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INTRODUCTION

The object of this review is two-fold: to describe the
fundamental dyeing mechanisms of the main synthetic
fibres and to review the main developments, either in
novel fibre technology or in our understanding of current
technology, since previous related reviews [1-3].

The majority of published information, particularly
reports of fundamental research, continues to relate to
polyester. Conversely, the current wealth of knowledge
on acrylic fibres is not reflected in print, perhaps indica-
tive of the competitive nature of the acrylic market.

During the period under review, the synthetic-fibre
industry has begun to come to terms with its middle-
aged status. No major new investment is likely in the
next three or four years [4] and the industry is looking
more and more to technical innovation for its success.
Hence there has been an emphasis on understanding
dyeing mechanisms so as to refine practical methods,
reduce energy consumption and increase productivity.
This has been particularly true of the European industry,
which has suffered such inroads from American imports
during 1980-81.

Major advances in fibre-forming polymers have been
reviewed [5], based principally on information drawn
from US patents published since January 1977.

The interrelation of fibre structure and dyeing proper-
ties was the subject of a lecture by Prati [6,7] at the 11th
Plenary Conference in Venice. Much of what he dis-
cussed forms the basis of this review: chain mobility,
transition temperature, plasticization by carriers, orienta-
tion of fine structure, etc. The three-phase model is
described [7], consisting of a crystalline phase, an
intrafibrillar phase (consisting of mobile segments) and
an interfibrillar amorphous phase. This is intermediate
between the other two phases and consists of highly
oriented chains that are not crystalline. Itis the least stable
of the three phases and has an important influence on the
dyeability of synthetic fibres. It influences the diffusion of
dye molecules and the accessibility of dye sites.

Another model for the diffusion of simple penetrants
through bulk polymers has been proposed [8]. The
authors corroborate the now commonly held view that
carriers act as plasticizing agents, but believe that water
does not plasticize, as it is too small a molecule. Rather it
lessens penetrant—polymer interaction and polymer
interchain forces. They postulate the formation of water
clusters, especially in locally disoriented areas, but such
clusters may not survive above the glass-transition tem-
perature.

ACRYLIC AND MODACRYLIC FIBRES

Acrylic fibres assumed practical importance when the
technique of spinning from aprotic solvents such as
dimethyl formamide (DMF) was mastered. The dye-
ability of early polymers was unsatisfactory and all
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regular fibres now contain at least 85% acrylonitrile
units, the balance of the monomers (the so-called co-
monomer) being added to improve dyeability, mechanical
and structural properties. Typical comonomers are meth-
acrylic acid, methylmethacrylate, vinyl pyridine, isobutyl-
ene, etc. [9].

Acidic dye sites are introduced into the acrylic fibres
by the redox catalysts used in polymerization. These are
sulphonic acid groups, which thus have affinity for
cationic dyes, but other groups may be introduced,
including basic vinyl groups with affinity for anionic dyes
[10].

Modacrylic fibres of commercial importance contain
30-60% of halogenated vinyl compounds such as vinyl
chloride or vinylidene chloride, which reduce the flam-
mability of the fibre. The nature of the dye sites is
identical with that of regular acrylic but the denser
structure of the modacrylic polymers reduces the rate of
diffusion and makes levelling problematic. The rate of
strike is very fast at lower temperatures relative to that of
regular fibres [11]. Despite their unremarkable mechani-
cal properties, modacrylic fibres are of increasing impor-
tance as flammability legislation becomes more wide-
spread. Fibres of improved resistance to flammability
have been described [12] and the practical problems
encountered in dyeing have been reviewed [13].

Acrylic fibres differ from nylon and polyester in that
they may be spun by two distinct methods: wet and dry.
Wet-spun fibres have a markedly more porous structure
than the dry-spun fibres, and thus dye more rapidly. The
changes in structure of wet-spun fibres during process-
ing have been investigated by Hoffmann [14]. Such
changes, under the influence of saturated or superheated
steam, were followed by measuring dye kinetics, which
is a complete and often very sensitive method for
structure investigation. When treated in saturated stéam
under no tension, the predominant structural feature is
large radial pores. At higher temperatures, particularly
above 140°C in superheated steam, a microporous
layered structure is evident and dyeing kinetics are
greatly accelerated.

Despite finding evidence for a porosity model of
structure, Hoffmann preferred a free-volume model. The
role of the glass-transition temperature (7,) is important
and plasticization and segmental mobility paramount.
The role of carriers in the dyeing of acrylics has been
described [15]. Asquith et al. have shown that Acrilan
has two transition temperatures in water and the higher
(85°C) closely correlates with dyeing properties [16].
Similar investigation of dry-spun fibres, with different
contents of comonomer, was the subject of a presenta-
tion by von Falkai et al. [17]. The three fibres contained
0, 6.7 and 8.8% comonomer and the authors compared
the effects of dry heat and saturated steam. They consid-
ered a two-phase structure, one phase being better
ordered than the other. Under the influence of dry heat
the structural order increased in all three polymers, but
the changes were less than those caused by saturated
steam. The latter treatment had a relatively small effect
on the highly ordered phase, increasing with the content



of comonomer. The effect on the less-ordered phase was
much greater, however, and this is fundamental to the
observed increase in dyeability. By analogy with other
partially crystalline polymers, it can be inferred that
saturated steam loosens the less-ordered phase and it
becomes more readily distinguished from the more-
ordered, or crystalline, phase. As the comonomer con-
tent is increased, greater chain mobility occurs.

The dyeing mechanism for acrylic fibres with cationic
dyes is a form of ion exchange or ion distribution and
consists of three stages: adsorption, diffusion and occu-
pation of dye sites.

Rate of dyeing is determined by adsorption and diffu-
sion and equilibrium by the last stage. Diffusion of a
variety of dye structures has been measured by Longo
and Torre [18,19]. They and others have shown that
highly substantive dyes diffuse slowly and vice versa.
They compared the diffusion of three dyes with different
chromophores: pyrazine (1), oxazine (2) and thiazine
(3). The dyeing rate was found to increase with dye
concentration, but tended to a limiting equilibrium,
which depends on the nature of the fibre (e.g. whether
wet or dry spun) and dyebath temperature. The rate of
diffusion decreased with increasing ionic weight of the
dye molecule, with (1) diffusing more readily than (3),
which diffused more readily than (2). It was confirmed
that small-molecule dyes migrate through an acrylic fibre
more easily than large-molecule dyes, a property funda-
mental to the development of migrating cationic dyes
[20]. Biedermann'’s review remains a definitive summary
of the synthesis, properties and use of migrating dyes.
He and co-workers classified migrating dyes in terms of
diffusion factor, affinity factor and compatibility value,
using the Sand and Mayer model for the uptake of
cationic dyes by acrylic fibres [21].

It is known that the kinetics and coloration of identical
dyeings are affected by the diameter of the dyed fibre.
This is especially true of porous, rather than homo-
geneous, fibres, such as wet-spun acrylics [22]. The
dyeing rate and the amount of light reflected increase as
the fibre diameter is reduced, because porosity increases
migration and interfaces increase light scattering. Thus
colours appear paler, because of the greater specific fibre
surface. Dorsch et al. measured the effect not only of
denier, but of matting pigments, hollow structure, fibre
surface and cross-section [23). The matting effect of
inorganic pigments depends on light scattering and is
revealed by a reduced depth of colour. Thus a bright
fibre appears to have a greater depth than a matt fibre,
though both contain the same quantity of dye. Hollow
fibres such as Dunova (Bayer), which is very highly
porous, exhibit an exaggerated matting effect [24]. The
effect is comparable to the difference between non-
mercerized (lumen) and mercerized cotton.

The nature of the fibre surface, such as the increased
fibrillation evident in dry-spun fibres, has little influence
relative to the effect of denier and matting-pigment
content. However, a change in cross-section that does
not change the denier must change the specific fibre
surface and hence the degree of light scatter. There are
three main types of fibre cross-section [25]:

Barbell e.g. Dralon
Kidney bean e.g. Leacril
Round e.g. Crilenka

As the specific fibre surface decreases, so the degree of
light scatter decreases and the apparent depth of colour
increases.

Developments of spun-dyed acrylic fibres continue
and Hoechst patented systems in which suitable dyes,
highly soluble in solvents such as dimethy! formamide,

dimethylacetamide and dimethyl sulphoxide, are added
to the spin solution [26,27]. The spun filaments show
no matting effect and thus there is no apparent loss of
colour.

There have also been further developments of Acrilan
(Monsanto). The type B-96 fibre developed for the
carpet industry is a bicomponent fibre possessing a
unique helical structure with a three-dimensional irrever-
sible permanent crimp, which enhances yarn and fabric
bulk, cover and pile resilience. Dyeing with cationic dyes
produces deep colours [28]. Differential-dyeing fabrics
may be produced by blending Acrilan B-16 with Acrilan
B-16P, the latter having a greater substantivity than
B-16 and dyes more rapidly [29]. B—16P has three times
more dye sites than the standard fibre and, as well as
producing tone-on-tone colours, it may also produce
some contrast colours, by means of careful dye selection.

The use of cationic retarders is fundamental to the
practical dyeing of acrylic fibres [30]. The role of the
retarder is to achieve the optimum degree of fibre
saturation. The greater the saturation, the lower the rate
of absorption of the dye. Retarders are absorbed by the
fibre in the same way as dyes, i.e. they have affinity for
the fibre just as dyes do, and can only be displaced by
compounds of higher affinity. However, temporary retar-
ders lose affinity by chemical dissociation and migration
into the dyebath. Retarders may be divided into three
classes: high, medium and low affinity. The retarding
effect may also be divided into three stages: initial
retardation, intermediate retardation (half-dyeing time)
and duration of retardation. The retarding effect,
particularly initially, is greater as the concentration and
affinity of the retarders increase. However, the retarda-
tion is also determined by the affinity of the cationic dyes
used. The choice of retarders and dyes must be carefully
assessed when developing rapid-dyeing systems, such
as the Astrazon system (Bayer). A method of dyeing
neatly illustrating the interdependance of dye concentra-
tion (in terms of retarder equivalent), retarder concen-
tration (to give a controlled rate of exhaustion) and
nature of the fibre, is the ABC method developed by
Ciba—-Geigy [31].

Park and his co-workers have reviewed the effect on
dye kinetics of diverse factors in practical dyeing sys-
tems, e.g. rate of temperature rise [32], fibre type,
selection of cationic dyes and retarders [33]. The impli-
cation of these parameters on bulk dyeing of acrylic yarn
packages has been investigated [34], particularly in
relation to short-term affinity variation in the yarn.

NYLON

The practical methods for the dyeing of nylon have been
reviewed [35] with reference to the two main commer-
cial fibres, nylon 6.6 and nylon 6. The major morpho-
logical difference between the two fibres is the more
compact structure and higher degree of crystallinity of
nylon 6.6. The properties of all major nylon fibres have
been described and compared [36].

Nylon 6.6 is produced via a condensation reaction
between hexamethylene diamine and adipic acid with
polymerization terminated by carboxylic acid chain stop-
pers

H,NICH,)¢NH, + HOOCI(CH,),COOH
H(HN(CH,),NHCOI(CH,),CO),,OH
where n is typically 67-80.
Nylon 6 is produced from the seif-condensation of ¢-

aminocaproic acid, the linear derivative of ¢-caprolactam
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(CHy)y—CO + H,0 =——

H,N(CH,);COOH

H(HN(CH,);CO) OH

where n is typically 130-160.

Prati [7] has described a model for polyamide fibres in
which the growth on a preformed aggregate acts as a
nucleus for another aggregate with a different structure,
a process known as epitaxy. An example of epitaxy is the
shish-kebab model, in which the ‘shish’ is a fibrillar
nucleus and the ‘kebab’ a lamellar growth. In the three-
phase model of polyamide fibres, at the microfibrillar
jevel, there is evidence of epitaxial aggregations (or
growths) on the crystallites of the interfibrillar chains.
The resultant structure is more lamellar than fibrillar in
appearance.

The major dye class for nylon is the anionic range,
which can be divided into levelling dyes and the larger
molecular weight, more complex milling dyes. For
levelling dyes, adsorption on aylon at pH 3.0-7.0 is
virtually restricted to charged amine, or ammonium, end
groups. After surface adsorption, the dye slowly diffuses
into the fibre structure, forming ionic bonds with the
amine end groups. These bonds are enhanced by non-
polar links (van der Waals forces).

Milling dyes are adsorbed by two mechanisms: at the
amine end groups, and by hydrogen bonding to amide
groups.

An interesting mechanism of dye interaction has been
observed with sulphonazide disperse dyes [37]. From an
aqueous dyebath at or below 120°C, the dye is bound at
the free amino end groups (AEG) of the polymer, which
are sufficiently nucleophilic to displace the azide ion to
form a sulphonamide covalent link. However, if the dyed
polymer is subjected to dry heat at 170°C the azide
group is thermally cleaved and the resultant reactive
nitrene inserts into the C—H bonds of the polymer. The
dye is again linked by a sulphonamide bond, but dye
fixation is then independent of the AEG content of the
polymer. The role of nitrene insertion is seen again later
in the dyeing of aromatic polyamides.

Barré remains a major practical problem in the dyeing of
nylon and is caused by chemical variations introduced
during polymer spinning or by fine physical variations
introduced during processing. Gross physical variations,
such as crimp variation or a change in the number of
filaments, also occur but are outside the scope of this
review. Nylon yarns or fabrics are frequently heat set
before dyeing and this process can significantly affect fine
physical structure and hence dyeability. Dry heat setting
reduces dyeability, with an observed increase in fibre
crystallinity, though oxidative degradation of amine end
groups is also a factor. Setting in steam, however, results
in fibre plasticization and an increase in dyeability [38].

The effect of different draw ratios on the dyeability of
nylon 6 filament yarns, with both acid and disperse dyes,
has been demonstrated [39]. Half-dyeing times and
activation energy are increased with increasing drawing
ratio, but diffusion coefficients are decreased, indicative
of changes of fine structure, i.e. increased segment
orientation.

Though the causes of barré have been known and
scientifically defined for some time [40-42], converting
this knowledge into practice has not always been effec-
tive. Careful dye selection can minimize the problem, e.g.
the Telon S system (Bayer), based on the dye absorption
capacity (S, value) and dyeing rate V value) of the fibre
[43].
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The relative decline in the commercial importance of
nylon textiles has been reflected in the decrease in
related research and development. Solvent pretreatment
and dyeing from a solvent bath remain topics of interest,
especially in Japan [44,45] and France. However, in my
view the number of successful commercial processes
does not correlate with the development effort ex-
pended. One process that has achieved some commer-
cial success is the STX [46], which uses a 10:9 mixture
of methanol:perchlorethylene for dyeing nylon with
conventional commercial dyes. This latter facility is a
marked advantage over systems depending on specially
prepared solvent dyes [47].

The improved dyeability of nylon in solvent-assisted
aqueous baths is well known [48] and the addition of
benzyl alcohol or butanol improves the coverage of
some forms of barré [49,50]. The lowering of glass-
transition temperatures on nylons by solvents has been
studied by Weigmann and Ribnick [51]. Their results
formed the basis of work by Hanna and Bendak, in
which nylon 6 was pretreated with a variety of organic
solvents and its dyeability from an aqueous bath com-
pared with untreated fabric [52]. The rate of dyeing of
pretreated fibres was substantially greater than of un-
treated, both with acid and disperse dyes. n-Propanol
was particularly efficient, but all the organic solvents
followed the same mechanism — a lowering of glass-
transition temperature, fission of hydrogen bonds and
changes in crystallinity. The practical significance of
such a system lies in reduced dyeing times and energy
savings because of lower dyeing temperatures.

Similar claims had been made by other authors
[53,54]. Further work with 1:1 mixtures of benzyl alco-
hol and ethyl alcohol yielded similar results, with the
advantage of reduced shrinkage of the nylon 6 fabric in
the presence of the aliphatic co-solvent [55]. The dyeing
of nylon 6 with disperse dyes from a tetrachlor-
ethylene—dimethylacetamide system has been studied
and diffusion and partition coefficients determined [56].

The mechanism for dyeing nylon 6.6 from organic
media is essentially similar to that of nylon 6 [57]. The
anionic dyes used must be insoluble in the main solvent,
e.g. perchlorethylene, and only sparingly soluble in the
co-solvent, e.g. methanol, as solubility reduces exhaus-
tion. 'Model dyes were found to be associated by their
hydrophobic groups through non-polar forces to alky-
lene groups in the nylon. This is analogous to disperse
dyes on polyester.

Tak [58] and Suganuma [59] have studied the funda-
mental mechanisms of dyeing nylon with disperse and
acid dyes and Suganuma found evidence for acid dyes
binding at amine end groups (by ionic interaction) and
to amide groups (probably by hydrogen bonding). Dis-
perse dyes appeared to be bound by hydrogen bonds,
dispersion forces and dipole—dipole forces. He found
that the resistance to bond rotation of the amide groups
in nylon was increased more by acid dye, rather than by
disperse dye, adsorption and that azo dyes were mark-
edly more effective than anthraquinone dyes.

Gulrajani et al. [60] compared the properties of «- and
y-nylon 6 feeder yarns for texturizing (the a- form has a
planar, extended chain confrontation; the y- form con-
sists of twisted chains, with internal rotation about the
single bonds adjacent to the amide groups) [61,62].
Using rate-sensitive dyes such as C.I. Disperse Red 17,
which is sensitive to physical but not chemical varia-
tions, it was shown that the rate of dyeing and equilib-
rium uptake were reduced by an increase in texturizing
temperature, which increased the relative proportion of
a-nylon (commercial feeder yarn is mostly y-nylon, but



y—u transition takes place at a texturizing temperature of
200°C). This change in morphology results in a change
in content, relative size and distribution of voids.

The dyeability of Quiana 472 and 473 with disperse
dyes has been described by Miiller [63], but the com-
mercial success of these alicyclic polyamide fibres re-
mains limited.

The existence of a surface layer in natural wool fibre is
well established and its effect as a surface barrier to
dyeing has been investigated [64]. The existence of a
surface boundary layer in nylon, though suspected, was
not demonstrated until the successful use of tracer-
diffusion studies [65]. The nature of the surface barrier
remains obscure; increased surface order or surface-layer
thickening have been postulated, also, though less likely,
variation in surface substantivity. The practical implica-
tions of such a layer were reviewed by Etters [66],
though not specifically for nylon. However, the theory of
acid dye diffusion through nylon has been studied [67]
and the postulated system of sorption and diffusion of
dyes shows substantial correlation with observed beha-
viour.

Though the market for nylon textiles has declined
relative to other synthetic fibres, it remains of great
interest in forms for specialist markets. One such form is
the flame-retardant polymers.

Aromatic polyamides such as Nomex (DuPont) con-
tinue to grow in importance, but because of their inher-
ent compact structure and high degree of crystallinity
they are not easy to dye. The common method remains
high-temperature dyeing using disperse dyes, with or
without carriers, although it is possible to use acid dyes,
by copolymerization with tertiary amines, or basic dyes,
by copolymerization with aromatic sulphonates.

A recent development [68] has been the dyeing of
Nomex (derived from m-phenylene isophthalamide)
with sulphonylnitrene reactive monazo dyes by thermal
fixation. Colour fastness is achieved by drying at a low
temperature and then briefly subjecting the substrate to
dry heat at 180°C. The degree of fixation is greatly
increased by electron-donating groups ortho and parato
the sulphonylazide group.

From the eight monazo dyes examined, it was demon-
strated that those containing N, N -diethyl groups show a
higher substantivity than those containing N,N-dime-
thyl groups. Dyes were fixed on Nomex by the introduc-
tion of singlet nitrene in the C—H group of the fibre and
not by polymerization within the fibre.

The technique of carrier dyeing can be extended to
encompass solvent dyeing [69] of such Nomex deriva-
tives as poly(m-phenylene isophthalamide) (MPD-1)
and a poly (isophthalamide of 4,4'-methylenedianiline
(MDA-1). Both relax a little in solvents, unlike the
wholly aromatic fibres such as Kevlar (DuPont) and
X-500 (Monsanto), a polyamide hydrazide.

MPD-1

MDA-1

Sulphonic comonomers are unnecessary in dyeing
from such solvents as pyridine as there are sufficient
carboxylic end groups to render the fibre dyeable with
cationic dyes. There is no significant loss of fibre tensile

properties and, as the solvent can be wholly removed by
washing in water, the standard of light fastness is
maintained. The exact mechanism of dyeing has not
been established.

Aromatic polyamides such as Nomex 430, 450 or 454
may be dyed with basic dyes by means of a carrier [70]
free of a ketone-forming carbonyl group, e.g. aromatic
carboxylic esters, with the assistance of an anionic
surface-active agent. Such agents as dibutyi-
naphthalenesulphonate or dioctylsulphosuccinate pro-
duce dyeings with at least double the strength, and
dyeing may be carried out at lower temperatures.

Basic-dyed aromatic polyamide may also be produced
by passing dry-spun fibres through an aqueous bath
containing a water-soluble basic dye and 10-30% apro-
tic solvent such as dimethyl formamide {71].

POLYESTER

The majority of polyester fibres are spun from the

unmodified homopolyester of ethylene glycol and tere-

phthalic acid (2GT). Two main variants are produced
commercially:

1. Fibres modified by physical methods or by incorpo-
ration of non-ionic components, having higher dye
affinity than 2GT

2. Fibres modified by incorporation of ionic groups that
confer basic dyeability.

Modified homopolyesters and copolyesters commonly
contain alternative diols such as 1,4-di(hydroxymethyl)-
cyclohexane or butan-1,4-diol or alternative dioic acids
such as adipic, isophthalic, 5-sulpho-(isophthalic) or
sebacic acids.

The mechanism of dyeing 2GT conventionally with
disperse dyes has been summarized by Broadhurst [72];
the dye is adsorbed at the fibre surface and then diffuses
[73) monomolecularly into the fibre. Initial adsorption is
rapid because of the high affinity polyester has for
disperse dyes, but diffusion within the fibre is relatively
slow. This rate of internal migration is fundamental to the
mechanism of dyeing polyester fibres and the tremen-
dous increase in rate of dyeing with a rise in temperature
must be attributed almost entirely to changes in fibre
structure under the influence of thermal energy. The
major influence is on the segmental mobility of the
molecular chains in the so-called amorphous regions of
the polymer. Segmental mobility is also influenced by
carriers, which lower the glass-transition temperature
(T,) of the polymer.

Landerl and Tandy demonstrated that there are three
main interactions between polyester molecular chains:

1. Multiple van der Waals forces
2. Dipole—dipole bonds between adjacent ester groups
3. Hydrogen bonding between end groups [74].

These bonds are all broken by increased segmental
agitation above the glass-transition temperature, both by
increased temperature and by fibre plasticization, caused
by the formation of carrier—fibre van der Waals links.
Larger, more accessible voids are formed through which
the disperse dye molecules can diffuse more readily. The
dyeing process is thus largely determined by the glass-
transition temperature.

The role of carriers has long been a subject of research
and Broadhurst cited nine theories that have been pos-
tulated at various times. Carriers have been said to act as
swelling agents, but current theory indicates a plasticiz-
ing mechanism. Weigmann and his co-workers investi-
gated the effect of solvent pretreatment on polyester
dyeability and found evidence for a free-volume mecha-
nism of dye diffusion [75], in contrast to the rigid pore
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mechanism postulated, based on fibre swelling [76].
The free-volume mechanism depends on polymer seg-
mental mobility to allow dye transport through tempo-
rary holes in the molecular structure and was found to
operate both in untreated and solvent-treated polyester.
The significant increase in dye diffusion coefficient after
solvent treatment is due to increased segmental mobility
in the non-crystalline region. Pretreatment in an aprotic
solvent such as dimethyl formamide (DMF) yields the
same increase in segmental mobility as a thermal pre-
treatment but the solvent treatments result in a greatly
increased saturation dye uptake, due to dye held in voids
during solvent treatment. Evidence for formation of such
voids was provided by diffuse scattering in small-angle
X-ray diffraction patterns of solvent-treated yarns. Fur-
ther work [77] demonstrated good correlation between
dye uptake and void volume, but showed that while

solvents such as DMF can overcome earlier thermal .

rearrangements the precise thermal history is vital. It is
possible for larger stable crystallites to be formed be-
tween 180-200°C that resist void formation when after-
treated with DMF at 140°C. Solvent treatment becomes
again effective above 200°C and an example quoted of a
false-twist heat-set yarn, where DMF was effective
despite the quoted texturizing temperature, indicated the
varn never reached that temperature.

Roberts and Solanki in a study of the carrier dyeing of
polyester, assessed carrier diffusion and the influence of
such carriers on the diffusion of disperse dyes. Rate of
uptake and equilibrium uptake of carriers from infinite
baths varied markedly with the chemical nature of the
carrier. As might be expected, the apparent diffusion
coefticients of the carriers were greater than for disperse
dyes, of larger molecular size, diffusing in polyester.
However, the interesting difference in behaviour was the
concentration dependence of the carrier diffusion co-
efficients, which increase with carrier uptake. This agrees
with the theory that carriers plasticize the polymer,
reduce T, and consequently promote easier diffusion
[78,79].

As referred to later by Iingamells and Yabani, the
effectiveness of different carriers at the same molar
concentration in the polymer was independent of the
chemical nature of the carriers, but dependent on the
nature of the dye. The carrier-induced acceleration in
diffusion is reduced by increasing temperature, showing
that at a given temperature carriers would cease to
influence the rate of dye diffusion. This temperature is
dependent on the activation energy of diffusion, but is of
little practical significance as for the majority of dyes it
does not fall in the temperature range used for commer-
cial dyeing.

The relative theories of swelling and plasticization
have been assessed by Ingamells and Yabani [80-82].
They investigated the effect of carriers on undrawn- and
drawn-filament polyester and assessed it in terms of
transition temperature (7;) and solubility parameter (J),
which is a measure of the cohesive energy density
(CED) between molecules. They demonstrated that car-
rier action in both polyester and poly(acrylonitrile)
(PAN) resulits in a lowering of T, and that the plasticiza-
tion induced by the reduction in 7, (4T,) tends to a
maximum at the solubility parameter of the fibre, as the
solubility parameters of fibre and carrier approach each
other.

However, there is no simple relation between fibre
swelling and T, and 4. It is possible to establish a
relationship between these quantities and fibre plastici-
sation, by considering 6 as made up of two components,
od (dispersion forces) and da (polar forces):
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6=0a*=dd*

For polyester, there is good correlation between AT,
and éd for equimolecular concentrations of different
carriers, where ddj,,, and dc,.. are similar. Thus carrier
action on polyester is dominated by dispersion forces,
which govern the plasticization mechanism in the fibre,
in contrast to acrylic fibres where polar forces are
paramount. Plasticization of the fibre by the carrier is
fundamental to the diffusion of dyes into it and may
cause other changes in the fibre. Plasticization may
result in fibre swelling but the latter is not necessarily a
reason for increased dye diffusion.

The concentration of carrier in the polyester fibre has
the same effect on the dye diffusion coefficient irrespec-
tive of the identity of the carrier, but the effect of carrier
concentration on the equilibrium dye uptake, for the
same dye, varies with the type of carrier, providing
evidence of carrier—dye interaction. This latter hypo-
thesis is not universally accepted [83].

The concept of solubility parameter has been extended
to azo disperse dyes, showing that 4, must be close to
dribre, DUt this alone does not guarantee good substantiv-
ity [84]). However, the solubility parameter may be a
means of detecting correlation between other relevant
properties.

Valk and Bunthoff [85] have reviewed the effect of
fibre structure on dye uptake, with particular reference to
practical parameters such as fabric tension. They invoked
the structural model devised by Jellinck, Ringens and
Heidemann [86] in which the non-crystalline region of
the fibre is divided into two parts. These differ in degree
of orientation and are referred to as the anisotropic and
isotropic non-crystalline fractions.

With increasing temperature, the crystalline fraction
increases, the anisotropic non-crystalline fraction de-
creases and the isotropic non-crystalline fraction re-
mains virtually constant. It can be demonstrated that the
dye uptake is related to the anisotropic non-crystalline
fraction. The uptake of dye applied at 130°C is greater in
a drawn and set fibre than in one which is only cold
drawn. The isotropic non-crystalline fraction is the same
in each, but the crystalline region is greater in the drawn
and set fibre (and the anisotropic non-crystalline fraction
correspondingly less) than in the cold drawn fibre. No
dye enters the crystalline region, so it follows that the
increased dye uptake results from the decrease in the
anisotropic non-crystalline fraction. This supports the
hypothesis that dye uptake increases as a result of void
formation in the post-crystallization stage of the aniso-
tropic non-crystalline fraction.

Heat setting influences dyeability, both in terms of
temperature and tension. In general, fibres set under
tension absorb less dye than those set without tension
because the non-crystalline sections undergo further
orientation. However, preset fibres dyed under tension
adsorb more dye than those dyed under tensionless
conditions, because the tension leads to the formation of
new voids.

Similar work was reviewed by Luebe [87], confirming
the vital role of both the isotropic (completely unorien-
ted) and the anisotropic (oriented non-crystalline)
fractions. Strongly polar, spatially extended dyes stimu-
late disorientation, increasing the isotropic fraction. Less
bulky dyes of low polarity inhibit further disorientation,
but they do tend to disorient the crystalline region.

In a recent paper [88], the pore model and free-
volume model were again compared and a new com-
bined diffusion model postulated. It is argued that such a
combination is particularly relevant when dyeing from
organic solvents, in which synthetic fibres swell mark-



edly. Using this model, the dye diffusion coefficient was
found to be a function of dye affinity, fibre swelling,
glass-transition temperature and enthalpy change for
void-formation.

Morita et al. [89] studied the diffusion of disperse
dyes in 2GT when water is added to a solvent dyebath.
They assessed diffusion and adsorption by the cylindri-
cal film-roll method, and noted that the diffusion coeffi-
cients of three dyes increased with the addition of water.
The acceleration was a function not only of water
concentration but of the structure of the dyes: C.I.
Disperse Violet 8, C.l. Disperse Red 15 and C.I. Disperse
Yellow 42. The authors claim that the water further
swells the already swollen polyester and the profound
increase in diffusion, seen as an increased colour yield, is
due to this enhanced swelling. However, the effect on
adsorption, assessed as a change in surface concentra-
tion, is relatively small. Pretreatment of polyester with an
organic solvent, such as perchiorethylene, has the practi-
cal benefits of improved dye adsorption, level dyeing and
barré cover [90,91]. Methods of dyeing polyester from
solvents, such as chlorinated hydrocarbons, have been
patented [92,93]. The solvent modification of polyester
fibres and its effect on dyeability has been reviewed
[94]. The solvent can play two roles. The first is by
penetrating the fibre and lowering the glass-transition
temperature. In this case the solvent acts as the dyeing
medium or a major component of it. The second role is
more fundamental, in which the solvent causes changes
in order and orientation in the fibre structure. This results
in a more open structure and greater chain mobility in the
non-crystalline regions of the polymer, again lowering
the glass-transition temperature and possibly producing
voids in the fibre structure. These changes are irreversi-
ble, unlike the first role.

Carrier-free polyester continues to receive a wealth of
interest in terms of practical research, and commercial
fibres are available, e.g. Trevira 210 (Hoechst). The
reasons for such interest are readily understood [95]: the
pollution caused by carriers, some of which may be
potential carcinogens, and the high and increasing cost
of energy. Early patents refer to the incorporation of an
amino alcohol [96], which enables acid or direct dyes to
be used, or of polyethylene glycol with a8 molecular
weight of 400 to 4 000. A carrier for deep colours was
still necessary. A variety of acids can be added, e.g.
glutaric, adipic, sodiosulphoisophthalic acids - the latter
is frequently used to enable basic dyes to be used. Poly
(1,4-butylene terephthalate) has also been used commer-
cially, although it is no longer available in the USA.

The principles underlying the production of carrier-
free polyester are those that have already been reviewed:
the role of segmental mobility and the nature of the
amorphous region.

Trevira 210 is based on the condensation of a poly-
glycol, which gives more ready access to the amorphous
region [97]. The glass-transition temperature is lowered
by approximately 10°C. There is no change in crystallinity
relative to the standard 2GT polymer, but there is an
increase in segmental mobility in the amorphous region.
Disperse dyes diffuse more rapidly through Trevira 210
compared with standard Trevira 220, with the practical
advantage of less cross-staining of adjacents in fabric
blends. Wet fastness remains good except at the boil,
although adjacent nylon is stained more and light fast-
ness is reduced by 1 to 14 points. Similar properties are
shown by Diolen 42 compared with standard Diolen 21
[981].

One important practical advantage claimed for carrier-
free polyester is the reduction of the oligomer problem

[99]. The principal oligomer of 2GT is the cyclic trimer of
ethylene terephthalate and methods for reducing the
problem have been reviewed [100,101]. These include
the use of chlorinated benzenes as carriers, the alterna-
tive use of butyl benzoate carriers and agents to solubil-
ize oligomers and prevent their redeposition. The oli-
gomer content of polyester can be controiled during
polymer production [102].

Oligomers are a particular problem in the continuous
dyeing of polyester tow [103]. The high temperature,
the low liquor ratio and reduced washing-off used in
dyeing tow in saturated steam yield a higher oligomer
content than in conventional batch dyeing. A lower
dyeing temperature results in an increased surface con-
centration of oligomer.

While linear oligomers are partially soluble in water at
the boil, cyclic trimers are soluble only in certain organic
solvents and carriers, particularly trichlorobenzene. This
poses practical problems in solvent dyeing of polyester
(91, 104, 105], particularly with perchlorethylene. The
solubility of anthraquinone disperse dyes decreases as
groups capable of forming intermolecular hydrogen
bonds are introduced into the dye molecule and corre-
spondingly increases with the entry of hydrophobic
groups. The introduction of groups which can act as
proton donors results in increased partition of the dye in
favour of the fibre. Methods to prevent oligomer forma-
tion have been reviewed [106].

Zimmermann [107] has reviewed the physical proper-
ties and chemical structure of modified polyester fibres
that can be dyed without the use of carriers.
Polybutyleneterephthalate fibres are recommended for
carpets whereas copolymers containing a small quantity
of polyglycol are used in clothing manufacture. Poly
(butylene terephthalate) fibres can be disperse dyed in
saturated steam in a manner analogous to nylon. There
are several references in the patent literature to modified
polyester, e.g. [108-112].

Stricter legislation covering the use of certain types of
fabric both in the home and in industry has encouraged
the research and development of flame-retardant polyes-
ters [113-119]. Many such developments are based on
copolyesters incorporating organophosphorus com-
pounds, which have the advantage over bromine-based
flame retardants of not affecting light fastness. The latter
also form hydrogen bromide on combustion [120]. The
properties of a typical phosphorus-modified polyester,
Trevira 270 (Hoechst), have been compared with stan-
dard polyesters [121]. The FR fibre can be dyed without
carrier to medium depths, on account of its more open
structure, which is reflected in a lower glass-transition
temperature of 78°C. However, the fibre cannot be
described as carrier-free dyeing, rather as deep dyeing.
Oligomer content is slightly higher than in conventional
polyester.

The development of basic-dyeable polyesters by the
incorporation of strongly anionic groups (i.e. sulphonyl
or phosphonyl) allows the production of dye-variant
fabrics with more brilliant colours. Basic dyeability is
enhanced by copolymerization of comonomers incorpo-
rating anionic groups such as sulphoisophthalic acid. The
kinetics of dyeing anionic polyester with basic dyes have
been studied [122-124]. The principal parameters are:
(a) Dyeing equilibrium and saturation values
(b) Rate of dyeing and diffusion of dyes
{c) Migration
(d) Compatibility of dyes
(e) Effect of carriers.

Equilibrium sorption isotherms show that cationic dyes
bond to anionic groups in the fibre (e.g. sulpho and
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carboxylic groups), although at low pH dye sorption
occurs in molecular form [125]. Thus the dyeing of
anionic polyester with cationic dyes may be compared to
the process for acrylic fibres, in terms of saturation and
fixation. Dye uptake is a direct function of accessible
acid groups in the modified fibre. However, the apparent
saturation values of anionic polyesters vary with dyeing
conditions, unlike the saturation values of acrylics,
which are a measure of the maximum uptake of pure
cationic dye at all accessible anionic sites. The apparent
saturation of anionic polyesters increases with increas-
ing temperature, dyeing time and concentration of carrier
until the theoretical saturation value is reached.

The rate of dyeing of anionic polyester is markedly
slower than that of acrylics, and when the apparent
saturation value is much less than the theoretical value
ring dyeing results. Thus the anionic sites within the core
of the fibre remain inaccessible. However, the rate of
dyeing increases rapidly when fixed at temperatures
of 190°C or more in a manner comparable to unmod-
ified polyester. Thus pastel shades that are initially
ring dyed may change in depth or tone after prolonged
dyeing, even in an exhausted bath, or after heat setting.

As for acrylics, anionic polyesters are dyed from a
saturated surface layer. The initial absorption of a small
quantity of basic dye may be controlled by a cationic
retarder, as with acrylics, but the acceleration of dye
uptake with increasing temperature is slower than with
either acrylics or disperse dyes on polyester. The temper-
ature dependence of dye diffusion is related to activation
energy and the logarithm of the diffusion coefficient
increases with the content of the anionic modifier. The
activation energy, which varies for individual dyes, gen-
erally falls with increasing concentration of modifier (this
is consistent with a looser, more accessible structure).
Isophthalic acid is an exception [126-128].

Migration is poor and is virtually unaffected by in-
creases in temperature or carrier concentration. How-
ever, cationic retarders do improve migration, at the cost
of reduced exhaustion, though sodium sulphate has little
effect on dyes of medium or high affinity.

The compatibility of cationic dyes on anionic polyester
is described by a combination index (K) analogous to
that used for acrylics, although the values for individual
dyes vary because of the different diffusion properties.
Dyes of the same or similar K values yield level dyeings
but K values are partially influenced by the presence of
anionic compounds, such as anionic dispersants in
carriers or anionic dyes used in, for example, polyester/
wool blends. These influences may be reduced by use of
non-ionic carriers and two-stage dyeing.

Carriers increase the rate of dyeing, for both cationic
and disperse dyes, but the latter dye anionic poly-
esters more deeply than they dye standard polyester,
again consistent with a more open structure. However,
the use of carriers can reduce migration of the cationic
dyes.

The application of disperse dyes to dye-variant copo-
lyesters has been thoroughly examined in two studies,
one of poly(tetramethylene terephthalate)—poly(tetram-
ethylene sebacate) [129-132], the other of poly(tetrame-
thylene terephthalate)-poly(tetramethylene isophtha-
late) [133] copolyesters.

The glass-transition temperature decreases with the
increasing content of diacid residue, consistent with
reduced polymer crystallinity. The sebacate or iso-
phthalate residues are incorporated in the amorphous
regions. Rates of dyeing and diffusion increase with
rising temperature, which accords with the free-volume
model of dye diffusion, a function of increased segmen-
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tal mobility. The amount of dye sorbed at equilibrium is
also increased.

Drawing of the modified fibres reduces the rate of
diffusion, but the rate of dyeing increases due to the
relative formation in the core of the fibre. Dyeing pro-
ceeds by surface absorption, diffusion into the fibre and
then through the fibre. At this stage, dyeing is essentiaily
Fickian, similar to the undrawn fibre. Diffusion into the
voids proceeds rapidly, however, hence there is an in-
crease in the rate of dyeing.

Diffusion coefficients and equilibrium absorption of
dyes are influenced by finishing temperatures in a man-
ner analogous to conventional polyester (2GT).

A modified-filament (Fortrel) polyester yarn, which
when used with fibres dyeable with basic dyes produces
a 'heather’ look, has a handle similar to a spun yarn, due
to the multitude of closed loops on the yarn surface.
This is a result of a novel texturizing process. These so-
called lambda fibres are less crystalline than conven-
tional-filament polyester and dye more rapidly and more
deeply. Good carrier selection is essential as otherwise
migration of high-energy dyes is poor [134].

Spun-dyed polyester is gradually increasing in impor-
tance [135,136], using polymer-soluble dyes and heat-
stable pigments. The commercial reasons are: economy,
large dye lots and hence increased uniformity, reduced
pollution, excellent all-round fastness and low capital
investment.

Dyes or pigments used must not contain metal ions
that can catalyse depolymerization, or water, which
causes chain hydrolysis. Reactive groups in the dyes
(e.g. amines, carboxylic acids) can attack ester links in
the fibre polymer chain. Suitable dyes may be introduced
either at the granulate mixing stage or by injection into
the melt, at the extruder or ahead of the spinneret.

One interesting fault that can occur is migration and
recrystallization of dye at the fibre surface during fabric
processing at 1560-210°C. This is due to a loss of dye
solubility in the supersaturated solution following rapid
cooling, during spinning, from the spinneret temperature
of 280-290°C.

POLYPROPYLENE

Polypropylene was of no interest to the textile industry
until Ziegler and Natta developed a practical method for
controlled polymer propagation. Hitherto only atactic
polypropylene was available, which is a grease at normal
temperatures, but Ziegler—Natta catalysis of the addition
polymerization yields isotactic polypropylene, which is
fibre-forming.

After drawing and final annealing the polymer is
highly oriented (68% crystalline) and this, together with
the absence of polar groups, presents a formidable
challenge to the dyer. The principal method of coloration
was and remains pigmentation of the spin melt. Suitable
dispersed inorganic or organic pigments, which must
withstand spinning temperatures of 220-300°C, may be
used [137]. Choice of pigment depends primarily on
extruder construction and feeder system. As poly-
propylene is unstable to u.v. radiation, u.v. absorbers
must be added if the material is to be exposed for long
periods. However, certain pigments such as Carbon
Black, anthraquinone derivatives, etc. have a u.v.-stabil-
izing effect. Conversely, certain yellow pigments, for
example cadmium yellow, accelerate u.v.-induced in-
stability and the addition of stabilizers is essential. Cad-
mium pigments cannot be used with nickel-containing
stabilizers because the nickel sulphide formed discolours
the tibre. The production and pigmentation of polypro-
pylene has been reviewed by Ripke [138,139]. Im-



proved stability to light and heat is also shown by
phthalocyanine pigments, particularly when used with
an acylated metal chelating agent [140]. A novel
method of pigmentation has been described [141] in
which a basic pigment is incorporated in a hydrophilic
polyolefin by flash evaporation of a superheated suspen-
sion under pressure.

The major disadvantage of mass pigmentation is eco-
nomic: long spin runs are essential and large stocks of
material must be held to provide continuity. The flexibil-
ity of piece dyeing has encouraged a variety of tech-
nigues to confer dyeability on the polymer. The principal
potential methods are:

1. Graft polymerization

2. Copolymerization

3. Incorporation of nickel and aluminium chelating
agents.

Graft polymerization of polar side-chains was the
subject of intensive research in the 1950s and 1960s,
particularly in the USSR [142] and the grafting of
copolymers such as acrylic acid or poly(vinyl pyrroli-
done) has recently been studied by Wattiez [143]. Lee
[144] and Shore [145] have reviewed methods of
dyeing polypropylene, including the incorporation of
vinyl pyridine by grafting or copolymerization to enable
acid dyes to become attached to the basic nitrogen-
containing groups. Polymers suitable for acid dyes re-
main economically unattractive and also suffer from
reduced uptake if exposed to burnt gas fumes. The
application of disperse dyes can be achieved by incorpo-
ration of 10-15% of an acrylic—styrene addition polymer,
but this can affect the physical properties of the polypro-
pylene fibre. The use of conventional carriers is also
detrimental. Special dyes developed for dyeing polypro-
pylene have proved disappointing due to poor build-up,
low light fastness and poor fastness to common dry-
cleaning solvents.

Caldo [146] has compared the behaviour of conven-
tional polypropylene (Meraklon DL, Montefibre) with
two experimental fibres, one containing piperazine am-
ino groups, the other aliphatic tertiary amino groups.
There was evidence of polar attraction between ionized
dyes and basic sites, while the undissociated dye linked
with the fibre by means of hydrogen bonds and van der
Waal's forces.

The incorporation of metals such as nickel or alumin-
ium remains a common technique for conferring dyeabil-
ity on polypropylene. However, while dyeability is im-
proved by chelation with nickel compounds, there are
many disadvantages, not least cost [147,148]. The fibres
are thermally unstable, resulting in partial decomposi-
tion, discoloration and the formation of insoluble nickel
oxide. Thermofixation in steam can result in unlevel
dyeing and poor colour fastness. Better fibres can be
produced by means of more economic inorganic com-
pounds, such as nickel hydroxide or nickel carbonate in
conjunction with an organic phosphite, e.g. trinonyiphe-
nyl phosphite or diphenyloctyl phosphite.

If the conventional means to improve dyeability is the
incorporation of dye sites, a more radical approach is to
modify the morphology of the polymer. Gardner and
McNally [149] have examined the effect of extrusion
temperature and spherulite size on the diffusion of
disperse dyes in polypropylene. They demonstrated that
while degree of crystallinity and orientation directly
affected diffusion, variation of diffusion coefficients
with extrusion temperature could not be explained by
differences in crystallinity alone. However, the spherulite
(the term used for the three-dimensional radiating-fibril
structures that constitute the crystalline portion of the

polymer) radius increased with extrusion temperature,
and when compared with the observed diffusion coeffi-
cient of a disperse dye (C.l. Disperse Yellow 3) the
relationship was approximately linear. As spherulites
are not perfectly crystalline, the apparent relationship
may be explained simply by an increase in amorphism
within the spherulites. The free volumes through which
the dye molecules diffuse are independent of spherulite
radius.

Orientation of crystalline regions within polymers is
recognized to be of prime importance to the rate of dye
diffusion. Gardner and McNally showed that a decrease
in diffusion coefficient was associated with drawing and
that there was a concomitant increase in activation
energy of diffusion. In turn the effect of drawing is
greatly influenced by extrusion and drawing tempera-
tures, providing further evidence of the role of spheru-
lites in dye diffusion. Drawing distorts the spherulites to
prolate spheroids, providing a more tortuous diffusion
path.

Most interestingly, there is some evidence of ionic
interaction between the polymer chain and certain sol-
vent dyes. It is known that the termination step in the
polymerization of polypropylene creates terminal vinyli-
dine groups, which could interact with conjugated dye
molecules. Such dye molecules are C.I. Solvent Red 24
(C.l. 26105) and C.l. Solvent Red 27 (C.Il. 26125),
where methyl groups are o- and o'- to the azo nitrogen
and exhibit hyperconjugation. The evidence is provided
by the correlation between M, (number average molec-
ular weight) and the dye saturation values.

Thus far the modification of polymer morphology has
not proved of practical significance in the commercial
dyeing of polypropylene.

CONCLUSION

Like all reviews of wide-ranging subjects, this paper has
been able to describe only the more important develop-
ments. It has been written against a sombre background
of retrenchment in the synthetic-fibre industry. The
industry in Northern Ireland, once pre-eminent, has all
but disappeared. ICl, Rhéne-Poulenc and Courtaulds
(the latter has withdrawn totally from nylon production)
have all cut back severely their fibre production. ICl in
particular has concentrated on the production of ‘high-
technology’ fibres that can command a premium in the
market. All the main acrylic producers continue to trade
at a loss [150]. Nor is the problem wholly a European
one; faced with a demand for reinvestment, Monsanto
preferred to close its filament polyester operation while
the Japanese industry finds it increasingly difficult to
compete with its neighbours in South Korea.

The critical consumer market, which demands yarns
and fabrics of improved quality and consistency, indi-
rectly exerts pressure on the fibre and coloration indus-
tries to refine their products further. For this reason the
study of fibre structure and its effect on the dyeing
process will continue unabated through the 1980s and
beyond.
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