
1.4 Properties of Textile Fibres

As mentioned, the very wide range of textile materials that are commercially available enjoy a diverse range of appli-
cations, for which differing properties, mostly governed by end-use requirements, are required, for example, from soft-
ness and moisture absorbency for apparel to high tenacity and elongation in the case of tough industrial materials. Some
of these properties of relevance to dyeing are discussed below.

1.4.1 Mechanical Properties
The responses of fibres to applied forces that induce bending, tension, torsion and compression are important from both
processing and performance viewpoints. Since textile fibres are sensitive to both temperature andmoisture (i.e. Relative
Humidity, RH; see Chapter 3), the determination of fibre properties must be carried out under known, constant, envi-
ronmental conditions. Thus, textiles are conditioned prior to and during testing according to which, the substrate is
allowed to equilibrate within a standard atmosphere55 and testing is undertaken within the same controlled atmosphere.
A commonly used standard atmosphere is 20 C (±2 C) and 65% relative humidity (RH) ±4% RH [350].

1.4.1.1 Load-Elongation (Stress-Strain) Curves
Several mechanical properties of fibres are determined from load-elongation (aka stress-strain) curves in which a pro-
gressively increasing load is applied to a fibre and the resulting deformation is determined. Typically, fibres are sub-
jected to tensile testing in which a uniaxial force is applied that imposes a controlled, constant rate of elongation up to
the point of breakage. Although stress–strain curves are often ascribed a ‘typical’ shape, such as that shown in
Figure 1.27, load-elongation curves for textile fibres vary, sometimes quite markedly (e.g. see Figure 1.28), between
different fibre types, as exemplified by curves for cotton and some other natural cellulosic fibres often being quite
different to those secured for many other types of fibre. The following account related to Figure 1.27 is intended
to be instructive only and readers should consult more detailed texts such as Ref. [209].

Confusingly, various terms are used for such plots and different units of measurement employed. If load is measured
in N, elongation will be expressed in centimetre. However, load is often replaced by stress (load/cross-sectional area)
of unit Nm−2 (1 Nm−2 = 1 Pa = 1 × 10−6 MPa) or, since for many textile fibres, as cross-sectional area is neither well-
defined nor uniform, linear density is used and the resulting specific stress (load/linear density) has units of N tex−1 (or
for similarity with the older unit linear density, g denier−1, cN dtex−1). Elongation can be replaced by either fractional or
percentage strain (Figure 1.27).

With reference to Figure 1.27, when a fibre56 is subjected to a small amount of stress, the fibre undergoes strain
(deformation); if the fibre recovers completely from the deformation when the stress is removed, the fibre has
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Figure 1.27 Idealised load-elongation curve for a textile fibre.

55
‘standard’ simply means that the temperature and RH are controlled.

56 in the case of crimped fibres, the crimp is removed prior to measurement.
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undergone elastic strain.57 In this initial region of a stress–strain curve, stress and strain are linearly proportional, the
proportionality constant being the slope of the (straight line) plot and is known as the initial modulus or Young’s
Modulus, E, the ratio of stress to strain when the material behaves elastically.58 When stress and strain are not directly
proportional, E is given either by the tangent modulus, the slope of the tangent at any given position on the stress-strain
curve, or the secant modulus, the slope of a line from the origin to any point on the stress-strain curve. After the appli-
cation of an initial amount of stress, the yield point is reached which corresponds to the stress at which the fibre, if
subjected to greater stress, will no longer return to its original shape. Two methods are available for determining yield
point, both involving the construction of tangents to the stress–strain curve [209, 307]. A related parameter is the elastic
limit, which is the greatest amount of stress that can be applied to the fibre without causing permanent deformation;
whilst brittle materials break at or about their elastic limit, ductile materials continue to deform at applied stress above
the elastic limit. Non-linear stress/strain deformation beyond the elastic limit indicates that the fibre is undergoing non-
elastic deformation (aka plastic deformation) during which, irreversible (permanent) deformation occurs; typically,
textile fibres (and ductile materials in general) have a large non-elastic deformation region. Eventually, the application
of further stress results in rupture (also referred to as fracture or breakage) of the fibre.59 Breakage can be quantified
using three parameters, namely elongation at break (also known as break extension or breaking extension), work of
rupture (determined as the area under the load-elongation curve upto the point of break) and strength, which for an
individual fibre is given by the breaking strength (aka tensile strength), this being the maximum tensile force used in
extending a fibre to breaking point, whereas for comparing different fibres, the specific stress at break is measured,
which is referred to as specific strength or tenacity.

The mechanical properties of a textile fibre are commonly described in terms of attributes, for which, confusingly,
different terms are used, that include strength (tenacity), extensibility (elongation at break), elasticity (elastic recovery),
stiffness (modulus) and toughness (work to rupture). The strength (tenacity) of a fibre is commonly expressed in rela-
tion to fibre fineness, often as the maximum stress applied to the fibre at its breaking point. Natural fibres and the early
regenerated fibres have tenacities of ~0.1–0.6 N tex−1, those of synthetic fibres and industrial fibres are in the range
0.4–0.6 N tex−1 and 0.6–1.0 N tex−1, respectively, whilst HM-MT fibres are in the range 1.0–3.0 N tex−1. The elonga-
tion at break (aka extension at break) describes the extent of deformation of a fibre imparted by a given stress and is
commonly expressed as the fractional increase in length of the fibre when it breaks. Whilst cotton has relatively low
elongation (~6–10%), that of wool (~25–50%) is of a similar value to many synthetic fibres; elastane fibres typically
have values of elongation of >400%. Elastic recovery refers to the amount by which a stretched fibre recovers to its
original dimensions when the deforming stress is released; often, stretch-recovery cycles involve hysteresis, so that
100% recovery is not achieved. PA fibres typically display much higher recovery from low amounts of stress than
PES fibres; consequently, PA fibres rather than PES fibres therefore enjoy extensive use in ropes and cordage as well
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Figure 1.28 Stress-strain properties of textile fibres (65% RH; 20 C). Reproduced from [275], with permission from Elsevier.

57 the majority of fibres are inelastic except at very low levels of extension.
58E is a measure of stiffness, having the same units as stress (Nm−1 or Pa or MPa).
59 fibre fracture comprises a large subject matter in its own right, e.g. [351].
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as in hosiery. Elastane fibres characteristically can be stretched to several times their length and rapidly revert to essen-
tially their unstretched length when the tension is removed.

Collectively, the tensile strength (tenacity), elongation (extensibility) and elastic recovery (elasticity) describe the
strength, robustness and ability of a fibre to assume a given shape and to recover its original dimensional attributes.

Fibre stiffness describes the resistance of a fibre to deformation. The initial modulus (aka Young’s modulus), which
often is used as a measure of the ability of a fibre to resist extension, is the ratio between the stress applied to a fibre and
the strain that results from the application of that stress. Initial modulus values range from ~2 to 20 N tex−1 for con-
ventional textile fibres, ~30 and 100 N tex−1 in the case of industrial fibres and up to >300 N tex−1 for HM-HT fibres.
Toughness is expressed as the amount of energy needed to break the fibre. The unit of work of rupture is mN tex−1, as
toughness is proportional to fibre fineness. Tough fibres, such as PA and PES, also tend to display reasonably high
tenacity and elongation.

Absorbed moisture reduces modulus, but both elongation to break and elongation at break increase. The strength of
cotton and other cellulosic fibres increases, whereas the strength of other fibres is reduced by the presence of moisture.
Whilst temperature imposes similar effects to those of moisture, they are more fibre-specific [209].

1.4.2 Thermal Properties
As textile materials are multiphase systems that comprise individual fibres as well as interstices (pores) filled with a
medium (e.g. air, water and dye liquor), the transfer of heat through the fibrous assembly necessitates transmission
through the various phases (i.e. fibre, dye liquor, etc.); furthermore, textile fibres are anisotropic. As such, thermal
conduction in fibrous assemblies60 is a complex process that has attracted considerable attention and which requires
the use of complex mathematics. This large and multifaceted area is outside the scope of this book and the reader is
directed elsewhere (e.g. [352–354]).

1.4.2.1 Heat Capacity
Heat capacity, C, is the amount of heat required to change the temperature of a material by a given amount, the SI unit
of heat capacity being J K−1. Heat capacity can be measured either at constant pressure or at constant volume, denoted
by Cv and Cp, respectively. As the heat capacity of a material depends on its mass, the specific heat capacity, c, (aka
specific heat) (SI unit: J kg−1 K−1) describes the amount of heat required to increase the temperature of a unit mass of
material by a given amount. Although heat capacity is a macroscopic variable, it is linked to molecular structure and
vibrational molecular motions [355]. Values of the specific heat capacity of various polymers [355] and fibres are avail-
able (e.g. PVC: 0.8–0.9; PES: 0.5–1.0; cotton: 1.3; PA 66: 1.5–1.8 kJ kg−1 K−1 [93]). Interestingly, the absorption of
water (cp ~4.2 Jkg

−1 K−1) does not increase the specific heat capacity of fibres to an amount predicted by a simple
mixing law, possibly because the absorbed water may be behaving more like ice (cp ~2 kJ kg

−1 K−1) than liquid water
or it may change the specific heat capacity of the polymer [209].

1.4.2.2 Thermal Conductivity
Thermal transfer occurs by three main physical processes, namely conduction, convection and radiation. Whilst all
three processes are feasible in the case of textile materials, conduction is the dominant process [356]. In essence, ther-
mal conductivity, k (sometimes denoted by κ or λ; SI unit: Wm−1 K−1), which is a measure of the ability of a material to
transfer heat, is the proportionality constant in Fourier’s Law of Conduction, Eq. 1.8, shown in its general (vector) form
for multidimensional conduction, where q is the flux (amount of thermal energy flow), T the temperature and∇ the Del
(Nabla) operator.61

q= −k∇T 1 8

The well-known (related) partial differential heat equation describes the temperature distribution within a given region
as a function of time, a form of the equation of relevance to fibrous systems [356] being given by Eq. 1.9, where t is the
time, ρ the density, Φ the heat generating rate within a given volume, ∇2 the Laplace operator and α the thermal dif-
fusivity (thermal conductivity divided by volumetric heat capacity, i.e. ρcp), the latter parameter being ameasure of how
quickly a body can change its temperature and which has the same dimensions as mass diffusivity, D (i.e. m2 s−1).62

60 a topic that also includes areas such as clothing and textile composites.
61 the negative sign indicates that heat transfer occurs in the direction of decreasing temperature.
62 when Φ = 0 (i.e. there is no heat generation), Eq. 1.9 is of the same form as the time-dependent mass diffusion equation.
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