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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™" for con-
ventional textile fibres, ~30 and 100 N tex! in the case of industrial fibres and up to >300 N tex~! 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 ™', 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 assemblies® 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™'. Heat capacity can be measured either at constant pressure or at constant volume, denoted
by C, and C,,, respectively. As the heat capacity of a material depends on its mass, the specific heat capacity, c, (aka
specific heat) (ST unit: Jkg™' K™') 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 kI kg™' K™' [93]). Interestingly, the absorption of
water (¢, ~4.2 Jkg™' K™') 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 (¢, ~2 kJ kg™' K™') 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 « or 4; ST unit: W m™! K_l), 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 g is the flux (amount of thermal energy flow), T the temperature and V the Del
(Nabla) operator.61

q=-kVT (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 ¢ is the
time, p the density, @ the heat generating rate within a given volume, V> the Laplace operator and « the thermal dif-
JSusivity (thermal conductivity divided by volumetric heat capacity, i.e. pc,), the latter parameter being a measure of how
quickly a body can change its temperature and which has the same dimensions as mass diffusivity, D (i.e. m*s™").%

04 topic that also includes areas such as clothing and textile composites.
®! the negative sign indicates that heat transfer occurs in the direction of decreasing temperature.
%2 when ® =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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Of course, to solve the above differential equation (Eq. 1.9), boundary conditions of the problem and initial con-
ditions are required (e.g. constant heat flux, constant surface temperature and initial temperature distribution).

The thermal conductivity of polymers is influenced by several properties including density, chain orientation and
crystal structure [357]. Values of the thermal conductivity of various polymers [357] and fibres [93] are available,
though, as fibres are anisotropic, so too are values of thermal conductivity, with longitudinal values being several
orders of magnitude greater than those measured in the transverse direction. Typically, transverse values tend to be
used, ranging from 0.1-0.3 (PP) to 0.3-0.6 (cotton) W m~" K™', although it is suggested that such values act as guide-
lines only since thermal conductivity can be effected by molecular orientation [307].

1.4.2.3 The Glass Transition Temperature, T,

As mentioned, organic natural, man-made and synthetic fibres comprise (mostly linear) semi-crystalline polymers that
contain regions which display a high degree of order (crystalline material) as well as regions that display a low degree of
order (amorphous material). In a crystalline material, the lateral, longitudinal and directional correlation of adjacent
polymer chains (i.e. order) extends over long distances, resulting in a regular structure whereas in a completely amor-
phous material, there is no lateral, longitudinal or directional correlation of adjacent polymer chains and the constituent
atoms and molecules are randomly arranged. In the case of semi-crystalline polymers, and therefore textile fibres, the
crystalline and amorphous domains display different, but interrelated, thermal behaviour. From the viewpoint of dye-
ing, two important thermal transitions® can arise in polymers and textile fibres namely melting (aka crystalline melting
temperature), Ty,, which is a characteristic feature of the crystalline regions of the polymer and the glass transition,
Tg,64 which relates to the amorphous regions. Both melting and glass transition are important parameters of major rel-
evance to the processing of polymers insofar as they define the upper and lower temperature limits for many applica-
tions, including dyeing.

The glass transition in an amorphous material or the amorphous regions within a semi-crystalline polymer has been
described as a temperature-, time- (or frequency-) and composition-dependent, material-specific change in physical
state, from a glassy mechanical solid to a rubbery viscous liquid (capable of flow in real time) [359]. The nature of the
glass transition in polymers has been the subject of great interest over many decades, this interest continuing till now. In
this context, the reader is directed to general, well-cited texts and reference works for detailed accounts of the topic (e.g.
[162, 170, 224, 360-364]). According to IUPAC [189], phenomena occurring at the T, of polymers remain areas of
ongoing scientific investigation and debate.

As discussed below, although glass transition presents features of a second-order transition (i.e. at T, the molar
Gibbs energy, enthalpy and specific volume of the melt and glass are equal), the heat capacity and coefficient of thermal
expansion are discontinuous. T} is generally not viewed as a thermodynamic transition owing to the difficulty in attain-
ing equilibrium in both a polymer melt and glass at temperatures near to T, [189].

1.4.2.3.1 Crystalline and Non-crystalline Regions As previously discussed, partial crystallinity, which is dis-
played by many polymers, especially those utilised in textile fibres, arises from the particular arrangement of the com-
posite macromolecules. If the monomeric unit is simple and regular, crystallinity is highly developed (e.g. PE), whereas
if the monomer units are complex and contain bulky side groups, crystallisation will be less developed (e.g. PP). Even
the most crystalline polymer usually possesses some level of irregularity, such as lattice defects, and, therefore, some
non-crystalline material. The characteristics of the crystalline regions in fibrous polymers differ from those displayed
by small molar mass crystalline solids, such as NaCl. Whilst crystals of salt are hard and brittle, semi-crystalline fibres,
such as PA, are soft and readily deformed, especially when heated. In terms of the response of polymers towards
applied thermal energy, two types of polymer can be distinguished namely:

(1) thermoplastic polymers which soften when heated above T, but harden again when cooled below this particular
temperature, this cycle being repeatable;

(2) thermoset polymers [365, 366] which undergo irreversible curing when heated above a particular temperature,
resulting in a hard, cross-linked material that cannot be softened by reheating.

63 transitions can be considered as narrow intervals of temperature or [frequency over which polymer properties change by large amounts [358].
o4 although the SI unit for 7} is the Kelvin, in this book, values of T}, are given in Celsius, as this is the most commonly used unit in textile-related
publications.
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T, concerns the effects of heat on the thermoplastic properties of polymers; this account focuses on semi-crystalline,
mostly linear polymers.®®

1.4.2.3.2 The Glass Transition Many compounds exist in three physical states, namely solid, liquid and gas. The
transitions between these states or phases (e.g. melting, vapourisation) are characteristically sharp and are first-order
transitions insofar as the transition involved is accompanied by a sudden change in a primary thermodynamic function
(enthalpy, entropy, volume). However, the situation for polymers is much different and more complicated. Many poly-
mers decompose before vapourisation occurs, whilst polymers in which strong intermolecular interactions arise, such
as H-bonded cellulosic polymers such as cotton, decompose before melting occurs. Furthermore, for many polymers,
the transition from solid to liquid (i.e. melting) is not sharp but often occurs gradually over a small temperature range.
As mentioned, in the case of semi-crystalline polymers (i.e. textile fibres), two important thermal transitions can arise.
The first of these is melting, which is denoted by the crystalline melting temperature, T, this being a transitional feature of
the crystalline regions of the polymer in which the crystal structure is destroyed and a disordered, amorphous liquid is
formed. The second important thermal transition is the glass transition, T,, which is a characteristic property of only
the amorphous region within a semi-crystalline polymer. Owing to the stronger intermolecular forces that operate between
crystallites within the crystalline domains compared to those that operate between the essentially randomly arranged
molecular chains within the non-crystalline regions, more thermal energy is required to overcome bonding in the crys-
talline regions. Thus, T, < T}, and, therefore, the crystalline regions remain crystalline during the glass transition. Clearly,
the degree of crystallinity within a semi-crystalline polymer influences both T}, and T, the glass transition becoming less
significant as the degree of crystallinity increases; indeed, for many polymers, an increase in crystallinity is accompanied
by an increase in 7. Dramatic conformational changes in polymer structure occur at both 77, and T, which impart marked
changes in several physical properties, including, for example, specific volume, heat capacity and modulus [181, 364].
However, the thermal transitions that occur at both T, and 7, are not sharply defined in polymers but, instead, take place
over a range of temperatures, even though single values of T, and 7}, often are quoted for polymers and fibres.
Figure 1.29 illustrates the changes in specific volume for both an idealised 100% crystalline polymer as well as an
idealised 100% amorphous polymer, as a function of temperature; also shown are changes in specific volume that can
occur in the case of an idealised partially crystalline polymer. If a 100% crystalline polymer is heated, its specific
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Figure 1.29 Idealised representation of T, and Tj,.

95 which comprise mostly linear (or lightly branched) macromolecular chains.
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volume increases steadily until, at the crystalline melting temperature, T, the crystalline material melts, which is
accompanied by a large increase in volume (Figure 1.29). Whereas small perfectly crystalline materials characteristi-
cally have a well-defined melting temperature (e.g. NaCl=801°C [367]), polymers are never completely crystalline
since they possess both amorphous material and crystallites of varying dimensions. Thus, the T}, of a crystalline pol-
ymer occurs over a range of temperatures: the melting of crystalline material of shorter chain segments begins at a
temperature below T;,, whilst longer chain length crystallites melt at higher temperatures. In the case of a 100% solid,
amorphous polymer (Figure 1.29), at temperatures <7, its properties resemble those of a glass (i.e. hard, rigid and
brittle), the macromolecules being able to undergo only weak vibrations. Upon heating, these vibrations increase in
amplitude until, at the 7}, the polymer begins to soften. At temperatures just above T, increased vibrational and rota-
tional changes occur and the polymer becomes rubbery and its specific volume increases (Figure 1.29); at higher tem-
peratures, the polymer’s properties now resemble those of a highly viscous liquid. If the molten amorphous polymer is
cooled, it continues to behave as a rubber-like material until the glass transition is reached, below which, the polymer
behaves as a glass. In the case of a semi-crystalline polymer (Figure 1.29), which comprises both crystalline and amor-
phous regions, at temperatures below T, the solid is glassy. Whilst the material softens at 7, due to changes in the
amorphous regions, relatively small changes in specific volume occur since the crystalline regions remain solid. As
T, is approached, the crystallites begin to melt and, at temperatures above T, the polymer will be rubbery, viscoelastic
or liquid depending on its molar mass. If the semi-crystalline polymer is cooled from above T}, the crystalline regions
become ordered when T}, is reached, below which, the polymer is a flexible crystalline solid and, below T, the polymer
is glassy (Figure 1.29). Some partially crystalline polymers display two glass transitions, a lower one that stems from
wholly amorphous material and a higher one that arises from amorphous material that is incumbered by neighbouring
crystallites. Usually, the changes that accompany T, do not occur at a particular, well-defined temperature but, rather,
occur over a range of temperature.

As mentioned, strong intermolecular interactions occur in some polymers, such as cellulose in which extensive,
H-bonding results in high crystallinity and an inability to soften or melt; often, such polymers possess a value of
T, that is greater than the temperature at which decomposition occurs. Both natural and man-made fibres of both cel-
lulosic (e.g. cotton, CV, etc.) and keratinous (e.g. wool) derivation, as well as synthetic polyamides (e.g. PA 6, PA 66)
generally display high values of glass transition temperature because of the predominance of H-bonding.

Values of the T, of many polymers are available in tabulated form (e.g. [363, 364]). A wide range of factors influ-
ence the T, of polymers, including, for example, molar mass, chain flexibility, crystallinity, tacticity, pressure, thermal
history, molar mass and, of relevance to dyeing, plasticisers and moisture (e.g. [170, 173, 183, 185, 315, 363, 364]).
The T, and T}, values for various polymers are given in Table 1.4. The two thermal transitions depend similarly on
several polymer characteristics and enjoy a general correlation insofar as polymers with high T, values have high T,
values, while low T, and low Ty, values tend to coincide; also, the ratio 7, /Tm~2/3 (temperature expressed in K)
applies to many polymers [192].

1.4.2.3.3 Measurement of T, As mentioned, the dramatic alteration in the motion of polymer chains at T, results
in significant changes in a variety of physical (mechanical, electrical and thermodynamic) properties, which,

Table 1.4 Glass transition temperature and crystalline melting temperature for some polymers.

fibre T /°C* Tp/°C*

PE -30 to —128* 137.5¢

pp” -3.2¢ 174¢

PA 6 40° 223¢

PA 66 50° 265°

PES 61° 270°

PAN 85-95¢ 3207 decomp. ~250 to —320°
CTA 157° 306"

Silk 175" Decomp. ~250"
Cellulose 2308 Decomp. 150
“1210].

b isotactic.

“[185].

71368].

¢ [369].

I1173].

§ cotton.
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theoretically, could be used to determine 7. As T, is not thermodynamically stable, its determination is highly depend-
ent on the conditions employed, being a function of the heating rate and measurement frequency. For example, a
method that employs a rapid temperature change will generally provide higher values for T, than if a slower change
in thermal conditions were adopted.

Several methods are used to measure the glass transition temperature of polymers in practice, which, in essence, can
be divided into two categories depending on the rate at which determination is undertaken namely static (slow rate) or
dynamic. In the former, a particular sample parameter (e.g. heat capacity) is monitored as temperature is changed
slowly to allow the sample to equilibrate whereas in dynamic methods, glass transition is denoted by a rapid change
in modulus that occurs in response to an applied stress (deformation), the observed transition observed being fre-
quency-dependent. Generally, the T, values obtained using dynamic methods are higher than those obtained using
static methods. Thermal analysis (e.g. [370-372]) is the name given to a group of techniques in which a physical prop-
erty of a substance is measured as a function of temperature whilst the substance is subjected to a controlled temper-
ature programme [373], which includes several techniques that seek to determine a polymer’s response to being heated
or cooled (or held isothermally). A wide range of such techniques can be used, including established variants such as
Differential Scanning Calorimetry (DSC) [374], Dynamic Mechanical Analysis (DMA) [375], Thermomechanical
Analysis (TMA) [376], Thermogravimetric analysis (TGA) [377], IR [378] and Dielectric analysis (DEA), as well
as relatively more recent derivatives such as Quasi-isothermal temperature modulated DSC (TMDSC [379]) and others
(e.g. Positron Annihilation Lifetime Spectroscopy; PALS) [250, 371, 372, 376, 380-382]. However, care must be exer-
cised in interpreting glass transition values since they vary markedly depending on the following:

* the particular method used for determination (e.g. DMA vs. DSC vs. TMA), as exemplified by values for the 7, of
poly(methylmethacrylate) which ranges from 105°C determined using thermal expansion, 120°C (penetrometry) to
160°C obtained using a rebound elasticity technique [163];

* the experimental procedure employed (such as whether the sample was heated, cooled and held isothermally) as
evidenced by static methods, such as dilatometry, providing values of 7 in the range 40-55°C for both PA 6 and PA
66 compared to 90-100°C in the case of dynamic methods [149];

 the thermal history of the polymer;

* the particular chemical nature of the polymer;

» the presence of impurities such as plasticisers, oligomers and unreacted monomers;

* molar mass and its distribution.

Hence, in considering the value of T, for a given polymer, as exemplified by tabulated values for different polymers
(and polymer blends) (e.g. [210, 383-385]), consideration must be given as to the nature of its determination, especially
since T, is markedly affected by the presence of moisture and polymers and fibres that contain hydrophilic groups, such
as cellulose and PA, usually contain some amount of moisture, as is discussed later.

1.4.2.3.4 The Nature of T, The glass transition is a highly complex phenomenon and despite considerable research
interest over many decades, its precise character remains unclear. Two main opposing approaches have been adopted to
interpret the glass transition, namely that it is a thermodynamic transition or a kinetic occurrence, these having their
origins in the 1930s and 1940s [386], respectively. A detailed discussion of these models is outside the scope of this
section (e.g. [170, 386-391]).

Thermodynamic Approach to T, Briefly, T, is considered to represent a thermodynamic second-order phase tran-
sition.®® Ehrenfest (1933) [392, 393] first proposed a classification of phase transitions based on the continuity of the
free energy, G, and its derivatives. A first-order transition arises when a first derivative of free energy (e.g. entropy)
exhibits discontinuity with respect to a thermodynamic variable (e.g. T); thus, melting is a first-order phase transition.
A second-order phase transition occurs when a first-order derivative is continuous but a second derivative of free energy
(e.g. heat capacity) is discontinuous (e.g. [394]). In the case of the glass transition, since the first derivatives of Gibbs free
energy (i.e. volume and entropy) are continuous but the second derivatives (e.g. heat capacity) display (apparent) dis-
continuity, 7, is considered to resemble a second-order transition. However, this particular approach is doubtful since the
observed discontinuities are not sharp but spread over a range temperature and, also, the polymer’s glassy state is ther-
modynamically unstable and therefore not defined by normal state variables; in addition, the value determined for 7} is
highly method-dependent and also varies according to the sample’s age and history [364, 389, 391]. Indeed, the glass

6 a phase transition occurs when a thermodynamic system changes from one phase (or state) to another as a result of temperature and/or pressure
change, as exemplified such as by solid/liquid and liquid/gas phase changes.
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transition has been considered to be a psuedo or quasi second-order transition [389], the observed discontinuities not
being sharp but rather spread over a range of temperature.

Kinetic Approach to T, An alternative view that T, is a kinetically controlled phenomenon stems from the fact that
polymer viscosity increases, markedly, as a polymer melt is cooled (~10“—1012 Pa s [390, 395]) and that the accom-
panying changes, for example, coefficient of thermal expansion, elastic modulus and diffusivity that are employed to
define T, are the consequence of the time-related frequency of molecular motions within the polymer, rather than the
existence of a thermodynamic second-order transition [364, 389, 390].

Several other theories have been devised to describe the phenomenon of glass transition, including the cooperativity
approach and the mode-coupling theory [391, 396].

1.4.2.3.5 Free Volume Thisisawidely used model of molecular mobility in relation to T, which has been employed
to develop theories of the diffusion of low molar mass materials in polymers, as well as thermal conductivity and the
behaviour of solutions [386], though other theories have been proposed [388] (for detailed accounts see for example
[186,388]). Essentially, the amorphous regions in semi-crystalline polymers contain holes or cavities of atomic or molec-
ular dimensions that arise from the inefficient/irregular packing of the macromolecular chains. These holes/cavities
are described as free volume which can be considered as the space in a solid or liquid polymer that is not occupied by
the component macromolecules and expressed as Eq. 1.10 where the free volume, V4, is the difference between the
volume, V, occupied by the polymer at a particular temperature and the van der Waals volume, V,, of the polymer at
0 K. Free volume is a measure of the amount of the space available in which polymer chains can readily change their
conformation.

Ve=V-V, (1.10)

Briefly, the use of free volume, V¥, in the context of temperature-dependent molecular mobility within polymers, is
the result of advances made by several authors. Doolittle proposed the concept of free volume (or rather free space) in
the context of the temperature-dependence of viscosity of low molar mass liquids (n-paraffin hydrocarbons) [397],
whilst Fox and Flory described the relevance of free volume to the glass transition in polymers [395], and its contri-
bution to molecular transport was proposed by Cohen and Turnbull [398].

Free volume describes the amount of space within a polymer in which the molecules can undergo rotational and
translational motion. In the case of an amorphous polymer (or the amorphous regions within a semi-crystalline polymer
or fibre), at temperatures <7, the constituent polymer chains are prevented from changing position by neighbouring
chains. Thus, in the glassy state, constituent atoms can only undergo vibrations. As the temperature increases, the
amplitude of these vibrations increase and sufficient energy will be introduced into the polymer to enable bond rotation
to occur within the macromolecular chains. The small amounts of free volume that are present begin to coalesce and
form larger regions of free volume, which allows polymer segments that lay between two simultaneously rotating
bonds in the same chain to change position. Such change of position is referred to as a segmental jump, which provides
a vacated space into which another polymer segment can move, this process being repeated throughout the polymer.
This segmental movement continues until it is sterically hindered by adjacent polymer molecules. The energy barrier to
this cooperative segmental mobility is overcome over the narrow temperature range of the glass transition temperature
and is accompanied not only by a marked increase in free volume but also by an equally dramatic change in the physical
character of the polymer from glassy to rubbery. Above T, an increase in temperature results in a marked increase in
free volume and a corresponding increase in the frequency of segmental jumps.

Figure 1.30 shows a representation of the occupied and free volumes within a polymer. With increasing temperature,
the occupied volume increases gradually, owing to thermal expansion of the polymer, until, at the glass transition, pol-
ymer volume dramatically increases owing to a sudden increase in expansion of free volume. Above T, the amount of
free volume within the polymer is high and molecular motion can occur relatively easily, as the constituent molecules
can move and change their conformations readily within the available space. In this region, the amount of free volume
increases markedly with increasing temperature, owing to increased molecular motion. As the temperature is lowered,
the amount of free volume reduces until, at T}, there is insufficient space to permit large-scale segmental motion of the
chains to occur. Below T, the amount of free volume available remains essentially constant, regardless of further
decrease in temperature, as the macromolecular chains are immobilised. T, is considered to signify the beginning of
cooperative movements involving chain segments of ~20-100 chain C-atoms [163] and of 2—10 nm in length [399].

The application of free volume theory to the interpretation of the T, of polymers has been widely practiced; its use to
describe the effect of temperature on the diffusion of dyes in semi-crystalline polymers is also well documented [315].
At temperatures <7, amorphous polymers behave as rigid solids in which the segmental mobility of the constituent
macromolecular chains is, in effect, zero. As temperature increases, the segmental mobility of the polymer chains
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Figure 1.30 Representation of free volume within a polymer.

increases. At the same time, the limited amount of free volume available within the amorphous regions begins to coa-
lesce, forming larger voids which, in turn, allow increased segmental mobility. Such changes in segmental mobility
occur over a very narrow temperature range and are accompanied by a marked increase in free volume. 7 is the tem-
perature at which these changes begin, and in passing through 7, the polymer changes from a rigid solid glass to a
highly viscous, rubbery liquid. According to this interpretation, T} is the particular temperature below which the free
volume is not large enough for molecular movement; however, at or >T, sufficient energy is available for molecular
movement and the free volume increases sharply with increasing temperature (Figure 1.30). This dependency of vol-
ume on temperature causes an increase in the coefficient of thermal expansion and, consequently, it is common to
express the temperature coefficient of free volume as the difference between the thermal expansion coefficients of
the material above and below T, as follows.

1.4.2.3.6 WLF Equation The Williams, Landel and Ferry (WLF) equation describes the temperature-dependence
of several mechanical and electrical properties of polymers, as well as those of super-cooled fluids, including viscous
flow, dielectric dispersion, dynamic light scattering and viscoelastic response [400, 401], of which the latter aspect is of
relevance in the context of the dyeing of textile fibres derived from synthetic polymers. The WLF equation is a con-
sequence of the time-temperature superposition principle, which enables temperature-dependent mechanical proper-
ties of viscoelastic®” polymers to be determined from known properties at a (chosen) reference temperature.

As described below, time-temperature superposition (aka time-temperature equivalence) is based on the principle
that the mechanical properties of a polymer are governed by a simple relationship between time and temperature, as a
result of which, viscoelastic data (e.g. modulus or creep compliance) obtained at a particular temperature can be super-
imposed on data secured at another temperature by shifting one of the curves along the time axis to an extent that is
described by the shift factor, ay. The WLF equation enables this temperature shift factor to be estimated for tempera-
tures other than those originally employed. Although the equation is derived empirically, as discussed later, it can be
rationalised theoretically in terms of free volume theory by assuming that a polymer behaves as a viscoelastic material.

1.4.2.3.7 Time-Temperature Superposition Principle In essence, the underlying premise is that the rate at which
the molecular relaxation processes occur within a polymer increases with increasing temperature and, also, that the
timescale over which these processes occur is reduced at higher temperatures. According to time-temperature super-
position, viscoelastic behaviour (e.g. modulus) observed at one particular temperature can be related to that at another
temperature by transposing (i.e. shifting) the timescale (for fuller accounts, see [192, 361, 388, 402-404]).

At (or about) T, the change from glassy to rubbery states, which is accompanied by marked changes in polymer
properties such as density and modulus, is both time- and temperature-dependent. Owing to the nature of the vis-
coelastic relaxations in polymers, the effect of an increase in temperature on such physical properties is equivalent
to an increase in time. For example, a polymer that displays rubbery behaviour under one set of particular time/
temperature conditions can exhibit glassy behaviour either by reducing temperature or by increasing time at initial
temperature. According to the time-temperature superposition principle, which was introduced in the early 1940s

7 a viscoelastic material displays both elastic and viscous characteristics when subjected to deformation; they exhibit time-related strain in response
to applied stress.
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[405, 406], viscoelastic data obtained at one temperature can be transformed to another temperature by a simple
manipulation of the time scale. A wide range of viscoelastic properties of polymers display such time-temperature
equivalence, as exemplified by the pioneering work of Tobolsky et al on the stress relaxation, E,, of polyisobu-
tylene [407, 408]. Superposition is often employed experimentally to determine mechanical response since instru-
ments are unable to cover the time scale (or frequency scale) of the viscoelastic behaviour of polymers from 7, to
flow [409].

By way of explanation, if a particular polymer property, of arbitrary symbol M, is determined as a function of time, ¢
(e.g. 0-100 h), over a wide range of temperatures, 7 (e.g. —50 to +50°C), when values of M are plotted as a function of
log t, the set of curves shown in the left-hand panel in Figure 1.31 is obtained for each temperature.

It was found empirically that each of these data curves could be superimposed by keeping one curve fixed and
shifting the others by different amounts horizontally. For example, if 0°C was chosen as the reference temperature
(T,ep), then data obtained >0°C are shifted to the right and those secured <0°C are left shifted. The extent of this
shift, which is termed the (temperature) shift factor, ar, corresponds to a displacement along the log 7 axis of (log
T,er +1log T). According to the time-temperature superposition principle in its simplest form, a plot of M versus log #/
arenables the various data curves obtained at different temperatures to be superimposed into a single, master curve,
shown in the right panel of Figure 1.31. The ensuing master curve shows the particular viscoelastic property, M, for
the polymer at a given reference temperature, T.¢ (in this case 0°C), as a function of time. In this master curve,
each of the separate curves of M as a function of 7 obtained at different temperatures are transposed by the shift
factor, ar, which is a function only of temperature. The relationship between time and temperature (i.e. the values
of log a7 required to superpose the various data curves onto the single master curve) is shown in the inset within
Figure 1.31.

In the context of time-temperature superposition, Williams, Landel and Ferry proposed that the temperature shift
factor, ar, could be expressed by Eq. 1.11. The master curve approach obtained by superposition describes well the
mechanical properties of polymers and the WLF equation can be used to predict mechanical character outside the range
of experimental values used (i.e. temperature and frequency or time).

1.4.2.3.8 Free Volume and the WLF Equation The origins of free volume theory stem from Doolittle’s prop-
osal [397] that the non-linear behaviour of the viscosity of a liquid is related to the relative free space (i.e. relative
free volume), ® = V;/V,, where V; is the free space (free volume) at a given temperature and V, the volume at 0
K (Eq. 1.11).

n=Aexp®/? (1.11)

In the context of the temperature-dependence of both mechanical and electrical relaxation processes in polymers,
Williams et al. [410] employed the fractional free volume, f= V;/V, rather than @, where V is the total volume of a polymer

\ master curve

temperature shift factor

log ar (shift factor)

Temperature/ °C

log t log (Var)

Figure 1.31 Idealised representation of the time-temperature superposition principle.
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which contains a volume that is occupied by the free volume, V;. At the glass transition, fis given by f,, with the assump-
tion that f varies linearly with temperature (Eq. 1.12), where ay is the thermal expansion coefficient of the free volume.
ay is the difference in thermal expansion coefficient of the polymer, Aa = (ar - ag) , above (a,) and below (a,) T,; values
of ay are commonly equal to those for the constant C, in the WLF equation (Eq. 1.16) since C> =f, /oy [411].

f=fotar(T-T,) (1.12)

Values of f, are ~0.025 as T, is approached and, for many polymers, remain constant at this value as the temperature
is lowered <T. The latter observation has been interpreted in the context of T, in which f, is an effective free volume
(sometimes referred to as the WLF free volume) that is relevant to specific relaxation experiments whereas the actual
free volume is ~10-15% less [411].

Rewriting Eq. 1.11 as Eq. 1.13, the viscosity at a given temperature, T, above T, is given by Eq. 1.14, where ayis the
shift factor.

1n;7:1nA+B(}c> (1.13)

1\ Cngp=p( 1oL
ln<’7Tg>—lnaT—B(fT fg> (1.14)

Inserting Eq. 1.12 into Eq. 1.14 gives Eq. 1.15 which is identical in form to the empirically derived WLF equation
(Eq. 1.16) in which C; and C, are constants and T,.r is a (chosen) reference temperature.

nr\ _ _ (3/2’303fg) (T_Tg)
log (E) =logar= fojar+ (T-Ty) (1.15)

8

Cl (T_ Tref)

C2+(T—Tref) (116)

logar=—-

In the context of time-temperature superposition, Williams, Landel and Ferry proposed that the shift factor, ar,
could be expressed by Eq. 1.16. If Ty is taken as the T, (i.e. Tref=T7, in Eq. 1.16) then the ensuing equation,
Eq. 1.17, holds well for many polymers between T, and T, +100°C [168]. Although the values of the two constants
C, and C, vary for different polymers (for values see [409]), if a dilatometric (i.e. static method) is used to measure 7,
then the two constants in Eq. 1.17 are often considered to be universal, with values of 17.44 and 51.6 K, respectively,
insofar as they provide shift factors that are reasonably close to measured values.

logar = - Ci(T-Ty) __ 174(T-T,) (1.17)
Co+(T-Ty)  51.6+(T-T,)

Thus, the WLF equation, although derived empirically, is justified theoretically in terms of free volume theory by
assuming that the polymer behaves as a viscoelastic material that has a relaxation time (z) and, for which, viscosity (1)
varies only with temperature [162, 224, 361], as depicted by Eq. 1.15 which is of an identical form to the WLF equation
(Eq. 1.16) and infers that f, and a; should be the same for different polymers. Indeed, the values of 17.44 and 51.6 Kin
Eq. 1.17 mean that for most amorphous polymers, f, =0.025 (and thus the fractional free volume is ~2.5%) and a;=
48x 107 K™

The WLF equation describes the exponential, temperature-dependent nature of a diffusion-controlled relaxation
process at a given temperature, 7, as a function of the rate of relaxation at a lower reference temperature, in this case,
T,. An indication of the significance of the WLF equation in relation to a temperature-related change in a diffusion-
controlled process, such as water or dye diffusion within a polymer, is provided by considering that according to the
exponential relationship described by Eq. 1.16, for values of (T’ T,) of 0, 1, 2, 5, 10 and 15, the corresponding relax-
ation rates would be 0, ~2, ~34, ~1668 and ~8300, respectively.

1.4.2.3.9 Significance of T, in Relation to Fibre Properties In terms of man-made and especially synthetic fibres,
T, plays a major role during drawing, setting and texturing, insofar as these processes rely upon the inherent plasticity
of the fibre that arises at or about the glass transition. T, profoundly influences the dyeability of many man-made and
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synthetic fibres insofar as both the rate and extent of dye uptake <7, are very low and unacceptably so in commercial
terms. In essence, this is due to the very low diffusional ability of dye molecules within the polymer at temperatures
below the glass transition because of the limited amount of free volume that arises from insufficient segmental mobility
of the macromolecular chains at temperatures <7,. Whilst this important aspect is discussed in Chapter 8 (i.e. dyeing of
PES) briefly, acceptable dyeing rates of, for example, PES, PA and PAN fibres can be secured at temperatures >T, for
which the plasticising action of water is of major significance; the latter aspect is discussed in Chapter 3.

As discussed, in extruded filaments of man-made and synthetic fibres, the component fibres are oriented parallel to
the longitudinal (fibre) axis whereas the constituent polymer chains are only loosely orientated. Subsequent drawing
orientates both the crystalline and non-crystalline regions along the fibre axis which promotes crystallinity and
increases strength. In the case of, for example PES and PAN, drawing is usually carried out at temperatures between
T, and Ty, so as to minimise fracture. Although drawn, orientated thermoplastic fibres, such as PES and PA, possess
high tenacity and elasticity, they display poor dimensional stability. Thus, setting is carried out so as to stabilise the
fibre, yarn, fabric or garment, such treatment being carried out at temperatures >, under which conditions, thermally
induced relaxation processes release the metastable structure imparted by extrusion and drawing and, upon cooling to
<T,, a more stable molecular structure is secured. Texturing of synthetic fibres is carried out to impart increased bulk,
enhanced softness and fullness, etc. through the creation of a curvilinear axial profile. In the case of the most significant
commercial texturing process, false-twist texturing, thermoplastic fibre filaments are stretched and then heated, twisted
and finally cooled to <7, before being untwisted.

1.4.2.3.10 Setting (e.g. [130, 209, 412, 413]) As mentioned above, setting is carried out, in the cases of natural,
man-made and synthetic fibres, in order to stabilise a fibre, yarn, fabric or garment either in an existing condition or
after deformation (e.g. insertion of pleats). Two main levels of set can be achieved: temporary, where the effect is lost
during use, and permanent insofar as the effect cannot be reversed except by employing more severe setting conditions.
Setting can be achieved using either chemical or thermal treatments in the presence or absence of tension. Heat setting
can be used to impart fabric dimensional stability as well as other properties such as increased volume, wrinkle resist-
ance or temperature-resistance. Several mechanisms have been proposed to explain the nature of the various thermal,
mechanical and chemical processes employed in setting [209, 412].

In the case of thermoplastic synthetic fibres, such as PA and PES, after drawing, the fibres display thermal shrinkage
when heated >T, but <T,, owing to molecular relaxation processes. The extent of such shrinkage depends on various
fibre properties (e.g. degree of crystallinity and level of orientation) and environmental conditions (e.g. temperature and
humidity). Hence, whilst drawn, orientated fibres possess high tenacity and elasticity, and they display poor dimen-
sional stability. Thus, fabrics, and to a lesser extent yarns, comprising man-made and synthetic fibres are often heat-set,
using hot air, hot water or steam, to stabilise them in either their current physical condition or after deformation. Essen-
tially, in this process, heating the fibres eliminates internal tensions introduced during extrusion and drawing and rapid
cooling sets the fibre in its new state. Heat setting is carried out at temperatures >7, under which conditions, the met-
astable structure imparted by extrusion and drawing is released through thermally induced relaxation processes and,
upon cooling to <7, a more stable molecular structure is attained. In the case of both PA and PES fibres, steam setting
(or hydro-setting) enables lower temperatures to be used than in dry-heat setting, as the water acts as a plasticizer,
lowering T,.

Although both dry-heat setting and steam setting increase the crystallinity of PA fibres, especially when carried
out under tension, the modulus of the fibre is increased by dry-heat setting but is decreased by steam setting
[315]. The latter effects are of significance to dyeing in that steam setting increases whereas dry-heat setting decreases
the dyeability of PA fibres with anionic dyes [315]. Optimum setting conditions (temperature, duration and heating
medium) vary for different fibres (e.g. PES steam: 140°C, 10-30 min; CTA dry-heat: 180-190°C, 0.5-2 min [413];
PAN dry-heat: 170-190°C, 15-60s [414]) and, for a given fibre type, vary according to the type of heat setting
medium employed (e.g. PA 6 water: 100°C, 120-180 min; steam: 108-121°C, 10-30 min; dry-heat: 175-190°C,
0.25-0.5 min) [413].

From the viewpoint of natural fibres, as cellulose ethers are very stable, etherification reactions of cotton are widely
used to impart crease resistance, as well as other durable and non-durable effects; esterification reactions have been
explored as a means of securing formaldehyde-free crease-resistant finishes. When wet swollen CLY fibres are sub-
jected to mechanical stress, small fibrillar hairs are abraded from the fibre surface, giving rise to the phenomenon of
fibrillation [415] (Chapter 7). Although fibrillation has been utilised to create distinctive fabric aesthetics for CLY
fibres (e.g. peach skin effects), chemical treatments [415] including crosslinking using colourless compounds carrying
various electrophilic groups typically employed in reactive dyes [416, 417] have been utilised to reduce fibrillation
tendency and impart improved wet resistance; chemical cross linking has been utilised in commercial CLY fibre
variants [418]. In crabbing, by means of which wool fabric is stabilised towards subsequent processing, the fabric
is treated under tension in hot or boiling water, the tension being maintained as the water is allowed to cool.
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1.4.2.3.11 Texturing (e.g. [4, 19, 321, 419-422]) The majority of natural fibres have an inherent crimp, which
takes the form of a bend, wave, twist or curl along their length and which imparts bulk and softness to yarns. For exam-
ple, wool has a marked, regular crimp whereas cotton has a slighter, more irregular crimp. Whilst synthetic fibre mon-
ofilament or multi-filament yarn are used without crimp (i.e. as flat yarn), a large proportion of synthetic fibre output is
in the form of textured yarn. The prime reason for texturing is to impart a curvilinear axial profile, thereby creating
increased bulk that also benefits from enhanced softness and fullness, improved moisture transport, greater insulation
capacity and improved matte appearance. In essence, texturing is a multi-stage process in which the filament is
deformed longitudinally by twisting and the applied deformation is retained so that adjoining filaments assume a
bulked structure. Two types of texturing method are used: one employs heat setting to retain the deformation, which
is applicable to thermoplastic fibres such as PES and PA, and the other uses friction to retain the applied deformation in
the case of non-thermoplastic materials. A variety of different types of texturised yarns are available which are clas-
sified into several types according to their appearance, properties and/or the way they are manufactured [31, 321].

Several texturing processes have been developed since the first twist process was devised for bulked CA filaments in
the 1930s. Each of the various methods produces yarn of different crimped character, the two most significant processes
being false-twist texturing and air-jet texturing. In the case of the most commercially employed texturing method,
false twist texturing, the yarn is heated, highly twisted and then cooled before being untwisted. The process causes
the yarns to contract, as a result of which they display high stretch (~fivefold in length) and good recovery from stretch.
Textured yarn is often referred to as Draw Textured Yarn (DTY); nowadays, the most commonly used feed yarn for
texturing is Partially Oriented Yarn (POY) continuous filament. By way of explanation, earlier processes for the pro-
duction of textured yarns comprised three discontinuous stages namely spinning/winding, drawing/twisting and textur-
ing. Although process developments have not as yet enabled a continuous spin-draw-texture process to be developed,
modern texturing is carried out in two stages. The high-speed winding of extruded filaments obtained using high-speed
spinning partially orients the composite molecular chains within the filaments, resulting in partially oriented yarn (POY)
(aka partially drawn yarn); subsequent drawing/texturing is carried out simultaneously in one operation. Two types of
false twist process are used namely single- and double-heater. The use of a single heater, which raises the temperature of
the yarn to >T,, prior to twisting, enables high-stretch yarns to be obtained. The use of a second heater positioned after the
twisted, high-stretch filaments have been cooled and slightly relaxed reduces the high-stretch character of the bulked
yarns. False twisting refers to a process that imparts no net twist to a yarn. Briefly, if a filament yarn is twisted at its
middle by turning, it will twist equally on both sides of the middle point. Each side will be twisted in opposite directions,
one side having an ‘S’ twist and the other side a “Z’ twist (i.e. ‘S” =\\\\ and ‘Z’ =///////). When the twist is released, both
the S and Z twists disappear because a ‘false twist” has been imparted. In air-jet texturing, the process of texturing is not
reliant upon the thermoplastic behaviour of the fibres, insofar as filaments are heated and then passed through a turbulent
hot air jet which opens up the component filaments in the yarn, which is then cooled. Whilst POY is the most common
feed yarn for air-jet texturing, Air Textured Yarns (ATY) differ to DTY’s as loops are formed at the surface of the ATY
filaments which impart a distinct handle and appearance. Bulked Continuous Filament (BCF) yarns are heavier dtex PP
or PA yarns employed in carpet (e.g. 50400 dtex in the case of PA filaments) which are textured using either hot air or
fluid jet. BCF yarns have a random crimp composition that provides bulk but little stretch.

1.4.2.3.12  Other Transitions (Relaxations) Many authors consider that T, is a primary thermal transition or relax-
ation, as it involves motion of large sections of the main macromolecular chains. However, polymers often are subject to a
number of other secondary transitions that arise at temperatures below 7T, because side chains and small segments of the
macromolecule, such as chain end groups, require less energy for mobility than the larger, main chain segments associated
with T, (e.g. [423—427]). Several techniques can be used to detect such transitions in polymers, including dynamic mechan-
ical analysis, dielectric loss factor measurements and NMR [425].

Relaxation transitions in polymers are commonly labelled alphabetically in descending order of the temperature at
which they occur (i.e. a, f, 7, 9, etc.), the highest temperature transition being the o relaxation or glass transition, T, in
the case of amorphous polymers (or the amorphous region in a semi-crystalline polymer). However, the label ascribed
to secondary relaxations, which sometimes are termed sub-T,, transitions, do not imply similarity of origin of the tran-
sition insofar as the p-transition in one polymer may well arise from a different molecular motion to the B-relaxation in
another polymer. Whilst T, usually spans several degrees of temperatures, sub-T, relaxations tend to extend over a
much broader temperature range. The various transitions are interpreted in terms of both the relative motions of
the composite macromolecular chains, side groups and branches, as well as cooperative motions of the crystalline
and non-crystalline regions. In essence, the f-relaxation is commonly associated with local chain or sub-group motion
and may well extend over 100°C. The y-relaxation, which often can be resolved into several components corresponds
to side group or end group motion in amorphous polymers and, in the case of crystalline material, to the B-relaxation
processes within the amorphous region; the d-transition is of similar derivation to the y-relaxation [428]. The various
relaxations, which have been classified according to the possible modes of molecular motion involved [409], are
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sometimes referred to in terms of the temperature at which they occur, namely T, T and T,, (T;,>T3>T,) and are
effected by crystallinity and orientation, moisture, pressure, stereoregularity, etc.

Some polymers show three, clearly resolved relaxation processes, as exemplified by linear and branched PE which
displays an a-relaxation at 60-80°C, p at —20 to —30°C and y at —120 to —130°C [210]. The a-transition occurs close to
the Ty, and is attributable to motion of the chains associated with the crystalline phase, whilst the p-transition involves
amorphous regions which are influenced by the crystalline regions and the y-relaxation stems from mobility of either
branches or chain end groups in the amorphous regions [429]. Other polymers show only two transitions, as represented
by PAN containing vinyl acetate or methyl acrylate comonomers, that display two transitions, at ~80-110°C and
~140°C [368], the former being considered to correspond to molecular motions within the paracrystalline region whilst
the latter relates to dipole—dipole interactions between the cyano groups (—CN) in the amorphous regions [430],
although the precise nature of the two transitions remain unresolved.

Interpretation of the various secondary transitions is especially difficult in the case of semi-crystalline polymers
owing to the presence of both crystalline and non-crystalline phases. For example, PES displays relaxation behaviour
that is sensitive to crystallinity (e.g. [404, 431, 432]) namely an a-transition at ~80°C, associated with segmental
motions within the amorphous regions, which becomes broader and is shifted to higher temperatures with increasing
crystallinity, and a B-relaxation at approximately —40°C that is insensitive to the degree of crystallinity. However,
oriented, semi-crystalline PES has been shown to display three relaxation peaks at around 100°C (a), =70°C (B)
and —230°C (y) [433]. The three major relaxations in PA 6 (see [434]) occur at approximately +80°C (x), —40°C (B)
and —120°C (y) [435]: the a relaxation, which corresponds to the T, of dry PA 6, reflects motion in long chain segments
in amorphous regions; the § relaxation arises from motion of non-H-bonded amide groups and in the presence of water,
polymer—water units [436], whilst the y relaxation reflects motion of short polymethylene segments with some involve-
ment of adjacent amide groups.

As discussed briefly above and in detail in Chapter 3, moisture markedly effects the temperature of the o relaxation
(i.e. Ty) of many amorphous and semi-crystalline polymers, which is perhaps most dramatically illustrated in the case of
PA materials such as PA 46, for which the 7, of the dry material is reduced from +80 to —40°C when the substrate
contains 12.4% water [437]. Water also affects both the magnitude and temperature-range of some secondary relax-
ation processes in polymers. For example, in the case of dry PA 4, whilst an a-transition located at 81°C and a
y-relaxation at —111°C were observed, no P transition was detected. However, the addition of water resulted in the
appearance of a p-relaxation at —60°C and the temperature of all three transitions decreased with increasing water con-
tent [438].

1.4.3 Optical Properties

Textile fibres are dyed for various reasons, most notably to enhance their appearance. This section concerns some of the
characteristics of both undyed and dyed fibres. The large and multifaceted area of colour physics is not discussed and
readers are directed elsewhere (e.g. [439—443]).

As textile fibres are anisotropic, their optical properties (as with others of their physical properties) vary with fibre
direction. Accordingly, textile fibres are birefringent (optically anisotropic) in that their refractive index depends on
polarisation by light and varies with the direction of propagation of the light.

1.4.3.1 Polarisation (e.g. [209, 306])

Confusingly, the term polarisation (aka polarization) refers to several scientific phenomena,®® of which perhaps the
most commonly known involves the selective orientation of the electric oscillations of electromagnetic waves (visible
light), as exemplified by polaroid sunglasses which employ dichroism to reduce glare. Electromagnetic waves com-
prise both electric and magnetic fields (vectors) that oscillate (vibrate), in phase, at right angles to each other, the two
oscillations also being perpendicular to the direction of propagation of the wave. Polarisation refers to the orientation of
the wave’s electric field (which may be oriented in a single direction or may rotate as the wave travels), all directions of
vibration being equally probable. In essence, non-polarised light can be converted into polarised light using an optical
filter (polariser or polarizer) that allows the passage of light of a specific polarisation but which prevents passage of
waves of other polarisations. For example, the filter restricts the electric vibrations to a single plane thereby producing
plane polarised (aka linearly polarised) light in which the electric vectors are plane parallel (or plane-polarised) with
respect to the direction of propagation.®®

8 for example, dielectric polarization (charge separation), wave polarization (electric flux), spin polarization (elementary particles).
%9 Polaroid sunglasses function by allowing the passage of only vertically polarised light, thereby preventing passage of horizontally polarised light
that is reflected from surfaces and which gives rise to ‘glare’.
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