger acid molecules penetrating the
fibre.

4.3.2 Recovery behaviour

The shape of the stress—strain curve of wool in extension is not unusual for
polymers, though the changes at B and C are particularly sharp. The recov-
ery behaviour is completely different; in most polymers there is no recov-
ery from yielding. In wet wool, as shown in Fig. 4.10, there is complete
recovery from extensions up to 30%, but the recovery follows a different
curve and only joins the extension curve at about 1/3 of the yield stress. In
the post-yield region above 30%, the recovery curve has a similar shape,
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4.6 Change of stress—strain curves with test conditions:™ (a) influence
of moisture at room temperature; (b) influence of temperature for wet
wool.
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4.7 Change of initial modulus with regain. [From Peters and Woods."]

but at zero stress there is a small unrecovered extension, which increases
with the imposed extension.

In his extensive tests at 65% RH, Meredith!® found that the elastic recov-
ery of wool decreased with increasing imposed extension. From 30% exten-
sion, the elastic recovery (recovered extension/imposed extension) was 0.6.
Table 4.3 gives other recovery data, showing the effect of humidity and
imposed extension."
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4.8 Stress—strain curves of wet wool at 22 and 100°C. [From Peters
and Woods."]
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4.9 Effect of chemicals on stress—strain curves. (a) 1 — water, and
alcohols, 2 — methyl, 3 — ethyl, 4 — n-propyl, 5 — n-butyl or n-amyl.
(b) 3 — water, and acids 1 — n-butyric, 2 — propionic, 4 — acetic,

5 — formic. [From Peters and Woods."]

Time dependence

Wool fibres contain many bonds sensitive to time under load, so that visco-
elasticity shows up in reduced stress as rate-of-extension is decreased, in
creep under constant load, in stress relaxation at constant extension and in
changes in dynamic properties.
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4.10 Stress—strain curve of wet wool in extension and recovery. The
stress is in arbitrary units. [From Morton and Hearle.?]

Table 4.3 Elastic recovery of wool [From: Beste and

Hoffman™]
Humidity Elastic recovery from
extension of
1% 5% 10%
60% RH 99% 69% 51%
90% RH 94% 82% 56%

In the low-strain Hookean region, Fig. 4.11, from studies by Feughelman
and Robinson,'® shows that the higher stress at lower humidities relaxes
with time towards the stress in the wet state. From larger strains, Fig. 4.12
shows the stress relaxation of human hair, which will be generally similar
to wool, from different extensions in water at 35°C and from 40% exten-
sion at different temperatures.'" The curves divide into four regions, which
shows that there are different relaxation mechanisms within the fibre struc-
ture. There is rapid decay in less than a second, which, if it were the only
mechanism, would lead to an asymptotic approach to a limiting tension.
This is followed by a slow decay to 100 seconds, then a faster decay from
100 to 10000 seconds, before the curve begins to flatten out. The increase
in rate at higher temperatures is also shown in Fig. 4.13 for relaxation from
the mid-point of the yield region."”
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4.11 Stress relaxation of a wool fibre from 0.8% extension at different
relative humidities.' The stress, calculated on the basis of the wet
cross-sectional area, is normalised to the stress at 0.8% extension in a
wet fibre. [From Postle et al.*]

Figure 4.14 shows the creep in a wet wool fibre for short times (2.5
minutes) under different loads in the yield region at 18.5°C and in the yield
region at different temperatures.”” The rate decreases with time and, on a
linear time scale, appears to become asymptotic to a constant value. Creep
is faster at higher temperatures. Feughelman® found that the results fitted
the empirical equation:

1/e = (alf) + b (4.2]

where e is extension at time ¢, and a and b are constants dependent on load
and temperature.

When tested over longer times and plotted on a logarithmic scale, Fig.
4.15 shows that another mechanism appears to take over at around 100
minutes and begins to level off in a typical sigmoidal plot at about one
week.'®

The creep, or stress relaxation, in wool will show up as higher extensions
at a given stress in load—extension testing. Figure 4.16 shows the effect on
Young’s modulus, which decreases as the rate of extension is decreased.'

As can be seen in Fig. 4.17(a), the dynamic modulus, measured by small
oscillations at 116 Hz,”' is highest at a small mean strain level in the Hookean
region, is lower through the yield region, and rises again in the post-yield
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4.12 Stress relaxation of wet human hair: (a) at 35°C from different
extensions; (b) from 40% extension at different temperatures. [From
Peters and Woods."]
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4.13 Relaxation of wet wool from 15% extension at different
temperatures.' f/f; is the ratio of the stress after the given time to the
stress after 1 hour. [From Morton and Hearle.?]



92 Wool: Science and technology

30 ' ' Load(g)
6.7
6.5
6.3
6.1
—_ 5.9
& 20f ﬁ///sj
c
kel
(7]
5 |/
o 10 ¥
I//
’/ﬁ/’/
/
(a) 1 1 1
0 50 100 150
Time (seconds)
°C
25.3
ool 205
. 14.8
< 9.8
5
@ 4.4
g
5 /
L
(b) 1 1 1
0 50 100 150

Time (seconds)

4.14 Creep in a wet wool fibre with a diameter of 44.5um:?°

(a) under various loads at 18.5°C; (b) under 6 gram load at various
temperatures. Note that 6 gram equals 38.5 MPa, which is towards the
end of the yield region.

region. Conversely, the plots of loss angle § in Fig.4.17(b) are roughly mirror
images of the modulus plots, being highest in the yield region. Figure 4.18
shows the change in tan § in dry fibres with temperature, as measured
by Meredith in bending.”> For wool, there is a rise, presumably to a peak
characteristic of many polymers around —100 °C, at low temperature; a peak
at about 20°C; and then a rise at high temperature.

4.3.4 Directional effects

The bending behaviour of fibres relates to their tensile properties, with the
outside of the bend being in tension and the inside in compression. For
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4.15 Creep of keratin fibres in water: (a) human hair at 72 MPa; (b)
Cotswold wool at 69 MPa. [From Peters and Woods."]
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4.16 Change of Young’s modulus in wet Cotswold wool with rate of
extension at 20°C and 40°C." [From Morton and Hearle.?]

small curvatures with a constant modulus, there is a central neutral plane
and the maximum strain is £(#/R), where r is the fibre radius and R is the
radius of curvature. If there is yielding, the neutral plane is displaced in
order to minimise the deformation energy. In most polymers, yielding is
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4.17 Dynamic mechanical properties of Lincoln wool at different
humidities at 25°C and 116 Hz: (a) Dynamic modulus E’. Unit modulus
at 0.6% extension equals 2GPa. (b) Loss angle 3. [From Danilatos and
Feughelman.”']

easier in compression than extension, so that the neutral plane moves out
and a plot of equivalent stress against strain in bending falls below that in
extension, as found for several fibres by Chapman.”> However, for Lincoln
wool, the bending curve goes above the tensile curve, as shown in Fig.
4.19(a). Experiments up to higher curvatures on a coarser horse hair fibre
show the effect of the eventual yielding in compression, Fig. 4.19(b). The
initial identity of both curves shows that the tension and compression
moduli are the same in the Hookean region. Figure 4.20 shows the effect
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4.18 Loss factor for several fibres measured in bending by Meredith?2.
Curve (d) is for wool. The others are: (a) mercerised cotton, (b)
viscose rayon, (c) secondary acetate [From Morton and Hearle.%]

of temperature and humidity on the nominal initial bending modulus:
the black circles are repeats at 20°C after tests at 60 °C; the dotted line is
calculated from tensile modulus and swelling data of Bendit and
Feughelman,” and shows good agreement despite being on different wools
at different rates.

The changes in differential axial length of wool on drying, as discussed
in Section 4.4.3, cause wool to bend on drying from the form in which it
grows from the follicle, and this leads to the helical crimp of wool fibres.

The torsional properties of wool were measured by Mitchell and Feughel-
man.” Figure 4.21 shows that there is a linear relation between the recip-
rocal of torque and the reciprocal of twist angle. The resistance to twisting
decreases with increasing humidity. Speakman® showed that the reduction
in torsional rigidity followed a sigmoidal plot against moisture regain, Fig.
4.22, but was linear when plotted against the intermediate absorption,
shown as type (b) in Fig. 4.3. The shear modulus, as measured in torsion, is
reported® to be 1.7GPa at 0% RH, 1.1 GPa at 65% RH, and 0.13GPa at
100% RH. The effects of temperature, strain and moisture on torsional
stress relaxation are shown in Fig. 4.23.

Figure 4.24 shows the transverse load—extension curve of wet porcupine
quill.” The initial modulus of 0.37 GPa should be valid as a measure of the
properties of the material of the wool fibre, but, as suggested by Hearle,*®
the yielding is probably due to breakdown of the composite structure at
some level. Kawabata has developed sensitive methods for measuring the
properties of fibres in different directions. He reports the following values
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4.19 Nominal stress-strain curves in bending compared with tensile
curves: (a) Lincoln wool; (b) horsehair. [From Chapman.”]
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4.20 Effect of temperature and humidity on nominal bending modulus
of Lincoln wool. See text for explanation of black circles and dotted
line. [From Chapman.”]

at 25°C and 55.3% RH: axial modulus E; = 3.33 GPa; transverse modulus
Er =1.09GPa; shear modulus G = 1.47GPa.”®

4.3.5 Fibre strength: fracture and fatigue

For ‘good’ wool, the evidence indicates that wet fibres break at an exten-
sion of 50 to 60% at a stress of about 100 MPa. Figure 4.25 shows a plot of
break load in a standard atmosphere against the local area of cross-section
at the break point of wool fibres.*® The slope of the upper bound line indi-
cates an intrinsic strength of 300 MPa. However, the break load of individ-
ual fibres, when related to their average diameter or linear density, may be
much lower than this due to variability, which causes failure to occur at a
thin place. The points falling below the line in Fig. 4.25 can be attributed to
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4.21 Reciprocal of torque plotted against reciprocal of twist angle for
a wool fibre of diameter 44.6um when wet.” [From Feughelman.’]
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4.22 Relative torsional rigidity plotted against moisture regain. The
upper plots are for wool; the comparison for cotton shows a plot
against the first absorbed water in a two-phase model. [From Morton
and Hearle.%]
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4.23 Torsional stress relaxation, plotted relative to stress after 60
minutes: (a) effect of temperature at 100% RH; (b) effect of strain at
0% and 100% RH. [From Chapman.®]
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4.24 Stress-strain curve for porcupine quill in lateral extension.”®
[From Feughelman.®]

some defect in the fibre, which may be a surface crack, an internal flaw, or
some general weakness in the fibre.

The form of tensile fracture is a granular break perpendicular to the fibre
axis, Fig. 4.26(a).”' In some fibres, the break is in short or long steps joined
by an axial split, Fig. 4.26(b,c). The two transverse cracks are an indication
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4.26 Three views of the tensile fracture of wool fibres. [From Hearle
et al.®']
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of prior damage to the fibre, either a pre-existing split or flaws in two places
along the fibre.

When wool is repeatedly flexed by pulling to-and-fro over a pin, there is
a combination of axial splitting and surface wear,”” as shown in Fig. 4.27.
Severe repeated buckling, either in a laboratory test or in a carpet, leads to
the formation of axial cracks due to internal buckling in axial compression,*
as shown in Fig. 4.28(a). This leads to rupture, Fig. 4.28(b), and is followed
by axial splitting.

3 50 pwm

1 F— 20pm
(@) (b)

4.27 Failure in wool fibres on flexing over a pin. [From Hearle et al.®']

4.28 Failure in repeated severe buckling of a wool yarn. (a) transverse
crack; (b) ruptured end; (c,d) subsequent axial splitting. [From Hearle
et al®"]



102 Wool: Science and technology

4.3.6 Thermal properties, transitions, supercontraction

The thermal conductivity of horn, which is a similar material to wool,
increases from 194mWm™K™ at 0% moisture regain to 2900mWm 'K at
30% regain.*”? For fibre assemblies, the trapped air leads to much lower
values of thermal conductivity.

Figure 4.29 shows the variation of specific heat of wool with temperature
at various regains.”® The peak below 0°C at higher regains will be due to
the latent heat of ‘freezing’ of loosely bound absorbed water. There is also
an indication of a step increase at around 40°C, which would correspond
to a second-order glass transition.

A differential scanning calorimetry study by Phillips** showed that the
change in specific heat was considerably affected by fibre ageing. Wool with
15% regain stored at 20°C for 52 days showed a pronounced endotherm
near 60 °C on the first heating cycle, which disappeared in a second run after
rapid cooling, but reappeared after 15 days reageing. Figure 4.30 shows how
the transition temperature falls with increasing water content.

The effect of the second-order transition on mechanical properties is
shown by the large drop in the stress—strain curve of wet wool between
40°C and 80°C, as seen in Fig. 4.6. The position of the transition is clearly
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4.29 Variation of specific heat of wool with temperature and regain.®
[From Morton and Hearle.®]
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4.30 Variation of transition temperature of wool with water content.
[From Phillips.?*]

shown in Fig. 4.31 by the change in the strain at the end of the yield region
in wet wool. There is no change up to 60°C, but then there is a rapid
increase. The plot of initial modulus against temperature shows a reduction
associated with the glass transition, but it then drops rapidly above 100°C
to almost zero at 130°C, Fig. 4.32.

The effects above 100 °C are attributed to a first-order transition and are
associated with the phenomenon of supercontraction, which may be
brought about in various ways. A fibre that has been stretched to above
40% extension, steamed and released, will contract to less than its original
length. Irreversible supercontraction occurs when wool is immersed in a
boiling solution of phenol or a lithium halide in water, and reversible super-
contraction occurs in cuprammonium hydroxide or a lithium halide
solution in milder conditions. In a hot solution of lithium halide, the fibre
contracts in a first stage to around —15% extension, with a complete loss of
crystallinity, as shown by X-ray diffraction, and of birefringence. After a few
minutes, second-stage supercontraction goes to a final value between —30%
and —50% extension. Washing the fibre after the first stage restores the fibre
to its original state, but this does not occur after the second stage.

First-stage supercontraction occurs after many hours in a cold lithium
bromide solution above a critical concentration; second-stage supercon-
traction occurs when the concentration is increased and heat is applied.
Chapman® used this procedure to investigate the change in tensile prop-
erties. Figure 4.33 shows the stress—strain curves in water and in cold LiBr
solution after first- and second-stage supercontraction.
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4.31 Change in strain at end of yield region in wet wool (point C in
Fig. 4.4). [From Chapman."™]
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4.32 Change in initial modulus of wet wool with temperature. [From
Chapman.™]

In wet wool, the X-ray diffraction pattern of a-keratin is lost at about
130°C, indicating a melting of the intermediate filaments (IFs). In dry fibres,
a melting endotherm occurs at around 225 °C.

4.3.7 Ageing and setting

The stress relaxation of wool has been referred to in Section 4.3.3. However,
it can be viewed in another context as ‘ageing’ of the fibre. This is particu-
larly important in relation to wrinkling and wrinkle recovery in wool fabrics.
In effect, the ageing of bent fibres in the fabric, due to stress relaxation,
means that they have been ‘set’ in a new form with changed properties.
Setting can be accomplished more rapidly by other treatments. Feughel-
man’ studied the behaviour after setting in boiling water for 1 hour. Figure
4.34 shows the stress—strain curves in water at 20 °C for the original unset
fibre and a fibre that had been set at 10% extension. Both because of the
increased set length and a reduction in the initial modulus, the start of the
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4.33 Stress-strain curves in water and in LiBr solution after first- and
second-stage supercontraction. [From Chapman.®]

yield region at A is shifted to a much higher extension, when based on the
original length. The yield slope is unchanged and the end of the yield region
at B is shifted only slightly to a higher extension. Feughelman found that
the change was only partial after setting for just one minute. The points A
and B were in the same positions as in Fig. 4.34, but the fibre was not set:
its length under zero stress was unchanged. The initial part of the curve
started from 0% extension and followed a sigmoidal path, with high-low-
high slopes, to the start of the yield region at A. Feughelman also found
that releasing the fibre, after 1 hour set, in water at 100°C for 1 hour,
restored the fibre almost to its original length and stress—strain curve.
Release at 120°C led to supercontraction.

As described in Section 7.13, setting is assisted by chemical treatments
that attack disulphide bonds, and may be locked in if more permanent
chemical cross-links are formed.

4.3.8 Fibre friction

Wool has the unusual feature of a directional frictional effect (DFE). It is
harder to pull against the scales than with them. For wool on wool, there
are three options: (1,2) fibres with roots and tips opposed, pulled with or
against the scales; (3) fibres with roots and tips at same end, pulled either
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4.34 Stress-strain curves, unset and set at 10% extension in boiling
water. [From Hearle et al¥’, based on measurements by Feughelman.]

way. For wool on another substrate, there are the two options of with or
against the scales. Typical experimental results are given in Table 4.4. As
with all fibres, the values of the coefficient of friction p depend on the state
of the surfaces, particularly the presence of lubricants, and the environ-
mental conditions. It is also found that Amontons’ Law is not strictly fol-
lowed, so that p is not a constant independent of normal load, but is merely
a ratio of friction force to normal load.

4.4 Structural mechanics

4.4.1 The chemical background

As is clear from other chapters in this book, wool is composed of a com-
plicated cocktail of proteins and other chemical substances. This means that
the thermal and mechanical responses of the fibres are determined by a
variety of interatomic and intermolecular bonds and a diversity of struc-
tural forms. The mechanics of most of the properties is understood quali-
tatively, and there are some quantitative theories. Much detail remains to
be worked out, but this should be achieved through advances in computer
modelling and in analytical techniques, which define structure more pre-
cisely. The different parts of wool fibres that influence mechanical proper-
ties are shown in Fig. 4.1.

The keratin proteins in the intermediate filaments (IFs) can, to a first
approximation, be regarded as forming microfibrillar crystals with a-helical
chains intra-molecularly linked by hydrogen bonds, though an idealised
behaviour will be modified by the presence of various side-groups. Under
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Table 4.4 Friction of wool [From: Morton and Hearle®]

with scales against same
scales direction
Wool on wool - static 0.13 0.61 0.21
- kinetic 0.11 0.38 0.15
Wool on rayon - static 0.11 0.39
- kinetic 0.09 0.35
Wool on nylon - static 0.26 0.43
- kinetic 0.21 0.35
Wool on wool - crossed fibres 0.20-0.25 0.38-0.49
Pair of twisted wool fibres — dry 0.1 0.14
- wet 0.15 0.32
Unswollen wool, swollen** ebonite 0.58 0.79
Swollen* wool, unswollen ebonite 0.62 0.72
Swollen* wool, swollen** ebonite 0.65 0.88
Wool on ebonite — polished surface 0.60 0.62
- rough surface 0.50 0.61
Wool on horn: dry 0.3 0.5
Wool on horn: wet, pH 4.0
— untreated 0.3 0.6
— chlorine treated 0.1 0.1
— alcoholic KOH treated 0.4 0.6
- sulphuryl chloride treated 0.6 0.7

*in water **in benzene.

tension, a crystal lattice transition is observed, extended-chain B-crystals
form and the hydrogen bonds become inter-molecular. Terminal domains
(tails) of the keratin molecules contain cystine and project into the matrix.
The keratin-associated proteins of the matrix are more complicated. The
mechanical role of the glycine-tyrosine-rich proteins is not understood, but
the cystine-rich proteins constitute a cross-linked network, within the glob-
ular molecules, between globules and connecting to the terminal domains
of the IF proteins. In the dry state there will be hydrogen bonding between
matrix protein segments, but, in wet fibres, absorbed water will give a mobile
structure. Other intermolecular bonds will also influence the mechanical
response.

The cell membrane complex has a different chemistry. The link to
mechanics has been little investigated, but the presence of lipids means that
it is probably a fairly weak material. The mechanical responses of the
various layers of the cuticle also need more study.



108 Wool: Science and technology

4.4.2 The fibril-matrix composite

The main features of the stress—strain relations can be explained in terms
of an axially oriented, parallel assembly of fibrils (IFs) in an amorphous
matrix. Feughelman® laid the foundations of the theory with the two-phase
model shown in Fig. 4.35. Swelling of the matrix by absorbed water, which
pushed the fibrils apart, explained the high transverse swelling and low axial
swelling of wool. The initial extension in the Hookean region is resisted
mainly by the deformation energy of the hydrogen-bonded a-helices in the
fibrils, with a small contribution from the matrix. Lower shear and trans-
verse moduli are determined mainly by the softer matrix.

Quantitative analysis of the anisotropic mechanical properties would
follow composite theory. For elements in parallel, which applies to the axial
extension of the two-phase model, the mixture law adds forces or averages
moduli. For elements in series, extensions are added or compliances aver-
aged. Across circular units in a matrix, as applies to the shear and trans-
verse response of the two-phase model, the stress distribution is more
complicated, but the predictions tend to be closer to the series model. A
three-dimensional finite-element analysis of the anisotropic elasticity
was carried out by Curiskis®*, but the detailed predictions have been
criticised by Postle er al.** "¢ *, The possible role of breakdown of the cell
membrane complex or elsewhere, which would give the observed yielding
under transverse stress, is discussed in Section 4.4.4.

The two-phase model was extended to cover the large-strain extension
and recovery behaviour by Chapman.** The model results from a proper
analysis of the mechanics of the composite system of fibrils and matrix, both
of which have specific load—extension properties.

For the fibrils, a plot of free energy against extension will have the form
shown in Fig. 4.36(a), which is based on a diagram by Feughelman.” The
energy minima at A and B correspond to the coiled and extended crystal
forms. Differentiation gives the force—extension curve shown in Fig. 4.36(b).
OA is the extension of the a-helices and FC of the B-crystals. For infinitely
large crystals, the extension would jump from A to C, because of the insta-
bility of a decreasing force region. At intermediate extensions, both forms

*There was an earlier theory by Feughelman and Haly*’, based on an alternation
of X-zones, which extended in the yield region, and Y-zones, which extended in the
post-yield region. There were subsequent detailed variations of this model, and in
1994 Wortmann and Zahn* suggested an explanation in terms of the IF structure.
In the same year, Feughelman* suggested another model, which was based on sep-
arate globular molecules surrounded by water in the matrix. A review by Hearle®
concludes that the Chapman model and its later developments, as described here,
are basically correct, though enhancements are needed to take account of more
complicated structural details.
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would be present along DF at the force for equilibrium between o and f,
which is given by the slope of the line AB in Fig. 4.36(a). In small crystals,
thermal vibrations will cause the jump to occur at the lower force H in Fig.
4.36(b). The expected force—extension relation for the fibrils is thus OHJFC.
Along JF, the fraction of o will be decreasing and of § increasing. For the
ideal o-helix, the extension to F is 120%, but, for the actual IFs, it is prob-
ably only 80%, as some parts are not able to change to the B-crystalline
form. In practice, wool fibres will break at around 50% extension, marked
by the point G.

On the Chapman model, the matrix in the wet state is assumed to act as
a rather highly cross-linked, swollen rubber. The matrix stress—strain curve
can be derived from the supercontraction experiments shown in Fig. 4.33.
Following the X-ray diffraction evidence, it is assumed that the o-crystals
are disrupted in first-stage supercontraction, so that the stress—strain curve

Filament

Matrix

4.35 Feughelman's® two-phase microfibril-matrix model. [As drawn in
Postle et al.?®]
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4.36 (a) Free-energy diagram for oo — B transition. (b) Force diagram.
[From Hearle.™]
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is then dominated by the matrix. If the matrix ceases to contribute after
second-stage supercontraction, the small resistance to extension is the resid-
ual effect of the disrupted IFs. Subtraction of the stress—strain curve after
the second stage from that after the first stage thus gives a prediction of the
matrix stress—strain curve, as shown in Fig. 4.37(a). In Fig. 4.37(b), it is shown
that this curve is close to a theoretical rubber elasticity curve, based on the
inverse Langevin function form, with two free links between junction
points. The deviation at high stress can be attributed to some rupture of
cross-links, which leads to the observed loss of some recovery from exten-
sions over 30%. The maximum extension of the rubber-elasticity curve is
about 50%, and this defines the limit at which the matrix will rupture and
wool fibres will break. Higher extensions can be achieved, as was done by
Bendit®, if cystine cross-links are allowed to break by treatment in hot
water. This leads to the maximum extension of 80% for completion of the
o — P transition.

In the Chapman model, the composite fine structure is treated as a fibril,
with helical chains, in parallel with an amorphous matrix, with the two
linked at intervals to give a series of zones, as shown in Fig. 4.38. Originally,
this form was chosen for simplicity in modelling, but now the links corre-
spond to the IF keratin tails, which are cross-linked to the KAPs in the
matrix. The stress—strain curves of the two components of the wet fibre are
shown in Fig. 4.39(a), based on the above arguments. Up to 2% extension,
Fig. 4.38(a), both components extend together, but, as described above,
almost all the stress comes from the fibrils. When the critical stress is
reached, one of the zones, arbitrarily selected either due to variability or
thermal vibration, opens from the o helix to the B extended chain. The
tension in the fibril drops to the lower equilibrium value and the matrix
extends to make up the tension. There would be an infinitesimal drop in
tension, but this is picked up by further extension, so that further zones
continue to open. The stress through the yield region, Fig. 4.38(b), remains
constant and equal to the IF critical stress plus the small contribution of
the matrix at 2% extension. At 30% extension, Fig. 4.38(c), all zones have
opened. Further extension in the post-yield region, Fig. 4.38(d), causes the
matrix stress to increase. In recovery, Fig. 4.38(e), there is no critical factor
and the zones all contract together until they disappear and the initial
stress—strain curve is rejoined. With the values shown in Table 4.5, the pre-
dicted stress—strain curve is shown in Fig. 4.39(b). This is identical with the
experimental stress—strain and recovery curves, if the variability that causes
the slope in the yield region is absent.

At humidities below 100%, intermolecular hydrogen bonds stiffen the
matrix. This gives a larger matrix contribution to the stress and thus
increases the initial slope and the yield stress. In the initial and post-yield
regions, the matrix stress can be calculated by subtracting the assumed fibril
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4.37 (a) Stress—strain curves of wool after first- and second-stage
supercontraction, and for (first stage — second stage), which is
assumed to be the matrix curve. The curve for wool in water, which in
recovery is almost parallel to the matrix curve, is shown for
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[From Chapman.®®]
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From 0% to 2%: uniform extension at 2%: IFs
reach critical stress

From 2 to 30%: zones open in succession
in open zone: IF at eq. stress, matrix at 30%

Beyond 30%, IF at eq., matrix stress rises

In recovery, IFs at eq. stress
all zones contract until they disappear

4.38 Schematic representation of the sequence of changes in the
Chapman model. [From Hearle.?®]

stress from the experimental curves shown in Fig. 4.6. For the intermediate
extensions, calculation is not possible, but Fig. 4.40 shows matrix stress—
strain curves interpolated in this region.”” They are typical of an amorphous
polymer with hydrogen bonds that are broken at a yield stress.

Setting can be explained” on the assumption that the rupture and re-
formation of cross-links relieves the stress and shifts the origin of the matrix
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Table 4.5 Controlling parameters for Chapman model [From: Hearle

28]

Parameter Value Determines Notes

Microfibrils

o modulus 1.75GPa Initial fibre modulus Similar to theoretical
(plus small matrix calculation
contribution)

Critical stress 0.035GPa Fibre yield stress Reasonable at 2%

o — B trans’n (plus small matrix strain
contribution)

Equil’'m stress  0.07 GPa Junction of extension Reasonable on basis

o — B trans’n and recovery curves of Fig. 4.36

B modulus 1.75GPa Additional microfibril Actually higher;
extension in post-yield negligible effect
region

o — [ strain 80% Extension in opened From X-ray diffr'n
zones expt’s; less than ideal

a-helix

Matrix

# Nonlinear See Post-yield and recovery  From supercontr’'n

stress/strain Fig. 4.37(b)  curves (plus microfibril expt's & rubber
contribution) elasticity theory

In’l modulus 0.35GPa Addition to microfibril Follows from #
tension

Extension at 30% End of yield region Follows from #

critical stress

Ideal max'm 40% Limiting extension if Follows from #

extension no cross-link failure

Actual max'm  50% Fibre break extension Greater than ideal

extension

and strength

max'm due to cystine
bond break
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4.40 Predicted matrix stress—strain curves at different humidities.
Dotted lines are interpolated between calculated curves from model.
[From Hearle et al.*’]

stress—strain curve to the setting strain, as shown in Fig. 4.41(a). Applica-
tion of a sequence similar to that shown in Fig. 4.34 gives the new
stress—strain curve, shown in Fig. 4.41(b). The positions of the points A and
B are found to be the same as in the experimental curves of Fig. 4.34, but
something different happens in the low-stress region.

Visco-elasticity in dry wool in the Hookean region is explained by the
progressive breakage of hydrogen bonds in the matrix due to thermal vibra-
tions. This will be intensified at larger strains. If the thermal and chemical
conditions are right, other bonds, such as cystine cross-links, will also show
time-dependent breakage. The lowering of the critical condition for the
o — P transition due to thermal vibrations, as shown in Fig. 4.36(a), is
another source of time-dependence. Detailed theoretical treatments of
these effects follow the classical visco-elastic models, either in their math-
ematical formulations® or by adding viscous elements to the computation
of the two-phase model.** By adjusting parameters, it is possible to fit
experimental results, but more detailed understanding and modelling is
needed in order to derive predictions from first principles.

4.4.3 The ortho-cortex and fibre crimp

The two-phase model with fibrils parallel to the axis of the fibre, as shown
in Fig. 4.35, and the subsequent treament of the fibre mechanics, applies
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4.41 (a) Postulated changes in matrix stress—strain curve after setting.
(b) Calculated behaviour of set fibres. [From Hearle et al.*’]

Note: The X lines, which do not give a reasonable prediction, follow a

vertical shift of the stress—strain curve; the Y lines with a horizontal

shift give a prediction similar to the experimental results.

strictly only to the para-cortex of wool and, with some detailed modifica-
tion of input parameters, to the meso-cortex. In the ortho-cortex of wool,
the IFs (microfibrils) are bundled together in macrofibrils. Electron micro-
scope pictures show circular IF cross-sections at the centres of macrofibrils,
becoming increasingly elliptical towards the circumference. This implies
that the IFs and the associated matrix follow helical paths in the macrofib-
rils. Electron microscope tomography*’ enables quantitative measurements
of twist angles to be made. The structure is like that of a twisted yarn.
Similar theory will apply, though account must be taken of the shear stress
between IFs and this will lead to a change in tensile properties, which can
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be approximated as a reduction of stress at a given extension by the factor
cos’ o, where o, is the twist angle at the surface of a macrofibril.

A more important consequence is the influence of dimensional changes
associated with moisture content, as analysed by Munro and Carnaby.** The
simplest assumption is that the wool fibre is straight when wet, since this is
the state in which it is formed. The IFs are then widely separated by the
swollen matrix. Drying the fibre will cause a lateral contraction that will
reduce the twist angle and cause the macrofibril to extend. The increased
stress-free length of an isolated macrofibril would depend on a balance of
contraction at the circumference and extension at the centre. However, on
the other side of the wool fibre, the lateral contraction of the para-cortex
will not cause any extension, because the IFs are parallel to the fibre axis.
Consequently, the fibre acts like a bimetallic strip and bends to minimise
the deformation energy. The longer orthocortex will take the outside of the
bend and the shorter paracortex the inside, as is observed experimen-
tally.***° This is the source of crimp in wool fibres.

There is some uncertainty about the detail of the helical form. If the
ortho—para boundary rotates along the fibre, it would automatically gener-
ate a helix. However, if the boundary remains in the same transverse direc-
tion, the minimum energy state would be a tight coil, but, to form this from
the straight fibre, it is necessary for the fibre to twist. If twisting is allowed,
the intermediate state at a given fibre length would be a unidirectional
helix; if it is not, alternating right- and left-handed helices would form, as
in bicomponent synthetic fibres.

4.4.4 Fibre strength and the cell membrane complex

On the Chapman model, as described in Section 4.4.2, the matrix would
break at a lower extension than the IFs, and would trigger fibre breakage
at around 50% extension. However, the wool fibre is a composite at a
number of levels, and it is likely that the system of cells bonded together
by the cell membrane complex (CMC) plays a part in determining the form
of breakage. Once a crack started in the matrix of one cell, it would be
expected to propagate across the cell. The CMC will act as a weak bond,
which, as in fibre composites, blocks crack propagation. However, there will
be stress transfer from the ruptured cell to neighbouring cells, which causes
them to break in a nearby region. This gives rise to the granular breaks
shown in Fig. 4.26.

The above argument applies to the intrinsic strength, which gives the
upper bound in Fig. 4.25. There are many possible causes of lower values
of strength. As already mentioned, if the fibre is variable, failure at the
weakest link will give a lower apparent strength when related to the average
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fibre thickness. Lower intrinsic strength will result from any damage or
defects in the fibres.

Weakness in the CMC is another, more fundamental, possibility.”" For
short fibre composites, the strength is reduced, compared to a system
without slip, by a slippage factor SF, which is given by equation [4.3]:

SF=1- (1/4)(S/B)(DIL) [4.3]

where S is the tensile strength of the cell, acting as a short fibre in the com-
posite, B is the bond strength of the CMC between cells, D is the cell diam-
eter and L is the cell length.

In ‘good wool’, with B reasonably high and (D/L) small, SF should be
close to 1, but, if there are thick, short cells with weak CMC, then there will
be appreciable loss of strength.

The slippage effect will be greater in the transverse direction when (D/L)
is equal to one. This is the most likely cause of the yielding in transverse
extension of porcupine quill, as found by Feughelman and Druhalla.”

Breakdown of the CMC will lead to the multiple split ends that are often
seen in failure of wool in fatigue situations. The transverse axial cracks
are a natural consequence of the buckling of aligned elements within the
structure.”

4 4.5 Fibre friction and the scales

Qualitatively, the scales on the wool fibre would be expected to give
a ratchet-like action, due to scales interlocking with one another or catch-
ing on asperities on a surface. This would give rise to the directional
frictional effect. Figure 4.42 shows the various possible interactions, and
from the geometry it is intuitively obvious that motions against scales,
Fig. 4.42(b,d), will give more resistance than with scales, Fig. 4.42(c,e).
For fibres in the same direction, Fig. 4.42(a), the friction will have an
intermediate value.

Lincoln® has given a more detailed analysis based on the components of
normal load and frictional force, as shown in Fig. 4.43(a). If F is the fric-
tional force and N is the normal load, Amontons’ Law, F = uN, has a con-
stant coefficent of friction p. Polymeric fibres are generally found to follow
a power law: F = aN". This formulation implicitly assumes that the normal
load and frictional force are respectively perpendicular and parallel to the
surfaces, both locally and generally. For the scales on wool, this is not so. In
Fig. 4.43(a), W and F are the components related to the overall surface, N
and P are the components related to the local plane of contact, which makes
an angle 8 with the overall surface plane. Putting P = aN", the forces are
related by equation [4.4].
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4.42 Directional friction in wool: (a) between fibres lying in same
direction; (b) between fibres against scales; (c) between fibres with
scales; (d) on plane surface against scales; (e) on plane surface with
scales. [From Morton and Hearle.?]

Fcos0®— Wsin® =a(W cos6 + Fsind)" [4.4]

The frictional force increases rapidly as 6 goes from negative values, i.e.
moving away from the slope, to positive values, as in Fig. 4.43(a). Contact
with a wool fibre as shown in Fig. 4.43(b) will have different angles, depend-
ing on which part of the scale is in contact. These may be simplified as a
saw-tooth with two angles, o and 3. Combining positive and negative values
of oo and B, as appropriate, leads to the frictional forces shown in Fig. 4.43(c),
in which the mean force against the scales is higher than the mean force
with the scales.

4.5 Electrical properties

4. 5.1 Dielectric constant and loss factor

At the base level for dry wool, the dielectric constant of wool is about 1.5,
and this will result from dipolar groups in the protein and other molecules.
In practice, the major influence is that of water. H,O is a permanent dipole,
and its orientation in an electric field determines the dielectric constant €.
The lag in responding to an alternating field determines the loss factor
tand. The structural features that influence these values are the amount of
absorbed water and the firmness with which it is bound; the test conditions
that change the values are frequency and temperature.

A measurement problem is that the only easy way to measure dielectric
properties is on a fibre assembly. Hearle’** made tests on yarns wound
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4.43 (a) Frictional contact at an angle to the overall surface.
(b) Different angles of contact on wool scales. (c) Combined effect
with and against scales. [From Morton and Hearle.%]

between two cones. The results are shown in Fig. 4.44. The dielectric con-
stant and power factor rise steeply at higher moisture contents and lower
frequencies.

4 5.2 Electrical resistance

Electrical current in wool is carried either by charged ions present as impu-
rities or by the mobility of protons in hydrogen bonds. According to a
theory by Hearle™, only dissociated ions are free to move, and the degree
of dissociation depends on the dielectric constant € through its influence on
the dissociation energy of two charged particles. Application of the Law of
Mass Action leads to equation [4.5]:

log R =(Ale) + B [4.5]

where R is the electrical resistivity and A and B are constants.

Changes in € cause orders-of-magnitude changes in resistance, because
of the logarithmic dependence. Empirically, it was found that at higher
values of moisture content M, log R varied linearly with log M. Figure 4.45
shows the variation of resistance with moisture content and compares the
theoretical and experimental results. Up to about 6% moisture content, the
resistivity of wool is constant with a value over 10 ohmcm or, in mass
terms, 10?ohmg/cm?® The drop in resistance starts at a higher moisture
content than in cotton and this reflects the way in which the first absorbed
water is firmly bound. A comparison against relative humidity is shown in
Fig. 4.46. Wool lies between the more conductive cellulose fibres and the
less conductive synthetic fibres.
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4.44 Dielectric constant and loss factor of wool yarns with a packing
factor of 52-53%. (a) By bridge method at lower frequencies’ (the loss
is expressed by the power factor cos ¢, which equals sind); (b) By a
resonance method at higher frequencies.®*
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4.45 Log-log plot of resistance against moisture content, showing a
comparison of experimental values (full lines) and theoretical
predictions from equation [4.5] (dotted lines). [From Morton and
Hearle.?]

Terylene

4 1 1
10 20 30 40 50 60 70 80 90

Relative humidity (%)

4.46 Plot of resistance on a logarithmic scale against relative humidity
for a variety of fibres. [From Morton and Hearle.?]

4 5.3 Static electrification

Static electricity is easily generated when two different surfaces are sepa-
rated. Typically this occurs in rubbing or in walking on wool carpets. A
determining factor in the detection of static charging is how fast the charge
can leak away. If the material is a perfect insulator, the limiting charge is
given by conduction across the gap between the surfaces as they separate
but, if the material is a moderate conductor, conduction can occur back
through the material to the unseparated region. If the material is a good
conductor, all the charge can flow back and none is left on the material.
For practical time scales, static charges begin to drop from the maximum
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limiting value when the resistivity falls to 10" ohm cm, and will be very small
below 10°ohmcm. The values in Fig. 4.46 show that wool will suffer from
appreciable static charging below 60 to 70% RH. Static electrification is
described in detail by Morton and Hearle.?

4.6 Yarns and fabrics

4.6.1 Structural mechanics of fibre assemblies

In general terms, the mechanics of wool yarns and fabrics follows treat-
ments that are common to all textiles. These are described in books.***” An
account that is specifically related to wool is given by Postle et al.*® Hearle™®
includes nonwovens. The extensive work on fabric hand and the KES-F
testing system, which is particularly relevant to the effects of finishing of
wool fabrics, has been reviewed by Kawabata and Niwa.”

In addition to the particular tensile and other properties, the special fea-
tures of wool are fibre crimp, which leads to high bulk and softness, and
scales, which lead to felting. Good recovery properties are also beneficial,
and especially the regeneration of properties by washing. Setting, whether
temporary by drying or permanent by chemical cross-linking, maintains the
form of yarns, fabrics and garments.

4.6.2 Wool yarns

Most wool yarns are twisted structures. Twist, or the alternative of entan-
glement by felting, is necessary to hold staple fibres together. The effect of
obliquity is to reduce the stress at a given extension, but wrapping round
in a curved path generates transverse pressure and hence axial friction,
which grips the fibres. An approximate analysis™ gives the effect on the yarn
stress—strain curve in terms of the surface twist angle o and a factor k that
depends on the resistance to slip:

(yarn stress at given extension/fibre stress at same extension)
= cos® a1 — k cosec o) [4.6]

The first term is the direct effect of obliquity. The second term is the reduc-
tion in stress due to slip from fibre ends. The factor k is proportional to
(a Q/uL?)" This shows the more effective gripping of fibres with small
radius a, large length L, and high coefficient of friction y, in yarns with a
short migration period Q and high twist a. The twist is given in operational
terms by:

tan o = 0.0112(1/¢p)C T [4.7]

where ¢ is the packing factor, p is fibre density in g/cm’, C is yarn linear
density in tex, and 7 is twist in turns/cm.
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As (1 — kcoseca) decreases from a limiting value when kcoseca << 1,
the central length of fully gripped fibre becomes smaller. Equation [4.6]
breaks down below (1 — k cosec o) equal to /2. The fibres are no longer fully
gripped anywhere and there is cumulative slippage. This is the turnover con-
dition between self-locking yarns and draftable rovings.

Figure 4.47(a) gives examples of the stress—strain curves for worsted and
woollen rovings twisted on a laboratory twister®, and Fig. 4.47(b) gives a
comparison of the experimental values of modulus and strength with values
predicted from equation [4.6] with fitted values of k. The more irregular
woollen structure does not fit the theory and is much weaker than the
worsted structure. Modulus results for the worsted yarn can be fitted
to equation [4.6], but the strength values require an additional numerical
factor, which reflects a higher effective fibre strength in yarns than in fibre
tests.

A more detailed theory for wool yarns in which there is negligible slip
from fibre ends is given in Postle e al.* This takes account of the bulkiness
of wool yarns, and the reduction in volume during extension as the outer
fibres compress the underlying structure. The shortest path hypothesis
provides a useful procedure. Because fibres are slender, the energy needed
to bend and twist them is small and can be neglected, so that they take
up the shortest available path. Once a fibre has been pulled into such a
path, any further yarn extension requires fibre extension, which is much
more strongly resisted and dominates the deformation energy. Following
the early work of Carnaby and Grosberg,""® a number of more detailed
analyses have been made using more elaborate mathematical and com-
putational techniques. However, the underlying difficulty is to have an ade-
quate description of the complex fibre arrangement in wool yarns, which
can have a major influence on when the structure jams so that fibres are
forced into extension. The more difficult problem of the formation of yarn
structure needs to be solved as a prelude to analysing the mechanics of the
structure.

4.6.3 Fabric mechanics

Postle er al.* provide a full account of work on the mechanics of woven and
knitted fabrics. In general, deformation under low forces depends on the
resistance to bending and twisting of yarns, so that the initial modulus is
low. When tensions are high enough to straighten yarns or jam the fabric,
the forces increase and follow the resistance to yarn extension. Because
fabrics are thin, they have a low bending resistance. However, the double
curvature needed for good drape and handle also requires in-plane defor-
mation.* This is found in woven fabrics by a trellis action, which gives very
low resistance to shear, and in knitted fabrics by the loop structure, which
gives a low resistance in all directions.
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4.47 a) Stress—-strain curves of fibres and twisted rovings. No. 1 -
worsted. No. 2 — woollen. (b) Comparison of theory and experiment.
No. 1 — worsted. Yarn modulus: black circles, experimental; short dash
line, theoretical plot of cos?o(1 — 0.133coseca). Yarn strength: open
circles, experimental; long dash line, theoretical plot of 2.3cos?o(1 —
0.24coseca). No. 2 — woollen. Yarn modulus: black triangles,
experimental. Yarn strength: open triangles, experimental. The two
lines coming down from top left are for two theories of effect of
obliquity without slip. [From Hearle and EL-Sheikh.®°]
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An aspect of particular importance to wool fabrics is the relaxed state
of the fabric. After manufacture or finishing, the fabric will have certain
dimensions, but relaxation will change these. For knitted fabrics, Munden®
defined two relaxed states: dry-relaxed for fabrics allowed to recover from
knitting stress for at least 24 hours; wet relaxed after wetting and subse-
quent conditioning. Wrinkling, creasing and crease recovery in wool fabrics,
which involve the bending response of wool fibres, have been modelled by
Chapman.®®¥’

Wool is used in needled nonwoven fabrics, in which the fibre arrange-
ment generates the friction to provide fabric strength. The active geometry
consists of curved fibre paths in the plane of the fabric passing round the
‘pegs’ (tufts of fibres) that result from the needling action.®® Needled fabrics
are necessarily rather thick and, if they are to be stable self-locking struc-
tures, must be compacted, so they lack low in-plane resistance and there-
fore are limited in drape capability.

Felts are a long-established form of wool fabric, made possible because
of the directional frictional effect in wool (see Section 4.4.5). When a mass
of wool fibres is agitated, particularly in hot wet conditions when the fibres
are very flexible, each fibre moves in the low-friction direction. The roots
move forward followed by the tips — in other words, if the fibre direction is
defined as root-to-tip, the fibre as a whole moves progressively backward.
Each step involves an increase of interlacing with neighbouring fibres.
Eventually a highly interlaced, self-locking felt is produced.

4.6.4 Carpets

Wool is used as a carpet fibre because of its bulk, resilience and durability.
Carnaby and Wood®” have reviewed the physics of carpets. Important
aspects are comfort and compression, appearance retention, and wear resis-
tance. The compression behaviour is determined by the bending and
bending recovery of fibres within the carpet pile. An aspect of this related
to appearance is the problem of shading, which can cause great concern to
customers. It has been shown that this is due to patches of fibres lying in
different directions. In some cases, the cause is clear. For example, the move-
ment in turning a corner provides shear forces in a particular direction,
which causes the fibres to bend over from their initial direction to follow
the shear. Neighbouring regions which are not walked on, or are subject to
a symmetrical pattern of treads, will have fibres that remain lying in the
original direction. In cases where there is no obvious cause, it is presumed
that there is some asymmetric action at an early stage of the use of the
laydown or use of the carpet, which causes the pile to reverse, and that this
is intensified by subsequent treading.
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Carpet wear has been modelled in terms of fatigue sites that are more-
or-less randomly distributed through the carpet pile. This leads to a pro-
gressive loss of fibre material. Wear is much more severe in turning-walk
trials than in straight walk. The commonest form of fibre breakage is the
development of cracks in severely kinked fibres.”
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