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The structural parameters that predominantly influence dye diffusion behaviour in heat-set polyester
fibres have been identified. Dye diffusion has been shown to depend on two factors: the voiume of the
accessible region (amorphous region) and the tortuosity of the dye diffusion path. The accessible
region can be represented in terms of the amorphous volume per crystai, and the tortuosity can be
expressed quantitatively by combining the orientation of the amorphous phase and the nature of
coupling between the amorphous and the crystalline regions. An integrated model has been proposed
by combining these parameters, and has been shown to correlate well with dye uptake in polyester

fibres heat-set under slack and taut conditions.

INTRODUCTION

The role played by the structure and morphology of
polyester on its dye diffusion behaviour has been well
documented. Several attempts have been made to
establish qualitative and quantitative correlations between
dye diffusion on the one hand, and the structure and
morphology of polyester on the other. A common feature
observed for annealed polyester in these works is that the
dye uptake decreases initially as the annealing tempera-
ture increases and shows a minimum at a temperature
range of 180-200°C and then increases with rising
annealing temperature, which is in accordance with the
observation made by Marvin [1].

Dumbleton and Murayama suggested that the dye
uptake in polyester is controlled by the number of crystals
present and the orientation of the amorphous phase [2].
This is based on the fact that the dye diffusion depends on
the segmental mobility of the amorphous region, which in
turn depends on the order in this region and the number,
size and size distribution of the crystallites. Huisman and
Heuvel proposed a qualitative description of the dye
uptake behaviour of polyester by suggesting that the dye
uptake of a yarn is controlled by two structural
parameters: the total amount of amorphous material and
volumes of the individual amorphous regions [3].

A quantitative correlation was attempted by Vassilatos
et al. to explain dye uptake behaviour of structurally
varying high-speed-spun polyester fibres [4]. They sug-
gested that dye uptake is controlled by the combined
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effect of the free volume of the amorphous regions per
crystallite and the tortuosity of the diffusional path
suggested by Teterlin [5]. The free volume was
represented by the amorphous volume per crystal V, (Eqn
1):
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where Vis the mean volume of a crystal and X, the degree
of crystallinity, suggested by Dumbleton and Murayama
[6]. Tortuosity Tis was represented by Eqn 2:
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where f, is the Hermans orientation factor of the
amorphous region.

The modified free volume obtained by multiplying free
volume and tortuosity was found to correlate with the
relative dye uptake.

Previous studies carried out in this laboratory on
polyester fibres heat set at different temperatures have
provided support to the Williams-Landel-Ferry (WLF)
model of the temperature-dependence of diffusion, which
indicates that dye diffusion may be related to the
segmental mobility in the non-crystalline regions of the
fibre [7]. The porosity of the fibre, i.e. the number, size and
size distribution of the holes existing in the matrix, can also
affect dye uptake [8].

In the present study an attempt has been made to
identify the free volume and degree of accessibility
(tortuosity) from various structural parameters, and to
propose a more comprehensive model which quanti-
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tatively correlates the dye diffusion in heat-set polyester
yarns with fibre structure. Extensive structural characteris-
ations have been carried out in this laboratory over the
years on polyester fibres heat set under taut and slack
conditions, which allowed very accurate data to be used in
this study. We selected two heat-setting conditions and a
wide range of heat-setting temperatures to represent the
lower and upper regions of the temperatures used in
industrial operations. This gave samples with a wide
spectrum of structure and morphology so that a
generalised correlation could be obtained.

EXPERIMENTAL

Sample preparation

The starting material was a drawn commercial multi-
filament polyester yarn, 84.3 dtex, 36 filaments, zero twist.
It was produced on an industrial unit by melt spinning of
fibre-grade polyester chips at 290°C at a take-up speed of
800 mymin. The as-spun yarns were stretched to a draw
ratio of 3.92 on a draw twister with a top godet temper-
ature of 140°C and a winding speed of 642 m/min. This
sample will be referred to as the control. Heat setting of
this yarn was done in a silicone oil bath at temperatures of
100, 180, 195, 210, 230 and 250°C for 5 min under two
conditions, i.e. when the sample was held at a constant
length (designated as TA or taut annealed) and when the
sample was allowed to shrink during the heat setting
(designated as FA or free annealed). After heat setting the
samples were allowed to reach the ambient temperature
and then washed thoroughly with carbon tetrachloride to
remove the silicone oil. They were then dried and stored
in a conditioned laboratory.

Dyeing experiments

The control and various heat-set samples were dyed with
CI Disperse Red 11 under infinite dye bath conditions {(for
5,20, 30, 45, 75, 150 min and 24 h at 130°C and liquor ratio
1000:1). The amount of dye on the fibre was measured
spectrophotometrically. The relative dyeing rate was
determined using a method described by Frankfort and
Knox [9]. This involved taking the initial slope of the plot
of percentage of dye present in the filament versus the
square root of the dyeing time, as a measure of the dye
diffusion coefficient. The relative dyeing rate R was then
obtained by normalising the dyeing rate in respect to a
commercially drawn yarn of 2.34 dtex per filament and
having a density of 1.38 g/em?3 (Eqn 3):

Ryd 1.38 100
R= X x
234 p 100-B

G)

where Ry is the measured disperse dyieng rate, d =
filament linear density (dtex) per filament, g is the sample
density and B the yarn boil-off shrinkage. The relative
dyeing rate is for practical purposes independent of the
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surface-to-volume ratio of the dyed filaments and reflects
differences in filamentary structure affecting the diffusion.

Beil-off shrinkage
The boil-off shrinkage B of different samples was
measured by immersing the samples in boiling water
(100°C) for 5 min, after which they were removed and
allowed to come to room temperature under ambient
conditions (Eqn 4):

B:M
Ly

where L, is the initial length and Lg is the length after
shrinkage.

)

X-ray diffraction studies

X-ray diffraction studies were made to measure the
crystallinity and crystal size of the samples. The half-
widths g of the {010), (100) and (105) scans were used to
obtain the crystal size () from Eqn 5:

0.894
bypp =—0————— ()
B cos 6y,

where 2 is the wavelength of the X-rays, t; is the crystal
dimension perpendicular to the (#kl) plane and 6, is the
Bragg angle for this plane. Corrections due to instru-
mental broadening were estimated and found to be
negligible. Crystal volume was estimated by taking £y,
and #qpy as the two sides of the crystal and {5 as its
length.

Amorphous orientation factor

To obtain accuarate values of amorphous orientation factor
f. the attenuated total reflection (ATR) infra-red technique
was used. Details of the method used are given elsewhere
{10].

Coupling between amorphous and crystalline regions
The coupling parameters (series and parallel} were
estimated using an indirect method based on Takayanagi’s
model [11]. Details of the method used are given
elsewhere [12].

RESULTS AND DISCUSSION

Dye uptake behaviour

Figure 1 describes the relative dyeing rate as a function of
heat-setting, temperature for FA and TA samples. In both
the cases the relative dyeing rate showed the usual trend
of passing through a minimum at a heat-setting
temperature of 180°C. FA samples exhibited higher
relative dyeing rates.

Physical and structural characteristics
Table 1 summarises the physical and structural charac-
teristics of the various samples investigated. These
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Figure 1 Relative dyeing rate as a function of heat-setting

temperature for FA and TA samples

Table 1 Physical and structural characteristics of samples studied

B f(um) f(mO) t(?[)S)
Sample (%) X, (&) A (A

[l

g ¢b

Control 7.2 034 304 412 689

100FA 33 042 310 423 693
140FA 1.2 045 316 446

0582 041 083

0522 048 087
0.505 078 057

180FA 047 351 532 771 0430 091 052
195FA 049 385 56.0 810 0365 1.00 049
210FA 051 410 60.0 840 0300 1.00 051
220FA 052 436 634 855 0258 1.00 0.52
230FA 055 504 717 875 0200 1.00 055
240FA 057 538 749 891 0156 100 057
250FA 059 576 824 902 0039 1.00 059

100TA 72 039 31.0 434 720
140TA 45 042 323 471 710
180TA 2% 047 336 500 780
195TA 1.6 049 375 1540 825
210TA 11 051 400 590 895
220TA 1.0 052 424 634 900
2307TA 06 052 448 650 920
240TA 05 057 46.1 687 937
250TA 0.2 058 474 717 97.0

0.5619 038 087
0.494 053 083
0.470 061 079
0.455 0.64 077
0.440 068 0.76
0.433 0.70 0.75
0416 081 0.74
0.369 083 0.74
0.318 085 0.74

a o - series coupling parameter
b ¢— parallel coupling parameter

samples represent a wide range of structures and

morphologies. Some noteworthy features include:

(@) There were no significant differences in the
crystallinities of FA and corresponding TA samples

{(b) Crystal size increased linearly with increase in heat-
setting temperature

(¢) The amorphous orientation factor of FA samples
decreased drastically at higher heat-setting tempera-
tures, whereas the TA samples showed relatively little
reduction as the heat-setting temperature was
increased.

The series and parallel coupling parameters, which
provide a measure of the mode of arrangement of the

crystalline and amorphous phases in the fibres, were also
estimated indirectly and are included in Table 1. The boil-
off shrinkage of FA samples was lower than that of the
corresponding TA samples. At higher heat-setting temp-
eratures the values of B of TA and FA samples were low,
indicating that the residual stress in these samples was
relaxed to a significant extent.

The effect of heat setting on the structure of polyester
fibres has already been discussed in detail elsewhere
[10,12-16], and only those structural changes that are
relevant to the present study will be discussed in this
article

Amorphous volume per crystal

As mentioned earlier, the volume of the amorphous
region is an important factor in controlling the dyeing
behaviour. In the present study the amorphous volume
per crystal was estimated using the method suggested by
Dumbleton and Murayama [6] (Eqn 1). They observed an
initial decrease in amorphous volume with increase in
annealing temperature. In order to check the correlation
between amorphous volume per crystal and dye uptake,
the former was plotted against the relative dye uptake for
both FA and TA samples (Figure 2). Most of the points lie
on a straight line indicating a correlation, in that the dye
uptake increases with the increase in the volume of the
accessible region. The control sample and the samples
annealed at low temperatures (FA 100 and TA 100),
however, did not follow this trend. This was apparently
because they could undergo significant structural changes
in the dyebath, and hence it was considered advisable not
to include the data on these samples. A least-square fit of
the data when considered individually for FA and TA
samples showed a correlation coefficient of about .94,
whereas when considered together the correlation
coefficient was 0.78.
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Figure 2 Relationship between relative dyeing rate and amorphous
volume per crystal for TA and FA samples (for key see Figure 1)
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There are two noteworthy points about this data. Firstly
the amorphous volumes per crystal of TA and FA samples
did not differ significantly, whereas the dye uptake values
showed considerable differences. Secondly the two sets of
samples stand out as different populations. These
observations indicate that though amorphous volume per
crystal 1s a major factor in controlling the dye uptake, it
alone does not explain the dye uptake behaviour of
structurally different annealed polyester samples. This
suggests that some additional structural parameters need
to be considered.

Maodified amorphous free volume

The role of the tortuosity of the dye diffusion path in
controlling dye uptake has been recognised by many
authors [2,5,17,18]. Peterlin has suggested that as the
orientation in the amorphous region increases, the dye
diffusion path becomes tortuous [5]. This is because the
direction of all diffusional paths in the amorphous region
is not radial but more circuitous, owing to amorphous
orientation. Huisman and Heuvel have stated that the
amorphous orientation has a second-order effect on dye
diffusion behaviour [8]. According to them the molecules
in the amorphous region are likely to relax towards an
equilibrium value instantaneously in the dyebath. [n other
words, enly in those cases where amorphous orientation
in the fibre is lower than the equilibrium value
corresponding to the dyeing conditions applied can the
amorphous orientation have an effect on the dye uptake
of a fibre. In the case of fibres heat set at higher
temperatures, the molecules in the amorphous region are
likely to relax to the equilibrium value before entering into
the dyebath. Recently Toda et al. related dye diffusion in
polyester to amorphous density, and showed that the state
of the amorphous phase has an important role in
controlling dye uptake [19].

Vassilatos ef al. quantified the tortuosity factor by using
Eqn 2 [4]. They suggested a modified free volume that was
obtained as a product of amorphous volume per crystal
multiplied by the tortuosity factor [5]. The modified
accessibility factor so obtained correlated well with
the relative dye uptake in high-speed-spun fibres. In the
present case such an analysis was attempted for
the samples investigated. The medified accessibility factor
data for both TA and FA samples are plotted against
relative dye uptake in Figure 3. With the introduction of
the tortuosity factor, the results for the TA and FA samples
showed greater similarity. Here also, taken individually, a
linear relationship with a correlation coefficient of 0.96
was observed, but when considered together the
correlation coetficient dropped to 0.91.

In order to improve the correlation further, we
examined the influence of other structural and
morphological parameters that might influence dye
diffusion. We have so far considered the amorphous
orientation as the major factor in determining the
tortuosity of the dye diffusion path. In a semi-crystalline
material the location of the amorphous region with
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Figure 3 Relationship between relative dyeing rate and modified
accessibility factor (MAF) for TA and FA samples (for key see Figure 1)

respect to the crystalline phase can also play an important
role in determining the tortuosity of the dye diffusion
path. This aspect is considered below.

Effect of morphology en tortuosity

It has been shown that the two-phase model, with the
amorphous and crystalline regions arranged vertically in
series along the fibril, does not represent the morphology
of polyester fibres heat set at high temperatures under
slack and taut conditions {20]. It had also been shown that
considerable amounts (30%) of the amorphous material
may be located outside the fibril [3,20]. Hence the coupling
of the two phases is more appropriately described in terms
of a series/parallel model rather than a series model. In this
scenario the dye molecules have to pass through a more
tortuous path to reach the interfibrillar amorphous
materials. The path will be more tortuous if the coupling is
predominantly parallel.

Coupling parameters for the present samples were
determined using an indirect method and are given in
Table 1. It can be seen that in the samples which had been
annealed in the slack state at higher temperatures, series
coupling predominated, while the corresponding TA
samples had a significant degree of parallel coupling
superimposed on the series coupling.

Since these arrangements can influence dye diffusion
in FA and TA samples, the modified accessibility factor
was corrected to take account of this factor by multiplying
it by the ratio of the series/parallel coupling parameter,
leading to the new proposed accessibility factor, which has
been plotted for the FA and the TA samples against the
relative dye uptake in Figure 4. Now the points fall on a
straight line, indicating a linear relationship between dye
diffusion and the structural factors considered. The
correlation coefficient was 0.98. This indicates that the
tortuosity of the dye diffusion path is more appropriately
represented by the combination of amorphous orientation
and the type of coupling between the amorphous and
crystalline regions.
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Figure 4 Relationship between relative dyeing rate and proposed
accessibility factor (PAF) for TA and FA samples (for key see Figure 1)

CONCLUSIONS

Some structural parameters affecting dye diffusion
behaviour in polyester fibres heat set under slack and taut
conditions have been identified. It was found that dye
diffusion in heat-set polyester fibres is controlled by two
factors: the volume of the accessible region {amorphous
region) and the tortuosity of the dye diffusion path. While
the accessible region was well represented by the
amerphous volume per crystal, tortuosity could be
expressed quantitatively by combining the orientation of
the amorphous phase and the type of coupling between
the amorphous and the crystalline regions. An integrated
model is proposed in which these parameters are
combined. This was found to correlate well with dye

uptake in polyester fibres heat set under slack and taut
conditions.

The authors are extremely grateful to Dr C ] M van den
Heuvel of Akzo Nobel Central Research BV at Arnhem for
the data on 1.
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