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The effects of agueous solutions of benzyl alcohol on the
physical and dyeing properties of poly{ethylene terephthal-
ate) filaments have been examined. The effects observed are
dependent upon the mechanical history of the filaments.
Their dyeing properties are more sensitive to changes in the
molecular order of the filaments than are density and bire-
Jringence. There is not necessarily a simple relationship
between the dyeing transition temperature and the glass
transition temperature.

Introduction
It is hard to find a precise explanation of how carrier dyeing
works because several different effects are involved. Some are
observed in the dyebath and others in the fibre. Those
concerning the fibre appear to be important to the kinetics of
the process because there is a relationship between the
diffusion properties of organic vapours and the physical
properties of the polymer [1], which may be used to correlate
appropriate experimental results for carrier dyeing [2].
Theoretical arguments have been proposed, which suggest
that the carriers increase the rate of dyeing because they
plasticize the fibre. The effect of the plasticization of fibres
has been detected by changes in their glass transition tempera-
ture (7). At this temperature, segments of the fibrous
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polymer molecules begin to change position and, once above
it, the frequency of movement increases exponentially with
rising temperature. This dynamic situation facilitates the
diffusion of dye through the polymer structure. The rate of
diffusion of dye may therefore be increased by either raising
the temperature or by lowering the T, using carriers.

The simple relationship representing this situation is given
by the WLF equation [3].

Although the mechanism of carrier dyeing has been
explained using this equation [3] for the dyeing of acrylic
fibres [2,4] and polyester film [2], the values for the T of
the latter were not obtained by direct physical measurement.
This was unavoidable because the changes in the dimensions of
the polyester film with temperature were too small to
measure. The related dyeing transition temperature (7p)} was
therefore used as an alternative reference temperature. The
rate of diffusion below the T, of the fibre is very slow, but
when the segmental movement begins, the diffusion of the dye
suddenly becomes much more rapid. Consequently, there is
also a transition in the dyeing behaviour, which can be
detected experimentally. The temperature at which this occurs
is referred to as the transition-temperature of dyeing. In those
cases where it has been possible to measure both temperatures
[2,4,5], a direct relationship between the T, and the Tp has
been obtained. The use of Ty as a reference temperature in
place of T, for biaxially oriented polyester film dyed in the
presence of carriers, has since been justified by a separate
investigation [6] .

Unfortunately, there is a possibility that other important
aspects of the mechanism may be masked by the manner in
which the results are presented. The theory is tested by
plotting log D against (T — T},) or (T — Tp). Since the shape
of the plot matches the curve calculated using the WLF
equation, it is concluded that the segmental movement of the
polymer chains controls the diffusion of the dye in the fibre.



However, the variation of T}, or Tp with carrier concentration
is represented on the plot as T — Ty or T — Tp, respectively.
When the results are presented in this way, it is difficult to
decide whether or not the expected linear relationship
between the variation of both the 7, and Tp with the
concentration of carrier has been obtained. This is important
because the existence of controlling influences other than the
Ty will be indicated if the linear relationship does not hold or
if Tp and 7, are affected differently by changes in the
concentration of the carrier.

Another difficulty arises on examination of the effect of
carrier concentration on the partition coefficient of a disperse
dye between the fibre and the dyebath [7]. If the concentra-
tion of carrier used is high enough, the partition coefficient of
the dye is reduced because of the enhanced solubility of dye in
the dyebath. However, the resulting reduction in dye uptake
may, in part, be due to a change in the molecular structure of
the fibre and it is impossible to confirm the existence of such
changes from the available dyeing data.

Previous workers have already examined the effect of
carriers on the physical properties of polyester substrates
[2.6,8—10] and the work described here is an attempt to
obtain further detailed information about the changes in
various physical and dyeing properties of polyester filaments
that are associated with carrier dyeing.

Experimental and Results

Preparation of the Poly(ethyiene rerephthalate) Filaments

The poly(ethylene terephthalate) chips used in the preparation
of filaments for this work, were supplied by Courtaulds Ltd,
and contained 0.02% titanium dioxide as delustrant. After
drying the poly(ethylene terephthalate) chips for 24 h in a
vacuum oven at 120°C, they were made into fibres using an
ICI Laboratory melt-spinning unit operating at 267°C. The
apparatus was set to spin 2.78 cm*/min of polymer through a
spinneret with a hole of diameter 0.5 mm.

The monofilament fell freely from the spinneret for a
distance of approximately 2.5 cm before being wound on a
bobbin driven at 275 revs/min. Separate bobbins were used for
each batch of polymer and the material was conditioned in air
for 24 h at room temperature before covering.

Drawing
At least fourieen days after spinning, drawing to different
draw ratios was carried out on a laboratory drawing machine.
This consisted of two revolving rollers, the second running
faster than the first. The ‘as spun’ filament was unwound from
the supply bobbin at a very low tension, on to a feed roll, over
a thermostatically-regulated hot plate, under constant tension
developed by the difference in speed of revolution of the
rollers. The temperature of the hot plate was maintained at
80°C, in accordance with the recommendations of Marshall
and Thompson [11]. The filament was passed from the second
roll, on to a friction-driven collecting bobbin. Undrawn
filaments (diameter 114.19u, density 1.350 g/cm?) are referred
to as filament A, filaments of 3:1 draw ratio (diameter 92.5y,
density 1.3597 g/fcm®) as filament B, and filaments of 5:1 draw
ratio (diameter 576y, density 1.3770 g/cm?®) as filament C.
Filaments were pretreated in the slack condition in water
or in the appropriate solution of carrier, for 90 min at 95°C,
before dyeing or physical measurements were carried out. It

was assumed that the structure of the fibre and distribution of
carrier in the fibre became stabilized in this process, thus
preventing changes in the fibre which might otherwise have
occurred during subsequent measurements. The experimental
procedure has been described in detail elsewhere [8].

Density of the Filaments

The density of the filaments at 23°C (£0.2°C) was measured
using a density gradient column, The density gradient was
formed using carbon tetrachloride (sp. gr. 1.5940) and ethanol
(sp. gr. 0.08669). Pretreated filaments were left in a vacuum at
60°C for 24 h and then aliowed to cool to room temperature
in a desiccator containing phosphorus pentoxide, before
determination of the density. The position of the filaments in
the column was noted over a period of 4 h. Since the position
did not change after 2 h, it was assumed that the solvent in the
density gradient column was not affecting the density of the
samples. The results are shown in Figure 1.

1-384

1-374

Density, g cm™

1-364

1-354¢
A — draw ratio 5:1
® — draw ratio 3:1
O - undrawn
0 0-25 05

Concentration of benzyl aicohol, mol 17!

Figure 1 — The effect of aqueous solutions of benzy! alcohol
on the density of poly(ethylene terephthalate) filaments of
different draw ratio

The density of the filaments pretreated in water increases
with increasing draw ratio. The action of benzyl alcohol does
not have a marked effect on the density of filament C, which
initially has the higher density. Treatment of filament B in
aqueous solutions of benzyl alcohol at low concentration
causes a significant increase in the density, to a value close to
that of filament C. Higher concentrations cause little further
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change. The effect of benzy!l alcohol concentration is greater
with filament A, the density increasing with increase in the
concentration of benzyl alcohol.

Birefringence of the Filaments

The birefringence of the filaments was measured using the
wedge method [12]. The wedge-shaped cut end of the
filament was mounted in Nujol and the birefringence deter-
mined using a Senormont compensator [13] in conjunction
with a Babinet compensator. The results are shown in Figure 2.
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Figure 2 — The effect of aqueous solutions of benzyl alcohol
on the birefringence of poly(ethylene terephthalate) filaments
of different draw ratio

As the concentration of benzyl alcohol increases, the
birefringence decreases for filament C, increases for filament
B, and remains unchanged for filament A.

Detection of the Glass Transition Temperature (T;) of the
Filaments

The values for the T;; of the filaments immersed in solutions of
benzyl alcohol were observed by monitoring their change in
length with temperature. The intercept obtained by extra-
polation of the linear portion of the curve to the temperature
axis was taken as T,. Details of the apparatus used are
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described elsewhere [8]. The results presented in Figures 3,
4 and 5 were obtained with a 50-mg weight tied to the bottom
of the filament. Since absolute values of the viscoelastic
properties of the fibres were not required, the same weight was
used with filaments of each draw ratio, even though their radii
were different.

Although the magnitude of the elongation obtained with
the pretreated filaments was small, the temperature at which a
detectable change in length occurred could be deduced from
the measurements. This temperature moved to progressively
lower values as the concentration of benzyl alcohol increased
(Figures 3-5). A maximum was reached in the length of
filament A (Figure 3) at approximately 45°C, when it was
immersed in an aqueous solution of 0.39 mol/l benzyl
alcohol. Similar curves were obtained for filament B (Figure
4). The changes in length of filament C (Figure 5) were very
small and no change could be detected until a concentration of
0.29 mol/l was reached. The scale of Figure 5 has been
enlarged to show these changes more clearly.

Determination of the Dyeing Transition Temperature {Tp)
using p-Amino-azo-benzene

The dyeing transition temperature (T;) was determined by
measuring the dye uptake of the fibres when dyed in an
infinite dyebath for 30 min. at different temperatures. The T
was obtained by extrapolating the linear portion of the curve
of dye adsorbed against temperature to the temperature axis
and recording the location of the intercept.

Preparation of the Dyebath and Dyeings

Dye solutions were freshly prepared by dissolving about 10 mg
of accurately weighed dye in 10 ml of acetone. This dye
solution was added to the required volume of distilled water (2
litres minus the required volume of carrier solution), at about
50°C. The solution was boiled for about 15 min to remove the
acetone, the required volume of carrier soluiion added and the
volume made up to the correct amount using warm distilled
water. The resulting dyebath was filtered through a porous
glass filter into a preheated dye vessel and allowed to cool to
room temperature. The temperature of the dyebath was
controlled to within #0.2°C. Samples (20—30 mg) of fibre
were dyed at the requisite temperature, the dyebath temper-
ature raised and dyeing repeated using fresh samples of
filament. Both carrier and dye remained in solution during the
dyeing.

Estimation of the Dye Content of the Filaments

Dried samples of the dyed filaments were accurately weighed
and dissolved in a known volume of m-cresol. After measuring
the optical density on a Unicam SP 600 spectrophotometer,
the concentration of dye in solution was estimated in the usual
way.

The nature of the qualitative comparisons being made did
not warrant the extensive work required to obtain accurate
measurements of the diffusion coefficient for all the points on
Figures 6, 7 and 8. Measurements of the diffusion coefficient
had previously been made at 65°C, 75°C and 95°C in the
presence of different concentrations of benzyl alcohol [16].
The limitations encountered were at (i) the higher temper-
atures and higher concentrations of benzyl alcohol, where the
rate of dyeing was too fast to measure accurately, and (ii) at
65°C, with the lowest concentrations of benzyl alcohol, where



The effect of temperature on the length of polyfethylene terephthalate) filaments when immersed in aqueous solutions

of benzylalcohol
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Figure 5 — Filaments of 5:1 draw ratio

the rate of dyeing was too slow to take to completion in a
reasonable time. In all other cases, linear plots of C;/C. against
1% were obtained,as expected, from a process governed by the
diffusion of dye. A qualitative representation of the rate of
dyeing at each temperature was therefore obtained by measur-
ing the dye uptake of the fibres when dyed in an infinite
dyebath for 30 min at the required temperature. The dye
uptake of three different samples for each temperature was
determined and the average value taken.

The dye uptake of filament A increases with increasing
temperature over the temperature range examined, until at
above 65°C and at a concentration of 0.29 mol/l benzyl
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The effect of temperature on the uptake of p-amino azo benzene after 30 min dyeing, in the presence of benzyl alcohol,
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Figure 6 — Undrawn filaments
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Figure 7 — Filaments of 3:1 draw ratio

alcohol it begins to level-off. Above this concentration,
maxima are observed (Figure 6). Similar results were obtained
with filament B (Figure 7).

The dye uptake for filament C is much lower than that for
filaments A and B. In Figure 8, the scale for the amount of
dye on fibre has therefore been enlarged to emphasize the
observed effects. The results for a concentration of 0.048
mel/l of benzyl alcohol were out of step with the remainder,
the sudden increase in dye uptake being more pronounced
than in other cases.
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Figure 8 — Filaments of 5:1 draw ratio
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Discussion

A previous investigation of the mechanism of carrier dyeing of
acrylic and polyester substrates [2] was carried out using
phenol as an example of a compound with carrier activity. The
results obtained were those expected from the theory being
tested, i.e. the reduction in the glass transition temperature of
the substrate was proportional to the concentration of the
carrier present in the dyebath,and the variation in the rate of
diffusion of a disperse dye with temperature into the
plasticized fibre obeyed a form of the WLF relationship [2].
The experimental results for poly(ethylene terephthalate) were
obtained for biaxially oriented poly{ethylene terephthalate)
film, but the very small dimensional changes in the substrate
due to ‘carrier-action’ limited the scope for physical measure-
ments. The unknown thermal and mechanical histories of the
commercial film were further undesirable features of the
attempt to relate the physical properties of the substrate with
its dyeing behaviour. Therefore, filaments of poly(ethylene
terephthalate) with a known thermal and mechanical history
were used in this work. Benzyl aicohol was used as the carrier.

The Plasticizing Action of Benzyl Alcohol

The plasticizing action of benzyl alcohol on filament A
(undrawn) and filament B (3:1 draw ratio) (Figures 9 a and b)
is apparent from the reduction in T, obtained by increasing
the concentration of carrier. However, no measurable effect on
the length of filament C (5:1 draw ratio) was obtained until a
concentration of 0.26 mol/l was used. Changes could be
detected at this concentration and a T, of 43.0°C was
obtained. Further increase in the concentration led to a
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Figure 9 (a, b and ¢} — The effect of benzyl alcohol on the glass transition temperature, and on the dyeing transition
temperature of polyfethylene terephthalate) filaments, when dved with p-amino azo benzene (a) Undrawn filaments {b)

Filaments of 3:1 draw ratio {c) Filaments of 5:1 draw ratio

reduction in this value (Figure 9¢). Thus, the density measure-
ments and changes in length of the filaments with temperature
over a concentration range of ca 0.05-04 mol/l benzyl
alcohol, lead to the initial conclusion that dyeing would not
take place at a significant rate when the concentration of
benzyl alcohol was below 0.26 mol/l. This conclusion is not
valid, however, because although the level of dye sorption was
much lower than for filaments A and B (Figures 6 and 7) dyed
under identical conditions, dyeing transition temperatures for
the dye could be detected over the entire concentration range
(Figure 9c). Similar observations have also been reported for
the use of trichlorobenzene as carrier. The concentration
required to produce carrier activity is much lower than that
required to produce a noticeable change in the Xcray
photograph of the fibre [14]. Evidence of molecular reorgan-
ization in filament C is given by the reduction in birefringence,
and the magnitude of the reduction increases with increasing
concentration of benzyl alcohol used in the pretreatment.
Other evidence is available which also suggests that some
permanent modification in the fibre structure may be attri-
buted to the action of the carrier [10].

There are also differences in the variation of the T, and
Tp with carrier concentration for filaments A and B. For
filament A there is a large difference between the T and T
at the lower concentrations of carrier, but the two temper-
atures come closer together as the carrier concentration
increases (Figure 9). The T, and Tp for filament B are very
similar.

The decrease in the T, of filament A with increasing
carrier concentration is accompanied by a steady increase in
density (Figure 1), but no change in birefringence. The
decrease in the T, of filament B is not accompanied by a
change in density (Figure 1), but there is an increase in the
birefringence, proportional to the increase in concentration of

carrier (Figure 2). Thus, the situation is that as the carrer
corncentration increases

(i) the 7, and Tp of filament A decrease; the density
increases and the low value for the birefringence remains
unaltered,

(ii) the T, and Tp of filament B decrease; there is little
change in density but an increase in birefringence,

(ili) the 7 of filament C decreases. The T cannot be
detected by the method employed here until a minimum
concentration of benzyl alcohol is used; the density

changes very little, but the birefringence decreases.

The effects of carrier treatment on the properties of
poly(ethylene terephthalate) fibres are therefore dependent
upon the mechanical history of the fibre. When filaments have
been highly drawn, the polymer chains are more likely to be in
close register so that crystallization is induced. Consequently,
the filaments will readily develop a high crystallinity and the
changes in molecular order which take place when the carrier
concentration is increased are likely to be concerned with the
reorganization of the existing crystalline structure. This may
be accompanied by some relaxation of the high degree of
orientation of the polymer molecules. Such a view is con-
sistent with the reduction in birefringence and constant
density.

These results show the need for caution when using T, as
an alternative reference temperature to the T in the WLF
equation. Either temperature may be used as a reference
temperature to give the desired correspondence between the
calculated and experimental results, but a knowledge of both
is required when the effects of carrier action on the molecular
order of the fibre are being considered.
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Mechanical and Dyeing Properties of the Fibre

A more precise explanation of the interpretation of these
physical and dyeing properties is outside the scope of this
paper, but their connection with the changes in the dyeing
properties of the fibres is indicated by making a comparison
between changes in length of the filaments and the dye
adsorbed by the fibre at different temperatures.

Even after the pretreatment in carrier solutions, the
molecular changes taking place in the fibre during carrier
dyeing are not confined to the segmental mobility of the
polymer chains. Filaments immersed in solutions of benzyl
alcohol up to a concentration of 0.3 mol/l increase in length
under a light load (50 mg) (Figures 3—5) with increasing
temperature above the T;. This pattern of behaviour only
persists up to temperatures of 45°C for filament A and 50°C
for filament B, and then molecular changes in the fibre cause a
different response (Figures 3 and 4). The changes in measured
dye uptake at each temperature (Figures 6—8) follow the same
pattern as the changes in length. The overall adsorption
decreases with increasing draw ratio, but the amount of dye
adsorbed and the length of the filaments pass through a
maximum at the same temperature.

The maximum in dye uptake could therefore represent
either the effect of a reduction in the partition coefficient of
the dye with increasing temperature, as suggested by other
workers [7], or a change in the molecular structure of the
fibre or both. It isnot possible to deduce from these results
alone which of these alternatives is the more important, but it
is clear that the carriers cause structural changes in the fibre,
which require further investigation.

One aspect of the molecular structure that is appropriately
mentioned here is the occurrence of chain folding. Its
occurrence in poly(ethylene terephthalate) substrates of dif-
ferent thermal and mechanical histories has been investigated
by Statton [15] and other workers [6], who have observed a
connection between the extent of chain folding and the dyeing
transition temperature of carrier-pretreated poly(ethylene
terephthalate) films.

It may ove concluded, therefore, that carriers cause
structural changes in poly(ethylene terephthalate) filaments,
the nature and extent of which are influenced by the previous
mechanical history of the sample. Some changes in the dyeing

properties are not accompanied by related changes in the
density or birefringence of the filaments. This shows that the
dyeing properties are more sensitive to structural changes than
are density and birefringence. Although the rate of diffusion
of dye into the fibre during carrier dyeing can be explained in
terms of the enhanced segmental mobility of the polymer
chains, the effects of changes in the molecular organization of
polymer molecules in the fibre must also be considered.
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