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As is well-known, poly(ethylene terephtha-
late) (PET) fibers are dyeable with disperse
dyes only above 120°C without the help of a
carrier reagent. That is, PET fibers are usually
difficult to be dyed in boiling water under
atmospheric pressure.

The structural factors controlling the dye-
ability of PET fibers by the disperse dyes have
not yet been systematically studied. Recently,
the crystallinity'? and the optical birefrin-
gence? were chosen as parameters correlating
with dyeability. However, note that these re-
flect strongly the crystalline supermolecular
structure, in which dyestuff molecules are
usually difficult to penetrate, rather than the
amorphous supermolecular structure. Kita-
mura et al.® found that the penetration coef-
ficient of a dye in heat-treated PET fibers in-
creased with the intensity of the X-ray small
angle scattering and the gauche content of
the ethyleneglycol unit in the amorphous re-
gion. With an increase in the temperature or
time of heat-treatment, the X-ray intensity
increased and the gauche content decreased.
Yonetake et al* applied the mosaic-block
model for the dyeability of heat-treated poly-
propylene films, and found that the crystal-
linity and the crystalline size especially in the
direction of chain axis increase with heat-
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treatment as shown by the X-ray diffraction
method, and then concluded that dye mole-
cules were more absorbed in the amorphous
side region located between cores parallel to
the chain axis than in the amorphous end
region between lamella surfaces. However,
these studies lack in the direct evaluation of
the fine structure of the amorphous region.
Nakayama et al.’ tried, in the case of poly-
(acrylonitrile) fibers, to correlate the amor-
phous molecular packing density distribu-
tion ‘of the original samples with the dyeabil-
ity by disperse dyes.

In this article, an attempt was made to
establish more quantitative relations between
the amorphous supermolecular structure and
dyeability of PET fibers.

EXPERIMENTAL

PET Fibers

As-spun PET fibers were prepared at a
spinning velocity ¥, of 2—9 km min ~! and used
without any further treatment. PET fibers
spun at V,=3.0, 4.5, 5.5 and 8.0kmmin’
were annealed at a temperature 7, ranging
190—260°C for a time ¢, less than 2s at a
constant length (i.e., under zero over feed).

PET fibers were stored over silica gel in a
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desiccator until just before the measurements
of dye exhaustion and viscoelastic properties.
Note that all PET samples were consisted of 36
filaments and each filament had same diameter
(ca. 14.6 um) as expressed by denier of 75/36.

Dye Exhaustion

Two kinds of disperse dyes were used as
received: Diacelliton Fast Orange GL manu-
factured by Mitsubishi Chemical Co. (CI
Disperse Orange 3; 4-nitro-4’-aminoazo-
benzene, molecular weight: 246) (referred to
as DFO) and Resolin Blue FBL manufactur-
ed by Bayer (CI Disperse Blue 56; 1,5-di-
amino-2-bromo-4,8-dihydroxyanthraquinone,
molecular weight: 349) (referred to as FB).
PET filaments were cut to give short fibers of
lcm in length and 3 g of the fibers was used
for further dyeing experiments as follows:
dyeing temperature, 100°C: liquor ratio, 1: 50;
dye concentration, 0.6gl™!; pH, 6; dyeing
time, 60 min. After 60 min-dyeing, a 0.5ml
of the dyeing liquor was dissolved in 10 ml
of a water—acetone (volume ratio 1:1 at
20°C) mixture. The absorbance at 450 nm
(DFO) and 625nm (FB) of the solution,
Ago, Was determined on a Shimadzu double-
beam spectrophotometer UV-360. The dye
exhaustion was calculated by the formula,

Dye exhaustion=[(4,— Ag)/ Aol x 100 (%)

where A, is the absorbance of the starting dye
solution.

The effects of V, on the dye exhaustion for
as-spun PET fibers are most remarkable at
60 min-dyeing (as shown in Figure 1), but the
dye exhaustion for heat-treated PET fibers
attains approximately an assymptotic value
within 60 min of dyeing (Figure 2). Then, the
dye exhaustion after 60 min-dyeing for as-spun
fibers may reflect the diffusion velocity of the
dye molecules into the fiber solid and that for
heat-treated fibers is closely associated with
equilibrium dye uptake.
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Figure 1. Rate of dye exhaustion for as-spun PET

fibers spun at ¥V, of 3, 5, 7, and 9kmmin~! by Resolin
Blue FBL. Number denotes V.
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Figure 2. Rate of dye exhaustion for as-spun and heat-
treated fibers spun at ¥, of 8kmmin~' by Resolin Blue
FBL.

Viscoelastic Property

Dynamic mechanical loss tangent tan ¢ at
110 Hz of the PET fibers measured by a Toyo-
Baldwin Rheovibron DDV-IIc at a heating

rate of 10K min~!.

RESULTS AND DISCUSSION

Figure 3 shows the spinning velocity deé-
pendence of dye exhaustion of as-spun fibers.
In the figure, the filled mark indicates FB and
the unfilled mark, DFO. The dyeability of PET
fibers changes remarkably depending on V,

and becomes minimum at ¥,=5kmmin"!. In
the range of ¥;<5kmmin~!, with an increase
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Figure 3. Plot of the dye exhaustion of as-spun PET
fibers by Diacelliton Fast Orange GL and Resolin Blue
FBL as a function of the spinning velocity V,: unfilled
mark, Diacelliton Fast Orange GL; filled mark, Reso-
lin Blue FBL; dyeing temperature, 100°C; dyeing time,
60 min.
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Figure 4. Change in the dye exhaustion of PET fibers

spun at ¥,=4—9kmmin~"' and treated at the annealing

temperature 7T, for 1s; Or indicates unannealed as-spun
fibers; dye, Resolin Blue FBL.

in V, the amorphous region begins to crystal-
lize during the melt-spinning process concur-
rently, and thus the remaining amorphous
region becomes more closely packed. In ad-
dition, as-spun PET fibers change significantly
in their structure during the dyeing process
(100°Cx 60min in water). In the range
V,>5kmmin ', the above-mentioned change
in supermolecular structure can almost be
ignored.

Similar relations between dye exhaustion
and ¥, were found for other dyes. The dye
exhaustion is larger for DFO than for FB; the
smaller dyestuff molecule yields larger dye-
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Figure 5. Effects of annealing time f, on the dye
exhaustion of PET fibers spun at V,=4, 5, and 6km
min~! and annealed at 7,=250°C: Number denotes
V,; dye, Resolin Blue FBL; dyeing temperature, 100°C;
dyeing time, 60 min.

ability if the other physical properties are not
so different.

Figure 4 shows the effects of annealing
temperature 7, on the dye exhaustion of PET
fibers spun at ¥,=4—9kmmin~! and an-
nealed for 1s at 7,. The dye exhaustion of
PET fibers reveals minimum at 7,=130—
180°C. Almost the same curves were obtain-
ed for PET fibers spun at different V, and
subsequently annealed. Note that 130—180°C
coincides roughly with 7, at which T,,,, the
peak temperature of tand, of annealed PET
fibers becomes maximum.

Figure 5 shows the relation between the dye
exhaustion and ¢, for PET fibers spun at
V,=4, 5 and 6kmmin~' and annealed at
T,=250°C for different z,. With an increase in
t,, the dye exhaustion decreases first and then
increases after passing a minimum. Large ¥
gives smaller ¢,, corresponding to minimum
exhaustion (¢, ,)).

In the range 1, <1, ,, the recrystallization due
to the heat-treatment occurs and in the range
t,>1t, n, the packing density of the amorphous
region becomes lower. Figure 3 indicates that
during the heat-treatment, recrystallization oc-
curs first and then loosening of amorphous
region begins. The ¢, is in good agreement
with 7, which gives maximum of T,, for
annealed fibers.

Figure 6 shows the relation among the peak
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Figure 6. Correlation among (tan )y, Tma, and dye
exhaustion for as-spun PET fibers annealed under va-
rious conditions: ©, dye exhaustion=90—95%;; O, dye
exhaustion=85-89%; ©, dye exhaustion =80—84%;
@, dye exhaustion <80; ®, conventional drawn PET
fiber (V,=1.5kmmin~!, draw ratio=3.9), dye ex-
haustion =26%,. Number means dye exhaustion (%,).

values of tané [(tan d),,,,], Tma. and the dye
exhaustion for PET fibers. In the figure, the
number indicates the dye exhaustion. Here, all
the samples were confirmed not to change their
supermolecular structure in the amorphous
region during the dyeing (100°C, 60 min in
water) process by measurement of their tan J-
temperature curves before and after dyeing.
Each value of dye exhaustion except that of
the conventional drawn fiber corresponds to
the equilibrium dye uptake.

Provided that other structural factors than
(tand),,,, and T,,, are the same, the dyeable
part of the fibers is expected to be determined
by F'(n)®~1°, which is a function of (tan d),,,,
and T,,,. Then, (tand),,,, and T,,, should be
useful as parameters representing the dye-
ability. In particular, (tand),,, and T,,, re-
present the amount and molecular packing
density of the amorphous region, respective-
ly.

PET fibers with larger (tan d),,,, and lower
T,... are more easily dyeable and have higher
equilibrium dye uptake, and the reverse is true.
Figure 6 indicates that the dyeability is almost
unanimously determined by (tand),,, and
T, irrespective of the preparative con-
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Figure 7. Change in (tand),,, and T, of as-spun
PET fibers by heat-treatment: Number is V, in
kmmin~'; 4 is conventional drawn PET fibers.

ditions. There is no significant correlation be-
tween the dye exhaustion and the crystallinity
of the fibers.

Figure 7 shows the change in (tand),,, and
T... for PET fibers by the adequate heat-
treatment. The number on curve means V,. We
can control the amorphous supermolecular
structure of as-spun fibers having largely scat-
tered (tand),,,, and 7T,,,, by applying adequate
heat-treatment.

According to the results of Figures 6 and 7,
the dyeability of PET fiber is also controllable
by selecting heat-treatment conditions.
Consequently, it is possible to make PET fibers
dyeable under atmospheric pressure.
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